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PREFACE

In the last few years polychlorinated biphenyls
(PCB’s) have attained the dubious honor of sur-
passing the chlorinated insecticides as the most
talked-about organochlorine pollutants.

Research on various aspects of the PCB prob-
lem has grown and continues to grow with
remarkable intensity. Opinions on the importance
of these ubiquitously distributed industrial com-
pounds, however, still vary greatly. The authors do
not wish to enter this discussion. The main aim of
this book is to present a comprehensive summary
of the chemistry of chlorobiphenyls. Included are
the nomenclature, composition of technical mix-
tures, syntheses of individual chlorobiphenyls,
chemical reactions, photochemical and metabolic
alterations, and spectroscopic properties. Different
methods of PCB analysis are presented and evalu-
ated in a separate chapter. Toxicological and
general biological effects are frequently referred to
but are not a proper topic for this book.

Certain areas of PCB research are developed
further than others. For example, almost half of
the 209 possible chlorobiphenyls have been
synthesized and properly described using a variety
of methods. Much is to be learned, on the other
hand, on the metabolism of chlorobiphenyls and
other routes of degradation, including photo-
chemical, and the complex PCB mixtures will
continue to challenge analytical chemists. In yet
other areas, for example toxicological significance
and exact environmental impact, our knowledge is
only fragmentary at the moment.

A considerable amount of information included
in this book had not been published when the
manuscript was written. Although some of this
information comes from our own laboratories, we
have to acknowledge the help of many scientists
who have generously supplied us with their un-
published data. It is a great pleasure to thank the
following colleagues for this courtesy: Drs. M.
Bolgar, E. J. Bonelli, G. W. Bowes, R. H. DeVos,
R. Edwards, W. Ernst, V. H. Freed, A. M. Gardner,
A. V. Holden, W. D. Jamieson, S. Jensen, W. Klein,
J. B. Knight, F. Korte, R. A. Lidgett, L. L. Miller,
D. R. Osborne, I. Pomerantz, L. O. Ruzo, D. L.
Stalling, J. D. Stewart, G. Sundstrom, A. C. Tas,
G. M. Telling, P. R. Wallnofer, and R. G. Webb.

We would like to express our appreciation to
Dr. K. L. Loening of Chemical Abstracts Service
for advice with nomenclature and the Monsanto
Company for supplying samples and information.
Thanks are also due to CRC Press for their cooper-
ation; particularly for allowing us to submit the
last chapter (Recent Developments) months after
the original manuscript.

Part of the contribution by one of us (O.
Hutzinger) was written while on sabbatical leave
at the Institute of Ecological Chemistry. This
author would like to express his thanks for the
hospitality extended to him and also gratefully
acknowledge financial support from the Alexander
von Humboldt-Stiftung.

The literature for this book was covered, as it
was available to the authors, until the end of
1973.
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Chapter 1

INTRODUCTION

Historical and Literature

Chlorinated biphenyls were known before the
turn of the century and the useful industrial
properties of mixtures obtained by chlorination of
biphenyl were recognized early (¢f. 77). From a
purely chemical point of view, the chlorobiphenyls
are a rather unattractive class ot compounds and
limited attention was paid to them by the scienti-
fic community. In 1966, a note in the New
Scientist about the discovery of the widespread
occurrence  of chlorinated biphenyls in  the
Swedish environment (Figure 1) and the following
events were responsible for the truly dramatic
upsurge of interest in these compounds.**® In
1967, Widmark reported mass spectroscopic data
as unambiguous proot of the chemical nature of
these new contaminants' ®® and at about the same
time PCB’s were found in various parts of the
WOl‘ldA42‘43’54‘56’89

Even before the reports mentioned above,
analysts were aware of “‘spurious peaks™ in elec-
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FIGURE 1. Gas chromatogram trom puritied extract of
a white-tailed eagle found dead in the archipelago of
Stockholm. All peaks except DDT and DDE were
unknown. (Courtesy of Dr. Jensen.)

tron capture gas chromatography which did not
correspond to any of the known chlorinated
pesticides.> -4 1,22,93,105  These peaks corre-
sponding to components of PCB are not separated
well under GC conditions usually used in pesticide
analysis (Figures 2 and 3) and it is quite likely that
many reports gave talsely high results for some
pesticide residues (c¢f. 55).

[t is now established that because of chemical
properties (lipid solubility and resistance to de-
gradation) PCB’s accumulate in tood chains and
are distributed worldwide, similar to the chlori-
nated pesticides such as DDT.

The literature on chiorinated biphenyl is
growing rapidly and a number of reviews on
various aspects of the problem are available.
Generally, chlorinated biphenyls have been dis-
cussed in the context of chlorinated pesticides®?>
54,06,91 and SpeCiﬁCl{”y.g \22-24,34,44,75,76 ,90,
100,108,109 A bibliography (to 1971) of articles
dealing with chlorobiphenyls has been published®?
and useful information can be obtained from con-
ference reports,*>?¢>*3 a review of the Panel on
Hazardous Trace Substances,”® a recent Monsanto
report.®® and a mimeographed publication PCB

Newsletter.”®  Analytical methods have been dis-
cussed 6786788107

Toxicology of PCB’s

Long ago. toxicity ot PCB’s to humans was
recognized as causing yellow atrophy of the liver
in tatal cases, dermatitis, and fatty degeneration of
the fiver in chronic exposure.'* Threshold limit
values of 0.5 and | mg/m* for PCB's containing 42
and 54% chlorine. respectively, were established
for industrial environments.””’

In 1966, the discovery of PCB’s in environ-
mental samples spurred renewed interest in the
toxicity of PCB’s and a mass of information on the
acute and chronic toxicity of PCB’s to a variety of
animals has been obtained since then. Most of the
studies were carried out using commercial PCB
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FIGURE 2. Gas chromatograms of Aroclor® 1248
(bottom) and some common pesticides (top). Conditions:
40% SE-30 or Chromosorb W® 60/80; 200°; carrier gas,
nitrogen 60 ml/min.

preparations and very little is known about the
toxicity of individual chlorobiphenyls.

PCB’s accumulate in living matter, particularly
in tissues and organs rich in lipids. The accumula-
tion appears to be higher in the case of penta- and
more highly chlorinated biphenyls. Tetra and less
chlorinated biphenyis are hydroxylated and ex-
creted (see Chapter 7). The toxicity of PCB’s
varies a great deal from species to species, prob-
ably as a result of differences in metabolic rates
and capabilities, physiological differences, etc.
Thus, PCB’s are more toxic to some aquatic
invertebrates than to fish and more toxic to
salmon eggs than to juvenile Atlantic salmon.
Chicken eggs may fail to hatch if they contain a
high concentration of PCB’s and mink fail to
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FIGURE 3. Gas chromatograms of Aroclor 1254 (bot-

tom) and some common pesticides (top). Conditions
identical to those of Figure 2.

reproduce when ted a PCB-contaminated diet. In
humans, the appearance of symptoms of PCB
poisoning was observed after the consumption of
approximately 0.5 g of PCB’s in rice oil.

The mechanism of the toxic action of PCB’s is
not known. It is very likely that the mechanism is
different for various chlorobiphenyls. Some highly
chlorinated biphenyls may be toxic simply by
their presence in the tissues and less chlorinated
biphenyls may be toxic by taking part in metab-
olic processes. It is possible that chlorobipheny-
lols, the metabolic products of chlorobiphenyls,
are more toxic than the parent compounds.
(Chlorophenols are usually more toxic than chlo-
robenzenes.)

Review articles on PCB’s cited in this book
usually contain a section on the toxicity of PCB’s.
Readers who are particularly interested in this
subject should consult the review Polvchlorinated
Biphenyls - Environmental Impact. compiled by
the Panel on Hazardous Trace Substances,”? the



report of the Interdepartmental Task Force on
PCB’s,® the published Proceedings of the Conter-
ence on PCB’s, organized by the National Institute
of Environmental Health Sciences,* and papers
presented at the Symposium on PCB’s, sponsored
by the American Chemical Society, available in pre-
print form,*>$ soon to be published as a book,**
and a review by Isono and Fujiwara.*> An
excellent review of the toxicity of chlorinated
hydrocarbons including PCB’s was recently pub-
lished by Kimbrough.®® The effects of PCB’s on
the aquatic fauna and on the wildlife in general
were summarized by Walsh'®* and Dustman et
al.2? Additional papers on the toxicity, biological,
and biochemical effects of PCB’s, published in
1972 and 1973 are summarized below.

Relatively few papers deal with the effects of
PCB’s on microorganisms,'>'® algae and phyto-
plankton,2%:4%,69,70.99 jneects,?®»7° and aquatic
invertebrates.

The uptake and excretion of PCB’s by fish is
the subject of several papers.®®:*2:65 The effects
of PCB’s on the metabolism*” and activity of
ATP-ase in tish®'>%? have been studied. The whole
body residue of PCB’s (Aroclor® 1254) in Cayuga
Lake, Ithaca, New York, was an exponential
function of age PCB = 1.031 ¢0-2392 (a = age in
years) with a correlation coetficient of 0.86.
PCB-length and PCB-weight correlation coeffi-
cients were 0.85 and 0.80, respectively .®

The effects of PCB's on birds, particularly
chicks, pheasants, and cockerels continued to
attract attention,7’8'16"9*20'36'61'8()*82'84*85
with the main emphasis on tissue distribution,
pathology, persistence, and sublethal etfects.

Among mammals, rats and mice were used
most frequently to study the morphological
changes, enzyme induction and other sublethal

effects caused by the administration of
PCB's.10713,15,17,30,36,40,48,51,57,59,62,63,71,

64,94

74,78,98,101 Hepatocarcinogenicity?? and neo-

plastic changes®? in rat liver induced by PCB's
have been reported. The effect of PCB’s on rabbit
and boar has been studied.®%:3':1°2 [ndividual
chlorobiphenyls (3,3',4,4"-tetra and 22'44'55'-
hexachlorobiphenyl) were also used in rabbit toxi-
city studies.®?+'*? With the former, the eftects of
skin application were similar to those of a com-
mercial PCB preparation. The latter caused a more
severe liver injury than Aroclor 1260. The excre-
tion of PCB’s from cows was the subject of three
papers.27:28.98

PCB’s were reported to induce gastric mucosal
hyperplasia in primates® and a paper on PCB-
induced fetopathy was published.>

Nomenclature

The biphenyl (diphenyl, phenylbenzene) ring
system is numbered as shown in Figure 4. The
order of citation of locants is as follows:

1. An unprimed locant is of lower order
(i.e., preferred) than its corresponding primed
locant. For example, 2 is lower than 2', but 2" is
lower than 3.

2. Locants as low as possible should be given
to all substituents, ignoring primes at this stage.

3. As tfew primed locants as possible should
be used.

4. When the number of chlorine substituents
in each ring is the same, the ring with the lower
numbered substituents receives the unprimed
numbers. [f everything else is equal, the locant
cited first is unprimed.

An example of a correctly named chlorobi-
phenyl (2,2',3,4"-tetrachlorobiphenyl) is given in
Figure 5. Chloro-substituents are always cited as
prefixes as are the other halogens, nitro, nitroso
and alkoxy groups.

There is an important difference between the
nomenclature of chlorobiphenyls and that of two
important groups of substitution products, chloro-

3 2 2' 3
4 4
) 6 6' 5'
IFIGURE 4. Numbering in the

biphenyl ring system.

2,2,3,4'- tetrachiorobiphenyt

FIGURE 5. Structure and
correct nomenclature for an
arbitrarily chosen tetrachloro-
bipheny!.



biphenylamines (aminochlorobiphenyls) and chlo-
robiphenylols (chlorohydroxybiphenyls, chloro-
phenylphenols). The amino and hydroxy groups
represent the principal function in these com-
pounds and they are to be cited, therefore, as
suffixes rather than prefixes in the names. The
rules for assigning locants described above are still
valid, but they must be applied in turn, first to the
substituents cited as suffixes and only then to
those cited as prefixes. Examples for amino
(Figure 6) and hydroxy (Figure 7) derivatives will
illustrate these rules.

When a compound contains more than one kind
of principal function, a certain order applies
which, for the purpose of this book (the list is not
complete), can be given as: carboxylic acids
(-COOH), sulfonic acids (-SO3H), phenols (-OH),
and amines (-NH, ). The principal function of the
higher order in a compound is then cited as a
suffix, all others as prefixes. Two examples (Figure
8) will again illustrate these rules.

Throughout the book the abbreviation “PCB”
will only be used for the technical chlorobiphenyl
mixtures or samples (extracts from environmental
sources, etc.) having similar GC characteristics.
Individual compounds will be referred to by their

NH, NH,
cl ¢ cl

3'-chloro-3,4,4'~
-biphenyliriamine

3',4,4'.5 - tetrachloro -
~2-biphenylamine

FIGURE 6. Structure and correct nomenclature for
arbitrarily chosen chlorobiphenylamines (aminochlorobi-
phenyls).
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2',3'.5',6'~ tetrachloro -
-4 -biphenylol

5'.6,68'—trichloro-2,3',4 -
~biphenyitriol

FIGURE 7. Structure and correct nomenclature for
arbitrarily chosen chlorobiphenylols (chlorohydroxybi-
phenyls).

proper names or generally as *“‘chlorobiphenyls™ or
“chlorinated biphenyls.”

Attention should be drawn to two terms which
have frequently been used incorrectly in the
literature dealing with chlorinated biphenyls. First,
the term isomer applies only to certain compounds
of identical molecular composition. 1t is ambigu-
ous to refer to technical PCB as “‘mixture of
isomers.” Second, the term homolog (or homolog-
ous series) is reserved for a group of chemical
compounds differing only by a methylene (CH;)
group as for instance in a series of compounds
having alkyl substituents methyl-, ethyl-. propyl-,

QO

NH,

NH,

2-amino~4'-chloro—

4-biphenylcarboxylic acid 2’—0min0 -4 -biphenylol

FIGURE 8. Structure and correct nomenclature tfor two
biphenyl derivatives having more than one principal
tunction.
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Chapter 2

COMMERCIAL PCB PREPARATIONS: PROPERTIES AND COMPOSITION

Introduction

The polychlorinated biphenyls (PCB) are a class
of chlorinated, aromatic compounds which have
found widespread applications because of their
general stability and inertness as well as their
excellent dielectric properties.

Most information on the technical preparation,
chemical and physical properties, and general
characteristics of PCB comes from trade publi-
cations®»2%:2% and articles in technical encyclo-
pedias.' 842

PCB’s have been prepared industrially since 1929
and are now produced in many industrial countries
(Table 1). Most information by far is available on
Monsanto’s PCB preparations (the Aroclors) and
this particular brand will serve to discuss various
aspects of PCB in general.

All Aroclor products are characterized by a
four-digit number. The first two digits represent
the type of molecule; 12 = chlorinated biphenyl,
54 = chlorinated terphenyl.* Aroclor 25-- and 44--
are blends of PCB and chlorinated terphenyls (75%
and 60% PCB, respectively). The last two digits
give the weight percent of chlorine (see Table 2).

Recently, a new PCB product of the Aroclor
series “1016” was introduced®® which contains
41% chlorine per weight but in which the penta-,
hexa-, and heptachlorobiphenyl content has been
significantly reduced.

General Information and Properties of PCB
Use of PCB

The outstanding physical and chemical charac-
teristics of PCB are their thermal stability, resist-
ance to oxidation, acid, bases, and other chemical
agents as well as their excellent dielectric (electri-
cally insulating) properties.

These and other desirable properties have led to
numerous uses of PCB”>!8:2% such as dielectric
fluids (capacitors, transformers), industrial fluids
(use in hydraulic systems, gas turbines, and
vacuum pumps), fire retardants, heat transfer
applications, plasticizers (adhesives, textiles,
surface coatings, sealants, printing, copy paper).

TABLE 1

The World’s Major Producers of PCB

Producer Country Tradename of PCB

Monsanto U.S.A. and Aroclor®
Great Britain

Bayer Germany Clophen®

Prodelec France Phenoclor and

Pyralene®
Kanegafuchi Japan Kanechlor®
Mitsubishi- Japan Santotherm®
Monsanto

Caffaro [taly Fenclor®

Sovol USS.R.

Chemko Czechoslovakia

Some uses of PCB classified according to grade of
Aroclor are shown in Table 3.

Some chlorobiphenyls were shown to have
insecticidal® and fungistatic® activity; however,
they were apparently never used as pesticides
although recommended for incorporation into
pesticide formulations.' 7532549

PCB are also reported to increase the insecti-
cidal properties of DDT,*® lindane,®® organo-
phosphorus compounds,'? and carbaryl.?!

Production Figures for PCB

Little information is available on the worldwide
production and use of PCB. The Monsanto
Company has released figures?” for domestic sales
for their products (Aroclor) for the period
1957-1972.

The data are shown in graph form in Figure 1
(by use) and Figure 2 (by PCB grade). The drop in
output after 1970 is due to the voluntary restric-
tion of sales by Monsanto essentially to uses in
closed systems (capacitor and transformer applica-

*QGas chromatographic and mass spectrometric analysis showed Aroclor 5460 to be a mixture of chlorinated terphenyls.
Aroclor 5442, however, was found to contain chlorinated biphenyls as well.*®



TABLE 2

Chlorine Content of Aroclor Preparations®

Average number

Average molecular

Aroclor % C1 of Cl per molecule weight
1221 20.5-21.5 1.15 192
1232 31.5-32.5 2.04 221
1242 42 3.10 261
1248 48 390 288
1254 54 4.96 327
1260 60 6.30 372
1262 61.5-62.5 6.80 389
1268 68 8.70 453

*Manufacturers specifications.

TABLE 3

Use of PCB Classified to Grade of Aroclor

Current use of PCB

Electrical capacitors
Electrical transformers
Vacuum pumps
Gas-transmission turbines

Former use of PCB

Hydraulic fluids

Plasticizer in synthetic resins

Adhesives

Plasticizer in rubbers

Heat transfer systems

Wax extenders

Dedusting agents

Pesticide extenders, inks,
lubicants, cutting oils

Carbonless reproducing paper

tions). Estimations on the Japanese production®®
give values of approximately 26 million pounds
per year production. Of this, 40 to 50% is used for
capacitors, 15% for transformer oils, 10 to 15% for
heat transfer fluids, 5% for plasticizers, 15% for
carbonless copying paper, and S to 10% for
export. The annual consumption of PCB in
Finland is about 250 metric tons.'

Grade of Aroclor used

1016 (1221, 1254)
1242, 1254, 1260
1248, 1254
1221, 1242

1232, 1242, 1248, 1254, 1260
1248, 1254, 1260, 1262, 1268
1221, 1232, 1242, 1248, 1254
1221, 1232, 1242, 1248, 1254, 1268
1242

1242, 1254, 1268

1254, 1260

1254

1242

Preparation and Properties of PCB

PCB’s are prepared industrially* by the chlo-
rination of biphenyl with anhydrous chlorine and
iron filings or ferric chloride as catalyst.' ®>2! The
crude product is generally purified to remove
color, traces of hydrogen chloride, and catalyst
which is usually achieved by treatment with alkalj
and distillation. The resulting product is a compli-

*The preparation of chlorobiphenyl mixtures from hexachlorocyclohexane is described in patents.?2:2?:%! However, this
process is not being used for any large-scale preparation of PCB.

8 The Chemistry of PCB's
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FIGURE 1. Domestic sales of Monsanto’s Polychlor-

inated Biphenyls in the U.S. (by use). (Lourtesy of
Monsanto Company.)

cated mixture of chlorobiphenyls with different
numbers of chlorine atoms per molecule and their
isomers.' #:2% This fact is responsible for the
physical state of PCB preparations; most individual
chlorobiphenyls are solids at room temperature
whereas commercial mixtures are mobile oils (e.g.,
Aroclor 1221, 1232, 1242, and 1248); viscous
liquids (e.g., Aroclor 1254) or sticky resins (e.g.,
Aroclor 1260 and 1262) due to the mutual
depression of melting points of their components.

With the exception of Aroclor 1221 and 1268,
PCB’s do not crystallize but show a “pour point”
below which the material changes into a resinous
state. Some chemical and physical properties of
Aroclor products are summarized in Table 4.25
Electrical properties of some Aroclors are given in
Table 5.'8

The most important physical properties of
PCB’s from an environmental point of view, are
solubility and vapor pressure. Solubilities of
various Aroclors in a number of solvents are shown
in Table 6.

The solubility of PCB’s in water is low and

35,000 L L L N B

30,000

25,000

20,000

15,000

U.S. DOMESTIC SALES (METRIC TONS)

10,000

5,000
- 1221 =
RN 1018
0 I I T | N s
1957 196} 1965 1969 "7|'
YEAR EST.
FIGURE 2. Domestic sales of Monsanto’s Polychlor-

inated Biphenyls in the U.S. (specific Aroclors). (Courtesy
of Monsanto Company.)

decreases with increasing chlorine content. Values
given by Monsanto®® are 200 ppb for 1242, 100
ppb for 1248, 40 ppb for 1254 and about 25 ppb
for 1260. Freed'? found a solubility of 43 ppb for
Aroclor 1248 at 26°. These results are biased in
each case by selective solution of components of
lower chlorine content. Evidence for this comes
from solubilization experiments of Zitko*®>5° and
Freed.'? Table 7 shows the relative peak height of
saturated aqueous solutions of Aroclor 1254. The
first few peaks which generally correspond to PCB
components of lower chlorine content are signifi-
cantly higher than in standard Aroclor 1254.

This variation of solubility between individual
PCB components is also evident from studies on
the water solubility of individual chloro-
biphenyls' ¢>** (Table 8).

Studies on the solubility of PCB in water are
complicated by the fact that these compounds are
strongly adsorbed onto various surfaces. PCB was
shown to adsorb relatively rapidly onto wood-
burn,'? plastic,*® glass,'*** and container
and/or silt.!?
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TABLE 5

Electrical Properties of Some Aroclors

Volume
Dielectric constant resistivity,b
at 1000 cycles? 8 cm at 100°C
Aroclor 25°C 100°C 500 V, de
1232 5.7 4.6
1242 5.8 49 above 500 x 10°
1248 5.6 4.6 above 500 x 10°
1254 5.0 43 above 500 x 10°
1260 4.3 3.7 above 500 x 10°
1268 2.5
5442 3.0 4.9 above 500 x 10°
5454 2.7 42
5460 25 3.7
4465 2.1 33

Dielectric
strength,© kV

>35
>35
>35
>35

Power factor,?
100°C, 1000
cycles, %

<0.1
<0.1
<0.1
<0.1

3ASTM D-150-47T
YASTM D-257-46
CASTM D-149-44

Nonionic surfactants (e.g. ethylene oxide
adduct of lautic acid, Corexit~ 7664) solubilize
PCB;*?:30 4 similar effect has been observed with
4,4'-dichlorobiphenyl using Tween® 80 (see refer-
ence 44 and Table 8).

Vapor pressures (Figure 3) and vaporization
rates (Table 9) of several Aroclors are shown
below. Similar to the solubility data, the vapor
pressures of the Aroclors may be biased by the
components of lower chlorine content which are
generally more volatile. Freed’s data'? (Table 10)
show that the earlier GC-peaks from Aroclor 1254
decrease more rapidly when Aroclor 1254 is
heated with water on a steam bath (I mg Aroclor
1254, 300 ml water; conditions of codistillation).
A much smaller difference was observed however
when Aroclor 1254 (1 mg) was heated on a petri-
dish (steam bath) without added water.

Since gas chromatography is the preferred
analytical method for the determination of
PCB,'! GC-properties of six Aroclor preparations
on two different phases, which have recently been
reported,! will be given here.

Gas chromatograms for the Aroclors are shown
in Figures 4, 5, and 6, employing the following
conditions: support material, Chromosorb® W HP
80/100 mesh; stationary phase, 10% DC-200 (6 ft
x 4 mm LD. column); carrier gas, nitrogen, 120
ml/min; temperature, 200°; detector, electron
capture (tritium). Accurate retention time data for

the Aroclors and the GC conditions described are
given in Table 11.

Figures 7, 8, and 9 show gas chromatograms of
the same six Aroclors using a different stationary
phase (1:1 15% QF-1/10% DC-200) under condi-
tions which were otherwise identical. Accurate
retention time data for the Aroclors using this
stationary phase are given in Table 12. A gas
chromatogram of the new Aroclor 1016 is shown
in Figure 10.

1000/T (k)"
317 2. 2.5 2.9 3.3
10 T T T T T T T T
£ 10 -
£
— R
: “ Araclor IZG‘O\ \\\\\
@ 10 r_ 1254 RN
2 1248 SN
» l_ 1242 NIENN
w N NN Xe——Aacoctor 1232
[+ 4 -3 NN
LYo N N a———— 1242
o« N 1248
o NN\
a = XN 254
g \
10 \
\
\
'0‘7 l 1 1 N | | |
300 200 150 100 60 40 20
T(°C)
FIGURE 3. Vapor pressures of different Aroclor prepar-
ations.
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TABLE 9

Vaporization Rates of Aroclors

Aroclor Wt. loss
(Surface area: 12.28 cm?) (2)
1221 0.5125
1232 0.2572
1242 0.0995
1248 0.0448
1254 0.0156
1262 0.0039
1260 0.0026
4465 0.0064
5442 0.0039
5460 0.0032
TABLE 10

Exposure
at 100°C

(hr)

24
24
24
24

Vaporization
rate
(g/cm” /hr)

0.00174

0.000874
0.000338
0.000152
0.000053
0.000013
0.000009
0.000007
0.000004
0.000004

Percent Loss in Area of Seven Chromatogram Peaks of
Aroclor After Heating

% Peak Remaining After Heating

Aroclor 1254 peak 25 min

N A AW -

with water
60 min
34 17
59 26
78 27
60 46
86 49
100 85
100 67

13
15
20
20
27
28
16

without water

10 min

17



TABLE 11

GLC Retention Time Data for Six Aroclors*

Aroclor Aroclor Aroclor Aroclor Aroclor Aroclor
1221 1242 1248 1254 1260 1262
0.21
0.26
0.31
0.36
0.39 0.39
0.52 0.51 0.51
0.59 0.57 0.57
0.64
0.69 0.67 0.67
0.75 0.72

0.80
0.88 0.86 0.85 0.87
0.99 0.96 0.96 0.98
1.03 1.03 1.05
1.27 1.22 1.23 1.27 1.28 1.26
1.42 1.39 1.39
1.52 1.49 1.49 1.52 1.50 1.50
1.76 1.74 1.74 1.78
1.86 1.83 1.84 1.88 1.86 1.85
2.08 2.07 2.07
2.22 2.20 2.20 2.20 2.21 2.22
2.56 2.54
2.65 2.63 2.63 2.61
2.84 2.82
3.10 3.04 3.08 3.08 3.06
3.60 3.50 3.50
4.10 4.10 4.10
4.30
490 4.90 490
5.80 5.80 5.80
6.40
6.50 6.60
7.80 7.80
9.10 9.10

*Retention sequence relative to aldrin from solvent peak on 10% DC-200 (Figures
4,5, and 6).
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TABLE 12

GLC Retention Time Data for Six Aroclors*

Aroclor Aroclor Aroclor Aroclor Aroclor Aroclor
1221 1242 1248 1254 1260 1262
0.20
0.29
0.36
0.39 0.41
0.53 0.53 0.53
0.57 0.61 0.61
0.71 0.72 0.72
0.78

0.81 0.81
0.88 0.90 0.90 0.87
1.02 1.02 1.02 1.02
1.10 1.09 1.09
1.31 1.34 1.34 1.32 1.31 1.31
1.53 1.52 1.52 1.52 1.53 1.53
1.82 1.82 1.82 1.82 1.84
1.86
1.96 1.97 1.97 1.96
2.08 2.08
2.14
2.26 2.26 2.24
2.34 2.36 2.36 2.34
2.68 2.68 2.66 2.66
2.84 2.80 2.80 2.80 2.88 2.88
3.22 3.24 3.24 3.20 3.22 3.22
3.50 3.50 3.50
3.90 3.90 3.90
4.20 4.20 4.20
5.00 5.00 5.00
6.10 6.10 6.10
6.50 6.50
7.40
8.00
9.50 9.30
11.9

*Retention sequence relative to aldrin from solvent peak on 1:1 15% QF-1/10%
DC-200 (Figures 7, 8, and 9).



AROCLOR 1221

M

0 t s ot
Alddn - pime (min) PP -bot
FIGURE 4. GLC separation on

10% DC-200 column of 120 ng
Aroclor 1221. GLC conditions are
given in the text. (From J.
Chromatogr., 72, 275, 1972. With
permission.)

ARQCLOR 1242

T T L T T

+ +
Aldrin p,p'-00T

ARQOCLOR 1248

T T T T T
0 5t 10 5 ¢ 20 25
Aldrin p,p'-00T
Time (min)
FIGURE 5. GLC separation on 10% DC-200 column of

SO ng Aroclor 1242 and 50 ng Aroclor 1248. GLC
conditions are given in the text. (From J. Chromatogr.,
72, 275, 1972. With permission.)
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AROCLOR 1254

T T T —T T T T

¢ t
Aldrin p,p'-00T AROCLOR 1260

t
Atdrin p.p'-00T AROCLOR 1262

w/\f\/\./\\_/w

o t 1o t20 3 = 40  so |
Atdein p.p -00T
Time (min)
FIGURE 6. GLC separation on 10% DC-200 column of

32 ng Aroclor 1254, 20 ng Aroclor 1260, and 20 ng
Aroclor 1262. GLC conditions are given in the text. (From
J. Chromatogr., 72, 275, 1972. With permission.)

AROCLOR 1221
™
LN B B SR (R N SR BN S S M B
0 t s o ?
Aldrin p,p -DDT
Time{min)
FIGURE 7. Gas chromatographic

separation on 1:1 15% QF-1/10%
DC-200 of 120 ng Aroclor 1221.
GLC conditions are given in the text.
(From J. Chromatogr., 72,275, 1972.
With permission.)



AROCLOR 1242

.

Aldrin p,p'-0DT

AROCLOR 1248

T T T T T T
0 ts 10 tis 20 25 30
Aldrin p,p"-00T
Time (min)

FIGURE 8. Gas chromatographic separation on 1:1
15% QF-1/10% DC-200 of 50 ng Aroclor 1242 and 50 ng
Aroclor 1248. GLC conditions are given in the text. (From
J. Chromatogr., 12,275, 1972. With permission.)

AROCLOR 1254

T T —T T T T T T T T

t
Atdrin 0 -00T

t t
Aldein p.p'-DOT
AROCLOR 1262

T T L ! T p I
o t w0t 20 30 0 >
Aldrin £.p-0DT L (min)

FIGURE 9. Gas chromatographic separation on 1:1
15% QF-1/10% DC-200 of 32 ng Aroclor 1254, 20 ng_
Aroclor 1260, and 20 ng Aroclor 1262. GLC conditions
are given in the text. (From J. Chromatogr., 72, 215,
1972. With permission.)

AROCLOR 1016

AROCLOR 1242

|

Time (min)

FIGURE 10. Gas chromatographic separation of
Aroclor 1016 (40 mg) and Aroclor 1242. GLC conditions:
6' x 05" glass column packed with 4% SE-30 on
chromosorb W, oven temperature: 200° electron capture
detector.
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0 2 3 4 5
0 1 6 6 3 1
1 18 18 9 3
CHLORINE ATOMS 2 21 36 18 6
ON RING B
3 21 18 6
4 6 3
5 1
FIGURE 11. Possible distribution of chlorine atoms in the two rings of biphenyl.

Chemical Composition of PCB Mixtures

Two hundred and nine different chloro-
biphenyls do theoretically exist®**® (Figure 11).
However, it is unlikely on the basis of both
mechanistic and statistical grounds that all of them
be formed in the technical chlorination processes.
A chlorobipheny!l fully chlorinated on one ring
and not at all on the other (2,3 4,5,6-pentachlor-
obiphenyl) is an extreme example for a compound
which is most likely absent. Some, but not all
theoretical predictions®® as to which compounds
are the most significant in the PCB mixture were
later verified by experimental data.

Empirical formulas for PCB components of
different numbers of chlorine atoms, their molecu-
lar weight, and chlorine content (percent, based on
Cl = 35.45) are given in Table 13.

Distribution of PCB components in Aroclor
according to molecular composition®? is shown in
Table 14. The most recent results on the composi-
tion of several Aroclors®>® are shown in Table 15.

Other than chlorobiphenyls, no major compo-
nents have been reported to be present in PCB
preparations. Products formed by the addition
(rather than substitution) of chlorine to the
biphenyl molecule to give partially saturated struc-
tures have been detected (>>10%) in laboratory
chlorinations (e.g., 4). Apparently, these addition
products are either not formed in the industrial
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chlorination process or destroyed in the purifica-
tion step. However, trace quantities of polychloro-
naphthalenes and polychlorodibenzofurans were
found in some samples of PCB,*3 and the presence
of the latter type of compound may be of
considerable toxicological significance.

The first attempt to identify individual com-
ponents in the complicated mixtures obtained by
the chlorination of biphenyl was by Russian
workers*® who oxidized two chlorobiphenyl
mixtures containing an average of five and seven
chlorine atoms, respectively, with nitric acid (d =
14). Up to 100 hr reaction time at reflux
temperatures with frequent change of the nitric
acid was required to convert 200 g of the
chlorobiphenyl mixture to 40 g of chlorobenzoic
acids. The major components in this acid mixture
were identified as 3,4-dichlorobenzoic acid and
2,4,5-trichlorobenzoic acid from the PCB aver-
aging five chlorine atoms and 2,4,5-trichloro-
benzoic acid and 2,3,4,5-tetrachlorobenzoic acid
from the heptachloro PCB (Figure 12). The acids
were identified by comparison with authentic
samples after repeated recrystallization and purifi-
cation as silver salts and amides.

Although it is obvious that selective oxidation
of certain isomers may have taken place, these
early experiments have correctly identified some
of the major components in PCB mixtures.



TABLE 13

Empirical Formula, Molecular Weights, and Percent Chlorine of Chlorinated

Biphenyls

Empirical formula

Molecular weight*

Percent chlorine*

C,,H,, 154.21 0
C,,H,Q 188.65 18.79
C,,H,Cl, 223.10 31.77
C,,H,Cl, 257.54 41.30
C,,H,Cl, 291.99 48.56
C,,H,Cl 326.43 54.30
C,,H,Cl 360.88 58.93
C,,H,Cl, 395.32 62.77
C,,H,Cl, 429.77 65.98
C,,HCl, 464.21 68.73
c,.q,, 498.66 71.18
*Based on Cl = 35.45
TABLE 14 BIPHENYL
Molecular Composition of Some Aroclors®®
Presence (%) in Aroclor Clp | Fe
Chlorobiphenyl
composition 1242 1248 1254 1260 CHLOROBIPHENYL MIXTURE
c,,H,Cl 3 {a} mainly C,,H,Cly {b) mainly C ,H,CI,
C,,H,Cl, 13 2
C,.H,Cl, 28 18 OXIDATION
c,,H.Cl, 30 40 11 (HNO,, d=1.4)
C,,H,;Cl, 22 36 49 12
C,.H,Cl 4 4 34 38 COOH COOH COOH
C,,H;ql, 6 41 el cl
C,.H,Cl, 8 + +
C,,HCl, 1
Cl Ci Cl Cl
TABLE 15 ¢ ¢ c
Molecular Composition of Some Aroclors® ¢ FIGURE 12. First attempt to identify structures of
chlorobiphenyls in PCB mixtures: chlorobenzoic acids
Presence in Aroclor* obtained by the oxidation of PCB with nitric acid.
Chiorobiphenyl
composition 1221 1016 1242 1254
C,.H,, 11 <0.1 <0.1 <0.1
C,,H,Cl 51 1 1 <0.1
Cl,,H,Cl, 32 20 16 0.5
Cl1,,H,Cl, 4 57 49 1
C,,H,Cl, 2 21 25 21
C,,HCl, <0.5 1 8 48
c,,H,Cl ND** <0.1 1 23
C,,H,Cl, ND ND <0.1 6
C,,H,Cl, ND ND ND ND

*Per cent (W/W) by GC/mass using area correction factors
by homolog response
**None detected, <0.01% = ND
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AROCLOR 1254

FIGURE 13.

Total ion current chromatogram of Aroclor 1254 (1.5 ug). The

numbers of chlorine atoms per biphenyl molecule are indicated by numbers above
the peaks. GC-conditions: 9' x 0.25” SE-30 column, oven temperature 180°,
helium flow 35 ml/min. (From J. Assoc. Offic. Anal. Chem., 53,251, 1970. With

permission.)

In the last few years, GC-MS was used to
investigate the molecular composition (ie.,
number of chlorine atoms per molecule) of indi-
vidual peaks in gas chromatograms of PCB prepara-
tions. Packed?>*® as well as capillary®-*® columns
were used for this purpose and some of the results
are shown in Figures 13 and 14.

A number of groups have investigated the
detailed structure (i.e., position of chlorine atoms)
of individual components. The commercial pre-
parations of the Aroclor series (Monsanto Co.)
have been most thoroughly explored.

The qualitative and quantitative composition of
Aroclor 1221 has been elucidated by Willis and
Addison by comparing the major peaks of this
mixture to synthetic materials.®” Results are
shown in Table 16. The 7.3% which were unac-
counted for may be due, in part, to experimental
error and to the presence of minor components
(an unidentified trichlorobiphenyl, for instance,
was reported to be present in the mixture).

In contrast to the more highly chlorinated
mixtures, none of the major components of
Aroclor 1221 had chlorine substitution of position
3 of the biphenyl system.

Five major high-chlorine components of
Kanechlor™ 400 were separated from the technical
mixture by distillation to give three fractions
(b.p.3mm 155 to 165°,165to 170°,170 to 175°)
and subsequent preparative gas chromatography of

24 The Chemistry of PCB’s

the fraction 170 to 175°.3% The structures were
investigated by mass spectrometry, UV spectros-
copy and GC retention times and finally proven
(Figure 15) by comparison with synthetic
materials (Chapter 3).

Seven major components of Phenoclor® DP6
(the Prodelec PCB preparation containing 60%
chlorine) were identified by a Dutch group®7-38
(Figure 16). The components were separated by
preparative GC and the samples so obtained
compared to authentic synthetic materials.

Webb and McCall*® have separated 27 compo-
nents from Aroclors 1221, 1242 and 1254 by
preparative GC and identified them by comparison
(GC-retention times and infrared spectra) with
synthetic materials.

TABLE 16

The Major Components of Aroclor 1221

Compound % in Aroclor 1221*
biphenyl 12.7
2-chlorobiphenyl 28.4
4-chlorobiphenyl 18.7
2,2'-dichlorobiphenyl 9.2
2.4 -dichlorobiphenyl 35
2,4'-dichlorobipheny! 13.6
4,4’ -dichlorobiphenyl 6.2

*Total % Aroclor 1221 accounted for: 92.3
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FIGURE 14. Capillary column chromatograms of some Aroclors. Numbers above the peaks
designate the number of chlorine atoms per biphenyl molecule. GC-conditions: 50" x 0.020"
SE-30 SCOT column, temperature program rate 2°/min, helium pressure 9 1b/in®. The mass

spectrometer was a Perkin-Elmer 270 instrument. (From J. Assoc. Offic. Anal. Chem., 54, 801,
1972. With permission.)

25



a a a a
¢ CI “
a

¢} b

Cl
d
) a
Q
e
FIGURE 15. Structures of five major high-boiling
components of Kanechlor-400.
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FIGURE 16. Structures of seven major components of

Phenoclor DP6.
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Figure 17 shows gas chromatograms of Aroclors
1221, 1232, 1242, 1248, and 1254; the retention
times are marked to identify the peaks for Table
17. In this table, details of the structures and the
mode of identification are given. Clarifying foot-
notes are given at the bottom of the table.

Webb and McCall have also synthesized a
number of chlorobiphenyls that were subsequently
found to be absent from the Aroclors investigated.
These compounds and their retention times are
listed in Table 18.

Sissons and Welti®® have characterized the
major constituents of Aroclor 1254 by 220 MHz
proton magnetic resonance and mass spectrometry
following separation by chromatography on
alumina columns and preparative gas chromatog-
raphy. The retention indices of these isolated
compounds together with those of 40 synthesized
chlorobiphenyls were used to predict the struc-
tures of the remaining constituents of Aroclor
1254 as well as those of Aroclors 1242 and 1260.

Figures 18, 19, and 20 show high resolution gas
chromatograms of Aroclors 1254, 1242, and 1260.
The column was a Perkin Elmer 50 ft x 0.02 in
I.D. support coated open tubular (SCOT)
Apiezon® L column fitted into a Pye® Model 104
gas chromatograph with a flame ionization detec-
tor. The oven temperature was kept at 205° and
the carrier gas was helium at a flow of 2.5 ml/min.

Structures that were determined by 220 MHz
NMR on isolated samples are drawn onto the
chromatogram of Aroclor 1254 (Figure 18; see
Table 19). Structures of all other components
were predicted from retention indices and a
complete list with relevant data is given in Table
20. Figure 19 and Table 21 show the chroma-
togram and predicted structures for Aroclor 1242
and the corresponding data for Aroclor 1260 are
given in Figure 20 and Table 22.

The most common substitution patterns for the
major chlorobiphenyl components found in PCB
preparations are summarized in Figure 21.
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FIGURE 17. Capillary column chromatograms of some Aroclors. Peak identification numbers
correspond to retention times of peaks relative to  p,p’-DDT where both materials were chroma-
tographed at 190°. Peaks correspond to retention times in Table 17. (From J. Assoc. Offic. Anal.
Chem., 55, 746, 1972. With permission.)
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28

Retention
time
(p.p'-DDE
= 1.0)

0.10
0.13
0.169
0.17
0.177
0.185
0.213
0.216
0.235
0.24
0.26
0.29
0.292
0.295
0.34
0.38
0.385
0.387
0415
0425
0.43
0.44
0.445
0.48
0.495
0.505
0.515
0.55
0.57
0.59
0.60
0.64
0.69
0.695
0.70
0.705
0.71
0.72
0.76
0.82
0.83
0.84
0.85
0.87
0.96
0.99
1.01
1.04
1.07
1.15
1.17
1.19
1.25
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TABLE 17

Identities and GC-retention T'imes of Chlorobiphenyls

Synthetic
chlorobiphenyl

Biphenyl
2
3
4

2,2

2,3

2,4'

22'6
22'5
22'4
44

22'3
2,3'4
24.4'
24,5

2'34

2,255
22'45'
22'44
2,2'3,5'

2,2',3,6,6'

2,345
2,2',35'6
2,344
2,2',34'6
2,2',33'6

22455
22,445
2,2,3'45

23346

2,2',34'5',6

Aroclor
1221 1232 1242 1248 1254
X, ir X X X
X, ir X X X
X, R
X, ir X
X
X, ir X X, ir X
X X X
X X X
X, ir X X X
X, ir X X, ir X
X X, R X
X X, ir X
X X X, ir X
X, ir X
X X, ir* X
X X, ir X
X X, ir X
X X, ir X
X X
X, ir X
X X
X X
X
X, ir X X, ir
X, ir X X, ir
X, R X
X X
X X X, ir
X X
X X X, R
X X
X X
X X
X X
X, irt X
X, ir
X, ir* X
X X
X, ir
X
X X, ir
X
X X, ir
X X, ir
X
X X, ir
X X
X X
X X
X
X X
X
X, ir



TABLE 17 (Continued)
Identities and GC-retention Times of Chlorobiphenyls

Aroclor
Retention

time
(p.p'-DDE Synthetic
=1.0) chlorobiphenyl 1221 1232 1242 1248 1254

1.26 2,3.44'5 X X, ir
1.35
1.47
1.48 2,2°44'5,5'
149
1.52
1.65
1.78

D> B¢ 4
)

X indicates a chromatographic peak at the specified retention time, (see Figure
17).

ir indicates the infrared spectrum and retention time has been matched with that
of the synthetic compound.

R indicates that the retention time matches with that of the synthetic compound.
+ indicates that more than one compound is present.

TABLE 18

Synthetic Chlorobiphenyls Found to be Absent from
Aroclors 1221 — 1254

Retention
Chlorobiphenyl time*
2,34' 44
34,4 59.5
2,3'5 36
3,3,5 46
2,36 32
2,2',3,4' 57
2,3,3'5 68
2,2',3,6' 47
2,2'3,3'5 93
2,2',34'5 85
2,2'3,5,5 83
2,2'.3,5,6' 68
2,3,3'4'5 121
2,2'.4,5,6' 70.5
2,3' 45,5 104
22446 65
2,2'44' 6,6 78
2,2 3,355 138
2,2'34'5,5 142
2,2' 3,3' 5,6 116

*Chromatographic conditions are identical to those
described in Vigure 17.
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TABLE 19

The Retention Indexes and Structures of the Major PCB Constituents in Aroclor

1254 as Determined by NMR
Peak no. R.I
22 1994
23 2010
24 2022
29 2089
32 2119
33 2136
36 2159
39 2175
41 2191
42 2203
43 2207
44 2228
45 2238
48 2264
50 2299
52 2321
55 2356
56 2356
59 2390

NMR determined
structure

2,255

2,2'3,5'

2,2',3,5'6
2,2',3,3'6
2,3'4'S

2,455

2,445
2,2,3'4,5
2,234,585
2,3,34'6

2,2,3'4,5,6
2,2',3,3'.4,6'
2,3'44'5
2,3,3' 4.4'
2,244 55

2,344 5

Alternate predictions

Structure

2,2' 3,5
2,2'4.5
2,2' 4,5
2,3' 4,6
2,2' 44"
2,2'3,6,6'
2,2'3,5.6'

2,2'3,5,5'
2,2'34'5
2,3'4,5'.6
2,2'34,6,6'
2,2'3,3',6,6
2,2'3,3'5

2,2' 344
2,233’4
234,56
33'.4,5
2,2'34' 5,6
2,2'344'6

2,2'34,5,5
2,3,3'4,56
2,2'3,3' 45
234456
2,2'3,3'5,5'.6

R.I

1996
2012
2010
2021
2027
2017
2092

2159
2175
2175
2175
2172
2189

2226
2240
2240
2238
2240
2263

2360
2357
2391
2388
2390
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TABLE 20

The Retention Indexes and Predicted Structures of the Minor Peaks in Aroclor 1254

Peak No. R.I.
1 1490
2 1579
3 1672
4 1688
5 1750,
6 1758
7 1763
8 1774
9 1782

10 1833
11 1849
12 1863
13 1879
14 1896
15 1922
16 1935
17 1943
18 1952
19 1963
20 1966
21 1980
25 2040
26 2051
27 2058
28 2072
30 2097
31 2115
34 2146
35 2152
3Small peaks.

Structure

Biphenyl
2

2,2

4

2,5

24

2,3
2,2'6
2,4
2,2'5
2,2'4
2,2',3
2,36
2,4'6
4.4'
2,2'4,6
2'3,5
2,2'3,6
2,35
24'5
2,3'4
2,3,3
2,44'
2,3,3
2,4.4'
234
2,34'6
2,2' 34"
2,234
2,2°,3,3
2,233
2,3'4'6
2,3,3'.5
2,2'44'.6
2,3'5,5'
2,356
2,2'3,36
2,2'3' 4,6
2'34,5
23,34
2,3,3'4
2,344

BRI of synthesized compound.
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Predicted R.I. Peak No.
1491° 37
1577°
1669° 38
1687°
1754 40
1756°
1770 46
1765
1782°
1831
1848 47
1864
1866
1878
18940 49
1924Y
1932
1932 512
1932 51
1944
1949 532
1963 53
1962 54
1963
1962° 57
1975
2041 58
2041
2047
2055 60
2055
2071 61
2097 62
2097 63
2094
2092
2120 64
2112 65
2144 66
2148 67
2148 68
2154

69

R.IL

2164

2169

2186

2246

2254

2283

2310

2335

2340

2372

2376

2400

2413
2425
2433

2451
2466
2489
2519
2543

2577

Structure

2,334
2,234 6,6
2,3,3' 4
2,2,3,3',6,6'
2,335
2,3,3.5'6
2,345
2,234 56
2,2,34,56
2,2,3,3'.5,6
344'5
2,273,356
2,3,3',5,§
2,244 56
2,2,3,3 4,6
2,2,34,5.6
3,344
2,2,3,3',5,6,6'
2'3,4,5,5'
2,3,3'45
2,2',3,3'4,6,6'
2,3,3'4,5
2,3,3'5,5',6
2,23455
2,2344'5
2,2,3,3'4,5'
2,2344'5
23,3456
2,233 4,5
23,3446
2,33 4' 5.6
2,23345'6
2,2,3,3' 44
2,2'3,3 45,6
2,2344'5'6
2,2'344' 56
2,2,3,34'5,6
2,233,446
2,3'4,4'5;5
2,3,344'5
2,2,344'5,5
2,3,34'5,5,6
2,2'3,344'5

Predicted R.IL.

2168
2160
2168
2173
2183
2185
2245
2241
2247
2248
2257
2256
2259
2256
2278
2283
22820
2303
2307
2310
2329
2338
2335
2340°
2376
2374
2376
2379
2374
2401
2396
2412
NMR
2439
2428
2430
2450
2462
2488b
NMR
2541
2548
NMR
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FIGURE 20. Capillary column chromatogram of Aroclor 1260. GC-conditions 50’ x 0.02"" Apiezon
L SCOT column equipped with a flame ionization detector, the oven temperature was 205° and
helium flow rate 2.5 ml/min. (From J. Chromatogr., 60, 15, 1971. With permission.) 33
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Cl per most likely substitution pattern
benzene ring

of
Cl
cl o ol
2 ol Cl
cl Ci
Cl Cl
3 o] cl
Cl c ¢
c al
4 cl
Cl

FIGURE 21. The most common substitution patterns for the chlorobiphenyls
found in PCB preparations. Only one phenyl-ring is shown. The most abundant
tetrachlorobiphenyls, for example, are those from the dichlorophenyl-moieties
shown, One di- and one trichlorophenyl- would give most abundant
penta-chlorobiphenyls etc.

35



Peak no.

—
OO N BN

o
o

15
16
17
18
19

20
21

22

23
24

25

aStructures

TABLE 21

The Retention Indexes and Predicted Structures of Aroclor 1242 Peaks

R.IL

1499
1580
1672
1750
1758
1765
1774
1781
1833
1849
1863

1879
1896
1923
1935
1944
1951
1961
1966

1980
1996

2011

2015
2024

2028

found

Structure

Biphenyl
2
2,2

2,36
2,46
4.4'
2,2' 4,6
2,2'.5,6'
23,5
2,35
245
2,3' 4
2,3,3
2,44
2,3,3'
2,4,4'
23,4
2,2'3,5
2,2',5,5'a
2,2 4,5
2,2' 4,5
2,2' 4,5
2,3,3'.6
2,3 4,6
2,3' 4,6
2,2'3,5'
2,2' 4.4
2,3',5'.6
2,4,4'6

in  Aroclor

1254 by

Predicted R.I.

14910
1577
1669
1744
1756
1770
1765
17820
1831
1848
1864
1866
1878
18940
19240
1927
1932
1932
1944
1949
1963
19620
1963
1962
1975
1996
1994b
2012
2010
2012
2029
2021
2029
2025
2027
2028
2033b

bR I of synthesized compound or NMR standard.
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Peak no.
26
27
28
29

30
31

32
33
34
35

36
37

39
40

41
42

43

44

45

NMR determinations.

R.L
2037
2041
2052
2061

2080
2092

2121
2129
2138
2148
2167

2174
2178

2195
2207

2212
2232

2242

2268

2287

Structure

2,346
2,734
2,234
2,233

3,3 4
34,4
2,3,5,5'
2,2 446
2,2,3,5' 62
2,3,3,5'
24,45
2,335
2,34'5
2345
2,3,3' 4
2,344
2,3,3' 4
2,234’5
2,2,4,5,53
2,2,3,4,6,6
2,3,3,5'56
2,3',4,5.6
2,2 4.4’ 58
2,23 4,5
2,2,3,4,54
2,2',3,4,5
2,2 344
2,33 4' 62
2,2 3456
2,2' 34,56
2,234 5,6
2,2 3446
2,2',3.4' 5 62
2,2 ,3,4,5,6
3,3 4,4’
2,2 3446

Predicted R.I.

2041
2041
2047
2055

2076
2088
2094
2097
2089
2125
2125
2125
2138
2144
2148
2160
2168
2175
2175b
2175
2183
2175
2191
2206°
2210
2210
2226
2228
2241
2247
2240
2263
22640
2283
22820
2291



TABLE 22

The Retention Indexes and Predicted Structures of Aroclor 1260 Peaks.*

Peak no.

22

23

24

25

27

28

29

30
31

32

33

34

36
37

39
40
41
42
43
44
45
46
47
48
49

50

51

R.L

1994

2009

2013

2022

2030

2040

2050

2058
2086

2117

2125

2135
2146

2158
2168
2174
2192
2205
2209
2229
2239
2254
2264
2283
2296
2300
2321

2326

2340

Structure

2,2',35
2,2'5,8
2,2'4,5
2,245
2,245
2,248
2,346
2,238
2,244
3,35
2,336
2446
2,244
2,356
2,346
2,234
2,234
2,233
2,233
2,2',3,5'.62
22456
2,345
2,2',3,36
2445
2,335

2,3 4’58
234,58
2,334
2,2',35,5
2,2,3,3,6,6'
2,234’5
2,2'45,5'
2,34,56
2,2'3,3'5
2,2'4,4' 5%
2,23 45
2,234,558
2,2'344'
23346
2,2',3,4',5,6
2,234 5,6
2,23356
2,244 5,6
2,2344'6
2,2',34',5.6
2,2'3,3.4,6
2,234,556
3,344
2,2',3,3' 4,62
2,2',3,3',5,6,6'
2,234 56,6
23445
2,3,44' 52
2,2',3,3'.4,6,6'
2,2'344'6,6
2,3,3,556
2,234 55

Predicted R.I.

1996
1994¢
2012
2010
2012
2010
2021
2025
2027¢
2033
2029
2033¢
2027¢
2028
2041
2041
2047
2055
2055
2089
2081
2114
2114
2125
2125
2138
2144
2148
2159
2173
2175
217s¢
2175
2189
2191
2206
2210
2226
2228
2241
2240
2256
2256
2263
2264
2278
2283
2282¢
2299
2303
2295
2323
2319
2329
2321
2335
2340¢
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TABLE 22 (Continued)

The Retention Indexes and Predicted Structures of Aroclor 1260 Peaks.*

Peak no. R Structure Predicted R.I.

52 2,2',3,4,5,5 2360
2.3,3'4,5'.6 2357

2,244,552 2356¢
53 2372 2,2',344'.5 2376
2,2'3,34'5 2374
54 2379 2,2,344'5 2376
2,3,3,4'56 2379
2,2',3,3' 4,5 2374
55 2390 2,2',3,3' 4,5 2391

2,2'.3,4,4'5'? 2391°¢
2,344'5'6 2388
2,2'3,3,5,5,6 2390
56 2402 2,3,3,44'6 2401
60 2445 2,2',3,3.4'5,6 2440
2,2',3,3' 4,56 2439
61 2460 2,2'3,344'6 2462
62 2464 2,2',3,3',4,5',6,6 2464
63 2486 2,2',3,3.4,5,6,6 2489
2,2',3,44' 56,6 2481

2,2',3,3 44,66 2490°¢

2,344 55 2488¢
64 2518 2,3,3.44'5 2516
65 2522 2,2',3,3'4,5,5 2525
66 2542 2,2'.344' 55 2541
67 2550 2,3,34' 556 2548
68 2575 2,2'.3,3 44’52 2575
2,3,344' 56 2570
69 2578 2,23,34556 2571
2,2',3,345,5¢ 2581
70 2587 2,2',3,3' 45,56 2581
71 2597 2,2',344' 556 2593
72 2605 2,2'3,344,56 2603
73 2618 2,2',3,3',4,5,5,6,6 2624
74 2640 2,2',3,344'56 2627
b 2,2',3,3',44',56.,6 2650
75 2682 2,3,3,44'5,5 2685
76 2724 2,2',3,344'5,5 2726
77 2738 2,3,3,44'55'6 2738
78 2770 2,2',3,3'44'5,5'6 2768

b 2,23,344'5,56,6 2810¢

*Peaks 2 to 21 in Aroclor 1254 chromatogram were also present in Aroclor 1260.
48tructures found in Aroclor 1254 by NMR determinations.

Ppeaks observed on mass spectrometer oscilloscope, but not on GLC.

“R.I of synthesized compound.
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Chapter 3

SYNTHESIS OF CHLOROBIPHENYLS

In this chapter, biphenyl syntheses are dis-
cussed which have been used for the preparation
of chlorobiphenyls including labeled compounds.

The presentation throughout is from a prepara-
tive point of view. Mechanisms are usually not
discussed and classification is strictly according to
starting material (e.g., diazonium compounds,
sulfonyl halides, etc.). Reactions with similar
mechanisms can therefore be found in different
subsections (e.g., diazoacetate reaction and nitroso
acetylamine reaction).

The following symbols and abbreviations are
used in the equations throughout the chapter:
A(heat); =(equivalent); u(uniformly labeled);

cl

c
A number of free radical arylating systems are
compared, particularly from a theoretical point of
view in Reference 80. Mechanistic and preparative
aspects of most of the homolytic aromatic aryl-

ations described in this section are discussed in
References 7, 56, and 196.

a. Arylation Via Aroyl Peroxides and Carboxylic
Acids

Aroyl peroxides have been popular sources of

o]

hu(light, u.v.); n(normal); t(tertiary); Ph(phenyl);
Ac or Acet(acetyl, acetate); Bu or But(butyl);
THF(tetrahydrofuran); DMSO(dimethyl sulf-
oxide); DMF(dimethylformamide).

Methods for the Synthesis of Chlorobiphenyls

1. Formation of Chlorobiphenyls by Phenylation
of Aromatic Substrates (Usually Involving Free
Radical Mechanisms)

These methods are well suited for the prepara-
tion of unsymmetrical chlorobiphenyls. Isolation
and purification of products are greatly simplified
when the substrate can be chosen to give only one
isomer, e.g.,

cl cl ¢ c

¢l
aryl radicals for mechanistic studies investigating
substituent effects and isomer distribution in
homolytic arylation reactions.

Decompositions of aroyl peroxides in appro-
priate substrates are also useful synthetic reactions
in which high yields (e.g., 80%) of chlorobiphenyls
have been obtained,”® particularly in the presence
of electron acceptors.” 7782

Ci

ﬂ benzene
2

A number of simple chlorobiphenyls have been
prepared by this reaction usually during the course
of mechanistic studies.®»¢:59,79,82,102,147

ylation of aromatic carboxylic acids has been
described and this source of ary! radicals has been
used for the preparation of several chloro-

A method for the one-step homolytic decarbox- biphenyls.! 73
Ci cl
Co-naphthenate
C"@'COOH + di-1-butyl peroxide c1
4 % cl

41



Mono- and dichlorobiphenyls have been
prepared using new phenylating agents: iodoso-
benzene dibenzoate,' °? lead tetrabenzoate,®!>' 2?2
and silver iodide (bromide) dibenzoate.?®

b. Arylation Via Diazonium Salts (Gomberg-
Bachmann, Meerwein and Related Reactions)

This reaction in its various modifications is one
of the most useful and widely used synthetic
routes leading to unsymmetrical chlorobiphenyls.
In its original version,”* an aromatic amine is
diazotized in the usual manner (for further infor-

mation on diazotation see section on Sandmeyer
reaction) and the diazonium sait solution mixed
with the liquid aromatic substrate and sodium
hydroxide (intermediate formation of diazonium
hydroxides) or sodium acetate (intermediate for-
mation of diazonium acetates). The literature on
these reactions was thoroughly reviewed in 1944.°
Recently, these reactions were used for the prep-
aration of chlorobiphenyls.®$:'®! Steric'®' and
electronic' ¥® effects in the formation of chloro-
biphenyls by these reactions have been investi-
gated as have been isomer distributions generally.®

(i} NaNO, —HCI
Cl NH _— Cl
2 lii) benzene - O
aqu. NaOH
or NaOAcet.

Contrary to the heterogeneous conditions pre-
vailing in the reactions described above, decompo-
sition of phenyldiazonium salts by cupric chloride
(sometimes referred to as Meerwein reaction) is

Cl

(i) NaNO,~HCI

carried out in homogeneous solution (aqueous
acetorie®7>*®). A number of biphenyls including
2 4-dichlorobiphenyl (29% yield) were prepared
by this procedure.

Cl

Solid diazonium salts' *° such as aryldiazonium

chloride or zinc double salts have been used for
arylations of this type.® In the last few years, the
stable diazonium fluoroborates have been intro-
duced for this purpose. Phenyldiazonium tetra-
fluoroborate, when heated with one equivalent of
pyridine, provides a convenient source of aryl
radicals. 4-Chlorobiphenyl' and a number of other
substituted biphenyls'*? have been prepared by

this method.
Cl @ N,BF,

The isomeric monochlorobiphenyls were
prepared by the decomposition of benzenedia-
zonium tetrafluoroborate in a solution of chloro-
benzene in acetone or dimethylsulfoxide!®® or
chlorobenzene in dimethylsulfoxide in the
presence of sodium nitrite.'®” Under these latter
conditions, tetrafluoroborates decompose instanta-
neously with evolution of nitrogen. Preparations
of tetrafluoroborates are described in Reference
155.

In a very convenient one-step synthesis, an
aromatic amine, an organic nitrite (e.g., pentyl
nitrite; the diazotizing agent), and excess substrate
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{ii) benzene -CuCl,

Cu, MgSO4-H20
benzene

CI
benzene
| = pyridine

A

Sulfolan was found to be a convenient solvent
to effect homogenous conditions. A number of
biphenyls including 4-chlorobiphenyl have been
prepared by decomposing phenyldiazonium tetra-
fluoroborates with copper and water or hydrated
salts in the presence of aromatic substrate.?3

<00

are heated to give good yields (typically: 50%) of
biphenyls.>®>!¢® A number of biphenyls substi-
tuted with four and five chlorine atoms have been
prepared by this method'*¢ as have been a large
number of chlorobiphenyls including highly chlori-
nated compounds.?*

o

o]} ci
C|—©—C' -
o Y, s C'@”i\_é
]

Deaminated products and (in the presence of
carbon tetrachloride as solvent) formation of aryl
chlorides are possible side reactions.'®3



¢. Arylation Via Acylarylnitrosamines
Acylarylnitrosamines can conveniently be

acetanilides and nitrosylsulfuric acid. The decom-
position of these compounds in hot aryl substrate

prepared from acylamines such as chloro- gives good yield of chlorobiphenyls.?>! 34
Cl cl
o , 0
1 nitrosyl- I benzene
cn@»w CmCHy ——— cn@rr—c—ws — CI
NO
cl cl cl

A similar reaction involving the treatment of
acylamines with alkylnitrite-trifluoroacetic anhy-
dride also yields biphenyls but the intermediate
nitroso compounds were not isolated.'*® In a
patent, the preparation of biaryls including 4-chlo-
robiphenyl from acetanilides is described.!?* The
agents used for nitrosation were amyl nitrite,
N;O4, NO;, and NOCL. Part of a review by

Cl

e. Arylation Via Phenylhydrazines
Oxidation of phenylhydrazines with a silver
oxide and a variety of other oxidizing agents in the

AgZO
NH—NH2 —_—
O-o

f. Arylation Via Aryisulfony! Halides

Metal salt-catalyzed thermal decomposition of

aryl sulfonyl halides in suitable substrates provide

O

g Arylation by Photolysis of Arylthallium
Ditrifluoroacetates

Unsymmetrical biaryl can be prepared in good
yield by photolysis of the readily accessible

CIQ Ti (OCOCF:;,)2

Cl

h. Arylation Via Phenylazotriphenylmethane and

Phenylazo-p-Tolylsulfone
Phenylazotriphenylmethane when decomposed

Cll:t:LC
80,0t ——
A

Cu, Cl,

Bachmann and Hoffman® deals with the prepara-
tion of biphenyls via acylarylnitrosamines.

d. Arylation Via Diazoaminobenzenes
(Aryltriazenes)

Diazoaminobenzenes, which can be prepared
from diazo compounds and amines decompose in

the presence of aryl substrate and an acid catalyst

or aluminum chloride to give biphenyls.”®>
199,200

cl
m-@-m
CI*@*N:N—NRZ — <l O Q
A
¢l cl

presence of aryl substrate leads to the formation
of biphenyls.””

CI 4+ isomers

a useful method for the preparation of chloro-
biphenyls which seems to have received little
attention.! 2! 18

Cl
O
Cl
arylthallium ditrifluoroacetates.' 8! Solvent is the

substrate to be arylated, the wavelength is 300 nm,
and a typical reaction time is 18 hr.

hy
s A0
benzene

in chlorobenzene gives a mixture of chloro-
biphenyl isomers.8%:198
al

2 oh

+ isomers
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Phenylazo-p-tolysulfone can be used
similarly.! ®® However, from the distribution of

2. Formation of Chlorobiphenyls by Other
Aryl-condensation Reactions

a. Copper Mediated Condensations of Aryl Halides
(Ullmann and Related Reactions)

The condensation of two molecules of aromatic
halides in the presence of finely divided copper is
one of the most useful methods for the synthesis
of biaryls. It is by far the most widely used
preparative procedure leading to symmetrical
biphenyls (including chlorobiphenyls) since its
discovery by Ullmann in 1904.!83

Cl Ct Cl

2 CIQI L. ClCl

Cl Cl Ci

The reactivity of halides in this reaction is I >
Br > Cl. Aromatic chloro compounds react only if
activated by one or more nitro groups, ortho or
para to the chlorine atom. Aromatic iodo com-
pounds, which can readily be prepared from
amines via diazonium salts, are usually the
compounds of choice. Copper(D)iodide in the

cl
Cl 1
Cl Cu
+ —_
JA)
Cl I
Cl Cl

When one bromo- and one iodo-component are
used, vyields of unsymmetrical product can
sometimes be increased.®® All aspects of the
Ullmann reaction were thoroughly reviewed in
194652 1964,°3 and in a recent article.®* A
review on copper promoted reactions deals also
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—
CF,COOH

isomers, a phenyl cation mechanism and not
phenyl radicals was suggested.

OO0

+ isomers

Cl

Q)

A

mixture can speed the reaction with arylbromides
probably by halogen-halogen exchange.?® Several
equivalents of copper are usually mixed or succes-
sively introduced in the mixture with the halide
and heated for several hours, commenced usually
at 200° or higher. The quality of the finely divided
copper is often critical in determining yields.%?
Improved yields have been reported using copper
activated by treatment with complexing agents
such as EDTA.!'7 In the authors’ laboratory,
activation of commercial copper bronze with
iodine, acetone, and hydrochloric acid®®:'?# was
found satisfactory. Improved yields were reported
for a number of Ullmann reactions when the aryl
halide and copper were diluted with solvents®?
(e.g., dimethylformamide'**'' or sulfolan'>®?)
and reactions carried out at lower temperatures
and prolonged times. The Ullmann reaction can
also be used for the preparation of unsymmetrical
biaryls. Generally, a mixture of two different aryl
halides is used and three products (two symmetri-
cal and one unsymmetrical) are obtained which
may be difficult to separate.

Cl Cl
“ Q Q “
cl Cl
Cl Cl Cl
4 Q Q ¢
cl
+
cl o
¢ O Q ¢
cl a

with Ullmann reactions, particularly mechanistic
aspects.!® The preparation of a number of sym-
metrical and unsymmetrical polychlorobiphenyls
by the Ullmann reaction has recently been report-
ed 24:95,178-180,188

In reactions related to the Ullmann biaryl



synthesis phenyl copper derivatives' '>37:1%4 and

2-furyl copper’' 8% couple with organic halides

(cf. References 35, 55, and 141).

Oree Cr— QRO+ CHO 0

This reaction, which can give yields up to 90%
with certain compounds,®® seems particularly
suited for the preparation of unsymmetrical
biphenyls. Other biphenyl synthesis in which
organo-copper intermediates are postulated are the
decarboxylation of nitroaromatic acids in the
presence of copper (I) oxide and iodo-
benzene,?'>'*° and the coupling of nitrobenzenes
with iodobenzene in the presence of copper (I)
oxide.2®>2' Another biaryl synthesis involving
organo-copper intermediates is described in 2g.

b. Condensation Via Grignard Reagents

2,2'4 4"-Tetrachlorobiphenyl was obtained by
the action of cupric chloride on 24-dichloro-
phenylmagnesium iodide.”3

Cl Cl
CuC%
Cl Mgl —— (I Ci
Cl

In a similar reaction, 4,4"-dichlorobiphenyl was
obtained from the corresponding Grignard reagent
and ethyl trichloroacetate.'®! Recently, it was
shown that high yields of chlorobiphenyls can be
obtained when thallium (I) bromide is used as the
coupling reagent.'?5:126  Ortho substituted
biaryls cannot be prepared by this procedure.

(o] Cl Cl

. D

Grignard reagents have been used also for the
synthesis of biphenyls not containing chlorine.

OCH;
(i) CuBr,
HiC Li —
in o,
OCH;

Considerable interest was shown recently in the
preparation of biaryls via aryllithium intermed-

jates?9™41,91.,154,164,166 and good yields of

Usually, metal salts are the coupling
reagents* 7' ©* and good yields of biphenyls were
reported by the action of diphenoquinones on
Grignard reagents.'*® The coupling of some
Grignard reagents with cobaltous chloride and
transition metals generally to give biaryls (no
chlorobiphenyls) is discussed in Reference 135 and
182a. Older examples of the preparation of
biphenyls via Grignard reagents are discussed in
Reference 103. Grignard reagents are also used in a
new synthesis for unsymmetrical biphenyls (2g).

¢. Condensation Via Organolithium Intermediates

The preparation of 4,4'-dichlorobiphenyl by
the action of n-butyllithium on p-chlorobro-
mobenzene in tetrahydrofuran in a yield of less
than 20% is described in the literature.?®

7\ n-But. Li
cn~<;>—er — e O cl

Using a similar procedure, decachlorobiphenyl
was obtained from hexachlorobenzene n-
butyllithium and titanium tetrachloride*? in small
yield.

Cl Cl Cl c Cl
(i) n-BuLi
| | > Cl c
ct cl hexane /ether Cl ci Cl o]

Methoxybiphenyls were recently obtained from
the corresponding aryl lithium compounds by
treatment with CuBr, and oxygen.?®?

H3CO  OCH,

H4CO  OCH,
biphenyis (not containing chlorine) were

frequently reported. These biaryl syntheses
involving lithium frequently involve dehydro-
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benzene intermediates.®® 1t should be pointed out
that organolithium reagents pose a potential explo-
sion hazard.?”

d. Condensation Via Diels-Alder Reaction
Chlorobiphenyls can be obtained from chloro-

bicyclo(2:2:1)-heptadiene derivatives. The latter

are prepared by Diels-Alder reaction from

CH,OH
_
NaOH

/CSHSC CH

Cl

M cH,oH
—_—

cl Cl NaOCH, cl

5,5-disubstituted tetrachlorocyclopentadienes and
phenylacetylene or styrene derivatives.

The synthetic approaches®”>!'?3 to 7.7
dialkoxybicyclo-(2:2:1)-hepta-2,5-diene  deri-
vatives, which are thermally labile and decompose
to give the corresponding biphenyl derivative, are
shown below.

CH,O__OCH

B

Ci
/CsHSCE CH \C\SHSCH: CHBr

CH,0.__OCH, CH,0.__OCH

3 3

o A

cl
” M kot-But
cl )

1

H

g 9 @

The reaction of styrenes with chlorocyclo-
pentadiene derivatives gives adducts which result
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in 1,2-dihydrochlorobiphenyls which can be
aromatized to give chlorobiphenyls.' *?



CH;0_OCH,

C
¢}

| _Cl CH=CH, A a Cl
+ —_—
Cl
Cl

CH,0_OCH,

cl Cl

Cl

H,SQ,

Cl C\ Cl Cl .
[0] A Cl
Cl Cl «—— QI Cl «————
Cl Cl

e. Condensation of Phenylsulfinates
A patent recently described the preparation of
isomerically pure biphenyls, including 4,4'-

PdCl, - HZO
(o] $0, Na ——A——-*

f. Decomposition of Diaroyl Peroxides and Acid
Anhydrides

The preparation or 44'di- and 272'44'-
tetrachlorobiphenyl by thermal decomposition of
the corresponding benzoyl peroxides is described

Cl
: O
m@i:'—o—

4-Chlorobenzoic anhydride has been converted
to 4 4-dichlorobiphenyl in 3% yield using chloro-

2

a o a
Mg
¢ QC' EtMgBr
a ol

g Copper (I) Iodide Mediated Condensation of
Grignard Reagents with Aryl Halides

Several unsymmetrical chlorobiphenyls were
recently prepared in 20 to 50% yield from
pentachlorophenylmagnesium chloride and mono-

decomposition of phenylsulfinic acids salts.

_—

CI—QMW
|

cl Cl

Cl

dichlorobiphenyl, by the palladium catalyzed

114

in the literature.®® In the authors’ laboratory,
however, only poor yields were obtained and other
unexpected chlorobiphenyls were observed as
by-products.

Ci

ad/ N i

Cl

tris(triphenylphosphine)rhodium  as
during the thermal decomposition.??

a o« ol

&
— ct
I Cl

Cl Cl Cl

and dichloroiodobenzene in the presence of
copper (Diodide.!'® In the absence of Cul, no
biphenyls are formed, which indicates pentachlor-

ophenyl copper to be the species responsible for
the coupling.

a catalyst
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3. Formation of Chlorobiphenyls by Direct
Substitution on the Preformed Biphenyl System
a. Chlorinations (H ~ Cl and -CH = CH- ~ -C|H-C|H-)

Substitution by chlorine—Direct chlorinzﬁllog Iof
biphenyl in the presence of a catalyst is the
industrial process used for the preparation of PCB
formulations. Mixtures containing more than two
atoms of chlorine per biphenyl molecule cannot be
easily separated into the individual components
(for example by distillation) and preparation of
such compounds by chlorination of biphenyl is

Chlorination process

Cl,, acetic acid, 25°

(electrophilic) 51
Vapor phase

chlorination, 350-450° 53
Catalyzed (AICL, -HCl)

equilibrium of

isomers at 160° 193
Statistic

distribution

Early reports of formation of m-isomer in the
electrophilic chlorination process' 2 were later
shown to be due to thermal decomposition of

Reference

therefore not feasible. The reaction of molten
biphenyl with one equivalent of chlorine, in the
presence of iron filings, gave after distillation
the following amounts of chlorobiphenyls:®®
31.6% 2-chlorobiphenyl; 25.7% 4-chlorobiphenyl;
and 1.9% dichlorobiphenyls. In the presence of
clay catalysts (e.g., bentonite) a 70% yield of
ortho isomer was reported.' ®! Mechanistic studies
on the isomer distribution in monochlorobi-
phenyls on chlorination of biphenyl under a
variety of conditions were reported.' ®»*%>53:192
Some of the results are given below:

Isomer distribution %

0- m- p-
53 0 47
35--38 47-52 14-16
3 64 33
40 40 20

polychloro-adducts which are also formed during
the chlorination.**

H ClH al
H

chiorobiphenyls o -+ related adducts
o H

AcOH|Cl,

I= CI2
—_—
catalyst

|

catalyst [ 2= CI2

cl
+ CI +  di- Cl-biphenyls

¢l cl
ct + + C'cn + mono-Cl-biphenyls
c

The chlorination of biphenyl with two equiva-
lents of chlorine in the presence of ferric chloride
catalyst yielded a mixture containing mainly
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dichlorobiphenyls.** 4 4'-Dichlorobiphenyl and
2,4"-dichlorobiphenyl were easily separated from
the mixture and 2,2'-dichlorobiphenyl was



collected in a fraction together with monochloro- antimony pentachloride **?+'*? or titanium tetra-
biphenyls. chloride.' 3® An analytical method which involves

Chlorination of biphenyl with liquid chlorine in conversion of all chiorobiphenyl compounds into a
the presence of ferric chloride yielded a mixture of single derivative (decachlorobiphenyl) is based on
nona- and decachlorobiphenyls.!'S Metal this reaction'®*® and antimony pentachloride
chlorides are known to chlorinate aromatic com- alone or in the presence of catalytic amounts of
pounds.''* Under vigorous conditions (i.e., high iodine as well as a sulfuryl chloride-sulfur
temperatures) decachlorobiphenyl was obtained monochloride-aluminum chloride mixture

from biphenyl or low-chlorinated biphenyls with (BMC-reagent) have been used.

Cl Cl Cl Cl

O Cly SbCl (+1,)
or BMC —
(50,Cl, = 8,Cl, = AICL,) Gt cl Cl Cl
Because of the strongly ortho-para directing products (mainly those formed by excessive chlor-
and activating influence of the amino group in ination) were characterized.® When chlorination of
electrophilic aromatic substitution reactions, 2,2'5 5'-tetrachlorobenzidine was carried out at
aminobiphenyls (and amino-chiorobiphenyls) are -30° in dichioromethane solution, 2.2°,3,3,5,5'-
suitable starting materials for specific chlorination hexachlorobenzidine was obtained. No protection
to give chlorobiphenylamines (aminochloro- of the amino groups was necessary in this reaction,
biphenyls) which can easily be converted to highly but similarly to above, a compound could be
substituted chlorobiphenyls. Chlorination of N NV'- separated from the crude reaction product whose
diacetylbenzidine in acetic acid solution for mass spectrum corresponded to that of a hepta-
example yields N N'-diacetyl-3,3",5,5'- chlorobenzidine.®? Various aspects of the chlori-
tetrachlorobenzidine.!®5 Recently, this reaction nation of aromatic compounds are discussed in
was more closely examined and several by- References 26, 50, 65, 143, and 175.
cl ccl
'3°° o Cl cl
Addition of chlorine — Addition of chlorine to isomeric hexachlorocyclohexylbenzenes
biphenyl in carbon tetrachloride, under the (C2H,¢Clg). The structures of these compounds
influence of daylight leads to the formation of two were proven by NMR and X-ray data.®2-541,

7 N\ %
— light
Even under conditions of electrophilic substi- all formed in the industrial chlorination process,
tution, some addition of chlorine takes place. For these thermally labile adducts would probably
example, in the chlorination of biphenyl with decompose to chlorobiphenyls in the work-up
chlorine in acetic acid more than 10% of the procedure. When an excess of chlorine is passed
chlorine used is consumed for the formation of into a hot solution of 3,5-dichloro-1-
tetrachlorides.! *® As far as the authors are phenylcyclohexa-2 4-diene in chloroform, 3,5-
aware, addition products of this type have not dichlorobiphenyl and a small quantity of 2,3,5-
been found in commercial PCB preparations. If at trichlorobiphenyl are formed. This reaction was
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explained to proceed via intermediate formation
of chlorine addition compounds and subsequent
dehydrochlorination.?#

b. Sandmeyer Reaction (NH, - Cl)
Replacement of amino group by chlorine in
chlorobiphenylamines (aminochlorobiphenyls)

Cl Cl
Ci Cl

Some more recent developments in the
Sandmeyer procedure lead to good yields and
offer simplicity of procedure. The reaction of solid

D

In a convenient one-step procedure, the aroma-
tic amine in acetonitrile is reacted with one
equivalent of cupric chloride under an atmosphere
of NO to give yields of over 80%.2% Moderate
yields of arylchlorides are obtained when amines
are reacted with pentylnitrite in the presence of
chloroform or carbon tetrachloride.”?

¢. Removal of Amino Groups (Reduction of
Diazonium Salts) (NH, -~ H)
For each chlorobiphenylamine

cl ci
(o] cl
of aromatic amines involving aprotic diazotization

with pentyl nitrite in boiling tetrahydrofuran has
recently been described.?'

(amino-

d. Replacement of Hydroxy Groups by Chlorine
(OH ~ Cl)

Although sometimes considered a “textbook
reaction” of little preparative value, the prepara-
tion of chlorobiphenyls by the action of phospho-
rus pentachloride on the corresponding hydroxy-
bipheny! has been known for some time'®? and
yields of over 90% have been claimed in this
reaction.'*® A new development in this reaction is
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(i) NONOZ- HCI
(i) Cu,Cl,

(l) NaNO,-HBF,
||) FeCl,-DMSO

(I)NONO —-HCi
(ii) ethano! T(ethanol &

(see Chapter 4) is a convenient route to highly
chlorinated biphenyls.”®>'$7>/85 Of the most
common reactions involved in this replacement
(diazotations®® 881515159 and  Sandmeyer re-
actions*®#8>15%,1 74} yre  well-established pro-
cedures and reviews on a large number of redction
conditions and variations are available.

ol cl
C|C|
cl cl
biphenyldiazonium fluoroborates (c¢f. 155) with

ferric chloride in dimethyl sulfoxide solution was
reported to give chlorobiphenyls' ®* in good yield.

ba¥al

chlorobiphenyl) in hand, two different chloro-
biphenyls can easily be prepared, one by replacing
the amino group with chlorine (Sandmeyer re-
action ¢f. 3b) and one by replacing the amino
group with hydrogen (reduction of diazonium
salts).! 7515 The most commonly used reducing
agents are ethanol and hypophosphorous
acid.'' 92515159 A simple, one-pot deamination

OH o]
PCI5
—_—
Q A

the use of triaryloxyphosphorus dichloride in the
place of phosphorus pentachloride.?®

3,5-Dichlorobiphenyl and 2,3,5-trichlorobi-
phenyl have been prepared by a related reaction. A
small quantity of 3,5-dichlorobiphenyl is formed
during the action of phosphorus pentachloride on
phenyldihydroresorcinol. The main product of the
reaction is 3,5-dichloro-1-phenylcyclohexa-2 4-
diene.



When chlorine is passed through a hot solution
of this compound 3,5-dichlorobiphenyl and a
smaller quantity of 2,3,5-trichlorobiphenyl is
formed.3*

e. Replacement of Nitro Groups by Chlorine (NO,
- Cl)

Dichloro-''? and trichlorobiphenyls* %3

were

NO,

7 N

o,N
Recently, it was shown that certain nitro-
naphthalenes can be converted in good yield to
their corresponding chloronaphthalene by a photo-
substitution reaction.®®

Similarly, the catalyzed or uncatalyzed thermal
decomposition of biphenyl-2-sulfonyl chloride
gave fair yields of 2-chlorobiphenyl.! 2

Recently, it was shown that aryl suifonyl

SO,Cl

=0 -pa

obtained when the corresponding nitro com-
pounds were heated with thionyl chloride to
approximately 200°. Although fair yields were
observed, this method has not been used frequent-
ly, probably because of inconvenient experimental
conditions (sealed tube) and side reactions
(chlorination).

f. Replacement of Sulfonyl Chloride and Sulfonic
Acid Groups by Chlorine (SO,Cl -~ CI; SO,H —
q)

A recent patent describes the preparation of
simple chlorobiphenyls in yields of over 90% by
heating biphenylsulfonic acids, their salts or acid
chlorides with carbon tetrachloride or phosgene to
230 to 270° in an autoclave.*®

halides can be converted to their corresponding
aryl halides with the aid of noble-metal
catalysts.>?

Cl

& Decarboxylations (COOH - H)
Several chlorobiphenyls have been obtained

from the corresponding chlorofluorenes by oxida-

tion to 9-fluorenone derivatives, opening of the

KOH
> (|
I, 4~
C
Q

is also the final step in a preparation of 2,2, 3,3',

five-membered ring and decarboxylation of the
resulting carboxylic acid.'®® Thermal decarboxy-
lation of octachloro-4 4'-biphenyldicarboxylic acid

ummme

5.5', 6,6"-octachlorobiphenyl.'*

COOH
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Cl

$0,Cl,
Clsc CCly W CiC
S2Cla

Ct

Cl Cct ¢l Cl

e} Ct Cl Ct

h. Dechlorination of Decachlorobiphenyl by
Reduction or Via Organometallic Derivatives

One or two chlorine atoms are removed from

decachlorobiphenyl when this compound is treat-

ed with lithium aluminum hydride, or when the
corresponding Grignard or lithium derivatives are

Cl c <l Ct

Cl

<_.A_

(i) 2 SLiAIH, = (i1 H,0

c cocoa
+ CI3000C|
¢ a & oa o«

\ -/

Cl C Ci Cl

Cl [~ ] Ci

decomposed with water.'® A mixture of starting
material, nonachlorobiphenyl, and octachlorobi-
phenyl is obtained with one equivalent of the
reagents mentioned, whereas octachlorobiphenyl is
mainly formed on treatment with two equivalent
of these reagents.

Cl Cct ¢l Cl

Tables Describing Known Chlorobiphenyls

The tables contain a brief summary of the
melting points, the methods of preparation, and
the more useful and accessible references on the
synthesis and properties of all chlorobiphenyls
described in the literature to date. A complete
bibliography on chlorobiphenyls until 1949 can be
found in Beilsteins Handbuch.'® Generally, only
those chlorobiphenyls are included in the tables
for which data properly characterizing them (melt-
ing point, analysis, etc.) have been obtainable by
the authors. The few exceptions are marked with
an asterisk in the melting point column. The
retention times of a number of chlorobiphenyls
which are not included in the tables have been
given.! 8% Only one melting point (the highest one
reported) is given if the variation is not more than
2 to 3°. Melting points deviating more than 2 to 3°
are listed separately; a question mark is placed
next to those that are most likely erroneous.

The chlorobiphenyls are arranged in the follow-
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Cl C
or
(i) grignard - (ii) H20
or
Ct c

(i) 2= BuLi~(ilH,0

¢
a o«
ing order: (a) increasing chlorine content, (b)
unprimed position numbers before primed, and (c)
lower position numbers before higher. Among
dichlorobiphenyls, for instance, the following
order would apply: 2,3, 2,4-, 2,2, 2,4'-. More
information on nomenclature may be found in the
introductory chapter.

The literature references and the synthetic
routes listed for each compound are in no particu-
lar order. However, the melting point given is
always taken from the reference on the same line.

The structures of the chlorobiphenyls shown in
the tables are drawn to conform with the follow-
ing numbering of positions:

A number of chlorobiphenyls are now available
commercially (Analabs).



Compound

Name

Monochlorobiphenyls

2-

Dichlorobiphenyls

2,3-

2,4-

2,5-

Formula

Cl

}

C

—

o
“—O
G0

M.P.
°C

34

Oil

16-17

71.1

27.7~
28.2
Oil

24.1-
24.4

Oil

22-23?

Synthetic
route

1-b
3d
l-e
3f

3-b
1-b

1-b

3a
1-a
3g

1-b
3-b
1d

3b

1-a
1-b

Lit.
ref.

15
105
60
139

77
138

105

73

95

73

30

167
147

165
181

191
48
199

191
57

160
48

193

53



Compound

M.P.
Name Formula °C
2,6- Cl 35-36
Cl
34 Ci 49-50
3,5- Cl 31-32
'
Cl
2,2'- Cl 60.5
Cl
2,3 Cl Qil
Cl
2.4'- Ci 46
445
32
41
3,3- al 29
Cl
3,4'- C Qil
O—Or
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Synthetic
route

1-b

1-b
1-a
1-c
1-d

1-b
3-b
3-d
3¢

3-b
2-a
3-e

3-c
3-b

1-b

3-c

2-b
3¢
3-b

Lit.
ref.

95

191
79

200

191
84

160

163
76
119

23

67
67
132
99
43
197

34
183
126
119

95

23



Compound

Name

44'-

Trichlorobiphenyls

2,34-

2,3,5-

2,3,6-

24,5

2,4,6-

2,2 3-

2,34'-

2,4.4-

Formula

Cl

:
¢

O

o)
Q

!

n

: a
o = Q

f
©

o)
)

r
©

a
Q

T

8

fi
¢

o

;
¢

M.P.
°C

148--149

149-150

145-146

101-102

41

78-79

62.5

46

28.1-28.8

73-73.2

57-58

206-207

Synthetic
route

2-b
2-a
3d
3-a
3-8
2-c
2-e
3g
3f

1-b

1-d

1-a
1-f

1-b

1-b

3-b
3-e
3

Lit.
ref.

125
183
162
167
162

85

72
114
165

45

24

84

145

71

199

12
156

191

191

95
153
165

55



Compound

Name Formula

2,2',5-

:’fg
©

2,35 Cl
Cl Cl

24,5 a
H O)-e
Cl

2',3,4- Cl
~“0—0

Cl

3)4’4" Cl

2',3,5- Cl
Cl Cl

3,4°,5- Cl
O—Or-
ci

Tetrachlorobiphenyis

2,34.5- Cl Cl

t
©
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4344

40-40.5

67

63.5-64.5

60.1-60.4
54
65-66

86.8-87.8

58

88

92-92.5

Synthetic
route

3-b
l1-a
1-b

1-b

3-b

1-b

3-b

3-b

2d

1-b

Lit.
ref.

24

24

17
173
24
188

191
17
120

191

84

84

122
123
87
95



Compound

Name

2,3,5,6-

2,344-

2,44 5-

2,2 4,6

2,44 6-

2,7,3,3'-

2,2'34'-

2,2'3,5'-

2,244

Formula

a
Q

Z

a2 g
2 o

é ,
¢

a

(i;:
¢

o

(@

f
©

2 g
]

Jo
¢

o
a
@

!

o}

@)
N
o

X
©

@
Q
=}

i

a
o)

C

°
©

M.P.
°C

79

142

125

119.5-121.5

68-70

46.5-417

83

83

4
41-42

Synthetic
route

1-f
I-b

1-b

1-b

1-b,
2-a

2-f
2-a
2-a
2-b
1-b

Lit.
ref.

12
95

156

156

118

118

24

188

24

66
183
95
75
156

57



Compound

Name Formula

2,2 ,4,5'-

a
o

f
©

Q

2,344 Cl
Ci
2,2.5,5'- Cl Cl
Cl Cl
2,345 Cl
Cl Cl
2,2',6,6'- Cl Cl
Cl Cl
3,3,4,4'- Ci
Cl
3,3',5,5'- Cl Cl
Cl Cl
Pentachlorobiphenyls
2,3,4,5,6- Cl C1
Cl Cl
2,344 .5- al cl

qf
:
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64-66
66-68.5

124

127-127.5

86.5-87

87-89

104

198

173

182-184

164

123

98-99

Synthetic
route

._.._.
& &

1-b,
24
3-b

3¢

3-b
1-d
1-b

3
2-a

3-b

1-b
2-a

3-¢
2-a

1-b
2

2-d

Lit.
ref.

24
188

156
188

92

157
188

17
200
156
188

185
95

185
95
156
24

185
95

95
116

122



Compound

Name

2,2',34,5'-

2,3,3' 4,4'-

2,23 4,5

2,2.45,5"-

2,3',4,4"5-

Hexachlorobiphenyls

2,2,34,5,6-

2,3,3' ,4,5,6-

2,34,4'5,6-

2,344 5-

*See last chapter.

Formula

2
o)
@)

:é

oy

o)

o ::
Q:
o!

!
)@

2
a
~

.—)
'~
-

Q.

2
o)

@]

Ci

)
a

f
©

Ci Cl

Cl

G0

Q
©

o)
0 S A
2 : o 0
: 2

o

.—-J
~
-

f
©

Cl

a
o

M.P.
°C

111.5-113

101-10S

81-82—

76.5-717.5

82%*
105-107

134-137

97-100

160-165

77-78

Synthetic
route

1-b
2-a

1-b

1-b
3-b

2-g

Lit.

ref.

24

156

145
24

24
188

156
83

116

116

116

157
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Compound

Name Formula

2,2',3,5,5' 6 Ql Cl C

2,233 4,4 Cl Cl
Cl Cl
2,2,34,4'5- Cl Cl Cl

2,2,3,3',5,5'-

2,2,3,3,6,6'-

2,234 5" 6-

2,244 55

2,244 56

2,344 55-
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M.P.

100-101

145.5-146.6
150-152

78.5--80

128-129

114-114.5

Oil

103-104

137-138?

0Oil

Synthetic
route

I-b

2-a
2-a

3¢

24

3-b
2-a

1-b

Lit.
ref.

24

178
24

178

157

179

179

157
178
188
150

180

145



Compound

Name Formula
2,244 66- Cl Cl
DO
Cl C
3,344 5,5- Cl Cl1
“O—D-
C Cl

Heptachlorobiphenyls

2,2.34,5,5,6-

2,3,3,44,5,6-

2,2.3344 5

2,233456'-

2234455

2,2034456-

2334455

201-202

147-150

116-118

134.5-135.5

130.5-130.7

109-110

152--153

162-163
178

Synthetic
route

2-a
3-b

3-b

2

2-a

2-a
3-b

Lit.
ref.

183
185

185
95

24

116

178

179

178

180

180
92
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Compound

Name [Formula
Octachlorobiphenyls

2,233 4,455 T cl

2,233 44 66'- Cl Cl Cl

2,2,3,3',5,5',6,6"- Cl Cl Cl Cl
Cl Cl Cl Cl

Nonachlorobiphenyls
2,2'.3,3',4,4',5,5' 6 al Cl Cl

2,2,3,3',4,5,5' 6,6'- Cl Cl Cl Cl

(“l
Cl Cl C Cl

Decachlorobipheny!
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156-157
152-153
159-160

132

161

204.5-206.5

310
305-6

Synthetic
route

3-b
2-a
2-a
3-h

1-b

3-h

3-b
3-a

Lit.
ref.

157
178
19
19

95

185

14

24

185
95

14
42



Methods for the
Chlorobiphenyls

References on the synthesis of labeled mole-
cules in general'*7>'7%:'95 and on specific
isotopes such as carbon-14,2%>'*? deuterium,' *?
and tritium®'>' *? are available.

Determinations of isotope distribution in
labeled compounds are discussed in Reference
169. The “Isotope Index” provides useful informa-
tion on the availability of specific compounds.' 7"

Synthesis of Labeled

Chlorobiphenyls Labeled with Carbon-14

For most studies on the metabolism, distribu-
tion, and accumulation of chlorobiphenyls in
biological system,'*C is the preferred label. '*C
has a long half-life (5700y) and its relatively
intense (0.155 MeV) 87 radiation allows for high
counting efficiency. Most important, however,
label is located in the carbon skeleton and initial
metabolic alteration of the chlorobiphenyl mole-

NH,
(i) Ac,0
(i) AcOH — HCI
KCIO,

Cl
— oL +
Cl

NH,

() Ac,0 ¢
(i) AcOH - HCI
NaCIO,

Ci
Ct ¢l c o

Conditions for the synthesis of several '*C-
labeled chlorobiphenyls have been carefully
worked out using cold material' 27 and the syn-

cule is not likely to remove the tagged atom. The
removal of the label by metabolic action on the
other hand is more likely with *¢Cl and particu-
larly *H. Although a limited number of carbon-
14-labeled chlorobiphenyls are available commer-
cially (Mallinckrodt), very tew examples of their
preparation have actually been described in the
literature.

The three isomeric monochlorobiphenyls (**C)
were obtained in the course of mechanistic studies

by the decomposition of N-nitrosoacetanilide
(phenyl-'*C) in chlorobenzene.'*® 23" 4.4'-
Tetrachlorobiphenyl ('*C) and 2,2'34'-

tetrachlorobiphenyl ('*C) (specific activity of
mixture: 7.8 Ci/mol) were prepared by the reac-
tion of diazotized 2 4-dichloroaniline ('*C) with
1,2-dichlorobenzene.'*® Analogously,
2,2',3,4,4",6'- and 2,3,'.4,4",5".6-
hexachlorobiphenyl ('*C) were prepared from
2.4,6-trichloroaniline (**C) and 1,2,3-trichloro-
benzene.! 7¢.180

NHCOCH,
c
(il HCI A
(i) , NaNo,
Cl Cl
cl
-0
Ct Cl
NHCOCH,
cl

(i) HCI-AcOH A
isoamyl nitrite

(i) g:zka

cl cl

Cl Ci
R osas

Ci Cl

thesis of 2,2',4,4'-tetrachlorobiphenyl (**C) has
apparently been carried out.' ?®
Recently, the preparation of 3,3'.4.4'-
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tetrachloroazobenzene ('*C) has been de-
scribed.' 77 3 4-Dichloroaniline ('*C) was oxi-
dized with pertrifluoroacetic acid to the corre-
sponding nitro compound and subsequent
reduction with zinc and aqueous sodium
hydroxide gave the desired product. These types
of compounds with a different chlorine substitu-
tion pattern (positions 4 and 4’ unsubstituted)
would be useful intermediates for the synthesis of
chlorobiphenyls.

Biphenyl (' *C) itself has been prepared by the
nitrosamine reaction.''® By Ullmann
coupling' °2-'?#® and by the reaction of phenyl-
magnesium bromide with cyclohexanone ('*C).%°
A good summary for synthetic methods leading to
terphenyls-(' *C) is given in Reference 100.

As far as the authors are aware, no biphenyl
derivatives enriched with the carbon-13 isotope
have been prepared.

Chlorobiphenyls Labeled with Chlorine-36
Chlorine-36 with its long half-life (4 x 10%y)
and relatively intense (0.716 MeV) g radiation is a
useful] label since it is easily introduced in many
instances into the chlorobiphenyl in the last step
of a preparative procedure, assuring efficient use
of the relatively inexpensive inorganic *®Cl. This
isotope appears particularly useful if selective
removal of chlorine atoms is to be studied.
Commercial Aroclor mixtures 1248 and 1254

were irradiated with neutrons to prepare *°Cl-
labeled PCB mixtures.' 7% Specific activities of 75
to 100 dpm per ug were obtained at flux densities
of 4 to 5x 10'* neutrons/ cm® and 40 min
irradiation time. The n.w reaction is accompanied
by an n,p reaction to yield sulfur-35 and corre-
spondingly sulfur-containing chlorobiphenyls were
detected in the mixtures. Irradiation induced
polymerization decreased the yield of **CI-PCB to
10%.

35 (n,v) 36
Cl ———

~o )
\\(:,p

Cl

35S

Several mono- and dichlorobiphenyls (*¢Cl)
were obtained during mechanistic studies on the
chlorination of biphenyl (employing *¢Cl,)' * and
the decomposition of  N-nitroso-p-chloroaceta-
mide (*¢Cl) in a number of substrates.! #7133

2,2",4.4" 5,5 Hexachlorobiphenyl (4,4"-*°Cl;
specific activity, 1.2 x 107" uCi/mM) and
3,3',4.4'-tetrachlorobiphenyl (4,4"-*Cl; specific
activity, 1.4 x 10™* uCi/mM) have been prepared
from the corresponding tetrachlorobenzidine and
dichlorobenzidine.®® The bis-diazoniumtluorobor-
ates were reacted with ferric chloride-*¢Cl in
dimethy! sulfoxide, a Sandmeyer-type proce-
dure'®® which was particularly suited to small
scale preparations.

¢l R cl R
(i) NaNO, - HBF,
HZN O Q NHZ —_.’_2‘_4-’ 360/ O Q JGC/
(i) Fe %1, - OMSO
R c R c

Since chlorobiphenylamines (aminochlorobi-
phenyls) are easily accessible compounds (Chapter
4) this method of labeling chlorobiphenyls with
chlorine-36 seems to be generally useful.

Chlorobiphenyls Labeled with Deuterium and
Tritium

The disadvantages of labeling with tritium are
its relative weak (0.018) B~ emission (half-ife:
12.5y) and the fact that the activity can easily be
lost for instance by metabolic substitution at the
position of T-labeling and possibly also by ex-
change with the biological medium.

On the other hand, tritiated compounds are
usually easy to prepare from inexpensive pre-
cursors (T2, T2 0, LiAIHT). Tritium can easily be
introduced into specific positions in the molecule
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which can greatly aid metabolic investigations.

Deuterium can serve as isotope to work out
conditions for tritiation. Incorporation as well as
position of labeling can be ascertained by NMR
and mass spectrometry. Of course, deuterium can
be used as stable-isotope label in its own right
particularly when radioactive isotopes cannot be
used because of health hazards.

A tritium-abeled PCB mixture corresponding
to Kanechlor-400 was prepared by chlorination of
specifically tritiated biphenyls with chlorine and
ferric chloride catalyst. The tritiated biphenyls
were prepared by the reduction of 2- and 3-
bromobiphenyl with tritium gas and Pd-black and
the reaction of the Grignard reagents®” from 2-
and 4-bromobiphenyl and tritiated water in tetra-
hydrofuran.



Pd-T,
——
OO

(i} Grignard
(i) THF -T,0

)

Chlorobiphenyls with four chiorine atoms per
molecule or less exchange readily with tritiated
trifluoroacetic acid and platinum catalyst and high
activities, particularly for mono- and dichlorobi-
phenyls (~] mCi/mg) were obtained by this
method.! 87

When highly active nonspecitic, tritium-labeled
chlorobiphenyls with Cl >4 are required, the
tritium exchange step is preferably carried out on
an intermediate chlorobiphenylamine (aminochlo-

cl c
B CF,C007T
H,N 7\ NH, ———s H,
. Pd-C
cl Gl

Cl Cl

Several deuterated chlorobiphenyls were pre-
pared’* from the corresponding chloroiodobi-
phenyls by selective reduction of the iodine by

¢l ¢l
(I) NONO =HCI
“z“NH Gkt
o el

X+y~4a

¥

eth(V NCIZ— HCI
ct

-

¥

fﬁ S
S e

Cly cly

:

cl, cl

robiphenyl).®® The amino group facilitates ex-
change, and for each tritiated aminochlorobi-
phenyl, two chlorobiphenyls can be obtained. For
example, 2,2',4,4',55"-hexachlorobiphenyl and
2,2',5,5"- tetrachlorobiphenyl (both of a specific
activity of 1.9 mCi/m mol) were obtained from
tritiated 2,2",5,5 -tetrachlorobenzidine which was
diluted 2.5:1 with cold material.®* A similar acid
catalyzed tritiation of a dimethylbiphenylamine
was recently reported.'*?

NaNO, = HCl

Cl- / Ci

lithium aluminum deuteride in isotopic purity of
> 98% (Table 1).
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Biphenyl has been labeled with deuterium or acid, reduction of a halide with hydrogen isotope

tritium.*> 5,1 2,092, 70,100,121,146 The must com- and palladium, decomposition of a Grignard rea-
mon methods for the preparation of these labeled gent with D,O or T,O and deamination via
biphenyls have been exchange with catalyst and/or diazonium salt and hypophosphoric acid.
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Chapter 4

OTHER BIPHENYL SYNTHESES

Newer Synthesis of the Biphenyl Ring System

In this section, newer methods for the synthesis
of substituted biphenyls which have not been used
for the preparation of chlorobiphenyls will be
described. Some are of obvious potential utility
for chlorobiphenyl synthesis, others may be useful
for the preparation of intermediates or metabo-
lites.

Many of the syntheses described are applicable
for the preparation of terphenyls and poly-
phenyls.® ! 55 However, these compounds will not
be mentioned here. Discussion of biphenyl synthe-
ses generally can be found in References 118,119,

OCH,

and 155. Reviews dealing with specific methods
are listed in the appropriate sections in this and
the previous chapter.

Biphenyls Via Aryl Grignard Reagents or Aryl
Lithium Compounds and Cyclic Ketones

Phenyl lithium compounds condense with
cyclohexanones to give tertiary alcohols which
can be dehydrated and dehydrogenated by heating
with sulfur and zinc to give biphenyls.

The analogous preparation of biphenyls from
Grignard reagents has been briefly discussed.®®2

OCH,

n-butyl Li
Br _— Li

Biphenyls by Coupling of Aromatic Compounds
with Thallium (IIl) Acetate

When benzene or toluene is heated with thallic
triacetate in acetic acid, poor yields of biphenyls
are obtained.’® Yields are improved in the pre-
sence of methanesulfonic acid and palladium (II)

TI (OAc)3
—_—

2 CHy

CH,SO,H;Pd(0AC), -

AcOH; A

Biphenyls by Oxidation of Aromatic Compounds
with Lead Tetraacetate in Trifluoroacetic Acid
Oxidation of aromatic compounds with lead
tetraacetate in trifluoroacetic acid gives a number
of derivatives including biphenyls, phenols, and

2 cu,o@

PbAc4

(i) Sulfur
PUSALLAAS,
(ii)Zn

A

CF,COOH

\eOron

CHy

OH

acetate. It is interesting to note that a study of the
isomer distribution in dimethylbiphenyl (from
toluene) showed very little substitution in posi-
tions 2 and 2’ but usually well over 50% of the
33 plus 3,4 derivative.

CHs

aryllead compounds.'®® In certain cases (e.g.,
with methoxybenzene) reasonable yields of the
corresponding biphenyl are obtained whereas in
many cases other reaction products predominate
(e.g., benzene gives 80% phenol).

+ isomers
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Biphenyls by Oxidative Decomposition of N-
phenyl-N' (tri-n-butylstannyl) hydrazines
Unsymmetrical biphenyls can be prepared in
yields of up to 90% by oxidative decomposition of
N-phenyl-N’ (tri-n-butylstannyl) hydrazines.”®

CHa‘QNH—NH—SnButa

OO

Biphenyls from Acyclic Cross-Conjugated
Dienamines and Aromatic Acid Chlorides
Aromatic acid chiorides and cross-conjugated
dienamines condense to give biphenyls dihydro-y-
pyrones, or y-pyrones depending on the reaction
conditions.®' When the mixture of the reactants is

chloronil
—_—

The oxidizing agent used was chloranil and the
preparation of methyl- and methoxybiphenyls
were reported. The stannylhydrazines can be
conveniently prepared in high yields from diethyl-
aminotri-n-butylstannate and a phenylhydrazine.

—But,Sn -

benzene
«——— CH3 .

heated in benzene under reflux, HCl is slowly
evolved and biphenyls are formed almost exclu-
sively. A number of morpholino-biphenyls with
methyl-, methoxy-, and nitro-substituents were
prepared using this procedure.

R CHj cocl R CHy
c=ch e=d’
/. A A

CH -+ _— CH C
N\ ~HCl 2 N
C—CH C—CH O
/ \ / \

CH;y CHj CHy  CH,

R=Q N— L
_/
R CHy R\ /cH3

CHy CHj

Biphenyls by Reaction of Acetylenes with
a-methylene Carbonyl Compounds
The addition of acetylene derivatives to

C
@—CH CH +HC= CCOOCH, ————>
glyme

72 The Chemistry of PCB’s

a-methylene carbonyl compounds was recently
shown to yield biphenyls.?? Only biphenyicar-
boxylic acids were prepared by this procedure.

COOCH,

COOCH,



Biphenyls via Intermediate Iron Complexes

A simple stepwise process for the synthesis of
biphenyls and related hydrocarbons was recently
reported by Helling and Braitsch.>® Bisphenyliron
(II) complexes undergo addition with phenylli-

CHj

thium reagents and the adduct, on oxidation with
potassium permanganate, gives high vyields of
biphenyl. Only methyl-biphenyl derivatives were
prepared.

(i) FeCl,-AICI,

(i) NH,PF,

HaC CHy

CH,

KMnO,
HaC —

CH,

Biphenyls from Aryl Halides and Bis
{1,5-cyclooctadiene) Nickel (0)

Semmelhack and co-workers recently report-
ed!3! that a variety of aryl halides react directly
with bis (1,5-cyclooctadiene) nickel (0) at moder-
ate temperatures in dimethylformamide to pro-

2 H2N©—Br +

DMF

(mesitylene , Fe )(PFG)2

o

CHy /—H
CH,
Fe
H,C
[ %° _

duce biaryls. Good yields were obtained when the
halide was bromine, but even chlorobenzene gave
biphenyl (14%). Symmetrical methyl-, methoxy-,
cyano-, formyl- and acetylbiphenyls can be prepar-
ed by this method but attempts to prepare nitro-,
hydroxy-, or carboxy- biphenyls failed.

N vy
e

35-45°

HzNNH2 “+ NiBr, -+ 1,5 — cyclooctadiene

Biphenyls by Photolysis of N-phenylsulfonyl-
dimethyl Sulfoximine and Aromatic Bromo and
lodo Compounds

A number of biphenyls carrying different
substituents (methyl, hydroxy, amino, formyl,
nitro, and carboxy) are accessible by photolysis of
the appropriately substituted aromatic iodo com-

pound in benzene. A UV lamp with a maximum
output at X 2537 A was used, irradiation time was
about 20 hr, and yields generally better than 50%

were obtained.! 5!
hy
benzene
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Irradiation of aromatic bromo compounds in
benzene gives somewhat lower yields and these
starting materials are apparently not useful for the
synthesis of amino-and nitrobiphenyls.®® Photo-
lysis of pentafluoroiodobenzene in 1,2,4,5-tetra-

0
L
CHy SO,N = S(CH,),

Biphenyls from Aromatic Sulfur Compounds and
Raney-Nickel

A variety of aromatic sulfur compounds such as
disulfides, thioethers and thiols were shown to be

OO

Biphenyls by Nucleophilic Aromatic Substitution

By treating aminobenzenes with reactive
halobenzenes biphenyls were recently obtained.*?
The reaction proceeds via charge-transfer (CT)

Biphenyls from Sulfonamides

Waldau and Pitter have shown'?® that isomer-
free hydroxybiphenylamines can be obtained by
treating certain sulfonamides with alkali. For the
reaction to occur, the following requirements must
be met: (a) in ring A, one position ortho or para to
the sulfonamide group must be unsubstituted; (b)

74 The Chemistry of PCB’s

Raney-Ni
220°

fluorobenzene gave 65% of the corresponding
nonafluorobiphenyl.?®

Biphenyl and methyl biphenyls were prepared
by photolysis of N-phenylsulfonyldimethyl
sulfoximines in benzene.?

hy
— CHj
benzene

transformed by Raney nickel into the correspond-
ing biaryl derivatives at high temperatures.®® No
substituted biphenyls were reported in this paper.

complexes which can be isolated if conditions are
kept sufficiently mild. These CT complexes lose
HCl when heated to give biphenyls via a nucleo-
philic substitution reaction.

Pyr

<

a<

Pyr
p——

Y )-No,

COOCH,

-HCI

Pyr

Pyr

the hydroxy group on ring A must enable electro-
philic entry of B to occur through its electron-
donating effect (bond formation will occur o- or p-
to the hydroxy group); and (c¢) ring B must be
activated by electron-withdrawing substituents
such as NO, or C=0 in o- or p- position to the
sulfonamide linkage.



Biphenyls by Rearrangement of N,O-Diaryl-
hydroxylamines

Recently, it was found that N,O-diaryl-
hydroxylamines rearrange to form aminobi-
phenylols (aminohydroxybiphenyls)! 33134
which is a reaction analogous to the benzidine
rearrangement. However, in contrast to the benzi-

NO

ax

HONHCOOR
1-BuOH -DMSO

(i) t-BuOK
{ii) 0-FCH NO,
COOR

HBr — AcOH
_—_—

Aminobiphenylols  (aminohydroxybiphenyls)
have also been obtained from the phenyla-
tion (with diphenyliodonium salts) of the
anion of N-acetyl-N-phenylhydroxylamine®”? and
as a by-product in the reaction of 2-methylsul-

COCH,

/
N

N -

]

major product

N02 OaN
Q°-T@ —

COCH,

— oA
\
H

NH,
-50,
= | os o,
“y

|

NH,

dine rearrangement, no acid catalysis is necessary
and the reaction also occurs readily with rings
carrying strong electron-withdrawing groups. The
N,O-diarylhydroxylamines which are prepared
from N-hydroxycarbamates and substituted
fluorobenzenes are not isolated but undergo
spontaneous rearrangement.

NO,

O_N NO

2 2

o,N NO,

fonylnitrobenzene with N-(2-methylsulfonyl-
phenyl) hydroxylamine in the presence of sodium
hydroxide.!*? In both reactions, N,O-diarylhy-
droxylamine intermediates have been postulated.

asTa) cock,
—_— @—N\ —_

0CH,

OH
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Biphenyls
Phenols
Unsymmetrical dihydroxybiphenyls were
obtained when mixtures of a halogenophenol and
a p-substituted phenol in aqueous potassium
hydroxide were irradiated with a low pressure
mercury lamp (A max 2537 R).198:199 A series of
alkyl and nitro-dihydroxybiphenyls were prepared;

HOOI + HOOR

by Photochemical Synthesis from

Biphenyls from o-Bromobenzoates and
Phloroglucinol
2-Bromo-4-methylbenzoic acid reacts with

phloroglucinol in the presence of slightly alkaline

COOH HO
Cro + Dy
CHy HO

Biphenyls by Oxidative Coupling
Oxidative coupling of phenols and related
compounds to give biaryl type derivatives is an

accepted synthetic route in natural product
chemistry.8°-104
R
i 1 ONO
> wo iso amy
CH,Cl,
R

reaction times of 60 to 100 hr were used and
yields of 40 to 80% were obtained. Ortho, meta,
and para halophenols can be used in this reaction
and iodine as well as bromine and chlorine have
successfully been used as the halogen substituent.
Similarly, irradiation of bromophenols gave
dihydroxybiphenyls among other products.”®

OH
hy (250 nm)
—————————
aqu. KOH HO

R

aqueous copper sulfate to give S-methyl-2' 4’ 6'-

trihydroxybiphenyl-2-carboxylic acid in 50%
yield.' 16
HOOC  OH
Cuso,
aqu, NaOH O O OH
CH, HO

Reagents which have recently been used for the
oxidative coupling to form biphenyl derivatives
include isoamyl nitrite,”® thallium(II)trifluoro-
acetate'** and silver carbonate.!!

R R
—.
R R

Br
TI (OCOCFa
2 CH,0
3 BF,
CH;30
R
HO Agzco
benzene
A
R
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The mechanism of phenolic oxidative coupling

R

M+
2 HO@ + M3t Y
R

reactions has been discussed.”®

R R R R
H
H

R R R R

Biphenyls by the Reduction of Diazonium Salts
Diazonium salts, prepared in situ from the

corresponding amines can be converted, most

often by the reduction with Cu(l) salts, to

biphenyls.”>8>33:1 '3 Diphenic acid for example
has been prepared by this method in yields as high
as 90%.”

COOH COOH
(i) NaNO,—HCI
NH, )
(i) Cu,Cl, ~NH,OH
COOH

Biphenyls by the Coadensation of Phenols or
Diazonium Salts with Quinones
A large number of biphenyls were recently

N OH
Q,.« O
COCH,
IA CH3

It has been known for many years that diazo-
tized amines and quinones react to give phenyl-

Syathesis of Chlotobiphenylamines
(Aminochlorobiphenyls)

Chlorobiphenylamines are useful intermediates
in the synthesis of chlorobiphenyls chlorobi-

(i) NaNO, - HCI

_—
(i) o:©=0

ethanol ~NaOAc

prepared by
acylquinones
compounds.?*

the acid catalyzed reaction of
with phenols and related

HO OH

OH

HO  CO CHy
[
CHy

quinones®® and, therefore, provide access to
2,5-dihydroxybiphenyls.

%
phenylols (chlorohydroxybiphenyls), and chloro-
biphenyls labeled with deuterium, tritium, and

chlorine-36. In this section, methods which have
been used for the preparation of chlorobi-

77



phenylamines are listed with appropriate
examples. A list of compounds which have been
described in the literature is given in the following
section.

Methods for the introduction of amino group
into aromatic compounds generally are discussed
in References 50 and 103.

1. Chlorobiphenylamines by Chlorination of
Biphenylamines and Chlorobiphenylamines

This method, which is briefly discussed in
Chapter 3 (see for further information), usually
gives well-defined polychlorobiphenylamine
derivatives. Because of the increase in electron
densities in positions ortho and para to the amino
group, chlorination takes place on the same ring

cl cl
CICl
o] c
Chloronitrobiphenyls are easily accessible by
nitration (¢f. 130) but are also prepared by
Ullmann coupling of halonitrobenzenes.***¢ For
certain synthetic routes it may be desirable to

reduce only one of two nitro groups of a chloro-
nitrobiphenyl (¢f. 73, 87,91, 94).

HNO,(d=1.5)

cl cl
H,S0,-H,0
NH—NH 2 2,
2:1
cl ci
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— ClCI
Cl

and products formed can easily be predicted.
Depending on the conditions, chlorine may enter
the second, unsubstituted ring and this usually
takes place at the 4-position.

Chlorination is generally carried out on the
N-acetyl derivative and the free amine regenerated
by acid hydrolysis.

2. Chlorobiphenylamines
Chloronitrobiphenyls

A wide variety of reducing agents have been
used in the reduction of chloronitrobiphenyls to
aminochlorobiphenyls (cf. 50, 103); examples are
zinc and acetic acid, zinc, or tin and hydrochloric
acid, and catalytic reduction.

AcOH

3. Benzidine Rearrangement of
Chlorohydroazobenzenes and Related Reactions
The benzidine rearrangement'?:'3% s a
convenient method for the the preparation of
several chloro-4,4"-biphenyldiamines. Different
amounts of the corresponding 2.4'-diamino and
2,2'-diamino products are usually formed during
this reaction®' and in addition, diphenylamines

may be observed in certain instances.

by Reduction of

cr
H,N Q Q NH, 36%
a c
—+
¢l cl
H,N Q Q cl 21%
Cl NH,
“+
cr ¢l
cl Q Q ¢l 16 %
NH, NH



The starting materials for the benzidine
rearrangement are aromatic hydrazo compounds,
and aqueous hydrochloric or sulfuric acid is
commonly used to effect the rearrangement. The
hydrazo compounds are usually prepared by the
reduction of the corresponding azo compound or
by related methods.** In earlier years, the
hydrazo compound was not always isolated before
being rearranged, but the azo compound was
reduced with stannous chloride in hydrochloric
acid. Under these conditions (sometimes referred
to as the Jacobson-method), the hydrazo
compound rearranged as it was formed.

cl
NZ=N LU
H,SO,

Chlorobiphenylamines are obtained as the main
products from chloroazoxybenzenes by reduction
and rearrangement with Al-Hg and hydrochloric

Al - Hg

Crd 2
0

4. Chlorobiphenylamines from Biphenylpolyamines
(-NH, = Cl)

This procedure usually involves the replacement
of an amino group by chlorine via the Sandmeyer
reaction while other amino groups in the molecule
are protected.

Chlorobiphenyldiamines have been monoacety-
lated by using only one equivalent of acetylating
reagent as, for example, in the monoacetylation of
2,2'-dichlorobenzidine in aqueous ethanol.?® A
similar monoacetylation of dimethylbenzidine'*3

Ci
aE @

6. Chlorobiphenylamines by Condensation of
Aminochlorobenzenediazonium Compounds with
Copper

The copper powder mediated condensation of
diazotized 4-amino-2,5-dichloroacetanilide yielded

The azobenzene derivatives are commonly pre-
pared by the reduction of nitrobenzene derivatives
with zinc and alkali, but several other methods are
available.!?® A convenient method which has
been used for the preparation of unsymmetrical
(e.g., 10] and symmetrical [e.g., 38] chloroazo-
benzenes is the coupling of nitrosobenzene with
aniline derivatives.

Chlorobiphenylamines have also been obtained,
as by-products, by the UV-radiation induced
rearrangement of chloroazobenzenes.!®

Cl

d,153 d154

aci iron powder and acetic aci and

zinc/acetic acid.®*

Cl

Cl

makes use of the monoacetylbenzidine’s lower
solubility in ether; as the reaction with acetic
anhydride proceeds, the monoacetyl derivative
precipitates out.

5. Chlorobiphenylamines from
Phenylhydroxylamine and Chlorobenzene

In this new substitution reaction, phenylhy-
droxylamine condenses with aromatic compounds
such as chlorobenzene to give 2- and
4-aminobiphenyls as the main product.’!°

HBF,
_
Sulfolane HZN ¢

+ isomers

N,N-diacetyl-2,2' 5,5"-tetrachlorobenzidine.** On
hydrolysis, the corresponding tetrachlorobenzidine
was obtained which was difficult to prepare by
other condensation reactions.
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Cl Cl Ct

{i) diazotation
AcHN NH —_—_— AcHN NHA
2 Q 2 tin) Cu—powder ¢ ¢

Cl Cl Cl

7. Chlorobiphenylamines by Hofmann Degradation chloride and amide which was treated with bro-

of Carboxamides mine and sodium hydroxide in the usual
4'.Chloro-2-biphenylamine was prepared from manner.”?

4'chloro-2-biphenylcarboxylic acid via the acid

CONH, NH

2
o —2— cl
8. Chlorobiphenylamines by Reduction of Azo the Tables and References and are chosen from
Compounds easily accessible journals whenever possible. A
3,3'-Dichloro-2,2 -biphenylamine was prepared complete bibliography until 1929 can be found in
by reduction of diazo dyes which were prepared Beilsteins Handbuch der Organischen Chemie.'’
by the coupling of diazotized 2,6-dichloroaniline
and B-naphthol .2 Synthesis of Chlorobiphenylols
(Chlorohydroxybiphenyls, Chlorophenylphenols)
9 Chlorobiphenylamines from Polychlorobiphenyls Chlorohydroxybiphenyls are found as metabo-
and Ammonia lites of chlorobiphenyls in a number of organisms
Polychlorobiphenyldiamines, wusually of (see Chapter 7); the chemistry of these compounds
uncertain structure, are obtained when highly is, therefore, of interest.
chlorinated biphenyls are treated with ammonium In this section, methods which have been used
hydroxide at 280°'*! or ammonia and metal for the preparation of chlorobiphenylols are listed
halides at ~200°.'37 with appropriate examples. A list of compounds
which have been described in the literature is given
List of Chlorobiphenylamines in the following section.
(Aminochlorobiphenyls) Described in the Many biphenyl syntheses discussed earlier in
Literature this chapter yield hydroxy- (or alkoxy-) biphenyl
In this section, chlorobiphenyl mono- and derivatives; most of these may be adaptable for the
diamines (mono- and diaminochlorobiphenyls) preparation of chlorobiphenylols.
which have been described in the literature are Removal of a methyl group (for instance with
listed together with their melting points and boron tribromide; see Reference 99) as the last
method of preparation. Generally, the most step in a synthetic route has not been listed as
convenient methods of preparation are listed in separate reaction.
H3CO OCH,4 HO OH
BBr, -CH,Cl
c1cn By o cucn
The preparation of the etherial sulfate conju- gate of 3-chloro-2-biphenylol has been de-
scribed.5*
ol oM ¢ 0so k"

(i) pyridine - H$03CI
(i) KOH

(Text continued on page 92.)
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1. Chlorobiphenylols from Chlorobiphenylamines
Via Diazonium Salts (NH, > OH)
Chlorobiphenylols have been prepared from the
corresponding  chlorobiphenylamines®®:77:107;
''1 by diazotization and replacement of the

diazonium salt by the hydroxyl group®®:!2?

usually by heating with aqueous sulfuric acid. In
the authors’ laboratories only poor yields of
chlorobiphenylols were usually obtained by this
method.

NH2 OH
(i) diazot
cl _ I
A

2. Chlorobiphenylols
Hydroxybiphenyls

The hydroxy group has both a directing (o-, p-)
and activating influence in electrophilic aromatic
substitution. Predicable mono- and dichlorobi-
pheny] derivatives (per hydroxy group) can usually

by  Chlorination of

0
" cl,
PR
9 Hsc o]

cc,-1,

When 4-hydroxybiphenyl was treated with the
BMC-reagent in the usual manner, nonachlorohy-
droxybiphenyl was formed along with several
by-products, some of which gave mass spectra

be obtained on chlorination mostly without the
use Ofcatalysts.z3’29’35’42’90’1 17,123,124

The availability of electrons from the hydroxy
group can be canceled by acetylation; 4-acetoxybi-
phenyl, for instance, yields 4-acetoxy-4'-
chlorobiphenyl with iodine as catalyst.

+ 0
It

corresponding to hepta- and octachlorohy droxybi-
phenyls.”! Penta- and heptachlorohydroxybi-
phenyls were obtained on prolonged chlorination
of 4-hydroxybiphenyl in acetic acid.>®

Ci Cl
¢, cl
Cl CHCI
2 3
CHmJ”" /
Cl
C|2'AC°H
H
Cl
BMC CIZ-ACOH
10 Hr
Ci Cl Ct Cl
C,2H5Cl40
agas :
C2H4C1,0

Cl Cl Ci Cl

3. Chlorobiphenylols by Arylation Reaction
(Decomposition of Diazonium Salts in Aromatic
Substrate)

This type of reaction does not have the
importance for the preparation of chlorobi-

92 The Chemistry of PCB’s

phenylols as it does for the chlorobiphenyls
(Chapter 3). The simplest version, diazotation of
chloroanilines and reaction with phenol,34 gives
low yields.



Cl—<i::>}—NHz

i ¢ H-on

A patent described the preparation of 4.5-
dichloro-2-methoxybiphenyl from 4,5-dichloro-2-
methoxyaniline by diazotation, treatment with

(i) NoNO, -HCI
_ "

_|._

HO

dimethylamine and reaction of the triazene SO
formed with benzene and HCl gas.! ¢

cl cl
o N=N-NHCH, —% CI
OCH, OCH,

A number of chlorobiphenylols have recently
been prepared’? utilizing the simplified Gomberg

m-@-m

>
amyl nitrite

a

¢l : OCH,

amyl aitrite
A

aryl diazonium fluoroborates in aryl substrate in
the presence of 1 = of pyridine? is also applicable
for the preparation of these compounds.”? In all
instances, methoxy-derivatives were used in the
coupling reaction.

4. Chlorobiphenylols by Decarboxylation of
Chlorohydroxybiphenylcarboxylic Acids

[} COOH

-0

H
HOOC

5. Chlorobiphenylols by the Acrion of Alkali or
Sodium Methoxide on Chlorobiphenyls
Decachlorobiphenyl when treated with aqueous
alkali in an autoclave at high temperatures yields
octachloro-4,4"-biphenylol.! 38,140
a ¢ a c
ct cl
245°
¢ ¢ ¢ ct

quinoline ~Cu
240°

procedure (one-pot reaction with amyl nitrite) of
Shu'?¢ and Cadogan.?” The decomposition of

Ct
Cl

cnoc:M3 4+ isomers

Cl

4'-Chloro-3-biphenylol was prepared by decar-
boxylation of 4'-chloro3-hydroxybiphenyl-2,4-
dicarboxylic acid.!'!'? The dicarboxylic acid was
prepared by condensation of a-formyl-4-chloroace-
tophenone with diethyl acetone-1,3-dicarboxylate
and hydrolysis of the diester.

HO
O~

The chief product on heating 2,5-dichlorobi-
phenyl with sodium methylate for prolonged times
was 2-chloro-5-biphenylol.® 8

Cl Cl Cl Cl
Cl Cl Q Cl
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6. Chlorobiphenylols by Isomerization Reaction
o-Hydroxy substituted chlorobiphenylols can
be isomerized with AICls to give the corre-

OH

7. Chlorobiphenylols from Aminobiphenylols Via
Diazonium Salts (NH, = Cl)
Aminobiphenylols can be converted to the

CH_O

3 (i) NaNO, - HCI
NH, ———————»
HaN Q Q 2 (i) CUZCIZ

2.,4'-Dichloro-4-biphenylol was recently pre-
pared by this method;’? the intermediate 4'-

sponding m-hydroxy derivative.
biphenylol has been prepared from 3-chloro-2.
biphenylol in this way.5?

Ct
—>

nitro-2-amino-4-biphenylol ~ was
rearrangement of the corresponding sulfonamide.

4-Chloro-3.

A0

corresponding chlorobiphenylols
the usual Sandmeyer procedure.

51,72,93,149 py

CH, O

3

obtained by

(i) HCI ~ Fe
_—_ -

HONOZ i) NoNO, HOC|
{iii) CuZCIZ-HCI

NH,

8. Chlorobiphenylols by Photochemical or Thermal
Reaction of Chlorobenzene-2-diazo-1-oxides in
Benzene

Irradiation of tetrachloro-2-diazo-1-oxide in

Ci
o] (o]
- hy

ol \\N benzene

Ci

9. Chlorobiphenylols by Condensation of
Chlorobenzene-2-diazo-1-oxides and Subsequent
Reduction

Tetrachloro-2-diazo-1-oxide when treated with
bromine in chloroform solution condenses to give

Cl

2 - cm:\
=N
c Cl Br

10. Chlorobiphenylols by Coupling Diazonium
Salts with Quinones and Reduction
Diazotized o-chloroaniline was condensed with

94 The Chemistry of PCB’s

Cl

benzene leads to the formation (37%) of
3,4,5,6-tetrachloro-2-biphenylol.®®

The same diazooxide heated in chlorobenzene
to 130° gives 3,4,4',5,6-pentachloro-2-biphenylol
in 14% yield.

the diazo-dioxo compound shown in the equation.
On reduction with Raney Nickel a heptachlorobi-
phenyldiol was obtained whose most likely struc-
ture is shown below.' !5

Cl OH CI OH

Cl ct Ci Cl

benzoquinone to give 2-(o-chlorophenyl)-1,4-
benzoquinone. This compound on reduction gave
2'-chloro-2,5-biphenyldiol.! 02



Cl

2

A number of dichloro-2,5-biphenyldiols have
been prepared by a similar method.*’

(i) digzot

(i) o_yeo

Cl

benzoyl

2 QOH-—————)

peroxide

Cl

12, Chlorobiphenylols by  Electrochemical
Oxidation of Chlorobiphenyls

Oxidation of 4,4"-dichlorobiphenyl at very high
anodic potentials in moderately dried actonitrite

Ci 0
O O —
—_—_—
0

a4

11.  Chlorobiphenylols by Condensation of
Chlorophenols with Benzoyl Peroxide

3,3',5,5'-tetrachloro-4,4"-biphenyldiol was pre-
pared by refluxing 2,6-dichlorophenol and benzoyl
peroxide in carbon tetrachloride.”$

gave a dichlorobiphenyl quinone and an (intermed-
jate) hydroxy derivative.!*? The reaction was
formulated to proceed as shown below.

~ 2e”
OO - O

13.  Chlorobiphenylols by Hydroxylation of
Chlorobiphenyls

The hydroxylation of aromatic substrates by
chemical® and photochemical®® methods is being
actively investigated. Fair yields of hydroxylated

compounds are obtained when the corresponding

2%

aromatic substrate is treated with peroxytrifluoro-
acetic acid and boron trifluoride.’® Poor to
moderate yields of dichlorobiphenylols were re-
cently obtained from 4,4'-dichlorobiphenyl’? by
this method. The structures of the products,
however, were not further investigated.

OH

(CF,C0),0 = H,0,(90%

No significant amounts of hydroxylated prod-
ucts were obtained when 4,4'-dichlorobiphenyl
was heated with lead tetraacetate in trifluoroace-
tate (¢f 106) or treated with a number of the
common (Fenton, Udenfriend) hydroxylating
systems (¢f. 4).

14. Chlorobiphenylols from Chlorobiphenyls Via

Organothallium Compounds

A method for the preparation of phenols from
the corresponding benzene derivatives has recently
been described.’*® It involves thallation of the
aromatic compound and the aryl thallium di-

CH,CI

were

)
272
c ci

trifluoroacetate so formed in trifluoroacetic acid is
added to one equivalent of lead tetraacetate in
trifluoroacetic acid. This mixture is stirred at room
temperature for cz. 15 min after which time one
equivalent of triphenylphosphine is added and the
phenol recovered. A 56% yield of 4-chlorophenol,
for instance, was obtained from chlorobenzene by
this method.

Poor to moderate yields of dichlorobiphenylols
recently obtained from 4,4’-dichlorobi-
phenyls by this method but the materials were not
further investigated.” 2
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T1(CF,C00),

TI(CF,CO0), .
Cl I
¢ “ CF,COOH
(i1 PbAC,
i) PP
OH 00CCF,

15. Chlorobiphenylols by the Ullmann Reaction
Two chloromethoxybiphenyls have recently

been prepared in relatively poor yield by a mixed

Ullmann reaction”? (see also Chapter 3). The

CH30-QI + I—Q

Cl Ct

16. Chlorobiphenylols by the Decomposition of

Aryl-sulfonylchlorides in Aromatic Substrate
Thermal decomposition of acyloxy- or alkyl-
oxyphenylsulfonyl chloride in chlorobenzenes, in

Ct

- >

AcO
¢ QSOZCI Cu,Cly

List of Chlorobiphenylols
(Chlorohydroxybiphenyls) Described in the
Literature

In this section chlorobiphenyl-mono- and

96 The Chemistry of PCB’s

separation of three products formed was easily
accomplished by TLC due to their different

polarities.
Cl
Ci

+

C|
Cu
_— CH;0
DMF A
Cl

+

Cl

(o]

the presence of cuprous chloride as catalyst, gives
acyloxy- or alkyloxychlorobiphenyls®” which can
be deacetylated or demethylated'®! to give chlo-
robiphenylols.

Cl
Cl

diols (mono- and dihydroxychlorobiphenyls)
which have been described in the literature are
listed together with their melting points and
method of preparation. Emphasis is on practical



procedures and accessible references although all
reactions which are of potential use are included.
Derivatives such as methyl ethers are listed only
where the parent compound has not been de-
scribed. Removal of a methyl group®® as the last

step in a synthetic route has not been listed as a

separate reaction.

For complete literature to 1949, Beilsteins
Handbuch der Organischen Chemie may be

consulted.!*
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Chapter 5

CHEMICAL REACTIONS OF CHLOROBIPHENYLS

One of the main reasons for the usefulness of
PCB as industrial compounds is their low reac-
tivity. For instance, PCB’s are stable to conditions
of hydrolysis and oxidation encountered in indus-
trial use.

In this chapter, the most important reactions
known to occur with chlorobiphenyls will be
discussed.

Oxidation
In 1938, an attempt was made to elucidate the
composition of a PCB mixture by oxidation with

The reaction of chiorobiphenyls with hydroxyl-
ating reagents is described in Chapter 4.

Reduction

The reductive dechlorination of PCB to give a
single compound, biphenyl, has been described.’
This reaction, which has been recommended as an
analytical method, is carried out on a precolumn
during gas chromatography.

Ci Cl Cl Cl Ci c
BulLi .
al cl ¢ ¢ ca c

Other reagents which have been used for the
reductive dechlorination of other compounds are
Na, Te,?® Raney nickel,” sodium in liquid ammo-
nia,>* zinc dust®! and sodium hydrazide, and
hydrazine.??

As far as the authors are aware, reduction of
the aromatic ring in chlorobiphenyls has not been

reported. However, alkali metals and ammonia

¢« c
H,0
Li —2> H
a o«

nitric acid and analysis of the chlorobenzoic acids
formed®® (see also Figure 12 in Chapter 2).
Oxidations were carried out with boiling HNO;
(d=14) for 100 hr. Potassium permanganate,
chromic acid, and nitric acid (d = 1.2) apparently
did not oxidize chlorobiphenyl mixtures with
averages of five or seven chlorine atoms per
molecule.

Mono-, di-, and trichlorobiphenyls can be ox-
idized to the corresponding chlorobenzoic acids
with chromic anhydride and acetic acid.'>*°

CrOy
W Cl COOH

Replacement of chlorine in chlorobiphenyls by
hydrogen via chemical reaction has been described
for decachlorobiphenyl® using lithium aluminum
hydride, butyl lithium and water, or the Grignard
reagent and water. Two chlorine atoms in the 4
and 4’ positions were replaced when 2 mol of
reagents were used. With 1 mol reagent, a
mixture of starting material octa- and nonachloro-
biphenyl was obtained.

iocococl

e

ct ¢ ¢ ¢

have been shown to reduce the parent compound
biphenyl to phenylcyclohexane*® and phenyl-2,5-
cyclohexadiene.?®

Chlorination

Chlorination of biphenyl, chlorobiphenyls
(Chapter 5), aminobiphenyls (Chapter 4) and
hydroxybiphenyls (Chapter 4) are discussed from
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a synthetic point of view in other parts of this
book.

All chlorobiphenyls undergo complete chlori-
nation to decachlorobiphenyl! when treated with
antimony pentachloride®>'® antimony pentachlo-
ride-iodine or reagent BMC (SO,Cl,, AlCl3,
S,C1,)*® or trichlorosulfur tetrachloroaluminate
(SCI3AICl,).'® This reaction is the basis of an
analytical method.

Nitration

Nitration of chlorobiphenyls is one of the few
reactions which gives well defined derivatives in
good yield even of highly chlorinated members of
the series. For example, 2,2'4,4",6,6"-hexachlor-

obiphenyl®? and 2,2'4,4'5,5 -hexachloro-
biphenyl*® were easily converted to the 2,2' 44’ -
6,6'-hexachloro-3,3"-dinitrobiphenyl and 2,2’ 4,4’ -
5,5"-hexachloro-3,3'-dinitrobiphenyl respectively
on treatment with nitric acid (d = 1.5).

Mono-, di-, tri-, or tetranitroderivatives are
obtained, depending on the conditions of nitration
from chlorobiphenyls with fewer chlorine atdms
per molecule.' From 4,4'-dichlorobiphenyl, for
instance, 4,4 -dichloro-2-nitrobiphenyl, 44’
dichloro-2,3'-dinitrobiphenyl, and 4,4’-dichloro-2,-
3',5'-trinitrobiphenyl were obtained**>*® and

2,2'-dichlorobiphenyl yielded either a 5,5'-di- or a
3,3',5,5 -tetranitro  derivative as the main
product.'?

HNO, (d=1.4)

H,SO
cl / ¢ NO,

Cl \ O,N Cl NO,
HNO,(d=1.6)

H,SO,

Nitration of biphenyl, nitrobiphenyls,®»*2>*3

hydroxybiphenyls,®>'' and aminobiphenyls
have also been described. The separation of the

nitration products of bipheny! by thin-layer and

8,27
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ON  C NO,

gas chromatography have
reported.'?

Nitrobiphenyls and chloronitrobiphenyls are a
convenient source of aminobiphenyls which in

recently been



turn are valuable intermediates (Chapter 4) in the Nucleophilic Displacement of Chlorine

synthesis of chlorobiphenyls and their metabolites. Nucleophilic displacement in chlorobiphenyls
Nitration was proposed as an analytical reaction has mainly been studied with decachlorobiphenyl.
to differentiate between PCB and aromatic pesti- Substitution in this compound (and related highly
cides such as DDT.?? This method was later found chlorinated diphenyls) occurs preferentially at the
to be unsuitable partly because the biphenyls with 4,4’ -positions which can be rationalized by consid-
lower chlorine content were nitrated along with ering a para-quinonoid structure as the most likely
the DDT-type compounds.®® intermediate.
¢ o ca c ¢ ¢ ¢ ¢ ¢ ¢ cl
a ¢ a cl ca ¢ ¢ ¢ (oI I o TR o IR o
Reaction with Alkoxide much lower temperatures in the presence of
Nucleophilic displacement of chlorine by pyridine,*® a reaction which has been developed
alkoxy groups employing sodium alkoxides or as confirmatory test in the gas chromatographic
alkali and alcohol at high temperatures and pres- analysis of hexachlorobenzene.?!  Similarly,
sures is a patented process®® (see also Chapter 4) decachlorobiphenyl was shown to give the
for the preparation of alkoxy and dialkoxypoly- ~ 4-methoxy- or 4,4'-dimethoxy-chlorobiphenyl
chlorobiphenyls. when heated with 1 or 2 mol respectively of
The analogous reaction of sodium methoxide sodium methoxide in pyridine.*

with hexachlorobenzene was shown to proceed at

a o ¢ c a ¢ ca ¢
ROH — NaOH
CICI OY—ROF ROOR
A
c ¢ ¢ ¢ a o c o
Reaction with Amines to 350°.*7 Similarly, 4-methylaminobiphenyl was
Mono and diamino derivatives of polychloro- obtained in 87% yield when 4-chlorobipheny! and
biphenyls were obtained when a mixture of octa- aqueous methylamine were heated at 220° in the
and nonachlorobiphenyls was treated with presence of cuprous chloride.?*

ammonia in the presence of metal halides at 175°

CH,NH_ — aqu.
Cu,Cl,, _
A

Decachlorobiphenyl, when treated with 1 mol dino derivative, respectively.*’
or excess piperidine, yields the 4- or 4,4'-di-piperi-

CICI piperidine

e o m} ¢ ¢ ¢ cCl

Cl c cl Cl
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Reaction with Thiolate Anion

The reaction of a chlorobiphenyl with a
thiolate anion has not been described. However,
hexachlorobenzene was shown to react with
CH3S™ %€ to give products formed by the replace-
ment of two (C¢Cls(SCH3);) and four
(CsCl,(SCH3)4) chlorine atoms and similar
reactions might be anticipated to occur with the
more highly chlorinated biphenyls.

Organometallic Derivatives

Decachlorobiphenyl gives a Grignard reagent by
the entrainment technique using dibromoethane*
and lithium derivatives with butyl lithium.*-!?
Hydrolysis of these derivatives give octachloro-
biphenyl when 2 mol of the reagents were used
and a mixture of starting material, octa- and
nonachlorobiphenyls when 2 mol of the reagents

0=, m-or p-
chlorobiphenyl

This procedure was used to alter the isomer
composition of a technical dichlorobiphenyl
mixture (rich in the 2,2'- isomer) to a mixture rich
in the 2,3-isomer showing improved dielectric
properties.® ?

When 1,1-"%C biphenyl was heated with 10
mol % aluminum chloride and 1 mol % water to
100° for 30 min, the radioactivity was found to be
randomly distributed thus indicating intramolec-
ular pheny! migration.**

Aluminum chloride induced isomerization
reactions were also observed with hydroxychloro-
biphenyls (Chapter 4) and isomerizations of chlo-
robiphenyls were also observed under conditions
of photochemical irradiation (Chapter 6).

Color and Related Reactions

Spot tests and color reactions have been devel-
oped for biphenyl and related aromatic com-
pounds, some of which may be applicable to
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AICI3—HCI
160°~30 min

were used. The octa and nonabiphenyls obtained
were shown to be mixtures of isomers.'® The
Grignard reagent of hexachlorobenzene forms
readily when the reaction was initiated by ethyl
magnesium bromide.?®

Isomerization Reactions

When treated with hydrogen chloride and
aluminum chloride at 160,° the three monochloro-
biphenyls give the same, presumably thermo-
dynamic mixture (3% o; 64% m; 33% p).>! By
analyzing the initial reaction products obtained
under mild conditions and short periods of time
and by observing the products from dichloro-
biphenyls, it was concluded that intramolecular
phenyl migration predominated over chlorine
migration in this  aluminum chloride catalyzed
isomerization reaction.

Cl

Cl

chlorobiphenyls particularly to components of low
chlorine content.

A mixture of sulfuric acid and formaldehyde
alone*® or in the presence of ferric ions? has been
used for the detection and colorimetric analysis of
biphenyl. The latter reagent has recently shown to
be useful for the microdetermination of 2-hydrox-
ybiphenyl.*?

The benzal- or piperonal chloride test for
polynuclear hydrocarbons and phenols is applic-
able to biphenyl.*® With benzal chloride, in the
presence of trifluoroacetic acid a violet color with
Amax 340 nm is produced.

Electron acceptors such as polynitrofluorenes
give colored charge transfer complexes with bi-
phenyl on thin layer plates.'” Chlorobiphenyls.
particularly those with more than two chlorine
atoms per molecule, give no or only very weak
colors. On the other hand, because of the electron
donating nature of the hydroxyl group, chloro-



hydroxybiphenyls (metabolites) can be located on
thin layer chromatograms by electron acceptor
spray reagents at a level of ca. 10 ug.'®

A procedure for the separation of biphenyl
from o-, m-, and p-terphenyl by thin layer chroma-
tography has been developed which involves the
sulfonation of the mixture and separation of the
corresponding sulfonic acids.'*

Cyclizations of 2- and 2,2'-Substituted Biphenyls
Formation of Dibenzofuran and Related Com-
pounds

The possible formation of chlorodibenzofurans
from chlorobiphenyls is a reaction of considerable
toxicological significance. The conditions under
which such a cyclization may occur with a number

O,N Cl NO,
_NaNG,
H20 diox
02N Cl NO2
oN HO  NO,

7\

QN OH NO,
2 2

C

Cl

For a discussion of the possible formation of
chlorodibenzofurans from chlorobiphenyls by

| HO CI
ZncCl,
OH Cl

of substituted biphenyls will therefore be briefly
discussed here.

The close proximity of the 2 and 2" substit-
uents in biphenyl facilitates intramolecular cycli-
zation reactions under a variety of conditions.® A
number of such reactions involving amino, chloro,
and hydroxyl substituents lead to substituted
dibenzofurans.®2»*7 Alkali fusion of 2-chloro-
2'-hydroxybipheny!s,*! hydrolysis of
2,2"-dichloro-3,3',5,5"-tetranitrobiphenyl! ° (in
the original paper sodium nitrite is the reagent
used), and dehydration of 2,2'-dihydroxy-
biphenyls®>! 25 are examples.

HO
(OA Do 3
A 0 OH
ol

O,N i NO,
——
0
NO, NO,

oo,

2 2 NO
o2} N
.__>02 2
— DiMeaniline 0
A
NO2 NO2

Cl =~ Cl

., |

X0
cl cl

photochemical reaction see Chapter 6.
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Chapter 6

PHOTODEGRADATION OF CHLOROBIPHENYLS

Introduction

In view of the remarkable chemical stability of
polychlorinated biphenyls, environmental break-
down initiated by the photochemically active part
of the solar spectrum is of particular interest. Until
recently, little attention has been paid to the
photochemistry of chloroaromatic compounds
since it was generally assumed56:°%+¢7 that,
because of the increasing bond strength C-I
through C-F, little photochemical cleavage of the
CCl bond will occur. There is experimental
evidence for and against C-Cl bond cleavage*?-°¢
depending on the conditions used (e.g., wavelength
of irradiation, solvent, substituents, etc.).

Photochemical degradation was shown to be a
possible major route of environmental breakdown
for a number of pesticides including chloro-
aromatic compounds®12515,41,50752,57-59 ¢
simple compounds in which the breaking of the

C-Cl bond is the main reaction have not been
studied until relatively recently.'* For instance, in
the photochemical breakdown of DDT and related
compounds, cleavage of the aromatic C-Cl bond is
usually not involved.32,39540,43,53

Because of lack of other structural features,
photochemical conditions leading to C-Cl fission
are of main interest in PCB photochemistry.
Although it has been speculated that photo-
chemical degradation of PCB may be one route of
environmental breakdown of these compounds,
experimental evidence was not obtained until
1971 when it was shown®? that
2,2',4,4',6,6"-hexachlorobiphenyl photolyzes
rather readily in organic solvents when irradiated
at 310 nm to give products which are formed by
stepwise loss of chlorine, rearrangement, and
condensation (Table 1; Figure 1). In addition,
“polar” products were also observed. Sub-

TABLE 1

GLC and Mass Spectral Data for Hexachlorobiphenyl Photolysis Products

Retention time?

(min)
TLC band [
Peak 1 5.6
Peak 2 8.2
Peak 3 9.9
Peak 4 13.5
Peak 5 14.1
Peak 6 19.0
Peak 7 29.7
Peak 8 56.9
TLC band II
Peak 1 19.6
Peak 2 26.8
Peak 3 35.2¢

Chlorine?
m/e of M* content
_¢ 0
_¢ 0
222 2
256 3
290 (256) 4,3
324 (290) 5, &%)
358 6
304 2
290 4
324 5
358 6

3Conditions: instrument, Hewlett-Packard 5750; column, 6% QF-1 + 4% SE30 on
“Chromosorb” (AW) 60—80 mesh 5', 4" outside diameter, glass; injection port
temperature, 220°C; column temperature, 175°C; flame ionization detector
temperature and collection port temperature, 240°C; helium flow rate, 40 ml/min

YFrom isotope peak distribution; tr, trace.

®Hydrocarbon peaks, M* not identified.
Corresponding to starting material.
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FIGURE 1. Gas chromatogram of TLC band I from hexachlorobipheny! irradiation
experiment; Cl,, Cl, etc. indicate chlorine content of peak. Further details and GC conditions

are given in Table 1.

sequently, this photochemical reactivity has been
proven to be quite general with a number of pure
chlorobiphenyls (e.g., Figure 2) as well as with
commercial PCB preparations and employing
laboratory UV sources and natural sun-
light3:24726,29,46,47,61

The lability of decachlorobiphenyl had previ-
ously been shown by the fact that its luminescence
yield could not be measured due to the photo-
chemical instability.2® An analytical method for
the identification of PCB’s is based on the change
in GC patterns of irradiated PCB fractions and
hence their photochemical reactivity .2

Compounds related to the chlorobiphenyls such
as chlorodibenzodioxins'” and chlorodibenzo-
furans?® have recently shown to readily undergo
photodecomposition in organic solvents. General
information on experimental approaches and
theory of photochemical reactions can be found in
the reviews on the photochemistry of pesticides
mentioned above, in reviews on the photo-
chemistry of natural products,®* drugs and related
substances,®’ in books on the chemical action of
light,*>' 8:!® ultraviolet radiation in general,®?
photochemistry in particular,®**+¢$ and in review
series.5 8,48

Conditions of Irradiation
Choice of Irradiation Sources

It has been repeatedly pointed out®®:%? that
irradiation with low-pressure mercury lamps which
are commonly used UV sources in photochemical
studies® is of academic interest only, as far as
environmental photochemical breakdown studies
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are concerned. The bulk of the radiation emitted
by these lamps is at 2547 A which is of consider-
ably shorter wavelength (higher energy) than
radiation received from the sun at the earth’s
surface (for practical purposes > 295 nm). A
number of pesticides which photolyze at 254 nm
are stable to sunlight (for examples see References
57 and 58). The observation that the rate of
photochemical oxidation of organic pollutants in
waste increases severalfold when the wavelength of
irradiation is reduced to from > 250 to ca. 250
nm’ is of interest in this regard.

In the recent studies on the photochemical
reactions of chlorobiphenyls, high energy radiation
UV sources have been used?*>** but increasingly,
lamps with emission of radiation > 290 are being
employed.3 324,26,29,46,61,62

Long-wavelength UV fluorescent lamps (“black-
light,” e.g., General Electric F 40 BL) closely
simulate natural sunlight in the critical photo-
chemically active wavelength region above 290
nm.?>' Irradiations with these lamps were found
to produce similar results to sunlight in herbicide
degradation studies'® and in the formation of
photochemical smog.** An identical spectrum of
products was recently obtained when thin films of
a number of chlorobiphenyls were irradiated with
“blacklight” lamps and sunlight.?® '

Physical State of the Irradiated Compound
Laboratory Models for Natural Conditions
Pesticide photodegradation studies have been
carried out in the gas-phase, in solution (water or
organic solvents), and in the solid state (thin films
on glass plates or adsorbed on soil or silica).
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FIGURE 2. Gas chromatograms and % starting material remaining from
tetrachlorobipheny! irradiation experiment. Irradiation conditions: 2,2',5,5'-
tetrachlorobiphenyl (50 mg) in hexane (300 ml) was irradiated under N, at Amax
310 nm and aliquots taken at times indicated. For the gas chromatograms a flame
jonization detector was used and for the quantitative determinations on electron
capture detector. (I'rom Environmental Health Perspectives. With permission.)

Attention has been paid in these studies to
simulating natural conditions and an effort has
been made to create environmental conditions
including controlled irradiation in a weathering
chamber.®®

Gas-phase irradiation of chlorobiphenyls - Irra-
diation of chlorobiphenyls in the gas phase would
be highly relevant, particularly for the more
volatile components with low chlorine content,
but appropriate data have not yet become avail-
able. In preliminary gas-phase irradiations of
2,2'44',6,6"-hexachlorobiphenyl with a mercury
lamp and pyrex filter at 50° only the unchanged
starting material could be recovered.?®

A number of decomposition products including
polar materials were observed when the vapor
phase of a refluxing suspension of 2,2,5,5"-tetra-
chlorobiphenyl and water was exposed to UV
irradiation (General Electric “Sun-lamps”).2® A
vapor-phase photoreactor designed to simulate
environmental conditions and to eliminate “wall
effects” has recently been described.! 942

Irradiations of chlorobiphenyls in solution —
Because of the low solubility of chlorobiphenyls in
water,”? irradiations in true solutions have to be
carried out in organic solvents. Such experiments
cannot be directly related to environmental con-
ditions®® although it has been pointed out'’>%°
that organic hydrogen donors such as oil films and
cuticular waxes are abundantly present in the
environment. It has been shown with other chloro-
aromatic compounds such as pesticides that reduc-
tive dechlorination is the main reaction in non-
polar solvents such as hexane whereas in water or
alcohols replacement of the chlorine by a hydroxy
group also occurs.!'»*%37 Reductive dechlori-
nation is the main initial photoreaction of chloro-
biphenyls in organic solvents and the rate of
dechlorination is faster in hydroxylic solvents such
as methanol®® or iso-propanol®® than in nonpolar
solvent, an observation which holds true also for
other chloroaromatic compounds.?® For instance,
even chlorobenzene loses chlorine rapidly on
irradiation in iso-propanol*® and chloronitro-
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benzene is dechlorinated in ethanol but not in
benzene.”® Complete dechlorination of a technical
PCB preparation was observed in 15 min in
alkaline iso-propanol solution and using a mercury
lamp as the UV source,*” biphenyl and sodium
chloride were identified in the reaction mixture.
Since the rate of photodegradation can be changed
significantly by photosensitizers, solvents must be
free of impurities. Much higher rates of photo-
chemical degradation of PCB in commercial versus
purified methanol for instance have been
observed.'?

In perfluorohydrocarbon solution, isomer-
ization and dechlorination with concomitant chlo-
rination to yield more highly chlorinated
biphenyls are observed.?$

Experiments on the photodecomposition of
chlorobiphenyls in water are difficult not only
because of the low solubility of these compounds
but also because of the rapid, irreversible adsorp-
tion of PCB onto glass walls.>® Attempts have
been made to increase the solubility of chloro-
biphenyls by the addition of dioxane?® and
surfactant (Tween 80)2¢ to the aqueous mixture
but even there a more or less stable suspension on
not a true solution was obtained.

In an attempt to simulate irradiation in an
aqueous environment of a similarly isoluble class
of compounds (polycyclic hydrocarbons),
benzo(a)pyrene has been irradiated adsorbed onto
calcium carbonate in aqueous suspension.?

Irradiations of chlorobiphenyls in the solid ‘

state — Photochemical decomposition of solid,
adsorbed species is probably of importance in
pesticide degradation on agricultural land and
appropriately the decomposition of many pesti-
cides has been studied as thin films or adsorbed
onto soil particles or silica.®' However, irradiation
of chlorobiphenyls adsorbed on soil particles or
similar adsorbents have only limited validity since
PCB’s are mainly found in the aquatic environ-
ment and are not usually associated with soils as
are many pesticides. Aerial fallout on the other
hand may contribute to PCB contamination of
soils.* 52 Thin films of chlorobiphenyls have been
exposed to UV light or sunlight?3:2¢2° to investi-
gate the photochemical behavior of these com-
pounds in the solid state. Initially, glass dishes
loosely covered with transparent plastic material
were used to expose a number of chlorobiphenyls
to sunlight. However, since large quantities of
material disappeared presumably by evaporation,
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closed quartz tubes which keep volatile com-
pounds in and impurities out were used in
subsequent experiments. There are disadvantages
to using thin films of chlorobiphenyls in irradi-
ation experiments. UV radiation will not penetrate
deeply into the solid film which makes photolysis
in the solid state inefficient and dependent on an
extremely thin uniform layer. Also natural levels
may never give concentrations of PCB high enough
to allow close proximity of a significant number of
molecules to allow certain reactions (e.g., dimer-
ization) to occur. Attempts were made to
approach natural conditions more closely by
adding water and iso-octane (as organic hydrogen
donor) to the bottom of the quartz tube. With the
more volatile chlorobiphenyls in particular, gas
phase irradiation occurs also in the quartz tubes
when exposed to the light heat of the summer sun.
4-Chlorobiphenyl, which was found to be photo-
stable when irradiated at 310 nm in iso-propanol
under nitrogen,*® decomposed completely when
exposed to sunlight for 2 months as a thin film (50
mg) coated on the inside of a quartz tube (40 x 8
cm) in the presence of water and iso-octane.?®
Obviously, evaporation and mixing of the content
must have taken place to a certain extent.

Theoretical Aspects
Correlation of Absorption Spectra to
Photochemical Activity

UV radiation is effective in initiating photo-
chemical change only if absorbed directly or
indirectly by the target molecule. The UV spectra
and their change with the structure of chloro-
biphenyls are therefore of particular interest®’
(see Chapter 10). Most chlorobiphenyls show some
absorption at wavelength > 280 nm. Compounds
with less than two chlorine atoms ortho to the
phenyl-phenyl bond absorb in this region as tailing
from a main peak at ca. 240 to 250 nm and
compounds with two or more chlorine atoms in
ortho positions exhibit weak but distinct bands at
> 270. From the evidence available it is not clear
whether this absorption is sufficient to explain the
photochemical lability of chlorobiphenyls. The
photochemical activity of pesticides without
significant absorption at A >290 nm has been
explained either by the presence of a small
quantity of high energy UV radiation in sunlight
(ozone “window"), by the change of the spectrum
of ubsorbed species or by photosensitization by



singlet oxygen, atmospheric pollutants, or natural
products.

No study has been reported as to the relation-
ship of chlorine content and the effect of positional
isomerism on photochemical activity. Preliminary
experiments with individual isomers*® and PCB
mixtures®2>2® indicate that higher chlorinated
biphenyls disappear faster than those with lower
chlorine content on irradiation (Table 2; Figure 3).

TABLE 2

Relative Photochemical Labilities of Some* Chloro-
bipheny! Isomers

Starting material
remaining after 24 hr

Compound at 310 nm in hexane

Tetrachlorobiphenyls %

3,3'44'- 32

2,2',6,6'- 29

2,2,5,5'- 33
Hexachlorobiphenyl

2,2',4,4'5,5'"- 3.8
Octachlorobiphenyl

2,2,3,3'44' 55" <1

*A 0.1% solution of each chlorobiphenyl was irradiated
under nitrogen for 24 hr at Amax 310 nm.

AROCLOR 1254
STANDARD

AROCLOR (254
4" 3100 & (hexane)

RECORDER RESPONSE

TIME (min.)
FIGURE 3. Gas chromatograms of Aroclor 1254 before
and after irradiation. 6" x 0.5" Column packed with 3%
SE-30 on Chromosorb W, oven temperature 200°. (I'rom
Environmental Health Perspectives. With permission.)

Mechanism of Photochemical Degradation

Little information on the mechanistic aspect of
chlorobiphenyl photochemistry is available and so
far detailed studies have only been reported for
4,4'-dichlorobiphenyl.*® In iso-propanol under
nitrogen, 4,4'-dichlorobiphenyl decomposes when
irradiated at 310 nm to form only HCl and
4-chlorobiphenyl which is photostable under these
conditions. In the presence of oxygen, a number
of unidentified products were also formed. The
primary photochemical process appears to be the
formation of an aryl radical (Figure 4) and may
involve a triplet electronic state since this reac-
tion was sensitized by benzophenone (E, 69.0)
and triphenylene (E, 67.0) (the triplet energy (E,)
of 4,4'-dichlorobipheny! is 62.5 kcal/mol) and this
reaction was slowed down in the presence of
oxygen, an efficient triplet quencher. Chlorine
abstraction from 44'-dichlorobiphenyl by a
radical species (such as postulated in DDT-photo-
lysis; see Reference 40) is unlikely since in a chain
mechanism radicals would not be able to differen-
tiate between 4,4’ -dichlorobiphenyl and 4-chloro-
biphenyl. The quantum yield for the disappear-
ance of 4,4'-dichlorobiphenyl was calculated as
0.002 by comparison with the photoreaction of
benzophenone.

Photosensitization and Quenching

Photosensitizers may accelerate environmental
photodecomposition, may lead to different
products or make photodegradation possible. The
interactions of photosensitizers with pesticides
have been studied®!*%>°2:%° but to date only
one report deals with the effect of photosensitizers
and quenchers on chlorobiphenyls.*® In this
study, it was shown that tryptophan, diethylani-
line, benzophenone, and triphenylene sensitize the
photoreaction of 4,4'-dichlorobiphenyl under
nitrogen. In air, tryptophane and aromatic amines
are effective but not benzophenone. The reaction
is quenched by n-hexylmercaptan, di-n-butyl
sulfide, and ¢-butyl-disulfide.

Photoproducts Formed from Chlorobiphenyls

So far, the photodegradation of the chloro-
biphenyls depicted in Figure 5 have been studied
as have some commercial PCB mixtures.

Reductive Dechlorination
Products formed by reductive dechlorination
are predominant particularly in organic sol-
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FIGURE 4. Proposed mechanism for the photochemical dechlorination of
4,4'-dichlorobiphenyl in isopropanol. (Courtesy of Dr. Miller.)
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FIGURE 5. Structures of chlorobiphenyls which have
been used in photodegradation studies.

vents.?s25:29,46,47,61,62  This ypeyction has

previously been observed to occur with chloro-
aromatic pesticides' *>*® and related chloro-
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aromatic compounds.' 7>2® In thin films2®-2¢,2°

and fluorocarbon solvents® S dechlorination occurs
but concomitant chlorination as well as rearrange-
ment is also observed.

4-Chlorobiphenyl (I) — was found to be photo-
stable when irradiated in iso-propanol under N, at
310 nm.*® An ion corresponding to the dechlori-
nation product biphenyl, as well as the starting
material, however, was observed in the mass
spectrum of TLC fraction from the exposure of
4-chlorobiphenyl to sunlight for 1 month as thin
film in a quartz tube in the presence of water and
iso-octane.?® After 2 months, complete decom-
position was indicated from the mass spectro-
metric results.

4,4"-Dichlorobiphenyl (II) ~— irradiated in
solution under similar conditions gave 4-mono-
chlorobiphenyl (I) as the main product.*®>! [, on
the other hand, was not found among the photo-
products when II was exposed to sunlight as thin
film.

3,3"4,4'-Tetrachlorobiphenyl (III) — irradiation
in hexane at 300 nm shows successive dechlori-
nation to give a trichloro and a dichloro derivative,
probably 3,4,4'-trichlorobiphenyl and 4,4"-dichlo-
robiphenyl.®' A trichlorobiphenyl derivative was
among the products formed on exposure of III as
thin film to sunlight.2®

2,2",5,5'-Tetrachlorobiphenyl (IV) — showed
also reductive dechlorination when irradiated in



hexane?® and methanol.>® A dichlorobiphenyl
was the main chlorinated intermediate in the
photochemical decomposition of IV in hexane
(Figure 6). A trichlorobiphenyl was among the
products formed on exposure of [V as thin film to
sunlight.*¢

2.2 4.4',.5,5" -Hexachlorobipheny! (V) — irra-
diation of this compound in solution has not yet
been described. On exposure of a thin film of this
compound to sunlight, tetra- and pentachloro-
biphenyls are formed among other products.?®

2,2' 4.4'6,6'-Hexachlorobiphenyl (VI) — irra-
diated in organic solvents shows stepwise dechlori-
nation’*>%? (see Table 1 and Figure 1).
4 .4'-Dichlorobiphenyl and a pentachlorobiphenyl
(probably the 2,2',4,4'6-isomer) were among the
main products. A tri-, tetra-, and monochloro-
biphenyl as well as bipheny! was also detected in
the reaction mixture.?®

2,2'3,3 4,455 -Octachlorobiphenyl (VII) —
exposed to blacklight UV lamps as thin film gave
dechlorinated biphenyls containing 4 to 7 chlorine
atoms (Figure 7).

Decachlorobiphenyl (VIII) - was recovered
unchanged after exposure to blacklight UV
lamps.2® Since the photolability of VII in solu-
tion was previously noted,?® lack of observable
breakdown products is most likely due to the fact
that thin layers (a large surface area) of this
compound cannot be obtained due to its low

solubility; few and relatively large needles are
formed on evaporating the solvent from the tubes.

Commercial PCB mixtures — show reductive
dechlorination on irradiation in organic sol-
vents22>24>2% which is indicated by the change in
the GC-pattern (Figure 3). These results and data
from irradiation of trapped fractions®? indicated
that chlorobiphenyls with higher chlorine content
decompose more readily. In iso-propanol, in the
presence of alkali, dechlorination of PCB mixtures
is rapid with biphenyl and sodium chloride being
the identifiable end-products.*’

Isomerization, Condensation, and Chlorination

Aluminum chloride catalyzed isomerizations of
biphenyl’? and chlorobiphenyls’! are known, and
photoisomerizations of methyl! and dimethyl-
biphenyl®® have been reported. It is also known
that photochemical hydrogen isotope exchange
occurs in aromatic compounds.>®

The mechanism of photoinduced isomerization
of chlorobiphenyls may be different to the cases
cited above and could proceed via phenyl-phenyl
carbon bond or carbon chlorine bond breakage.
Although no definite compounds were isolated
and no structures assigned, evidence points to
isomerization reactions occurring in fluorocarbon
solvents.?®

Condensation products are observed mainly
when irradiation is carried out in thin films,?®
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FIGURE 6. GC-MS data ftor the 411 sample of the 2,2°.5,5-tetrachlorobiphenyl irradiation

experiment (see Figure 2). 8" x 0.25" Column packed with SE-30 on Chromosorb W, oven temperature
isothermal at 150° at 36 min beginning of programming at 4°/min. A number of further peaks were
obscrved after 46 min. (From Environmental Health Perspectives. With permission.)
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presumably because of the proximity of chloro-
biphenyl molecules to the photochemically gener-
ated aryl radical. For instance, a number of
compounds whose structures are best rationalized
as chlorinated quaterphenyls are formed on
irradiating 2,2',5,5 -tetrachlorobiphenyl (Figure 8)
and 2,2',4,4',5,5"-hexachlorobiphenyl (Figure 9) as
well as Aroclor 1254 (m/e 680: 646,612 and 578)
with blacklight fluorescent UV lamps or sunlight.
The formation of chlorinated terphenyls from
3,3",4,4 -tetrachlorobiphenyl (Figure 10) is
indicated by the mass spectra of some of the
photoproducts. In one instance (2,2',5,5 -tetra-
chlorobiphenyl exposed to sun as thin film®¢), a
compound is formed which appears to be a cyclic
structure of the type depicted in Figure 11. This
product may have formed from quaterphenyls.®?
The presence of chlorinated terphenyls was also
indicated in the mixture obtained by irradiating
Aroclor 1254 as thin films by perchlorination-gas
chromatographic techniques.?”*°>"3 However, in
this instance, contamination of the starting
material, Aroclor 1254, with chlorinated
terphenyls was not rigorously excluded. Although
dimerization involving C-C bond formation is a
well-known photochemical process,**>*® and
condensations of chlorophenols via C-O bonds**
and DDT via side chain addition have been
observed,?! condensations of aromatic nuclei have
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not been commonly observed with environmental
chemicals.

In thin films?%2® and solutions in fluoro-
carbon solvents?® dechlorination is accompanied
by chlorination to give chlorobiphenyls of higher
chlorine content than the starting material (for
example see Figure 12).

Formation of Products Containing Oxygen

In hydroxylic organic solvents, irradiation of
chlorobiphenyls yields, in addition to the dechlori-
nated species, polar oxygenated products.?»?%:62
Little information on the exact structure of these
compounds is available. Mass spectra were
reported for products containing oxygen obtained
from the irradiation of Aroclor 1254 in dioxane-
water in the presence of sodium bicarbonate.?®
Figure 13 indicates species formed by the addition
of the elements of water to components of the
Aroclor 1254 mixture. On the other hand, irra-
diation of Aroclor 1254 as thin film in the
presence of water gave products whose mass
spectra (Figure 14) indicate formation of hydroxy-
lated species.

Because of the toxicity of chlorinated dibenzo-
furans, the possibility of their photochemical
formation (Figure 15) is an item of special
importance. Reports given in recent con-
ferences®*' * would, in fact, indicate that in model
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irradiations compounds of this type are formed. In  2,2"-dichlorobiphenyl®* and irradiation of Aroclor
other experiments, chlorodibenzofurans could not 1254 as thin film*® gave no chlorodibenzofuran as
be detected. No benzofuran was formed from indicated by a sensitive perchlorination-GC-
procedure.27>*®  Of four chlorobiphenyls of
different chlorine content irradiated in aqueous

Q 0 suspension,?® only 4,4-dichlorobiphenyl gave
traces of a product whose mass spectrum (M"

cl, 236) is compatible with a chlorodibenzofuran

(Cy:HgCl, 0). Loss of chlorine was apparently not

0 0 involved in this reaction. Chlorodibenzofurans are

themselves photolabile?® and an assessment of

FIGURE 11. Possible R . . .
their possible environmental accumulation due to

structure for a photo-

product from 2,2,5.5'- photochemical formation from chlorobiphenyls

tetrachlorobiphenyl cannot be made at this point.

(m/e 440).

CiaHeClq
100 —
> 290
~ eof ™ x50
2
w C,H,Cl
Wosol 2fs s
2
- CiaHy Ol
w
40 + 324
2 Ci2HeCly - 70 ~
a 358\
< 220, CiaH3Cly
'&' 20r " Ci2H7Cl3 392\lm
256
ll‘ ] “L|t Ls L T hl‘ T rL T \‘l!J LI L) T T : 1
140 180 220 260 300 340 380 400
m/e

FIGURE 12. 70 eV spectrum of TLC band A from irradiated 3,3',4,4'-tetrachlorobiphenyl. The presence of penta-,
hexa-, hepta- as well as trichlorobiphenyls is shown.
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FIGURE 13. Partial mass spectrum (70 ¢V; probe temperature 35°) ot a TLC
fraction from Aroclor 1254 irradiation experiment. The irradiation was carried
out at Ap., 310 nm in a suspension (dioxane-water) in the presence of sodium
bicarbonate. The chlorine isotope pattern for the Cl, and Cl, compounds are
distorted due to impurities or fragment ions. Compounds with molecular
compositions corresponding to octachloro-, heptachloro- and chlorobiphenyis
plus the elements of water are indicated. (From Environmental Health Perspec-
tives. With permission.)
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not shown). (From Environmental Health Perspectives. With permission.)
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FIGURLE 15. Formation of chlorobiphenyls from polychlorinated biphenyls as a

possible photochemical reaction.

Formation of Polymeric Products

Prolonged irradiation of chlorobiphenyls results
in the formation of yellow gums of polymeric
character.?® These products give complicated mass
spectra (“picket fence™ spectra) presumably due
to thermal degradation of the polymer in the ion

source. The infrared spectra (e.g., Figure 16) are
indicative of the types of groups present but no
further information as to their structures is avail-
able. Polymers showing similar properties are also
obtained from solvents alone which have not been
rigorously purified.
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Chapter 7

METABOLISM OF CHLOROBIPHENYLS

Introduction

The metabolic alteration of chlorobiphenyls is
being actively investigated in many laboratories
because of possible relationships of metabolism to
toxicity and storage in the body on the one hand
and environmental breakdown in soils mud and
water on the other. A reasonably complete picture
has not yet emerged but it seems fairly certain, as
it is with related compounds such as chloroben-
zenes, that the ease of metabolism decreases with
increasing chlorine content. In addition, certain
structural features such as positional isomerison
influence the metabolic behavior, but again, avail-
able data are only preliminary.

General information on the metabolism of
compounds related to chlorobiphenyls by micro-
organisms.'*>2 1244749 und animals® 7445 s
available.

Metabolic Change of Chlorobiphenyls by Animals
Studies with Technical PCB Mixtures

Metabolism of certain components of technical
PCB mixtures is indicated by the fact that GC-
peaks with lower retention time are diminished or
absent in tissue extracts from PCB-treated animals.
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T T 17111
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T

20

T

1

Studies with mice,’ 7 rats®>2>5¢ (Figure 1; Table
1), birds®*>! 537 (Figure 2; Table 2), and cows'’
(Figure 3) indicate that peaks with retention times
corresponding to di-tri-, and tetrachlorobiphenyls
are mainly affected. Since it was shown that all
components of Aroclor 1254 were absorbed at the
same rate in quail® and a number of mono- to
hexachlorobiphenyls were equally retained (&
90%) by rats,? the correlation of disappearance of
peaks with metabolism seems justified.

Feeding experiments with fish indicate much
lower metabolizing activity. Only after prolonged
dietary exposure with Aroclor 1254 (>200 days)
and additional control feed period (>>200 days), is
a reduction or disappearance of the first two peaks
observed (Figure 4).58

Attempts have been made to correlate the
structure of the PCB components with metabolic
activity by comparing retention times of peaks
(e.g., those disappearing fast or not at all) with
known standards or by GC-mass spectrometry.
Figure 1 and Table 1 show that the accumulation
of the more highly chlorinated biphenyls in rats®
is not uniform; a pentachlorobipheny! correspond-
ing to peak 33 being selectively retained whereas

bmme e mems

a
.

3 6
FIGURE 1.

9 15

24

|

27 33 36 39 42 45

Relative intensity (in %) of peaks 3—46 in gas chromatogram of Aroclor 1248 ( — ) and

material extracted from rats 4 weeks after administration (- - -). Peak numbers correspond to those of
Table 1. (From Arch. Toxicol., 30, 207, 1973. With permission.)
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TABLE 1

Composition of Aroclor 1248 Used for Feeding and Material Isolated from Fatty
Tissue of Rats

Peak number* No. of Cl % In Aroclor 1248 % In fatty tissue

1

2

3

4 2 04

5 3 1,0 0,9

6 2 3,2 1,4

7 3 11,2 0,9

8 3 3,2 2,4

9 3 3,1 0,5
10 3 2,0 0,2
11/12 34 1,4 4,8
13 34 1.4 0,8
14 34 0,8 0
15 3 8,5 1,6
16 3 9,7 1,6
17 3 2,1 0,8
18 34 7.4 0,5
19 34 7,4 -
20 34 6,0 7,0
21 34 4.5 4,1
22 4 3,1 0,3
23 4 2,6 04
24 345 0,8 -
25 4,5 1,2 1,0
26 4,5 1,0 -
27 4 0,2 -
28 4 5,0 53
29 4 33 2,0
30 4 2,0 0,4
31 4 2,1 0,5
32 45 1,0 2,9
33 4,5 0,5 29,0
34 4.5 0,5 1.4
35 45 0,8 -
36 5 1,0 1,7
37 ) 0,4 1.4
38 6 <0,1 0,1
39 4 <0,1 0,1
40 6 0,2 11,0
41/42 N 0,3 I,1
43 5,6 0,2 8,0
44 6 <0,1 53
45 6 0,2 0,9
46 6,7 0,7 (1,1)

*Conditions of Figure 1.
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FIGURE 2. Total ion cutrent chromatograms of
Aroclor 1254 and quail extracts. GC-conditions: 9' x
0.25" column, 5% OV-17, oven temperature 220, helium
flow-rate 40 ml/min. (a) Aroclor 1254 standard (S of
Table 2); (b) Aroclor 1254 standard, partitioned between
acetonitrile and hexane (= treatment of quail carcass
extracts)(P of Table 2); (c) Carcass extract of quail
administered a single dose of Aroclor 1254 at 500 mg/kg
(extract C of Table 2); (d) Carcass extract of quail
sacrificed after 14 days’ dietary dosage at 300 ppm of
Aroclor 1254 (extract D of Table 2); (¢) Carcass extract
of quail sacrificed after 14 days® dietary dosage at 300
ppm of Aroclor 1254 tollowed by 14 days of untreated
food (extract E of Table 2); (f) Carcass extract of quail
sacrificed after 14 days® dietary dosage of 300 ppm of
Aroclor 1254 followed by 42 days of untreated food
(extract F of Table 2).

pentachlorobiphenyls (peaks 25, 26, 35, and 42)
diminish. Among the hexachlorobiphenyls, all
peaks except 38 are significantly increased,
particularly peaks 40 and 44. The total amounts of
tri- and tetrachlorobiphenyls are significantly de-
creased but here also differences in ease of
metabolism are obvious. Tetrachlorobiphenyl 11 is
enriched and peaks 20, 21, and 28 remain the
same. In the trichlorobiphenyl series, only peak 8
proves to be relatively persistent.
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(From J. Chromatog., 15, 219, 1973. With permission.)
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In another study with rats,*® major losses of

early eluters were observed but more significantly
one later peak was completely lost. This peak was
tentatively assigned as being 2,3,3'.4’,6-penta-
chlorobiphenyl by comparison (GC and infrared)
with authentic material.

The change of peak intensity of Aroclor 1254
during a feeding study with quail® is shown in
Figure 2 and Table 2. All early peaks decrease
markedly during the experiment. Of the later
eluters, peaks 4, 6, and 8 are completely lost. Most
significantly, the authors of this study report
dechlorination and isomerization to take place.
However, these reactions can be much easier
observed with individual chlorobiphenyls and con-
firmation has to await such experiments.

The diminishing of early eluting peaks in milk
and body fat of cows fed Aroclor 1254 is shown in

Figure 3.'° Compounds with retention times

identical to some of the peaks are indicated in the
legend.

Studies with Individual Chlorobiphenyls

The intestinal absorption of biphenyl and 19
mono- to hexachlorobiphenyls in rats has been
studied by monitoring fecal excretion after the
feeding of individual compounds.? The percentage
retained was >90 in all cases (Table 3). The lowest
retention was shown by the 3,3',4,4'-tetra- and
3.3’ 4-trichlorobiphenyl which have obvious struc-
tural similarities. Interestingly, 3,3'4,4'-tetra-
chlorobiphenyl was the least oil soluble of 11
mono- to octachlorobiphenyls tested.!® The solu-
bility of this compound in water, on the other
hand, is relatively high compared to other tetra-
chlorobiphenyls examined.®?

The distribution of '*C-labeled 2,2' 4,5.5"-pen-
tachforobiphenyl was studied in the mouse after

TABLE 3

Uptake of Chlorobiphenyls by Rats

Percentage retained *

Compound S mgfkg S.D.
Biphenyl 99.5 0.11
Monochlorobiphenyls
2- 98.9 045
3- 98.0 1.01
4- 97.3 1.73
Dichlorobiphenyls
2,6-

2,2- 95.0 242
24-

2,3'-

2,4'- 97.2 3.38
3,4'- 95.7 345
4.4'- 95.4 3.05
Trichlorobiphenyls

2,2'.5-

2',3,5-

3,3'.4-

2,4.4'-

Tetrachlorobiphenyls

2,2',5,5'- 96.0 1.75
2,34,5- 97.3 0.86
3,3'.44'- 91.8 0.57
Pentachlorobiphenyls

2,2'4,5,5- 95.1 0.57
Hexachlorobiphenyls

2,2',4,4"5,5'- 95.3 1.11

*Percentage retained =

(amount fed) — (amount excreted)

50 mg/kg S.D. 100 mg/ke S.D.

98.8 0.25 98.2 0.30
98.0 0.20 98.4 0.15
96.6 0.10 973 0.40
96.3 0.40 96.4 042
95.0 0.96 94.9 0.75
97.4 0.20 98.2 2.10
95.7 0.40 97.1 0.35
96.8 0.51 97.9 0.28
95.5 1.20 97.6 0.78
94.3 0.86 97.1 0.63
95.6 1.12 97.4 1.10
95.1 3.00 943 3.18
95.6 1.05 95.0 1.12
93.5 2.85 90.3 3.58
92.6 0.86 94.0 1.50

x 100%

amount fed
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intravenous injection.® Within 20 min, most of the
radioactivity from the blood had entered the
tissues with fat and liver containing most of the
activity. Details of the excretion patterns and
tissue distribution are shown in Tables 4 and 5. No
attempt has been reported yet on the nature of
possible metabolites.

Preliminary data from experiments in which
'4C-labeled 2,2 4,4 -tetrachlorobiphenyl was
administered to mice and a mixture of 2,2'.3.4"-
and 2,3’ 4.4 -tetrachlorobiphenyl ('*C) to quail
have been reported.*' The excretion of the
2,2',4,4'-tetrachlorobiphenyl in mice was found to
be similar to the pentachloro derivative mentioned
above. The most striking observation in the distri-
bution pattern in mice was the accumulation in

24%. No mercapturic acid derivatives were found.
The metabolic behavior of a number of unlabeled
chlorobiphenyls (compounds I — XI; Table 6) in
rats after intraperitoneal injection was recently
reported.*®*! In this study, urine (after acid
hydrolysis) and feces were extracted and these
extracts analyzed by thin layer chromatography
and mass spectrometry. In those cases in which
enough material was recovered, the structures were

TABLE 4

Excretion of Radioactivity in Urine and Faeces of Mice
Dosed with ' *C-2,2'4,5,5"-Pentachlorobiphenyl!

Days after Cumulative
the adrenal cortex and the corpora lutea of the dosing Feces Urine  Total total
ovaries. Fat and liver were highest in activity in
both species but quantitative data have not been 1 203 0.23  20.53 20.5
reported. In this study, polar metabolites resemb- § 3? gi; 12(2); ;2;
ling hydroxybiphenyls have been detected. 4 70 0.13 713 41.9

In the first study on the structure of a 5 36 0.17 3.77 45.7
chlorobiphenyl metabolite reported, Block and 6-1 5.4 0.16 5.56 51.2
Cornish in 1959 administered 4-chlorobiphenyl (1) . 8 3-2 0.13 3.73 55.0
to rabbits via stomach tube.” The compound was 1_110 2‘3 g";; gg; 2;‘2
metabolized to the extent O’f 64% with the 12 1:8 0:10 1:90 65:7
glucuronide of 4-hloro-4"-hydroxybiphenyl 13 2.5 0.08 2.58 68.3
accounting for 50%, the corresponding etherial 14 2.2 0.09 229 70.6
sulfate for 11% and the free phenol for 3% (Figure 15 20 0.09 2.09 72.7
5). This distribution was in contrast to the parent 16 23 0.06 2.36 751

: ! . pare 17-18 24 012 2.52 71.6
compound biphenyl for which the corresponding 19 1.6 0.06 1.66 79.2
values (4-hydroxybiphenyl) were 26%, 13%, and Total 77.4 1.8 79.2

TABLE §

Distribution of Radioactivity in Tissues After a Single Dose of ' * C 2,2’ 4,5,5'-Pentachlorobiphenyl?

Dose, uCi/mouse 10b th 10b 5
Route iv iv iv oral
Time after

dosing 20 min 1 hr 4 hr 1 day
Sex M F M M
Blood 7.90 3.50 3.60

red cells 0.40

plasma 1.30
Heart 12.50 9.90 13.00 2.18
Lungs 27.00 14.80 5.70
Liver 50.90 33.40 12.20 6.50
Kidneys 19.30 9.80 8.40 8.60
Fat 4.30 13.30 11.90 27.90
Muscle 7.80 5.60 1.73
Brain 5.03 6.52 3.80 0.97

3Fijgures in the Table represent uCi/100 mg tissue.

5 5 5 10°
oral oral oral oral
4 days 8 days 16 days 3§ days
M F M M F
043 0.18
0.16
2.76 045
0.50 0.37 0.41 0.57
3.10 3.15 1.90 0.22 2.28
2.80 1.80 3.60 0.78 0.64
1.70 1.50 1.00 0.50 0.76
10.70 14.00 13.40 8.20 3.30
1.95 0.94 1.51 2.65 0.29
0.18 0.23 0.21 0.11 0.08

bResults have been halved to bring in line with 5 uCi experiments.
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FIGURE 5.

further investigated by 220 MHz NMR spectro-
scopy and confirmed by synthesis.* 2

The results of this study are summarized
together with some other data in Table 6. With the
method used in this study, metabolites were not
found for hexa- and octachlorobiphenyls (dec-
achlorobiphenyl was not soluble enough in oil for
injection into rats).

Of the three tetrachlorobiphenyls (V - VII)
investigated, the 2,2'4,4- and the 2,2'.5,5- deriva-
tive both gave a monohydroxy derivative whereas
no such metabolite could be detected with the
method used for the 3,3',4,4"-tetrachlorobiphenyl.

All three dichlorobiphenyls (II — IV) gave a
monohydroxy derivative and the 2,2"-isomer also
gave a dihydroxydichlorobiphenyl. A dihydroxy-
derivative was also observed for the 4,4’-isomer
employing a sensitive dansylation procedure, how-
ever, the 2.4'-isomer was not analyzed in such
fashion. The monohydroxyderivative of 4,4'-di-
chlorobipheny! (1I) was shown to be 4.4’-dichloro-
3-hydroxybiphenyl (XIII; Figure 6) by proton
magnetic resonance and comparison with authen-
tic material synthesized by an unambiguous route.

The only monochlorobiphenyl studied,
4chlorobiphenyl (I), gave 4-chloro-4-hydroxy-
biphenyl (XII; Figure 6) and a dihydroxy-
chlorobiphenyl of unknown structure.

In the same study, the chlorobiphenyls I, 11, VI,
and VIII were also fed to Carneau pigeons and
brook trout. 4-Chlorobiphenyl (1), 4,4'-di-chloro-
biphenyl, and 2,2',5,5 -tetrachlorobiphenyl gave a
monohydroxylated derivative in the birds, whereas
2,2' 44 5,5 -hexachlorobiphenyl did not give a
hydroxylated metabolite in the pigeons. Hydroxy
derivatives could not be detected for any of the
four compounds in brook trout.

Tissues of rats were not analyzed in this
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Metabolism of 4-chlorobiphenyl in the rabbit.
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Structures of two metabolites isolated from

investigation and the information on nonpolar
metabolites is therefore limited to those excreted
in the feces. Generally, dechlorination does not
seem to have taken place: in only two instances
(3.3' 4,4 -tetrachlorobiphenyl VII and 2,233’
4,4',5,5'-octachlorobipheny1 XI) were traces of
substances found whose mass spectra indicated
loss of a chlorine atom (a tri- and a heptachloro-
biphenyl, respectively).

When 2.2'.5.5"-tetrachlorobiphenyl (VI) was
fed to a rabbit, a dihydroxy-dihydro-
tetrachlorobiphenyl was found to be the main
water soluble metabolite in the urine.?® Two
monohydroxy derivatives of VI were also found in
free and conjugated forms in the urine. In con-
trast, urine of rabbits fed with 2,244’55
hexachlorobiphenyl contained a hexachlorohy-
droxybiphenyl, a pentachlorohydroxybiphenyl,
and a pentachlorohydroxy-methoxybiphenyl as
shown by high resolution mass spectrometric
techniques.?®

Studies with Related Compounds

Since very few studies on the metabolism of
chlorobiphenyls have been reported, the behavior
of some related compounds will be described
briefly.

Chlorobiphenyls will provide interesting sub-
strates for the study of labile intermediates (e.g.,
arene oxides) or special reactions (e.g., NIH-shift)

known 1o occur with aromatic hydrocarbons '*
22,33



Biphenyl

It was shown early that biphenyl is metabolized
to 4-hydroxybiphenyl in the dog®® and hydroxy-
biphenyls were subsequently shown to be the main
mammalian metabolites for this compound.®®>54
The excretion of a significant portion of these
hydroxylated derivatives is often in the form of
etherial sulfates” or glucuronides.”’**?>°3 In the
rat, diphenylmercapturic acid was formed.** Com-
pounds isolated as metabolites of biphenyl in rat
or rabbit are depicted in Figure 7.

Species differences in the hydroxylation of
biphenyl by liver microsomal enzymes have been
observed' '>12>55 and are reported in Table 7.

Houseflies and bowflies were shown to convert
biphenyl to 4-hydroxybiphenyl.3*

Solubilizers such as Tween 80 are being used
frequently in the study of the metabolism of
water-insoluble compounds. It may be interesting
to note that Tween 80 (0.25 to 2.5%) was found
to inhibit the hydroxylation of biphenyl by liver
microsomal preparations.®

2-Hydroxybiphenyl was shown to be metabo-
lized to 2,5-dihydroxybiphenyl (Figure 8) in the
rat.!”?

Chlorobenzenes and Chloronaphthalenes

Products observed in the mammalian metabo-
lism of chlorobenzene®3:38:4455% 3re depicted in

HO

:

FIGURE 7.

Figure 9. In line with the current thinking on the
metabolism of aromatic compounds in general,
3,4-chlorobenzene oxide has been suggested as the
key intermediate in the metabolism of
chlorobenzene.®®

Similar products are obtained from the more
highly chlorinated benzenes but, in general, the
ease of metabolism decreases with increasing
chlorine content. Some comparative data for
various chlorobenzenes®® are shown in Table 8.
Recently,*® evidence was presented for the forma-
tion of phenolic and dechlorinated products from
hexachlorobenzene in rats. Similarly to the chloro-
benzenes, studies on the metabolism of chloro-
naphthalenes in rabbits'® show that mono-, ‘di,
and to a lesser extent, tetrachloronaphthalene
were converted to phenolic compounds, their
glucuronides or sulfates or to mercapturic acid
derivatives. Penta-, hepta-, and octachloronaph-
thalenes apparently were not metabolized by the
rabbit. The suggestion was made that a high degree
of chlorination may interfere with the formation
of a 1,2-dihydro-1,2-diol type intermediate.

Metabolic Change of Chlorebiphenyls by

Microorganisms

Studies Involving Mixed Microbial Populations
Very few studies on the metabolic alteration of

chlorobiphenyls by microorganisms have been

NH-COCH3

S—CH,- CH ~COOH

Compounds isolated as metabolites of biphenyl in rat or rabbit.
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TABLE 7

Occurrence of Biphenyl Hydroxylase in the Livers of
Various Adult Species

Product observed

Species 2-hydroxybiphenyl 4-hydroxybiphenyl
Man -
Pig -
Fox -
Rabbit*
Guinea pig
Rat*

Cat
Hamster
Mouse
Coypu
Hen

Frog

1

I T R I S

+ o+ o+ 4

*Young animals also produce the 2-isomer.

OH OH
—ot— (<O
HO
FIGURE 8. Metabolism of 2-hydroxybiphenyl in the

rat.

reported in the literature. Metabolites obtained by

microbial action on the parent compound
biphenyl will therefore be included in this
discussion.

The microbial degradation of a number of
commercial PCB preparations was studied using
activated sludge under aerobic conditions in a
semicontinuous operation.*® Similarly to the
results in animal metabolism studies, degradation
of compounds with low chlorine contents was
easiest (Table 9). A typical gas chromatogram
showing loss or reduction of the early eluting
peaks from Aroclor 1242 is presented in Figure
10. Analysis of silage containing Arclor 1254
indicated that no preferential anaerobic degra-
dation of any of its components had occurred
after several months storage during which normal
fermentation had taken place.'®

In a study on the persistence of Aroclor 1254
in six California soils under laboratory condi-
tions,>? it was shown that, depending on the soil
type, no change, some change, or considerable
change of the Aroclor 1254 peak pattern had
occurred after 1 year of incubation at 30° and
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also conjugates for the phenolic compounds,

dihydrodihyroxy derivatives and premercapturic acids

FIGURE 9. Compounds observed in the mammalian
metabolism of chlorobenzene.

40% soil moisture content (Figure 11). However,
under the experimental conditions used, loss of
some of the Aroclor components may have been
due to evaporation. In parallel experiments, DDT
was added to the same soils and, with the possible
exception of loamy sand, PCB and DDT+DDE
residues were found to be equally persistent.

In a preliminary communication,®* the degra-
dation of single chlorobiphenyls in soil and soil
amended with cattle manure was studied after 1
month incubation under flooded conditions in the
laboratory. The compounds were 4.4'-dichloro,
22'55- 22'66- 3344- and 33'55-
tetrachloro, 2,2',4,5,5 -pentachloro and 2,2' 44’
5,5 and 22'44'6,6hexachlorobiphenyl. No
indication of any metabolism was found for any
of the compounds. It is interesting to note that
p,p"-DDT degrades almost completely under these
conditions.

>

Studies Involving Pure Cultures

The products and intermediates obtained on
incubating biphenyl with a number of micro-
organisms are shown in Figure 12. Pure cultures of



TABLLE 8

The Metabolism of Chlorinated Benzenes in Rabbits

% of dose excreted as

Time of
excretion Mercapturic
Compound days acid
Chlorobenzene 1--2 25
Dichlorobenzene
1,2- S 5
1,3- 5 11
1 4- 5 0
Trichlorobenzene
1,2,3- 5 0.3
1,2,4- N 0.4
1.3,5- 8 0
Tetrachlorobenzene
1,2,3,4- 6 Q
1,2,3,5- 6 0
1,2,4,5- 6 0
Pentachlorobenzene 6 0
Hexachlorobenzene 6 Q

AThis tigure is for a hydroquinone
tr = trace
TABLE 9
Degradation of PCB by Activated Sludge*

% Degradation

Substrate % Chlorine in 47-hr cycle
Biphenyl 0 100
Aroclor 1221 21 80.6 + 5.7
Aroclor 1016 41 329 +13.8
Aroclor 1242 42 26.3 +15.5
Aroclor 1254 54 15.2 + 37.7

*Semicontinuous operation; addition rate: 1 mg/48 hr.

gram-negative bacteria isolated from soil utilized
biphenyl as the sole carbon source in a salt
medium.?? 2 3-Dihydroxybiphenyl which was iso-
lated from the culture was cleaved by a particulate
fraction from cells grown in biphenyl to give
a-hydroxy-f-phenylmuconic  semialdehyde. A
soluble cell-frec extract in turn converted this
initial fission product to phenylpyruvate via
unidentified intermediates.

Total Eliminated
Monophenols Catechols O-conjugates unchanged
2--3 27 47 in
27, expired
air
40 4 69 -
25 3 37 -
35 0(6)* 63 -
78 tr.” 62 0)
42 tr. 38 0)
9 0 23 10) in
43 tr.? 34 5) feces
5 a 8 14)
2 0 5 16)
<1 0 9 5
0 0 0 6

Cultures of Pseudomonas putida were reported
to oxidize biphenyl via 2,3-dihydro-2,3-
dihydroxybiphenyl to benzoic acid.® The struc-
ture of the intermediate dihydro-dihydroxy
compound was deduced by acid catalyzed dehy-
dration which gave a mixture of 2- and
3-hydroxybiphenyl.

Beijerinckia species were also shown to oxidize
bipheny! to a dihydro-dihydroxybiphenyl which,
in this case, was identified to be ¢js-2,3-dihydro-
2,3-dihydroxy-biphenyl (cis-2,3-dihydroxy-1-
phenylcy clohexa-4,6-diene).** It is interesting to
note that in this and other cases?® of oxidation of
aromatic compounds by microorganisms, a cis-diol
is formed whereas mammals oxidize aromatic
hydrocarbons to arene oxides which yield trans

diols by enzymatic hydration.
Cis-2,3-dihydro-2,3-dihydroxybiphenyl is
further converted to 2,3-dihydroxybiphenyl by a
cell-free extract of the Beijerinckia species and cell
extracts from wild type strain of Beijerinckia
oxidized this compound to a yellow product
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Pseudomonas
putida

Beijerinckia
species
NAD*
gram-negative Beijerinckia
bacteria NADH, celi free extract

FIGURE 12.

whose spectral characteristics were identical to
those reported for a-hydroxy-B-phenylmuconic
semialdehyde.

A hydroxylated biphenyl, the fungicide
2-hydroxybiphenyl, was converted to 2,5-
dihydroxy-biphenyl and 2,5-6-trihydroxybiphenyl
by a pigmented strain of Mucor (Figure 13).%*

To date, only two reports on the metabolism of
individual chlorobiphenyls by pure cultures of
microorganisms appeared in the literature.

The product formed by the action of Rhizopus
Japonicus on titrated 4-chlorobipheny! in shaken
culture was shown to be 4-chloro-4-hydroxy-
biphenyl (Figure 14) by mass spectrometry
(Chapter 8) proton magnetic resonance spectro-
scopy (Chapter 9) and comparison with synthetic
material (Chapter 4).°° 4 4'-Dichlorobiphenyl
(*H) gave a product whose chromatographic
properties indicated the presence of a hydroxy
group. Several isomeric dichlorobiphenyls similarly
gave products with properties of hydroxybi-

phenyls when incubated with pure cultures of

HO

COOH |O|
CHO -_—> Q CH,CCOOH

Metabolic conversion of biphenyl by several microorganisms.

ey

HO OH

FIGURE 3. Metabolic conversion of
biphenyl by a pigmented strain of Mucor.

2-hydroxy-

organisms isolated from soil®' but the structures
of these products have not been elucidated yet.

Two species of Achromobacter were isolated
from sewage effluent using bipheny! and 4-chloro-
biphenyl as the sole carbon sources.! Suspensions
of washed cells of both isolates were able to
oxidize a number of aromatic compounds
including 2-, 3-, and 4-chlorobiphenyl and 2,2'-
and 4,4'-dichlorobiphenyl. Compounds isolated
and identified were benzoic acid from biphenyl
and 4-chlorobenzoic acid from 4-chlorobiphenyl
(Figure 14). Spectroscopic evidence was produced
in favor of intermediates produced by cleavage of
one benzene ring. No chloride ion was produced
by either isolate during the degradation of all
chlorobiphenyls tested.
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Chapter 8

MASS SPECTROMETRY OF CHLOROBIPHENYLS

Mass spectrometry has been extensively used in
the detection and confirmation of PCB’s in the
environment,>?” and in addition the electron
impact-induced fragmentation reactions of pure
isomeric chlorobiphenyls have also been examined.
The mass spectra of chlorinated biphenyls exhibit
two important features:

1. Most of the compounds give relatively
intense molecular and M-707¥ jonic species and in
addition their doubly-charged ions are also
observed. Since these species contain a large
percentage of the ion current this greatly facil-
itates identification of PCB residues at low concen-
tration levels.

2. The highly characteristic isotopic distri-
bution of chlorine atoms (i.e., 75.8% 35Cl and
24.2% 37Cl) permits easy recognition of com-
pounds which contain one or more of these atoms.
Thus the mass spectrum of 4-chlorobiphenyl
exhibits molecular ion species at m/e 188
(C12Ho3%Cl) and m/e 190 (C,,Hy*7Cl) with the
ratio [m/e 188]/[m/e 190] = 3:1 as predicted
from the natural isotopic distribution of the two

chlorine isotopes. Similarly all the fragment ions
which contain a Cl moiety give an analagous
isotope distribution pattern. Figure 1 shows the
calculated abundance ratios for molecules
containing up to 15 chlorine atoms/molecule.'?
The above abundance ratios are highly charac-
teristic and facilitate the identification of PCB’s by
mass spectrometry.

Mass Spectra of Individual Chlorobiphenyls

In order to understand the relatively complex
mass spectra of commercial Aroclor mixtures, the
mass spectra of the isomeric chlorobiphenyls and
several di-, tri-, tetra-, hexa-, and octachloro-
biphenyl isomers have been studied in detail.?*+2¢
In addition, spectra of penta-, hepta-, nona-, and
decachlorobiphenyl have also been reported”? and
representative spectra of the chlorobiphenyls are
shown (Figures 2 — 6). The primary ion mass
spectra of o-, m-, and p-chlorobiphenyl were all
similar (Table 1) and the results suggested that
their decomposing molecular ions were of similar
internal energies with resultant substituent (i.e.,
Cl) scrambling in the substituted ring. The frag-

I Cl 2 CI 3Ci 4 ClI 5 Cl
b b b o
6 Cl 7 Ci 8 Ci 9 Ci 10 ClI
.!”‘l J”‘I.. ML I” L 1” ll..
1nci 12 ¢l 13 CI 14 Cl 15 Cl
FIGURE 1. Calculated Cl abundance ratios for compound containing1 to
15 Cl atoms..
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FIGURE 2. Top, mass spectrum 3,4-dichlorobiphenyl; bottom, mass spectrum 2,2’ ,4-trichlorobiphenyl.

TABLE 1
Mass Spectral Data for the Mono-, Di, and
Tetrachlorobipheny! Isomers
fon Abundances
Compound Mt M-35 M-36 M-70

2-chloro 100 12 27 -
3-chloro 100 10 27 -
4-chioro 100 12 25 -
4 4'ichloro 100 14 6.0 38
3.3'-dichloro 100 1.4 6.1 38
3.4-dichioro 100 1.5 6.7 35
2 4dichloro 100 1.5 7.2 39
2,2'dichloro 100 2.8 7.5 79
2,6-dichloro 100 24 6.3 35
3,3',5,5 tetrachloro 100 1.0 50 33
2,3,4,5-tetrachloro 100 1.0 40 38
2,3,5,6-tetrachloro 100 1.5 3.0 44
2,2' 4 4'-tetrachloro 100 4.0 2.5 56
3,3',4 4'-tetrachloro 100 0.5 1.0 30
2,2',5.5'-tetrachloro 100 13 50 71
2,2',6,6'-tetrachloro 100 20 2.0 75
2,3',4 4'-tetrachloro 100 0.5 20 35
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mentation pattern of the PCB isomers featured
successive expulsion of Cl atoms with the odd-
electron species (i.e., MY, M-Cl,7%, M-Cl,7* etc.)
being more abundant than the even-electron ions
(ie., MCI™, MCl3; ™, M-Cls™ etc). In addition,
the elimination of Cl, from the odd-electron ions
was also observed and this elimination from the
molecular ions is accompanied by the appropriate
metastable ions. A general fragmentation scheme is
shown (Equation 1) as well as fragmentation
schemes for the di-, tetra-, and hexachlorobiphenyl
isomers (Equations 2 — 4) and it should also be
noted that for the less chlorinated isomers the
expulsion of HCI from many of the ions was also
noted. The mass spectral and metastable ion data
for a series of isomeric mono-, di-, tetra-, and
hexachlorobiphenyls are given (Table 1) and the
data showed some marked differences in the
spectra of the various isomers. In addition, the ion
abundance data obtained for other chlorinated
biphenyls are shown (Table 2). The mass spectral
and metastable ion data (Table 3) suggested that
the decomposing molecular ions for the 4.4,
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nonachlorobiphenyl

3,3'-, 3,4, and 2,4-dichlorobiphenyls were energet-
ically similar and markedly different from the 2,2
and 2,6-dichlorobiphenyl isomers. The 3,3',5,5"-,
2,3,4,5-, 3,3',4,4'-, and 2,3'4,4'-
tetrachlorobiphenyl isomers also gave similar mass
spectra and the metastable ion data suggested that
their respective decomposing molecular ions were
energetically similar to apparent chlorine
scrambling over the entire biphenyl nucleus. The
(metastable ion)/(daughter ion) ratios for the
2,2'44-, 2356-, 22'55- and 22.66"-
tetrachlorobiphenyls were all different from the
above and clearly have retained some substituent
identity in their decomposing molecular ions. All
the di- and tetrachlorobiphenyl isomers which
have retained their substituent identity contain
two or more chloro substituents ortho the
biphenyl ring junction. Other spectroscopic studies
have shown that there is considerable steric hind-
rance to rotation with ortho substituted biphenyl
moieties and in addition this steric effect also
prevents coplanarity between the two phenyl

154 The Chemistry of PCB’s

rings. Thus, it was evident that this ground state
effect is still retained by the highly energetic ions
produced upon electron impact.

The ion kinetic energy (IKE) spectrum of the
di-, tetra-, and hexachlorobiphenyl isomers (11, 1V,
and V) have also been reported (Table 4).2* TIKE
spectroscopy is a technique which records the
ionic decompositions which occur in the first
field-free region of the mass spectrometer prior to
the electric sector.®»? The main ion beam which
passes through the electric sector is transmitted at
specific electric sector voltage (i.e., 100% E).
However, ions which have undergone unimolecular
decompositions in the first field-free region (i.e.,
m;* = my" + my) are less energetic than the
unreacted species and are not transmitted through
the electric sector at 100% E. However, if the
electric sector voltage is scanned from 100% to O
E, these less energetic daughter ions (i.e., m, ") are
transmitted at a specific fractional energy, m,/m,
x 100% E. These ionic species thus pass through
the electric sector exit slit (i.e., B slit) and can be
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Mass
M
M:-35
M:-36
M:70
M:-71
M=-105
M*-106
M*-140
M:-141
M*-175
M*-176
M:-210
M:-211
M*-245
M*-246

Mass Spectral Data of Tri-, Hexa-, Octa-, and Deca-chlorobiphenylis

TABLE

2

Relative ion intensities

I11a HiIb Va

100 100 100

{ i 2
5 4 3
36 35 52
2 2 ~0
6 7 5
10 9 7
22

2

Vb

100

56
~0

19
2

Ve

100
2

1
54
~0
3

7
22
3

*

vd

100

Ve

*Doubly charged ions make measurement difficult below this mass.

(Metastable Ion)/(Daughter Ion) Ratios for the Di- and Tetrachlorobiphenyl

Isomers

Compound

(a) 4.4'-dichloro
3,3'-dichloro
3 4-dichloro
2 4-dichloro
2,2"-dichloro
2,6-dichloro

(b) 3,3,5,5 -tetrachloro

2,3,4,5-tetrachloro
2,3,5,6-tetrachloro
2,2' 4,4 -tetrachloro
3,3’ 4,4"-tetrachloro
2,2,5,5-tetrachloro
2,2',6,6'-1etrachloro
2,3,4,4'tetrachloro

TABLE

Im}]
{mje 1871
70 eV

15.5
15.5
16.0
17.0
5.1
100

[m#]
1mje 185]

70 eV

6.7
6.7
6.8
6.6
6.6
6.5
6.5
6.4

3

x1

OJ

Ratios

20 eV

13.5
120
13.0

1

4.0
4.0

27.0

x 103

20 eV

6.6
6.9
6.8
6.6
6.6
6.9
6.7
6.6

Vib
100
11

S3
~0

w
NN W RS

[mje 152

70 eV

2.1
22
23
23
180
100

[m}]

{mje 290]

70 eV

0.75
0.8
0.2
<0.01
0.8
<0.01
<0.01
0.8

Vie

100

45
~0

29
~1

m
e 1837 *10°

20 eV

ROV

1
1
1
1
110
100

x 10°

20 eV

0.75
0.8
0.2
<0.01
0.8
<0.01
<0.01
0.8

Vil
100
~0

65
~0
~0
~0
~0

32
~0
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f;2,2/5,8
g;2,2/8,6°
h;2,3 4.4

duly detected and recorded. The position of the
IKE peaks can then be readily correlated with
possible fragmentation pathways. The results
which have been reported for the PCB isomers
(Table 4, Figures 7, 8, and 9) confirm the
fragmentation pathways previously deduced from
their corresponding primary ion mass spectra and
metastable ion data. The data clearly indicated
that the relative peak abundances were different
for each isomer thus indicating possible analytical
applications for this technique in the structure
analysis of PCB isomers. Since the molecular ions
of both the di- and tetrachlorobiphenyl isomers
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D

Cl I Cl

2 3
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a;2,4,6
b;2.,4,4
R cl
/\l Cl AN\ CI
AN Cl . Cl
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Z I \C'a cl 7 |CI
\/ Ch . _“CI
c ci
Vi vil

a:2,2,3,3,4,4,6,6

g rd o’ Cd
b; 2,273,374,4,5,8
c;2,2;3,3/8,676,6

fragment with loss of both Cl- and Cl, the ratios
of these two ionic decomposition peaks (i.e.,
{0.842 E]/[0.685 E], for the dichloro isomers and
[0.879 E]/[0.761 E] for the tetrachloro isomers)
are a measure of the relative reactivity of their
corresponding decomposing molecular ions. The
ratios obtained were different for all the isomers
thus indicating energetically dissimilar decom-
posing molecular ions and incomplete substituent
randomization. These results thus explain why the
spectra of all the isomers are different and show a
contrast in the results obtained from the first and
second field-free regions of the mass spectrometer.
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FIGURE 7. lon kinetic energy spectrum of 2,4-dichlorobiphenyl.
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FIGURE 8. lon kinetic energy spectrum of 3,3’ ,4,4"-tetrachlorobiphenyl.
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FIGURE 9. Ion kinetic energy spectrum of 3,3’,4,4',5,5"-hexachlorobiphenyl.

Mass Spectra of Commercial Aroclor Samples

Commercial Aroclor preparations are sold by
several companies and are graded according to
their % chlorine (see Table 2 Chapter 2). The
analysis of several commercial Aroclors has been
reported?:2':29>3%:35 and the various GC frac-
tions have been analyzed using mass spectrometry
to determine the molecular weight and elemental
composition of the various fractions. Since
analysis of environmental samples by mass spec-
trometry is useful in confirming the presence of
PCB’s it was of interest to examine the mass
spectra of the commercial Aroclor samples (see
Figure 10). The spectra of the PCB mixtures are
distinctive and reflect the chlorine content of
these samples with the higher molecular weight
species giving much more abundant ions in the
chlorine-rich preparation (i.e., Aroclor 1254) than
in the lower chlorinated Aroclor mixture. These
mass spectra reflected the data obtained for the
pure PCB isomers since the spectra clearly exhibited
strong molecular ions and their corresponding
odd-electron (ie., M-Cl,7%) species were also
relatively abundant.

The detection of PCB’s in the environment'’
has been confirmed by mass spectrometry in a
number of studies in which the appropriate GC
peaks have been shown to be composed of

chlorinated biphenyl isomers(s).' **>!8:29:33 The
identification of PCB’s in pesticide mixtures was
readily effected using GC/MS linked with appro-
priate computer facilities.*>®*! PCB’s have pre-
viously been shown to have gas chromatographic
properties similar to several chlorinated insecti-
cides. Several PCB peaks overlap the region of the
chromatogram in which the DDT degradation
product p,p’-DDD is eluted; however, with com-
puter assisted GC/MS analysis the spectra of
p,p'-DDD (M* 318), hexachlorobiphenyl (M* 358)
and a heptachlorobiphenyl (M* 392) were
obtained with only minimal cross-contamination
of the spectra.

The relatively large mass deficiencies of both
the chlorine isotopes (**Cl = -32 mmu, *7Cl =
-34.1 mmu) cause the exact masses of ions which
contain chlorine to be usually less than other ions
of the same nominal m/e value which contain only
isotopes of C, H, N, or O, the elements most
commonly present in samples of biological origin
(c.g., Table 5). Using the high resolution photo-
plate technique,'® this permits the detection of
trace quantities of organochlorine compounds (e.g.,
pesticides or pollutants) in the presence of large
quantities of coextracted natural products which
are primarily composed of the elements C, H, N,
and O. Typically the ion beam from a particular
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FIGURE 10. Top, mass spectrum of Aroclor 1242; bottom, mass spectrum of Aroclor 1254.

sample is allowed to impinge on a photographic
plate for specific exposure periods. In addition, a
standard can be appropriately superimposed on a
plate in order to facilitate high resolution mass
measurements. Recent results' ¢ are illustrated in
Figure 11 in which tetrachlorobiphenyl has been
detected in a crude hexane extract of human brain
tissue. Using this technique, PCB’s have been
detected in marine wildlife, human tissue and
breast milk samples.!

Mass Spectra of Photolysis and Metabolic Products
of Chlorobiphenyls

The photolysis of pure PCB isomers and
Aroclor mixtures yielded a large number of prod-
ucts which were conveniently analyzed by MS and
GC/MS techniques. The first such study was
reported by Safe and Hutzinger®® in which they
reported that the photolysis of 2,2',4,4',6,6"-hexa-
chlorobiphenyl resulted in the formation of a
number of dechlorinated products whose composi-
tion was determined by their mass spectra (see
Table 6). Other groups have since reported similar
results.®>10:14:23

A number of isomeric chlorobiphenyls as well
as Aroclor 12544 have been photolyzed under a

162 The Chemistry of PCB’s

variety of conditions and the photoproducts were
examined by MS analysis. Photolysis in nonhy-
droxylic solvents (i.e., hexane) gave the usual
range of dechlorinated photoproducts, however,
under aerobic conditions in the presence of hy-
droxylic solvents a number of oxygenated species
were identified. Examination of the polar products
from the Aroclor 1254 irradiation by MS analysis
indicated formation of both hydrolysis and hy-
drated products (see Figure 12)'4.

Hutzinger and co-workers have investigated the
metabolism of several PCB isomers in fish, rats,
and pigeons.' ' ' The products were purified by
chromatography and analyzed by mass spectrom-
etry. The mass spectral analysis showed conversion
of mono-, di-, and tetrachlorobiphenyl isomers
into their corresponding mono-hydroxy derivatives
in the rat and the pigeons and traces of dihydroxy
metabolite were also detected by MS (Figure 13). It
was interesting to note that no hydroxylation of
any of the isomers was observed with the fish nor
was 2,2',4.4" 5,5 -hexachlorobiphenyl oxidized by
any of the animals used in the study. Recent work
has also been carried out with rabbits and micro-
organisms and again MS analysis has revealed the
formation of chlorohydroxybiphenyls.! ¢33 Ip
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FIGURE 11. Partial mass spectrum of crude hexane
extracts of human brain tissue.

addition, the crude extract from rabbit urine has
been examined using the high resolution photo-
plate technique and the results are shown (Figure
14). The rabbits were dosed with22,/44,'55, -
hexachlorobiphenyl and the results indicated the
presence of a hexachlorohydroxybiphenyl, a
pentachlorohydroxybiphenyl, and a pentachloro-
hydroxymethoxybiphenyl. The detection of the
latter compound was only observed on the photo-
plate since the small quantities present were
insufficient to detect it via the conventional
electrical scans.

It has been shown that dansylation of hydroxy-
biphenyls and chlorohydroxybiphenyls enhances
the chromatographic detection of these com-
pounds as well as giving useful and characteristic
mass spectra. Using this technique,'® it was
possible to detect trace quantities of a dichlorodi-
hydroxybiphenyl metabolite from rat urine as the
didansyl derivative and the mass spectrum of this
derivative (Figure 15) confirmed the presence of
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the metabolite. Similarly, the dichlorohydroxybi-
phenyl metabolite from rat urine was also detected
and confirmed using the dansyl method (Figure
16).

Application of Chemical lIonization Mass
Spectrometry to the Analysis of Chlorobiphenyls

Chemical ionization (CI) mass spectrometry
introduces a further simplification in PCB analysis.
CI takes place at relatively high pressures (ca. | mm
Hg) in which a reactant gas (e. g., methane) is first
ionized and these species react with the sample
molecules which are in turn ionized as a result of
this ion molecule reaction. This method of ion
formation is generally known as a soft-ionization
process and usually results in the formation of
abundant high molecular weight ionic species (e.g.,
molecular or quasi-molecular ions) and very few
fragment ions.

This technique has been applied to the GC/MS
analysis of Aroclor 1254.%2 A total ion chromato-
gram from the CI GC/MS analysis of the Aroclor
mixture is shown (Figure 17a) and MS analysis of
several of the peaks revealed two and three
components were often present. The symmetrical
peak between fractions 79 and 85 was examined in
detail and spectrum number 82 is shown (Figure
17b) and clearly indicated the presence of both
penta- and hexachlorobiphenyls. Because methane
was used as the reactant gas, the [M + 20] *and [M
+ 411" ions are present as well as the respective [M
+1]" due to the addition of C,Hs" and C3Hs" to
the molecular species. It was also evident that the
fragment ions of these biphenyl isomers were not
evident in the low mass region of the spectrum.

Mass Spectra of Chlorohydroxybiphenyls

The mass spectra of chlorohydroxybiphenyls,
the major PCB metabolites, have not been report-
ed in the literature; however, the authors have
examined the mass and IKE spectra of two
representative compounds, 3,5-dichloro4-
hydroxybiphenyl and 4,4'-dichloro-3-hydroxy-
biphenyl. A summary of the results is shown in
Table 7 and the data indicated some quantitative
differences in the spectra. The table also indicates
the fragmentation reactions which occur and
typical loss of (H)Cl, (H)CO and Cl, are observed
as well as elimination of CICO from the m/e 202
ion. This latter reaction has also been noted in the
fragmentation of isomeric dichlorophenols.?”
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FIGURE 15. Mass spectrum of the dansyl derivative of a dihydroxy PCB metabolite.
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FIGURE 16. Mass spectrum of the dansyl derivative of the PCB metabolite 4,4-dichloro-3-
hydroxybiphenyl.
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FIGURE 17a. Total ion chromatogram of Aroclor 1254.
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FIGURE 17b. Chemical ionization mass spectrum of fraction 82 (i.e., Figure 17a).
TABLE 7
Mass and IKE Spectral Data for Dichlorohydroxybiphenyls
Ion Abundances
Compound M/E
238 209 202 173 168 167 149 139
3,5-Dichloro4-
hydroxybiphenyl 100 2 2 6 4 2 3 85
4 4'-Dichloro-3-
hydroxybiphenyl 100 2 2 3 7 0.5 3 26
Peak Abundances x 10°
(E)
0.876 0849 0.829 0.795 0.733 0.704 0.684 0.582
4 4'-Dichloro-3-
hydroxybiphenyl 1.1 7.9 8.5 6.8 6.7 5.5 2.7 6.0
3,5-Dichloro4-
hydroxybipheny! 1.5 8.9 6.8 7.0 3.3 1.8 6.1 10.3

238 — 209 (.876 E)
238 - 202 (849 E)
209 - 273 (.829 E)
173 - 138 (785 E)

Plasma Chromatography of Chlorobiphenyls
Plasma chromatography uses a ¢ *Ni radioactive
beta source to create ions which in turn react with
trace constituents which are separated via gas
chromatography. The resulting ion-molecules
(positive and negative) which form are then
separated and detected. The separated complexes
appear as recorded plasmagrams of separated
ion-molecule peaks and mass identification of
these peaks has been achieved by mass spectro-

168 The Chemistry of PCB’s

238 = 173 (733 E)
238 — 168 (.704 E)
202 - 139 (.684 E)
238139 (.582 E)

metric analysis. Composite negative and positive
plasmagrams for several isomeric PCB’s are shown
(Figure 18).'8>'°

All the plasmagrams produced for the PCB
compounds are quite simple. In cases in which a
PCB-ion complex is formed, a single peak appears
in the plasmagram. When a high reactivity in the
positive mode is indicated by a strong plasmagram,
little or nothing appears in the negative plasma-
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FIGURE 18. Top, negative plasmagrams for six PCB isomers; bottom, positive plasmagrams

for six PCB isomers.

gram and this reactivity appears to be characteris-
tic of the PCB compounds with lesser chlorine
content. At the highest chlorine content of the
PCB, the plasmagrams show exactly the opposite
effect. That this is a consistent trend can be seen
by the composite of the positive and the negative

plasmagrams (Figure 18) for all six PCB com-
pounds. Taken together, the positive and negative
plasmagrams for a given compound comprise a
unique set of “fingerprint” patterns for that
compound and peaks occur in the plasmagram well
resolved from each other.
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Chapter 9

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY OF CHLOROBIPHENYLS

Nuclear magnetic resonance (NMR) spectros-
copy has been a useful technique for determining
the precise structure of the components of the
commercial Aroclors. NMR spectra have also been
used in establishing the identity of PCB metabo-
lites and, in addition, the spectra of several
synthetic chlorohydroxybiphenyl isomers have
also been reported. The latter group of compounds
are important as possible PCB metabolites. Many
of the above results have been obtained with 100
and 220 MHz NMR spectrometers which greatly
simplifies interpretation of the spectra since
second order H-H couplings are often minimized
and in many cases eliminated. A further advantage
of NMR analysis is that only relatively small
samples are required since computer averaging
techniques (CAT) can be used with microsamples.

Proton Magnetic Resonance (PMR) Spectra of
Individual Chlorobiphenyls

Tarpley and Goldstein'” and others
1271422 have reported the 60 MHz PMR of
several chlorobiphenyl isomers and more recently
Sissons and Welti' ®>2! have published the 220
MHz spectra of a range of chlorobiphenyls many
of which have been identified as components of
commercial Aroclor samples. The proton chemical
shifts and coupling constants for some of the
major PCB components of Aroclor 1254 are given
in Table 1 and the simulated 220 MHz NMR
spectra are shown in Figures 1, 2, and 3. In
addition Sissons and Welti?! have also reported
the spectra of 17 synthetic PCB standards and the
chemical shifts and coupling constants for these
compounds are given in Table 2.

The chemical shift values for the protons on a
chlorinated biphenyl ring nucleus are influenced
by a number of factors.

2-4,10,

1. The position of the proton with respect
to the chlorine groups present;

2. The numbers of chlorine atoms in both
phenyl rings and particularly the number of
chlorine atoms at the 2,2,6 and 6' positions; and

3. The electronic effect of the chlorine
substituents on the biphenyl bridge.

The influence of chlorine atoms on the chemi-
cal shifts of aromatic protons is a well-studied
effect. Introduction of chlorine groups into the
benzenoid nucleus results in characteristic chemi-
cal shifts of the ortho, meta, and para protons.
The magnitude of the shifts on the above protons
is ca. -0.02, 0.06, and 0.04, respectively, with the
negative value indicating a downfield shift (in
ppm) with respect to the chemical shift (7.27
ppm) of benzene.

The freedom of rotation of the two phenyl
rings is markedly affected by substitution at the
2,2'6, and 6’ positions of the biphenyl nucleus.
Increasing substitution at these positions ortho to
the Ph-Ph bond markedly restricts the freedom of
rotation and distorts the rings out of the coplanar
conformation. The effects of chlorine substitution
at these ortho positions on a 2 (or 6) proton are
summarized in Table 3. The chemical shift values
for the 2 (or 6) proton move upfield by ca. 0.15
ppm values for each Cl atom substituted at the 2’
and 6' positions. The upfield shift of the 2-proton
is diminished when there is a 6-chloro group
present. In this case, with increasing 2’ and 6' Cl
substitution the upfield shift is only 0.05 ppm. It
was also generally observed by Sissons and Welti
that increasing Cl substitution in the other posi-
tions of both rings of the biphenyl nucleus tended
to cause a shift to lower fields and a summary of
some of these data is shown in Table 4. Presum-
ably with increasing 4 and 3,4 substitution the
coplanarity and cross conjugation between the two
phenyl ring is enhanced with the chemical shift
values of the remaining protons moving to lower
fields.

Recent work by Tas and co-workers'? has
established the structures of several major com-
ponents of Phenochlor DP6 using, among other
techniques, PMR analysis. The compounds identi-
fied in this fashion were 2.2' 4,4’ 5.5 -hexachloro-
biphenyl, 2,2',3,4,4' 5 -hexachlorobiphenyl,
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TABLE 1

Chemical Shifts (6 ppm) and Approximate Coupling Constants (Hz) of Major PCB
Components of Aroclor 1254

Chemical shifts Coupling constants

Proton D1, C,Cl, Protons CDCl, C,Cl,

2,2',5,5'-Tetrachlorobiphenyl (Peak 22) MS shows 4 Cl atoms

3and 3’ 7.383 7.333 J(34) ~8.5 ~8.0
4 and 4’ 7.305 7.250 J(3,6) unresolved  unresolved
6and 6' Coincident with CHCl, 7.210 J(4,6) ~2.5 ~2.3

line (~7.250)

2,2'.3',5,6"-Pentachlorobipheny! (Peak 25) MS shows 5 Cl atoms

3 7.425 7.363 J(3.4) ~8.8 ~9.3

4 7.342 7.281 J(3,6) unresolved  unresolved
6 7.170 7.155 J(4.6) ~2.1 ~2.2

4 7.346 7279 J@4'.5) ~8.8 ~8.7

s 7.449 7.386

2,2'.4',5,5'-Pentachlorobiphenyl (Peak 39) MS shows 5 Cl atoms

3 7.394 7.342 J(34) ~8.6 ~8.6

4 7.323 7.267 J(3,6) unresolved  unresolved
6 7.217 7.206 J(4,6) ~2.3 ~2.5

3 7.579 7.541 J(3',6') unresolved unresolved
6 7.339 7.311

2,4-2' 4’ 5'-Pentachlorobiphenyl (Pcak 41) MS shows S Cl atoms

3 7.486 7461 J(3,5) ~2.0 ~2.0

S 7.303 7.250 J(@3,6) unresolved  unresolved
6 7.150 7.112  J(5,6) ~8.0 ~8.0

3 7.575 7.534 J(3',6') unresolved unresolved
6 7.325 7.307

2,5-2',3' 4'-Pentachlorobiphenyl (Peak 43) MS shows 5 Cl atoms

3 7.391 7.335 J3.4) ~8.5 ~8.5

4 7.313 7.255 J(3,6) unresolved  unresolved
6 7.201 7.191 J4,6) ~2.5 ~2.0

s 7.432 7.362  J(5',6") ~8.3 ~8.3

6 7.080 7.022

3,4-2',3’,6'-Pentachlorobiphenyl (Peak 44) MS shows 5 Cl atoms

2 7.322 7291 J(2,5) unresolved  unresolved
S 7.533 7498 J(2.,6) ~2.0 ~2

6 7.059 7.005 J(5.6) ~8.4 ~8

4’ 7.335 7.267 J4'.5") ~8.7 ~8.5

s 7.424 7.351

2,3,6-2',4',5'-Hexachlorobiphenyl (Peak 48) MS shows 6 Cl atoms

4 7.347 7.278 J(@A4,5) ~8.3 ~9

5 7.463 7.401 J(3,6') unresolved unresolved
3 7.614 7.566

6 7.280 7.243

2,3,4-2",3',6’-Hexachlorobiphenyl (Peak 50) MS shows 6 Cl atoms

5 7.481 J(5,6) ~8.5

6 7.027 J(4,5) ~8.3

4’ 7.350

5 7.458

The Chemistry of PCB’s



TABLE 1 (Continued)

Chemical Shifts (5 ppm) and Approximate Coupling Constants (Hz) of Major PCB

Components of Aroclor 1254

Chemical shifts

Coupling constants

Proton CDCl, C,Cl, Protons CDCl, C,Cl,
3,4-2',4’,5'-Pentachlorobiphenyl (Peak 52) MS shows 5 Cl atoms
2 7.468 7.457 J(2,5) unresolved  unresolved
5 7.490 7433 J(Q2,6) ~2.4 ~2.0
6 7.220 7.181 J(5,6) ~8.4 ~8.5
3 7.565 7.530 J(3',6') unresolved unresolved
6 7.380 7.355
3,4-2',3' 4'-Pentachlorobiphenyl (Peak 55) MS shows § Cl atoms
2 7443 J(2,5) unresolved
5 7.440 J(2,6) ~2
6 7170 J(5.6) ~8
5 7.365 J(5'.6") ~8
6’ 7.074
2,4,5=2' 4’ 5'-Hexachlorobiphenyl (Peak 56) MS shows 6 Cl atoms
3and 3’ 7.571 7.545 J(3,6) unresolved  unresolved
6 and 6’ 7.323 7.295
2,3,4-2'.,4',5'-Hexachlorobiphenyl (Peak 59) MS shows 6 Cl atoms
5 7.449 7.377  J(5,6) ~8 ~8.5
6 7.074 7.020 J(3',6") unresolved unresolved
3 7.586 7.545
6 7.318 7.295
2.3,4-2',3' ,4'-Hexachlorobiphenyl (Peak 62) MS shows 6 Cl atoms
Sand §' 7.011  J(5,6) ~8
6and 6 7.372
3,4-2',3' 4’ 5'-Hexachlorobiphenyl (Peak 67) MS shows 6 Cl atoms
2 7442 J(2,5) unresolved
5 7.450 J(2,6) ~2.3
6 7.165 J(5,6) ~8.2
6 7.305
2,3,4-2',3',4',5'-Heptachlorobiphenyl (Peak 69) MS shows 7 Cl atoms
5 7.395  J(5,6) ~8.3
6 7.014

6 7.250

2,2',3,3',6,6"-hexachlorobiphenyl, 2,2',3,4',5'6-
hexachlorobiphenyl, 2,2,3,4,4°,5,5"-heptachloro-
biphenyl, 2,2'.3,3'4,4" 5 heptachlorobiphenyl,
and 2,2',3,3' 4,5,6-heptachlorobiphenyl. Similarly
Bartle' has also identified 2,2',5,5'-tetrachloro-
biphenyl and 2,2',3,4.4',5 -hexachlorobiphenyl
from a commercial Clophen sample by PMR
analysis.

PMR Spectra of Commercial Aroclors
The PMR spectra of four commercial Aroclor

samples are shown in Figures 4 and 5 and although
the spectra are significantly different the com-
plexity of the samples precludes any chemical shift
assignments.*

PMR Spectra of Hydroxylated Chlorobiphenyls
Recent work by Hutzinger and co-workers®>
7520 has shown that hydroxylated chlorinated
biphenyls are the most common PCB metabolites
produced by a wide variety of biological systems
(mammals, fish, birds, and microorganisms). In
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FIGURE 1. Simulated 220 MHz spectra of (a) 2,2',5,5'-tetrachlo-
robiphenyl; (b) 2,2,3',5,6'-pentachlorobiphenyl; (¢) 2,2°,4°.5,5'-
pentachlorobiphenyl; (d) 2,2'4,4',5'-pentachlorobiphenyl; and (e)
2,2",3',4' S-pentachlorobiphenyl.
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Simulated 220 MHz spectra of (k) 2,2',3,4,4',5,5"-
2,2°,3,3" 4 4’-hexachlorobiphenyl;

(m)

2,3,3",4,4',5"-hexachlorobiphenyl; and (n) 2,2,3,3',4,4' 5-hepta-

chlorobiphenyl.

addition, it has also been shown that irradiation of
PCB isomers and Aroclor®>®+'® samples all yield
products whose mass spectra are consistent with
the chlorohydroxybiphenyl structure. When rats
are fed 4-chlorobiphenyl and 4,4'-dichlorobi-
phenyl, each isomer is converted into an hydroxy
metabolite. The PMR spectra of the acetate

176 The Chemistry of PCB’s

derivatives of these two metabolites are shown
(Figures 6 and 7) and the structures could be
assigned as indicated (i.e., 4-chloro-4-hydroxy-
biphenyl and 4,4'-dichloro-3-hydroxybiphenyl,
respectively). Since the identification of hydroxy-
lated PCB isomers is greatly facilitated by their
respective PMR spectra, a number of these com-



Chemical Shifts and Coupling Constants for 17 Synthetic Standard PCB Isomers

Compound

4-Chlorobiphenyl

2,4-Dichlorobiphenyl

4,4'-Dichlorobiphenyl

2,6-Dichlorobiphenyl

2,2'-Dichlorobiphenyl

3,3'-Dichlorobiphenyl

3,4-Dichlorobiphenyl

2,4 4'-Trichlorobiphenyl

TABLE 2

',31,4,,51,6l

[&, )

W o
“n oy

Chemical
shift (ppm)

7.38
7.49
7.53
742
7.33

7.43

7.23

7.21
Not assigned

745
7.39

7.33
7.14
7.22
740
7.38

7.44
7.30
7.28
7.23

751
7.32
7.35
7.40

7.61
7.44
7.35
748
7.40
1.34

146
7.27
7.21
7.31
7.38

Coupling

constants (Hz)

133=75.6~8.2
72.5273.6~0.1
J26=735~25
72,375 6~7.9
Iy ady g~17
Iy 5'=13 6'~0.5
2 6'~2.0

I3 a=dg 573
I3 5'=1.8

J35~2.0
43,6~0.5
J56~83

J23</56~8.3
J2,6=73,5~2.2

J34='45~78

Iy 3'=Is' 6'~16
Iy 4'=4' 6'~1.0
Jy 5'=13 6'~0.5
Iy 6'=I3 5~12
I3 a=dq 5~52

I34=73" 4'~6.9
Iy 5'=I3 523
J36=73' 6'~0.3
J4 5294 5'~73
J4.6=74'6'~2.3
I5.6=7s' 6'~7.3

Jr4=12 4'~19
J2,5=02 5'~0.5
J26=12' 6'~1.6
J4.5=74" 5'~8.1
J46=74' 6'~1.9
I56=75" 6'~7.4

42,6~2.1
J5.6~8.2

2 3'=/5' 6'~6.9
Iy a=lq 6'~14
12 ,5'=3 6'~0.6
I26'~2.0

Iy a=la 5'=12
I3 5'=1.8

J35~2.2
J5.6~8.0
23295 6'=8-9

I 503 6'=0-0.5

I26'=I3 5'~2
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TABLE 2 (Continued)

Chemical Shifts and Coupling Constants for 17 Synthetic Standard PCB Isomers

Chemical Coupling
Compound Proton shift (ppm) constants (Hz)
2,4,6-Trichlorobiphenyl 3,5 7.41 Iy 3’5 6'~8.1
2.6 7.21 Iy 4=ty 6'~14
3.5 7.45 J25'=I3' 6'~0.2
4 7.41 I3 4=y 574
Jy6'~2.1
I3 5'~1.2
J3.5'=0
2,4,4",6-Tetrachlorobiphenyl 2'6' 7.15 J2.3'=I5 6'~8.6
3.5 742 Iy 5=3 6'~0.2
3, 741 J2'6'~2.0
I3 5'~2 1
J3,5=0
2,3,4,5-Tetrachlorobiphenyl 6 7.35 I 3'=J5 6" ~8.2
2.6 7.33 Jya=da 6 ~1.7
3. 7.40 Iy 5203 6'~0.1
'y 7.38 Jy6'~1.2
I3’ 4'=74' 5'~8.0
J35'~2.2
2,3,5,6-Tetrachlorobiphenyl 4 7.60 Iy 3'=ls' 6'~8.1
2.6 7.17 Jya=da 6 ~1.1
3.5 7.45 Iy 5'=73 6'~0.3
4 7.42 Jy6'~1.8
I3 4'=Iq 573
I3 5'~1.7
2,2 4.6-Tetrachlorobiphenyl 3 7.50 I3 4'~85
4 7.38 J3'5'~0.8
s’ 7.36 I3 6" ~0.1
6 7.7 J4'5'~7.5
3.5 7.43 Jg 6'~2.0
J5'6'~7.3
J3.5~0
2,2',6,6'-Tetrachiorobiphenyl 3,3’ 741 J34=13" 4'=J4 5=74' 5~8.0
44' 7.29 J3,5=73" 5'~0
5.5 7.41
2.2',4,4"-Tetrachlorobiphenyl 3.3’ 7.47 J35=/3' 5'~2.2
55 7.28 J5.6='5"6'~8.1
6,6' 7.14
3,3’ 4,4'-Tetrachlorobiphenyl 2.2 7.59 J2,6=02' 6'~2.1
5,5 7.49 J56='5'6'~8.4
6,6’ 7.33
2,2'.3.4',5'-Pentachlorobiphenyl 4 7.45 J4,5~7.5
5 7.16 Ja6~1.7
6 7.07 I56~79
3 7.53
6 7.30
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FIGURE 4. Top: NMR spectrum of Aroclor 1242;
bottom: NMR spectrum of Aroclor 1248.
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Aroclor 1260

M,

L L I 1 L 1

8 7 6 5 4 3
PPM(3)

FFIGURE 5. Top: NMR spectrum of Aroclor 1254;
bottom: NMR spectrum of Aroclor 1260.

TABLE 3

Relation of Chemical Shifts of Ortho-protons to Presence of Ortho-chlorine Atoms (CDCI,

Solution)

(a) No ortho-Cl in first ring

No. of ortho-Cl in second ring,

tirst ring 0 1
Phenyl 7.45-7.52 7.33
4-Chloro 7.45--7.49 7.31-7.35
3,4-Dichloro 7.59-7.61 747
4,5-Dichloro 7.33-7.35 7.22

(b) Onc ortho-Cl in first ring

No. of ortho-Cl in second ring

Iirst ring 0 I
2.5-Dichloro - 7.20-7.23
2,4-Dichloro 7.20 7.15
2.3.4-Trichloro 7.08
2,4,5-Trichloro 7.38 7.31-7.34

pounds have been synthesized®and their spectra
are shown in Figures 8 through 15. Assignments of

A A
2 Otol 1to2
7.17-17.21 0.15 0.13
7.15 0.14 0.18
7.32 0.13 0.15
7.06 0.12 0.16
Ave 0.13(5) 0.15(5)
A A
2 Otol 1to2
7.17 0.05
0.05
7.03 0.05
7.28 0.05 0.05
Ave 0.05 0.05

chemical shifts and coupling constants await a
more detailed analysis of these spectra.
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Substitution
in first

ring

None

2-Cl

3l
4-Ct

3.4-DiCl

2,5-DiCl

2,3-DiCl
2,4-DiCl

2,6-DiCl
3,4,5-TriCl
2,3,4-TriCl

2,4,5-TriCl

Comparison of Proton Chemical Shifts (6 ppm) with Varying Substitution in the Second Ring

TABLL 4

Ortho positions in first ring

2,3,4,5-TetraCl

2,3,6-TriCl
2,4,6-TriCl

180 The Chemistry of PCB’s

1y 6
Substitution Substitution
in second in second
CDCl, Cc,Cl, ring CDCI, Cc,Cl, ring
7.17 2,3,5,6
7.21 2,46
7.21 2,6
7.33 2,3,4,5 As for "2’
7.45 -
7.48 34
7.52 4
7.17 24,6
7.23 2
7.51 3 7.40 3
7.15 2,46
7.31 2,4
7.35 2 As for 2’
7.45 4
7.49 —
7.32 7.29 2,3,6 7.06 7.00 2,3,6
7.44 2,345 7.16 2,34,5
7.45 2,34 7.17 234
7.47 7.46 2,4,5 7.22 7.18 245
7.48 2,5 7.20 2,5
7.59 7.57 34 7.33 7.28 34
7.61 - 7.35 -
7.17 7.15 2,3,6
7.20 7.19 2,34
7.21 7.20 24,5
7.23 7.21 2,5
7.11 7.07 24,5
7.15 7.11 2,4
7.15 7.11 24,5
7.20 -
7.21 4
7.41 7.40 24,5 As for '2'
7.03 236
7.01 2,34
7.01 2,345
7.07 7.02 245
7.08 7.02 2,5
7.07 34
7.28 7.25 2,3,6
7.31 7.30 2,34
7.32 7.30 24,5
7.32 7.31 2.4
7.33 7.30 23
7.34 7.31 2,5
7.38 7.35 34
7.38 7.37 34,5
7.25 2,34
7.30 34
7.35 7.35 —



TABLE 4 (Continued)
Comparison of Proton Chemical Shifts (5 ppm) with Varying Substitution in the Second Ring

Meta positions in

first ring Para position in first ring
'3 's' ‘4!
Substitution Substitution Substitution Substitution
in first in second in second in second
ring cpcl,  ¢,a, ring CDCl, Cc,Ql, ring cpa,  C,q, ring
None 7.25 - 7.17 -
7.40 34 7.33 4
7.40 2,6 7.34 34
7.40 2,34,5 As for '3’ 7.38 2,6
7.41 4 7.38 2,345
7.45 24,6 741 24,6
7.45 2,3,5,6 7.42 2,3,5,6
2-C} 7.44 2 7.28 2 7.30 2
7.50 246 7.35 24,6 7.37 2,46
3-C1 7.35 3 7.32 3
4-Q) 7.38 —
7.38 2
7.38 2.4 As for '3’
7.39 4
7.42 2,46
3,4-DiCl 7.44 -
7.49 743 34
749 7.43 24,5
743 2,5
7.44 2,34
745 2,345
7.53 7.46 2,36
2,5-DiCl 7.38 7.33 2,5 7.30 7.25 2,5
7.39 7.34 2,34 7.31 7.25 2,34
7.40 7.34 24,5 7.32 7.27 24,5
7.43 7.36 2,3,6 7.34 7.28 2,3,6
2,3-DiCi 7.25 7.16 245 7.50 7.45 2,45
2.,4-DiCl 7.44 - 7.23 -
7.46 4 7.27 4
7.47 7.45 24 7.28 7.23 24
7.49 7.46 24,5 7.30 7.25 245
2,6-DiCl 7.33 - As for '3’ 7.14 -
7.41 2,6 7.30 2,6
3,4,5-TriCl
2,3,4-TriCl 7.36 34
7.43 7.36 2,5
7.37 2,34
7.45 7.38 245
740 2,345
7.48 2,36
2,4,5-TriCl 7.56 7.53 34
7.57 7.53 23
7.57 7.54 2.4
7.58 7.54 2,5
7.58 7.55 245
7.58 7.55 34,5
7.59 7.55 234
7.61 7.57 2,3,6
2,3,4,5-TetraCl
2,3,6-TriCl 7.42 7.35 34 7.34 7.27 34
7.45 7.38 3,5 7.35 7.28 2,5
746 . 2,34 7.35 7.28 24,5
7.46 7.40 24,5 7.35 2,34
2,4,6-TriC) 7.40 - Asfor '3’

7.40 4 181
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FIGURE 12. NMR spectrum of 2,4"-dichloro-4-hydroxybiphenyl.
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FIGURE 13.  NMR spectrum ot 2,5-dichloro-3"-hydroxybiphenyl.
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FIGURE 14.  NMR spectrum of 2,2',5'-trichloro-4-hydroxybiphenyl.
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FIGURE 15.  NMR spectrum of 3,3'-dichloro-4,4'-dihydroxybiphenyl.
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Chapter 10

ULTRAVIOLET SPECTROSCOPY OF CHLOROBIPHENYLS

Due to the widespread occurrence of PCB in
the environment, therc has recently been consider-
able interest in the spectroscopic properties of
these compounds.®>'®'? The UV spectra of
biphenyl and several substituted biphenyls have
been the subject of a number of investi-
gations.””*>* A number of factors have been
shown to affect the UV absorption bands and
these can be summarized as follows:

1. The nature of the substituent,

2. The location of the substituent,

3. The number of substituents present in the
bipheny! nucleus, and

4. Particularly, the degree of substitution at
the positions ortho to the Ph-Ph bond (ie., 2,2’ .6
and 6' positions).

The UV spectrum of biphenyl features two
important absorption maxima: one at Amax 202
nm (€, 44,000) and a second at Amax 242 nm (e,
17,000). The former band is generally referred to
as the “main band” and the latter is generally
known as the x band which is attributed to the

conjugated biphenyl system with the contributions
of both phenyl rings. The effects of chlorine
substitution on the UV spectrum of biphenyl are
summarized in the data shown in Tables 1 and 2.

Chlorinated Biphenyls with Less than Two
Chlorine Atoms Ortho to the Ph-Ph Bond

The results given in Tables 1 and 2 will be
discussed according to degree of ortho Cl substitu-
tion since this factor markedly affects the UV
spectral features. The data shown in Table 1
indicated that both the number and position of
the Cl substituent caused some significant varia-
tions in the position and intensity of both the
main absorption band and the k band in the UV
spectra.

For the monochlorobiphenyls, the main absorp-
tion band was only slightly changed in comparison
to biphenyl. However, the 4- and 3-chloro groups
induced a marked bathochromic shift of x band
with this shift greater for the para substituent (ca.
13 nm) than for the metasubstituent (ca. 6 nm)
(see Figure 1). The « band for 2-chlorobiphenyl is
shifted to slightly lower wave lengths with a

TABLE 1

UV Spectra of Chlorobiphenyls (None or One Ortho Chlorine)

Chlorinated biphenyl

UV Maxima and Extinction
Coefficients (x 107%)

“Main band”’

Isomer (nm)
4 199 (43.3)
3 205 (42.8)
2 204 (39.2)
4,4’ 200 (41.9)
3,3
2,4 204 (42.2)
2,4,4' 205 (42.5)
2,3'4 210 (44.9)
2,3'4'.5 214 (42.0)
3,3'.4,4'
2,3'4,4'
2,4,4'.5
2,34.4'
2,3'44'5
2,3,3',4,4'
3,3'4.4',5,5 222 (51.7)

x band

(nm) Reference
253 (20.5) 8
248 (16.0) 8
240 (10.2) 8
258 (22.9) 8
248 (23.4) 9
255(12.8) 8
250 (14.8) 8
246 (12.0) 8
248 (11.3) 8
260(22.9) 10
253 (15.9) 10
257 (15.1) 10
250 (12.6) 10
253 (2.5) 10
253 (2.5) 10
265 (27.7) 8
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diminished e value. This effect was undoubtedly
due to some steric inhibition of resonance between
the two phenyl groups with the resultant hypso-
chromic shift and diminished intensity of the
absorption maxima of the conjugation x band.
This effect will be discussed in detail for the more
highly hindered isomers given in Table 2.

Similarly, for the 4,4’- and 3,3"-isomers, the
magnitude of the bathochromic shift for the «
absorption maximum is greater for the para
disubstituted derivative.

For the more highly substituted chlorinated
biphenyl isomers both the main absorption band
and the « band are shifted towards the visible with
increasing Cl substitution (see Figure 2).

Chlorinated Biphenyls with Two or More Chlorine
Atoms Ortho to the Ph-Ph Bond

The spectroscopic properties of the more highly
hindered PCB isomers are shown in Table 2. It has

1 | 1 | | l
200 240 280 320

FIGURE 2. Ultraviolet spectra of 4,4'-dichlorobiphenyl,
3,3',4,4'-tetrachlorobiphenyl and 3,344’55
hexachlorobiphenyl.

been previously shown that introduction of sub-
stituents into the ortho positions (2,2',6', and 6)
of the bipheny! nucleus induces major changes in
the UV absorption spectra.?>*+"»° It is generally
accepted that in the highly hindered ortho-
substituted biphenyls there is a considerable hind-
rance to free rotation which results in the loss of
coplanarity between the two phenyl rings. This
results in a subsequent marked diminution of the
extinction coefficient of the conjugation band (k
band) with a shift of the absorption maxima
towards the ultraviolet. Inspection of the UV
spectra of the more highly substituted chlorinated
biphenyl isomers (Table 2) revealed a number of
useful correlations.

Introduction of two or more ortho chloro
substituents resulted in amarked diminution of the
€ value of the « band which was also shifted to the
ultraviolet. This is seen in the UV spectra of
2,2"-dichlorobiphenyl, 22’44 -biphenyl, and
2,2',5,5"-biphenyl where the absorption maxima
appears as a shoulder on the more intense band in
the 197 to 216 nm region of the spectra. For the
remaining isomers, the x band was not observed
and was completely masked by the above-
mentioned absorption maxima. The effect of
increasing ortho-chlorine substitution is illustrated
in Figure 3 with a series of tetrachlorobiphenyls.

It was also observed that the intensity of the
197 to 216 nm absorption maxima was also
affected by increasing substitution at the ortho
position. The extinction coefficient of this band
for the 2,2 4,4"- and 2,2',5,5 -tetrachlorobiphenyl
isomers was 51,200 and 43 400, respectively, but
the value for the 2,2',6,6"-isomer was 88,900. This
effect was also evident in comparing the
2,2',4,4',5,5'- and 2,2',4,4',6,6'-
hexachlorobiphenyls and the 2,2'3,3'.44'5,5'-
and 2,2',3,3' 4,4’ 6,6"-octachlorobiphenyls.

These highly ortho-substituted PCB isomers
also exhibited a series of weak absorption maxima
between 268 and 302 nm (e.g., Figure 4). These
bands were reminiscent of the fine-structured B
bands observed in the UV spectra of benzene and
substituted benzenes. The signals are attributed to
forbidden transitions to an excited state with
increased contributions from homopolar struc-
tures.® Thus the maxima in the 268 to 302 nm
region can be attributed to the individual contribu-
tion of the phenyl rings of the biphenyl nucleus. It
was previously noted by Pickett and co-workers’
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FIGURE 3. Ultraviolet spectra of some isomeric tetrachlorobiphenyls.

that the “B band™ absorption maxima obtained
for 2,2' 4.4’ 6,6'-hexachlorobiphenyl were remark-
ably coincident with the B band maxima obtained
for 1,3,5-trichlorobenzene. Moreover the extinc-
tion coefficients of the band maxima for the
biphenyl derivative were two to three times greater
than those observed for the trichlorobenzene
isomer indicating that the absorption is nearly
additive for the two benzene rings of the biphenyl
derivative. Similar results have been obtained with
highly hindered alkyl biphenyls. Ballester and
Castaner' have reported that the B bands for
pentachlorobenzene were at Amax 289 (e, 390)
and Amax 298 (e, 370). The position of these
maxima was similar to that obtained for
decachlorobiphenyl (Table 2) with the extinction

192 The Chemistry of PCB’s

coefficients ca. 2 to 2.5 times greater in the latter
compound.

Thus, it is clear that the UV spectra of PCB
isomers are highly diagnostic particularly with
respect to the degree of substitution at the 2,2',6
and 6" positions. The UV data have been used in
the identification of some of the main isomers of
Kanechlor'® and the UV spectra of several
commercial Aroclors have also been reported’ ! >! 2
(Figure 5). The Aroclor spectra are all different
and quite clearly reflect their respective chlorine
contents. In addition the spectrum of the highly
chlorinated Aroclor 1260 sample also exhibited
the characteristic long wave length “B bands”
which indicated a relatively high degree of orrho-
chlorosubstituted isomers in this mixture.
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FIGURE 5. Ultraviolet spectra of Aroclor 1232 and
1260.
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FIGURE 4. Ultraviolet spectra of some substituted
2.2',6,6"-tetrachlorobiphenyls.
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Chapter 11

INFRARED SPECTROMETRY OF CHLOROBIPHENYLS

Several groups have reported the infrared (ir)
and Raman spectra of biphenyl and some of its
deuterated analogs.?»3+7:8>11 These studies were
not only concerned with the molecular conforma-
tions of the molecule but with the identification
of characteristic ir bands which are useful in
analytical and structural studies. Sandroni and
Geiss” have discussed in detail the main ir bands of
biphenyl which occur in the three different regions
of the spectrum:

1. 4,000 to 2,000 cm™', (C-H stretching
vibrations)

2. 2,000 to 1,250 cm™ (C=C stretching
vibrations)

3. 1,250 to 250 cm™ (bending vibrations
and deformations)

The results obtained for biphenyl are shown in
Table 1. Using specifically deuterated moieties, it
was also possible to assign the specific contribu-
tions of the individual hydrogen atoms of the
biphenyl nucleus. Biphenyl appears to be planar in
the solid state but the configuration of biphenyl in
solution has not unequivocally been ascertained.

The ir spectra of 44'-dichlorobipheny! and
several other disubstituted biphenyls have also
been investigated. In all cases, the solution spectra
of dichlorobiphenyl indicated that the molecule
favors a planar conformation.!*"¢

Webb and McCall' ? have recently used infrared
spectroscopy in the analysis of commercial
Aroclor 1221, 1242, and 1254 samples. In the
analysis of Aroclor 1242, the fractions with
retention times of 29 to 29.5 (relative to
p.p'-DDE) consisted of two phases. The solid
phase was recovered (retention time 29.5) and
shown to be identical to 4,4"-dichlorobiphenyl.
The ir spectrum of the liquid phase is shown
(Figure 1) and repeated gas chromatographic
analysis indicated the presence of two isomers
with retention times of 29 and 29.2, respectively.
The ir spectra of 2,5,2)- and 24,2-
trichlorobiphenyl and a mixture of two isomers
(see Figure 1) clearly indicated that these two
isomers were the components of the above liquid

phase. The infrared spectrum of an Aroclor 1254
fraction which contained two peaks, a major
component (relative retention time 48.0) and a
minor component (relative retention time 49.5) is
shown in Figure 2. Comparison of the ir spectra of
22'5,5"- and 2,2' 4,5 -tetrachlorobiphenyl with
the Aroclor fraction clearly indicates that the
2,2',5,5' isomer is the major component with the
minor constituent being the 2,2,4,5" isomer. Thus,
the characteristic ir spectra of PCB isomers partic-
ularly in the 1,200 to 300 cm™ region which
denotes the aromatic C-H bending vibrations and
deformations as well as the C-Cl stretching vibra-
tions are a useful analytical tool for the identifi-
cation of the components of complex commercial

TABLE 1

It Frequencies for Biphenyl*

4,000-2,000 cm™  2,000-1,250 cm™* 1,250 — 300
3,140 vw 1,962 m 1,238 w
3,126 sh 1,945 m 1,217 vw
3,115 sh 1,900 w 1,176 w
3,106 w 1,883 m 1,156 m
3,082 sh 1,869 m 1,108 m
3,060 vs 1,823 w 1,074 m
3,030 vs 1,803 m 1,043 m
3,020 ssh 1,782 vw 1,008 m
2,980 w 1,758 w 992 w
2,930 w 1,745 w 983 vw
2,875 w 1,687 w 965 vw
2,620 vw 1,675 w 919 m
2,600 vw 1,610 w 903 s
2315w 1,597 s 839 m

1,572 m 780 s
1,482 ws 735 vs
1,457 m 698 vs
1,432 vs 669 m
1,383 m 666 w
1,340 w 654 vw
1,317 w 626 vw
1,303 w 609 m
1,283 w 546 m
1,269 m 488 m
404 w
383w

*vs = very strong; s = strong; m = medium; w = weak; vw
= very weak; br = broad; sh = shoulder; imp = band due to
impurity.
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FIGURE 1. Infrared spectra of authentic 2,2'4-tri-
chlorobiphenyl, 2,2'5-trichlorobiphenyl, a mixture of
2,2'4- and 2,2’,5-trichlorobiphenyl and Aroclor fraction
29 and 29.2 respectively.

Fraction
8 &49.5
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FIGURE 2. Infrared spectra of 2,2’4,5'-tetrachloro-
biphenyl, 2,2',5,5'-tetrachlorobiphenyl and Aroclor
fractions 48 and 49.5 respectively.

PCB formulations. This technique will be of more
importance in the future with the use of the highly
sensitive Fourier transform techniques and the
availability of many pure PCB standards.
Recent analyses of PCB mixtures have also used
irspectrometry as an aid in establishing the identity
of several pure components of these mixtures.®*©
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Chapter 12

DETERMINATION OF PCB’S

Many technical materials may contain or be
contaminated by PCB’s and great care must be
exercised to avoid the contamination of samples
from this source during sampling and analysis.
Otherwise, the determination of PCB’s in environ-
mental samples differs little from that of chlor-
inated hydrocarbon pesticides. The individual
stages including the sampling itself, extraction,
cleanup, separation of PCB’s from interfering
chlorinated hydrocarbon pesticides and other com-
pounds, and quantitation of PCB’s are discussed
below. A brief review of current environmental
levels of PCB’s is also included.

Sampling

The techniques of obtaining representative
samples are discussed in monographs on statistical
methods. There are a few additional points which
should be emphasized in the case of water and
wildlife samples.

It is difficult to distinguish between PCB’s
dissolved in water and PCB’s adsorbed on particu-
late matter. Filtration of samples prior to
extraction removes the particulate fraction, but
dissolved PCB’s may also be adsorbed on the filter,
or, inversely adsorbed PCB’s may be desorbed in
the filtration process. High-speed centrifugation of
the samples may be better than filtration but
sufficient data on this are not yet available. In
sampling of plankton, large volumes of water pass
through a fine net and the already accumulated
plankton. Adsorption and desorption of PCB’s as
in the case of water samples is a distinct
possibility. Recently, Harvey and Teal showed that
nylon netting adsorbs PCB’s and hydrocarbons and
that these are again desorbed if exposed to water
containing PCB’s and hydrocarbons in lower than
equilibrium concentration.*® Since the collection
of plankton is essentially a fittration, non-plankton
particulate material may also be collected. This
may lead to erroneous PCB levels since the foreign
material may either contain high concentration of
PCB’s or in case of low PCB concentration, it may
dilute the plankton sample. Polystyrene particles
(0.1 to 2 mm in diameter) recovered from the

ocean contained 5 pg/g of Aroclor 1254.27 The
concentration of PCB’s in “tar balls” found
frequently in the ocean is not known.

The vessel itself may be an important source of
contamination in sampling of water, plankton, and
marine organisms. Grice et al.** list the following
possible sources of contamination:

1. Pumping of the bilge,

2. Discharge of the septic tank,

3. Dumping of garbage, debris, or engine
room waste,

4. Cleaning of boilers, and

5. Chipping of paint

Jensen et al.®® demonstrated that plankton
samples collected from the wake of the boat were
contaminated by PCB’s from the ship’s antifouling
paint and contained 4 to 14 times more PCB’s
than samples taken 7 ft abeam of the boat. A
sample collected in front of the boat had the
lowest concentration of PCB’s.

Obviously, great care must be exercised in
taking plankton samples to avoid contamination
from the boat, from non-planktonic material, and
to correct for the PCB adsorption or desorption
due to the large volume of water passing through
the bed of already collected plankton.

Contamination problems are less severe in the
case of larger aquatic organisms. Grice et al.**
recommend:

1. To keep the fishing gear as clean as
possible,

2. To wash hands, tools, sorting trays, etc.,
with pharmaceutical-grade 95% ethyl alcohol,

3. To clean the surface of organisms with
freshly dipped sea water followed by 95% ethyl
alcohol, and

4. To preserve the specimens at -10 to
-20°C in glass containers or in ethanol-washed
aluminum foil.

In our experience, polyethylene bags are suit-
able containers for deep-freeze storage of whole
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fish. However, each batch of bags should be
checked for PCB contamination. We have not
encountered contamination from this source.

Aqueous 4% formaldehyde is also a suitable
preservative for whole fish and seal blubber
samples. The latter usually contain very high
concentration of PCB’s and, consequently, the
danger of contamination is less acute. It is a good
practice to keep control samples of the preserv-
ative.

The levels of chlorinated hydrocarbon pesti-
cides in wildlife vary a great deal and the variation
between individuals of a given population is very
high.”® The distribution is often skewed, tailing
towards the higher concentrations. The distri-
bution of PCB’s in two species of fish followed the
same pattern in spite of the fact that the fish were
of the same sex and age.''®

In order to determine meaningful levels of
PCB’s in a given species, biologically well-defined
samples (sex, age, spawning state, etc.) must be
collected, and at least 20 to 25 organisms must be
individually analyzed. Unfortunately, this is an
expensive and time-consuming proposition.

Precautions Contamination in the
Laboratory

Water, glassware, chemicals, and the laboratory
itself are potential sources of PCB contamination.
It is imperative that blanks be run frequently to
detect and eliminate in time any source of
contamination.

Nanograde petroleum ether doubly distilled
through a 30-cm glass column did not show
presence of electron-capturing impurities after
200-fold concentration. However, interfering
peaks were apparent after 1,000-fold concentra-
tion.*? Water should be triply distilled in the
presence of 0.1 to 0.2 g of potassium permanga-
nate per 3 | of water®? An all-glass system,
consisting of a 3-1 flask and a Friedrichs condenser
precleaned with dichromate in sulfuric acid and
kept at 200° for 16 hr produces water of
satisfactory quality.?® Problems of contamination
in water analysis for pesticide residues were
studied by Bevenue ct al.>** and their results are
equally applicable to the determination of PCB’s.
Glassware washing sequence (ethanol-acetone-
hexane-air dry) did not completely remove the
contaminants and the authors recommend any of
the three following sequences: (1) dichromate +

Against
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sulfuric acid (16 hr-soak) - tapwater — distilled
water — acetone — air dry; (2) acetone-air dry-heat
(16 hr, 200°); (3) dichromate + sulfuric acid (16
hr-soak) — tapwater — distilled water — acetone —
air dry-heat (16 hr, 200°).

Giam and Wong removed contaminants from
glassware by washing with detergent and tapwater,
rinsing with distilled water and acetone, and
heating at 300° overnight. Waring blender was
rinsed with 100-ml portions of acetone followed
by 100-ml portions of the solvent used for
extraction. Florisil, sodium sulfate, sodium
chloride, glass wool, and aluminum foil were either
heated at 300 to 350° overnight, or washed with
petroleum ether.??

Bevenue et al. cleaned silica gel by heating at
300° for 16 hr and reported that this treatment
did not change the TLC properties.>* It would be
interesting to see whether the treatment is also
applicable to silica gel used in the column chroma-
tography of PCB’s. Interfering peaks from glass
wool can be eliminated by heating at 600° for 2
hr." 6

In our laboratory, glassware is rinsed with
acetone and pesticide-grade hexane and only
occasionally washed with a detergent in tapwater
and rinsed with distilled water before the solvent
treatment. [t is expedient to use only the mini-
mum necessary: amount of glassware so that each
piece is washed several times a day and to have
clearly designated areas for dirty, acetone- and
hexane-rinsed glassware on the bench. Extraction
thimbles are pre-extracted with hexane and silica
gel is washed with hexane in a glass column (47
mm i.d. x 600 mm) until a 50-ml portion of the
effluent concentrated to 0.2 ml shows no inter-
fering peaks on gas chromatography. Sodium
sulfate is treated in the same way. The activation
of alumina (800°, 4 hr) efficiently removes all
interfering peaks. Lamont and Cromartie recom-
mend pre-extracting extraction thimbles with
methylene chloride. A pinhole is made in the
bottom of the thimble and the thimble is placed
inverted into the Soxhlet extractor.®*

Cleanliness of the laboratory is of utmost
importance. The benches should be vacuum-
cleaned and washed once a week. This is an easy
task when only the necessary pieces of equipment
are on the bench.

The sources of PCB contamination may be
quite unexpected. A batch of floor wax used in
our laboratory contained Aroclor 1254 at a level



of 50 ug/g, and the dust generated by polishing the
floor had a PCB concentration of 45 ug/g.

Extraction of PCB’s
Air

PCB’s were extracted from air using sintered
glass absorbers or impingers filled with 75 ml amyl
acetate or secondary butyl alcohol. The methods
were developed before the advent of gas chroma-
tography and PCB’s were quantitated by
determining chlorine after combustion over heated
platinum or in a special burner (sulfur lamp).37>%°
The analysis could easily be carried out by gas
chromatography, but to the best of our knowl-
edge, this has not been reported in the literature.

Water

Hexane is the solvent of choice for the extrac-
tion of PCB’s from water. A simple batch
extraction may be used when PCB concentration is
in the 0.1 wg/l range.'®* In the ng/l range, the
batch extraction is increasingly cumbersome and it
is of advantage to preconcentrate PCB’s.

Ahling and Jensen used reversed liquid-liquid
partition between water and Chromosorb® W
coated with n-undecane and Carbowax® 4000 (30
g undecane and 10 g Carbowax 4000 on 100 g
Chromosorb W). This material (3g) was placed in a
10 i.d. x 300 mm glass column, fitted with a glass
filter disc (G1, 100 to 120 u).> Water flow was 65
to 130 ml/min. Waters with a high particle content
were treated with aluminum sulfate (300 mg/l)
and filtered before passing them through the
Chromosorb W column. From 10 to 176 | of water
were passed through the column and chlorinated
hydrocarbons were extracted from the column
with 10 ml of petroleum ether. The aluminum
sulfate precipitate was air dried and extracted in a
small column (10 x 300 mm) with 6 ml of
acetone, followed by 5 ml of petroleum ether.
Elemental sulfur is also adsorbed on the
Chromosorb W column and can be removed from
the petroleum ether extract by treating it with
potassium hydroxide in methanol.

Gesser et al.*® described the use of polyure-
thane foam culture stoppers (diSPo Stoppers,
Canlab) to quantitatively extract PCB’s from
water. The plugs were washed by a 1:1 hexane-
acetone solution, pushed into a 20-mm, i.d. glass
column, which was then washed with 25 ml of
ethyl alcohol and 200 ml of distilled water. The
sampled water was passed through the column at a

flow rate of 250 mi/min. Water was squeezed from
the plugs and PCB’s were extracted with 20 ml of
acetone followed by 100 ml of hexane. The
recovery of PCB’s from | | of water by a column
consisting of two plugs was usually better than
90%. In the original paper, the method was tested
on 1-1 samples, spiked to contain 2 and 20 ug/! of
an unspecified PCB preparation.

A scaled-up procedure was recently
published.*' Two polyurethane foam plugs (8.3
cm diameter, 5 ¢m length), in a 76 mm i.d. glass
column were used, the flow rate was 5 to 10 |/hr,
and 1,400 to 1,800 1 of water was extracted. The
recovery on this scale is not known. The detected
level of PCB’s is from 5 to 10 ng/l. The type of
PCB’s is not specified in the paper, but from the
published GLC tracings it may be Aroclor 1242.

Polyurethane foams coated with different
liquid phases (DC-200, OV series, SE-30, QF-1,
and DEGS) were tested for extraction of chlor-
inated hydrocarbon pesticides from water. The
best recovery was obtained with a DC-200 coated
(10 to 20 mg per plug) polyurethane foam. The
behavior of PCB’s on this adsorbent was not
studi 2.'3

Au et al.''1? showed the applicability of
surface-bonded silicones (octadecyltrichlorosilane-
treated Chromosorb G) to adsorb PCB’s from
water. Up to 101 of water, prefiltered if necessary,
was aspirated at a rate of 50 to 55 ml/min through
a 10 mm i.d. x 350 mm column containing 7 g of
the surface-bonded silicone material. The column
was then dried with nitrogen and the adsorbed
organochlorine compounds were extracted with
pentane. From the published chromatogram, the
recovery of Aroclor 1254 appears to be practically
quantitative. The application of surface-bonded
silicones to the extraction of PCB’s from water
deserves further attention.

Soil, Sediment, Sludge, and Paper

More polar solvent mixtures are usually used to
extract PCB’s from this type of material.
Wakimoto et al.'®5 refluxed 10 to 20 g of
air-dried top- or subsoil with 50 ml of 1 ¥ KOH in
ethyl alcohol, transferred the mixture with 10 to
20 ml of 1:1 hexane-ethanol into a separatory
funnel, added 20 to 25 ml waler, separated the
hexane layer, and extracted the aqueous layer with
additional hexane (4 x 50 mi).

Acetone-hexane 6:4 was used to extract sand
samples.'® If an interphase between the sample
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and the solvent was formed (too much water in
the sample), the amount of acetone was increased.
Holden used a mixture of hexane and isopro-
panol to extract PCB’s from sewage sludge.*® The
recovery and other experimental details of the
procedure have not been published. Schmidt et
al.’? extracted PCB’s from sewage effluent with
15% cther in hexane. Grab samples (1 1) were
taken in l-gal glass containers: 75 ml of the
extraction solvent were immediately added and
the container was vigorously shaken for 2 min. In
the laboratory, the organic phase was separated
and the extraction was repeated once more with
new solvent. Recovery of PCB’s from spiked
samples using this procedure was not reported.
PCB’s from non-carbon copy paper were
extracted with acetone in a Soxhlet apparatus for
3 days.®? Several other studies of the PCB content
in paper have been published, but experimental
details of the extraction were not given.®2+102

Biological Samples

Many different solvents or solvent mixtures
have been used to extract PCB’s from biological
samples. Except for a few plankton and diatom
samples, all of the samples analyzed were of
animal origin. The solvents used range from
nonpolar petroleum ether, pentane, or hexane
through solvent mixtures, such as ethyl ether-
hexane, or acetone-hexane to chloroform and
chloroform-methanol. The samples are either
dehydrated using anhydrous sodium sulfate or, at
times, calcium chloride, or extracted as such. in
which case enough of a water-miscible solvent is
usually present to form a homogeneous liquid
phase. The extraction may be carried out in a
blender or a high-speed mixer, in a column, orin a
Soxhlet extractor.

The recoveries of PCB’s from spiked samples
are generally better than 90% for all the solvents
and experimental conditions. However, one has to
keep in mind that PCB’s, added to the sample,
may be more easily extractable than PCB’s incor-
porated into the sample through normal biological
processes. This problem was studied with labeled
dieldrin translocated from the soil to the plant and
it was shown that dieldrin was completely
extracted only in a 12-hr Soxhlet extraction with
1:1 chloroform-methanol.”” As far as we know,
no similar study was reported with PCB’s.

Apart from the recovery, the possibility of

contamination during the extraction must be
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taken into consideration. From this point of view,
an ideal extraction would use a few ingredients,
equipment which can be cleaned easily and would
have a capacity of 10 to 15 samples per man-day.
A smaller amount of ingredients mean less chance
of introducing contaminants and less time spent in
cleaning contaminated ingredients. Most of the
commercial blenders are very difficult to clean. A
simple chromatographic column is easy to clean,
but on the other hand, it may require more solvent
per unit sample weight. A Soxhlet extractor and a
corresponding condenser can be cleaned fairly
easily. The solvent is recycled through the sample
many times, but since the extraction is carried out
at an elevated temperature, losses of the more
volatile components may occur. In fact, Gesser et
al. reported losses of some lower chlorinated PCB’s
on Soxhlet extraction, but have not provided any
quantitative data.*®

From the above discussion, it can be seen that
there is no clearly preferable extraction technique.
The analyst must use his own judgment and
choose the most convenient and efficient
procedure, depending on the type of samples and
equipment available. A few examples of typical
extraction techniques are given below.

Soxhlet Extraction with Hexane

Sample of tissue (6 g) is ground with anhydrous
sodium sulfate (30 g) using a mortar and a pestle;
the resulting, free-flowing powder is quantitatively
transferred into an extraction thimble and
extracted in a Soxhlet extractor with 100 ml
hexane for 1 hr.''® Others homogenized the
sample similarly, but extracted PCB’s with petro-
leum ether in a Soxhlet for 7 hr.'*

Extraction of Adipose Tissue

The tissue (5 to 6 g) is homogenized in a mortar
with sea sand (1:3), the mixture is transferred into
a 18 mm id. x 150 mm glass column, and the
column is percolated with 50 ml of n-pentane, 25
ml of ethanol, and 50 ml of pentane. The
combined eluates are washed with a 2% solution of
sodium sulfate (2 x 50 ml) in the presence of
approximately 100 mg of powdered cellulose to
improve the separation of the phases, and the
pentane phase is filtered through a 3-cm layer of
anhydrous sodium sulfate.”

Extraction of Fish Lipids
Whole fish is ground with dry ice in a blender



and 20 g of the powder resulting after the
evaporation of dry ice is either blended with
chloroform-methanol (2:1, 3 x 100 ml) or mixed
with 80 g of anhydrous sodium sulfate. In the
latter case the mixture is packed into a chromato-
graphic column, and extracted by percolating 250
ml of cyclohexane through the column.®®

Chloroform Extraction and Saponification

The tissue sample (1 g) is homogenized with
anhydrous sodium sulfate and the powder is
shaken with chloroform (2 x 50 ml). The extract is
filtered off and evaporated to dryness in a rotatory
evaporator. An aliquot of the residue (50 mg) is
saponified by refluxing with 10% potassium
hydroxide in ethanol. Ethanol is distilled off, the
residue is taken up in 3 ml of water, and the
aqueous phase is extracted with 6 ml of
heptane.?°

Extraction after Saponification

The sample (5 to 10 g) in a 200-ml Erlenmeyer
flask is refluxed with 50 ml of 1 N potassium
hydroxide in ethanol for 1 hr. After cooling to
50°, 50 ml of hexane is added and the solution is
stirred and cooled to room temperature. The
solution is then transferred into a 300-ml separa-
tory funnel using 10 to 20 ml of hexane-ethanol
(1:1). Water (20 to 25 ml) is added and the funnel
is shaken for several seconds. The extraction is
repeated three times, each time with fresh 50 ml
of hexane. The hexane extract is filtered through
anhydrous calcium chloride and concentrated in a
Kuderna-Danish evaporator.'®*

Extraction with Acetonitrile-acetone

The sample (5 g) is homogenized in an
explosion-proof Waring Blender with acetonitrile,
acetone, and sodium sulfate (45 ml, 15 ml, and 5
g, respectively). The homogenate is filtered
through a medium porosity fritted glass filter and
the residue is washed with acetonitrile (2 x 10
ml).??

Extraction of PCB’s with Ethyl Ether-petroleum
Ether

This is a procedure developed for milk. Potas-
sium oxalate (1 g) and ethanol (100 ml) are added
to the sample (100 ml) in a 500-ml centrifuge
bottle which is shaken for 10 min. Ethyl ether (50
ml) and petroleum ether (50 ml) are added and the
bottle is shaken vigorously after each addition.

The mixture is centrifuged until the phases
separate and the aqueous phase is reextracted
twice with 50 ml of 1:1 petroleum ether-ethyl
ether. The combined extracts are washed with
water (100 m1).2°

Extraction with Acetonitrile-methylene Chloride

This method was used to extract PCB’s from
fecal matter. The sample (10 g) in a 250-ml
centrifuge bottle is shaken for 1 min with water
and acetonitrile (25 and 150 ml, respectively) and
centrifuged for 20 min at 1,500 rpm. The super-
natant is decanted and the extraction is repeated
with 100 ml of acetonitrile. The supernatants,
filtered through glass wool, are combined, aceto-
nitrile is evaporated in vacuum, and the aqueous
residue is extracted four times with equal volumes
of methylene chloride. The extracts are filtered
through a column of anhydrous sodium sulfate
and concentrated in vacuum.®$

Other Extraction Procedures

The procedures given above were chosen to
illustrate different techniques of extraction of
PCB’s from biological samples. The reader may
consult Official Methods of Analysis and analytical
manuals dealing with the determination of
pesticides for additional extraction procedures and
recoveries of pesticides.’ 2

Cleanup of Extracts

A number of compounds other than PCB’s,
particularly lipids and other chlorinated hydro-
carbons, are coextracted under the conditions
described in the previous section. Lipids would
interfere with the determination of PCB’s by
contaminating the GLC column and detector.
Other chlorinated hydrocarbons give peaks which
might interfere with the quantitation of PCB’s by
gas chromatography. The removal of lipids from
the extracts is generally referred to as the cleanup.
The separation of PCB’s from other chlorinated
hydrocarbons is discussed in the next section.

The cleanup procedures may be divided into
three groups:

1. Methods based on chemical decomposi-
tion or physical removal of lipids,

2. Methods based on solvent partition, and

3. Methods based on column or thin-layer
chromatography.
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PCB’s are stable in the presence of concentrated
sulfuric acid and reasonably stable in alkaline
media, whereas lipids are destroyed under these
conditions. Cleanup based on the chemical decom-
position of lipids is fast, simple, and suitable for
routine analysis. The main disadvantage of this
procedure is the decomposition of some chlor-
inated hydrocarbon pesticides. Hence, this cleanup
cannot be used if the analyst is also interested in
the pesticide residues, but it may be valuable for
confirmatory purposes.

PCB’s are preferentially extracted from hex-
ane into DMF or acetonitrile and very likely also
into DMSO, whereas lipids remain in the hexane
phase. Lipids may be very effectively removed by
this procedure. However, it has been reported that
the partitioning may change the relative magnitude
of the PCB peaks, i.e., the distribution coefficients
of individual biphenyls differ. The effect of the
changed PCB pattern on the quantitation may be
eliminated by partitioning the appropriate
standards under identical conditions. The distribu-
tion coefficients may also be affected by the
concentration of lipids in the original hexane
solution and it may be necessary to keep the lipid
concentration within a certain range. The removal
of water-soluble solvents froni the extract is not
really a cleanup since lipids remain together with
PCB’s in the nonpolar solvent phase.

Alumina and Florisil® are most often used to
remove lipids by column chromatography. The
chromatography on Florisil also separates PCB’s
from some chlorinated hydrocarbon pesticides and
this aspect is described in the next section.
Similarly, silica gel, which can handle a limited
amount of lipid, but is used primarily to separate
PCB’s and chlorinated hydrocarbon pesticides, is
discussed in the next section. A somewhat unique
approach to the separation of lipids from PCB’s is
gel permeation chromatography.®® This cleanup
uses the same column over and over again and may
be easily automated. However, the technique has
not been tested as yet in many laboratories.

Again as in the case of PCB extraction, the
analyst must use his own judgment and choose the
most suitable cleanup depending on the type and
number of samples, type of analysis (PCB’s only or
PCB’s and chlorinated hydrocarbon pesticides),
and equipment available. Typical examples of
cleanup procedures are given below.
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Sulfuric Acid Cleanup

The extract (5 to 10 ml) is shaken with 1 ml of
concentrated sulfuric acid for 30 sec. If neces-
sary, the procedure is repeated with fresh acid.
Dieldrin, malathion, and parathion are destroyed
by this treatment; the recovery of PCB’s (Aroclor
1254) and the common chlorinated hydrocarbon
pesticides, including endrin and heptachlor
epoxide, is practically quantitative.”®

Microscale Alkali Treatment

This procedure is useful for additional cleanup
and confirmation of alkali-stable compounds. Pre-
cleaned extract in a concentration suitable for
GLC analysis (2 ml) is placed into a 10-ml Mills
tube. Ethanolic potassium hydroxide (2%, 1 ml)
and a few carborundum chips are added and the
contents are gently boiled down to 0.2 ml on a
boiling water bath. Any precipitate formed is
dissolved by adding a few drops of ethanolic
potassium hydroxide. The contents are diluted
with aqueous ethanol (1:1, 2 ml) and extracted
with 1 to 2 ml of hexane. The recovery of PCB’s is
quantitative; the recoveries of aldrin, dieldrin, and
endrin range from 70 to 90%. The recovery of
heptachlor, its epoxide, and of mirex is 30 to 50%.
BHC isomers and endosulfan are completely elim-
inated and DDD and DDT isomers are converted
to the corresponding olefins. Sulfur is completely
eliminated by this treatment.! ' !

Low-temperature Precipitation of Lipids

Lipids congeal when cooled to - 75° and can be
removed by filtration through a layer of Solka
Floc. More than 98% of the lipids may be removed
by this procedure but some samples may require
an additional cleanup.”®

Acetonitrile Partitioning

The following is a procedure given in the
Official Methods of Analysis®® (reprinted with
permission):

“Weigh < 3 g fut into 125 ml separator, and add
petroleum ether so that total volume ot tat and petroleum
ether in separator is 15 ml. Add 30 ml of acetonitrile
saturated with petroleum ether, shauke vigorously 1 min,
let layers separate, and drain acetonitrile into 1 | separator
conlaining 650 ml water, 40 mi sodium chloride solution,
and 100 ml petroleum ether. Extract petroleum ether
solution in 125 ml separator with 3 additional 30 ml
portions of acetonitrile saturated with petroleum ether,
shaking vigorouslty 1 min cach time. Combine all extracts
in a I | separator. Hold separator in horizontal position



and mix thoroughly 30 45 sec. Let layers separate and
drain aqueous layer into second | | separator. Add 100 ml
petroleum ether to second separator, shake vigorously {5
sec. and let layers separate. Discard aqueous layer,
combine with petroleum ether in original separator, and
wash with two 100 ml portions of water. Discard
washings and draw off petroleum ether layer through 25
o.d. X 50 mm column ot anhydrous sodium sulfate into
500 ml Kuderna-Danish concentrator. Rinse separator and
the column with three ca 10 ml portions of petroleum
cther. Livaporate combined extracts and rinses to ca 10 ml
in Kuderna-Danish concentrator for transfer to Florisil
column.

“Purify technical acetonitrile as follows: To 4 1 of
acetonitrile add 1 ml of phosphoric acid, 30 g phosphorus
pentoxide and boiling chips, and distill in allglass
apparatus at 81--82”. Do not exceed 82°. Saturate
acetonitrile with redistilled petroleum ether.

“Some lots of reagent grade acetonitrile are impure
and require distillation. Generally vapors from such lots
will turn moistened red litmus paper blue when held over
mouth of storage container. Pronounced amine odor is
detectable.”

Further cleanup on Florisil usually follows the
acetonitrile partitioning.

Chromatography on Alumina

Holden and Marsden used alumina activated at
800° for 4 hr and deactivated by the addition of
5% water. The chromatography was carried out in
a5 mm i.d. x 450 mm column, containing a small
glass wool plug at the lower end and charged with
2 g of alumina.®' In our experience, this column
removes about 50 mg of lipid from the extract;
however, the extract may be applied only from a
hexane solution. PCB’s and common chlorinated
hydrocarbon pesticides are eluted in 20 mi of
hexane. Even a small concentration of a polar
solvent would elute an excessive amount of
lipid.' '*

McLure recommends alumina activated at 400°
for a minimum of 4 hr and then deactivated by 1%
methanol in benzene. The adsorbent can be stored
under the deactivating solvent for several months
without changes in activity. The separation of
chlorinated hydrocarbons from fish and plankton
lipids is achieved on 5 mm i.d. x 75 mm column
containing 1.7+0.1 g of alumina. The column can
handle up to 45 mg of lipid, but the recommended
amount is 15 mg. PCB’s (type not stated) and
chlorinated hydrocarbon pesticides were eluted in
the first 3.5 ml of hexane.®®

Chromatography on Florisil
The following is the technique according to the

Official Methods of Analvsis®® (reprinted with
permission):

“Prepare 22 mm i.d. Florisil column (with Teflon
stopcocks and coarse fritted plate or glass wool plug; 22
mm id. x 300 mm) containing 4", after settling, of
activated Florisil (60/000 PR grade, activated at 650°C
available from Floridin Co.) When activated Florisil is
obtained in bulk, transfer immediately after opening to ca
I pt glass jars, or bottles, with glass-stoppered or
foil-lined, screw-top lids, and store in dark. Heat >5 h at
130° before use. Store at 130° in glass-stoppered bottles
or in desiccator at room temperature and reheat at 130°
after 2 days), topped with ca 0.5 anhydrous sodium
sulfate. Prewet column with 40-50 ml petroleum ether.
Place Kuderna-Danish concentrator with volumetric or
graduated collection tlask under column to receive eluate.
Transfer petroleum ether extract or concentrate to
column, letting it pass through at <5 ml/min. Rinse
containers and sodium sulfate with two ca 5 ml portions
petroleum ether, pour rinsings onto column, rinse walls of
tube with additional small portions of petroleum ether,
and elute at ca § ml/min with 200 ml 6% eluting solvent.
(Dilute 60 ml ethyl ether to | 1 with redistilled petroleum
ether. Ethyl ether redistilled at 34 —35°, and stored under
N. Must be peroxide-free. Add 2% alcohol. Petrolcum
ether is reagent grade, redistilled in all glass apparatus at
30-60°.) Change receivers and elute with 200 ml 15%
eluting solvent (150 ml ethyl ether to 1 1 with redistilled
petroleum ether) at ca 5 ml/min. Change receivers and
elute with 200 ml 50% eluting solvent (500 ml of ethyl
ether to | 1 with redistilled petroleum ether) at ca §
ml/min.

“Concentrate each eluate to suitable definite volume
in Kuderna-Danish evaporator apparatus. When volume
<5 ml is needed, use 2-ball micro-Snyder or micro-
Vigreaux column.

“First eluate (6%) contains PCB’s, chlorinated pesti-
cides (aldrin, BHC, DDE, DDD (TDE), o,p’- and p.p'-
DDT, heptachlor, heptachlor epoxide, lindane, and
methoxychlor) and phosphated pesticides (carbophen-
othion, ethion, and ronnel) and is usually suitable for
GLC directly. If further cleanup is necessary, repeat
Florisit cleanup, using new column. Second eluate (15%)
contains chlorinated pesticides (dieldrin and endrin) and
phosphated pesticides (Diazinon, Me parathion, and para-
thion).”

The adsorptive capacity of Florisil may vary
significantly from lot to lot and a method based
on the adsorption of lauric acid was developed to
characterize and standardize individual
batches.* 572

Mills et al. described another solvent system for
the Florisil chromatography.”® Eluant A is 20%
(v/v) methylene chloride in hexane, eluant B is
50% methylene chloride, 0.35% acetonitrile,
49.65% hexane (v/v/v), and eluant C is 50% meth-
ylene chloride, 1.5% acetonitrile, 48.5% ‘hexane
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(v/v/v). The column is eluted successively with 200
ml of each eluant. PCB’s, DDT and metabolites,
hexachlorobenzene, and some other chlorinated
pesticides are eluted with the eluant A; more polar
organochlorine pesticides such as dieldrin, endrin,
and endosulfan, and some organophosphates are
eluted with the eluant B, and mostly organophos-
phates appear in the fraction C.

Large amounts of lipid can be removed by
mixing it with unactivated Florisil (8 g lipid per 25
g Florisil), placing the mixture in a glass column
(22 mm id. x 250 mm) and percolating the
column with 150 ml of acetonitrile, containing
10% water. PCB’s and organochlorine pesticides
are recovered from the eluate by partitioning into
petroleum ether (100 ml) from water-diluted
acetonitrile (10 ml saturated sodium chloride and
600 ml of water).** Final cleanup is then accomp-
lished by column chromatography on activated
Florisil (130°C) according to Mills et al.”* The
recovery of Aroclor 1254 from corm oil spiked
with a concentration of 0.1 ug/g was 85%.%*

Separation of PCB’s from Chlorinated
Hydrocarbon Pesticides and Other Chlorinated
Compounds

The cleanup procedures mentioned in the pre-
vious section do not, or in the case of Florisil, only
partially separate PCB’s from chlorinated hydro-
carbon pesticides. Additional separation may be
required before either PCB’s, or pesticides, or both
can be quantitated. The necessity of additional
separation depends very much on the relative ratio
of PCB’s and other chlorinated compounds and on
the purpose of the analysis. If, for example,
samples from a feeding experiment with a given
commercial PCB preparation are analyzed, and the
levels of PCB’s are high, it is hardly worthwhile to
separate trace amounts of DDT and metabolites
since they would not significantly interfere with
the quantitation of PCB’s. Besides, it is almost
always very difficult to determine a small amount
of one compound in the presence of a large excess
of another compound with similar properties.

The chromatography on silica is most fre-
quently used to separate PCB’s from the DDT
group of compounds. The ease of this separation
decreases in the order p,p’-DDD > p,p'-DDT >
p,p-DDE, and to separate the last compound is
very difficult.

The activity of the adsorbent and the purity of
the solvents are of crucial importance and it is not
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uncommon that a procedure developed in one
cannot be reproduced in another laboratory. It
may often be necessary to modify the conditions
(most frequently the volumes of effluent
collected) to achieve the desired separation.

Chromatography on silicic acid-Celite,
described by Armour and Burke, is often used to
separate PCB’s from DDT and metabolites
including p,p"-DDE.® In this procedure (see below
for details), PCB’s are eluted with petroleum ether,
DDT and metabolites with a mixture of aceto-
nitrile, hexane, and methylene chloride. The
margin of separation between PCB’s and p,p’-DDE
is very small and some carry-over of PCB’s into the
pesticide fraction was observed when more than
400 mg of lipid was applied to the column.'”
Silicic acid (Mallinckrodt No. 2847, 100 mesh) is
activated from 7 to 24 hr at 130°, deactivated by
the addition of 3% water, and mixed with Celite
545 (5 g Celite and 20 g silicic acid). The mixture
is then slurried with 80 ml petroleum ether,
transferred into a chromatographic column (22
mm i.d. x 400 mm, with a coarse fritted plate and
a Teflon stopcock), stirred to remove air bubbles,
and petroleum ether is drained leaving only a
3-mm layer above the adsorbent. An aliquot of a
cleaned-up extract (max 5 ml) in petroleum ether
is applied to the column and washed into the
column by additional small portions of petroleum
ether. PCB’s are eluted in 250 ml of petroleum
ether, p,p’-DDE, and other pesticides in 200 ml of
acetonitrile-hexane-methylene chloride 1:19:80
(v/v/v).

Masumoto studied in detail factors affecting the
separation of PCB’s and p,p"-DDE by silicic acid
chromatography.® Complete separation of
Aroclor 1254 from PCB’s could not be achieved.
Variability between batches of silicic acid acti-
vated at 130°C and deactivated by 3% water was
caused by variable activation time. No further
water loss was observed after 24 hr at 130°,
whereas the weight loss between 7 and 24 hr was
about 0.5%. Variations between separation pat-
terns obtained on columns prepared from the same
batch of silicic acid were shown to be due to
Celite, which is added to improve the flow rate.
However, columns without Celite behaved repro-
ducibly and the effects of aging on the chromato-
graphic patterns were not studied.

Aroclors 1260 and 1254 could be reasonably
well separated from p,p"-DDE. However, Aroclor
1221 was eluted in the p,p'-DDE fraction and



Aroclors 1232 and 1242 were distributed between
the PCB and p,p'-DDE fractions.®®

Retention volumes were 540, 490, 660, 630,
370, and 890 ml for 4-chloro-, 3-chloro-, 2-chloro-,
2,2'-dichloro-, 4,4'-dichloro-biphenyl, and
biphenyl, respectively.®®

Two other procedures for the separation of
PCB’s from p,p'-DDE by chromatography on
silicic acid have been described. Snyder and
Reinert used silica gel (Davison Chemical Division,
W. R. Grace, Baltimore; grade 950 activated
desiccant, 60-200 mesh), received from freshly
opened cans, or reactivated at 200°C for 8 hr and
kept under pentane. Glass columns (10 mm i.d. x
200 mm) were filled to a length of 7.7 ¢cm (about
3 g dry weight) and PCB’s were eluted in 38 ml of
pentane, DDT and metabolites in 36 ml of
benzene. The method was tested on PCB-spiked
hexane extracts of fish but the published data do
not indicate the amount of lipid actually applied
to the column.’$

According to McClure silica gel (Matheson
Coleman & Bell Sx-144-6 activated at 180°,
deactivated with 0.5% ethyl ether in benzene,
which in turn was washed out with hexane
5 ml of hexane per 1 g of adsorbent), sep-
arated PCB’s from p,p’-DDT and metabolites.
PCB’s were eluted in 10 ml of hexane, p,p’-DDT,
and metabolites in S ml of 0.5% ether in hexane.
After rinsing with hexane, the column (4 mm i.d.
x 230 mm) was ready for reuse.®®

Other authors limited themselves to the separ-
ation of PCB’s from p,p'-DDT and p,p’-DDD.
Thus, in the procedure of Holden and Marsden,
p,p'-DDE is eluted together with PCB’s from the
silica column by hexane.®' Using this method, we
have noticed that the elution volume for PCB’s
and pesticides varied with different batches of
hexane. The source of these variations was traced
to the varying amounts of benzene in commercial
pesticide-grade hexanes.! 3 It is practical to adjust
the concentration of benzene to 5 ml/l hexane.
Under these conditions, PCB’s and p,p'-DDE are
eluted in 15 ml of hexane and p,p’-DDD, p,p'-
DDT, and dieldrin are eluted in 10 ml of 10%
diethyl ether in hexane. A 5 mm id. x 45 mm
glass column, charged with 2 g of silica (Silicar,
Mallinckrodt 100-200 mesh, activated at 130°
overnight and deactivated with 3% of water) was
used. This procedure is fast and suitable for
routine analyses. A correction can be made for the
PCB’s interference in the quantitation of p,p"-DDE

whereas peaks with retention times different from
that of p,p’-DDE are used to quantitate PCB’s (see
section on quantitation).

Collins et al. used silica gel (BDH Limited,
60-100 mesh), activated at S00° for 4 hr, and
deactivated by the addition of 2.5 ml water per
100 g of silica gel, to separate PCB’s from
p,p'-DDT and p,p’-DDD.?® An 8 mm id. x 300
mm glass column, containing 5 g of silica gel, was
used. PCB’s were eluted in 42 ml of hexane (flow
rate 0.7 ml/min). This fraction also contained
hexachlorobenzene, aldrin, o,p"-DDT, and p,p'-
DDE. Other organochlorine pesticides were eluted
with 50 m! of 10% ether in hexane. Collins et al.?8
quantitated p,p'-DDE as p,p’'-
dichlorobenzophenone after oxidation with
chromium trioxide. The hexane fraction from the
silica gel column was concentrated to 2 ml, 2 ml of
acetic acid was added, hexane was evaporated
using a micro-Snyder column, 100 mg of chrom-
ium trioxide were added, and the mixture was
placed in a boiling-water bath for 15 to 20 min.
Hexane (2 ml) was added, the tube was shaken
vigorously, the acid was neutralized with 6 to 7 ml
of 5 N sodium hydroxide and the contents were
shaken again. Miles dehydrochlorinated DDT and
metabolites by 1,5-diazobicyclo[5.4.0] undec-5-ene
and oxidized the corresponding olefins by chromic
acid to dichlorobenzophenone.”!

Leoni studied the chromatography of PCB’s
and pesticides on silica gel (grade 950, 60-200
mesh, Davison Code 950-08-08-226, Grace
Davison Chemical, Baltimore, Md.), activated at
130° for 2 hr and deactivated by 5% of water.
Under these conditions, PCB’s (Fenclor with 40,
52, 60, and 65% chlorine) were eluted with hexane
together with p,p"-DDT and metabolites. The
paper presents data on the chromatographic
behavior of many chlorinated hydrocarbon and
organophosphate pesticides.®®

Florisil was also used to separate PCB’s from
the DDT compounds. The former were eluted with
hexane, the latter with a mixture of ethyl ether
and hexane.®® Edwards reported satisfactory sep-
arations using this procedure,** but Bevenue and
Ogata were not able to obtain a good
separation.?> Hexanes with different benzene con-
tent may be responsible for this discrepancy.
According to a later report by Edwards, a separa-
tion of p,p'-DDE from PCRB’s is not possible.’*
Berg et al. separated PCB’s from DDT and metab-
olites by column chromatography on charcoal.?!

205



Only one type of charcoal (Fisher Scientific 5-690
charcoal, activated, 50-200 mesh) was suitable.
Before use, the charcoal was repeatedly boiled
with acetone, washed with cold acetone, air-dried,
and stored at 135°. A 6 mm i.d. x 140 mm glass
column, containing a layer of sand (25 mm) to
retain the charcoal fines and a layer of charcoal
(90 mm, 1.1 g dry weight), was used. The charcoal
was applied to the column as an acetone slurry.
DDT and metabolites were eluted with 90 ml of
25% acetone in ethyl ether, PCB’s with 60 ml of
benzene.

The problems in the separation of the DDT
compounds from PCB’s are obvious from the
preceding data. Each laboratory must adjust the
conditions and frequently check the performance
of the procedure.

Two other approaches to the elimination of the
separation difficulties have been described. Asai et
al. dechlorinated PCB’s (Aroclor 1260) to a
mixture of biphenyl, cyclohexylbenzene, and
dicyclohexyl.'® These compounds can be easily
determined by gas chromatography, very likely
without much interference from the dechlor-
ination products of the DDT compounds. Unfor-
tunately, with the loss of chlorine the high
sensitivity of the electron-capture detector is also
lost and the method is not suitable for the
detection of low levels of PCB’s. At times, it may
be useful for confirmatory purposes. The other
possibility is the perchlorination of PCB’s to yield
decachlorobiphenyl which is easily separated by
GLC from the perchlorinated products of p,p'-
DDE. The perchlorination techniques will be
discussed in more detail in the section on PCB
quantitation.

PCB’s interfere with the determination of chlor-
inated dibenzodioxins and dibenzofurans, particu-
larly those containing from 2 to 5 chlorine atoms
in the molecule.

Porter and Burke separated 2,3-di-, 2,3,7-tri-,
and 2,3,7 8-tetrachlorodibenzo-p-dioxin from
Aroclors 1254, 1260, and 1262 by using a 25-mm
layer of alumina in a 4 mm id. x 100 mm
disposable pipet.8? Alumina (for chromatographic
adsorption, Merck) was heated overnight to 130°C
and cooled in a desiccator. PCB’s were eluted with
6 ml of 1% methylene chloride in hexane, chloro-
dibenzo-p-dioxins with 6 ml of 20% methylene
chloride in hexane. Using alumina from another
supplier (Fisher Scientific A-540, 2 g in a 5 mm
id. x 450 mm column), we had to use 2%
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methylene chloride in hexane to elute PCB’s
(Aroclor 1254 and PCB’s from wildlife samples,
resembling it) in 20 ml of effluent. Chlorodibenzo-
p-dioxins (2,3,7 8-tetra, two hexa- and octachloro)
were eluted with 10 ml of 20% methylene chloride
in hexane. Under the same conditions, di-, tri-,
tetra-, and octachlorodibenzofurans can be
separated from PCB’s of the Aroclor 1254 and
1260 type.''S Some peaks, probably chlorobi-
phenyls, appear in the 20% methylene chloride
fraction when large amounts of Aroclors 1221,
1232, 1242, and 1248 (800 ug) are applied to the
column. These peaks are not removed in the 2%
methylene chloride fraction even after repeated
chromatography. The peaks could be mistaken for
chlorinated dibenzo-p-dioxins or dibenzofurans
and a confirmation by perchlorination or by mass
spectrometry is absolutely necessary.

Chlorinated naphthalenes accompany PCB’s on
silica chromatography.® No method for a chroma-
tographic separation of PCB’s from chlorinated
naphthalenes has been reported. The latter have
not been found in environmental samples; how-
ever, they may be present in some and masked by
or mistaken for PCB’s. A sufficiently high concen-
tration of chlorinated naphthalenes could be con-
firmed by UV spectrophotometry (UV maximum
at 306 nm, A'% =329)."'* Holmes and Wallen
reported that chlorinated naphthalenes are
relatively easily oxidized by chromium trioxide
and this procedure was suggested for the removal

of chlorinated naphthalenes from mixtures with
PCB’s.5?

Thin-layer Chromatography of PCB’s

Several authors studied the thin-layer chroma-
tography of commercial PCB preparations.
Alumina G, sometimes with incorporated silver
nitrate or silica gel G, was the adsorbent; hexane,
heptane, 5% benzene in hexane, or 2% acetone in
heptane were the developing solvents. Layers not
containing silver nitrate were sprayed with a silver
nitrate solution, i.e., 1.7 g silver nitrate in 200 ml
of ethyl alcohol. Layers with incorporated silver
nitrate were sprayed with a solution of
2-phenoxyethanol in aqueous acetone (5 ml of
water, 10 ml of 2-phenoxyethanol, 200 ml
acetone, and a few drops of 3% hydrogen per-
oxide). PCB’s and other chlorinated compounds
were then visualized under UV light. One-
dimensional TLC did not separate PCB’s from
p,p'-DDE. PCB’s were not resolved into individual



components and migrated as a single spot with an
R,- value of approximately 0.9. PCB’s were, how-
ever, clearly separated from dichlorodibenzo-
phenone (R approximately 0.3)7! 7>2#:7:# 8,107

Fehringer and Westfall separated PCB’s from
p.p'-DDE using two-dimensional TLC on silica gel
(MN-Kieselgel G-HR, 30 g and 50 ml of a freshly
prepared 0.2% silver nitrate solution, sufficient for
five 20 x 20 cm plates at 250 u), activated at 80°
for 20 min. The plates were developed in one
direction with r-heptane, in the other direction
with n-heptane-acetone 98:2. Even PCB’s were
resolved into several components.*®

A much better separation of PCB components
may be achieved by reverse phase thin-layer
chromatography (RPTLC). This technique was
first used by De Vos and Peet.’' Plates coated
with silica gel G were dipped into an 8% solution
of liquid paraffin in petroleum ether and air-dried.
The developing solvent was a mixture of
acetonitrile-acetone-methanol-water (40:18:40:2).
The technique was developed further by Stalling
and Huckins.”” Silica gel G was again coated with
liquid paraffin. Best separation of PCB compon-
ents was achieved by either of the following
solvent mixtures: water-acetonitrile-methanol
(15:40:45); and water-acetone-acetonitrile-
methanol (5:15:40:40). The resolved components
were extracted from the plates and analyzed by
gas chromatography and mass spectrometry. Most
of the individual TLC spots yielded single peaks on
gas chromatography (Table 1). Rf values generally
increased with decreasing number of chlorine
atoms in the chlorobiphenyl molecule. However
(as can be seen from Table 1), it would be difficult
to separate p,p’-DDE from some chlorobiphenyls.
The detection limits for the major components of
PCB preparations were 15 ug for Aroclor 1232, 8
ug for Aroclors 1248 and 1254, and 2 ug for
Aroclor 1260.

RPTLC is a useful technique for the study of
individual PCB components and deserves further
attention.

Thin-layer chromatography on alumina was
used to separate Aroclor 1221, 1254, and 1260,
and several chlorobiphenyls from 2,3,7 8-tetra-
and octachlorodibenzo-p-dioxin.'®® The
adsorbent was activated by heating at 120° for 2
to 3 hr and developed (7 ¢cm) with tetrachloro-
ethylene-acetone (1 + 4) and then in the same
direction (10 to 11 ¢m) with tetrachloroethylene-
methanol-water (5 + 45 + 1). In both solvents,

PCB’s moved close to the solvent front. The two
chlorodibenzo-p-dioxins did not move in the
second solvent.

Confirmation of PCB’s

PCB’s are most often detected and quantitated
by gas chromatography. The GC patterns charac-
teristic for different commercial preparations were
presented already in Chapter 2. The GC pattern
together with the elution of PCB’s in the PCB
fraction during the separations of PCB’s from
chlorinated hydrocarbon pesticides leaves little
doubt about the correct identification of these
compounds and an additional confirmation may
not be required. In some cases, the pattern may be
changed beyond recognition and a confirmation is
necessary. Mass spectrometry coupled with gas
chromatography is frequently used to confirm the
identity of PCB’s (see Chapter 8), The instrumen-
tation is rather expensive and not available to all
laboratories. For this reason, and also in an
attempt to develop a better quantitation tech-
nique, several authors studied the perchlorination
of PCB’s and related compounds. The GC pattern
of Aroclor 1254 before and after perchlorination
is illustrated in Figure 1.

Berg et al. used antimony pentachloride to
perchlorinate PCB’s.2! The reaction was carried
out at 150 to 170° on a preparative scale (0.5 g, 3
ml of antimony pentachloride) in Teflon-lined,
screw-cap vials or on an analytical scale (1 ug, 0.2
ml of antimony pentachloride) in sealed glass
tubes. From 5 to 8 hr was necessary for complete
conversion of Aroclor 1254 to decachlorobi-
phenyl. The perchlorination mixtures were then
treated with 20% hydrochloric acid and extracted
with benzene. The yield of decachlorobiphenyl
was about 90% on the preparative scale and 85%
on the analytical scale. Several other laboratories
reported that the yield of decachlorobiphenyl
depended on the chlorine content of the starting
PCB preparation, lower chlorinated preparations
giving lower recoveries. Mizutani and Matsumoto
perchlorinated 0.1 ug of PCB’s with 0.5 ml of
antimony pentachloride in a sealed tube at 220°
for 2 hr.”* Huckins et al. somewhat modified the
perchlorination with antimony pentachloride and
obtained decachlorobiphenyl in a yield of 85 and
104% from Aroclors 1016 and 1254, respec-
tively.** The sample in petroleum ether was
placed into a Mini-Aktor® vial (Applied Science
Laboratories No. 12993), petroleum ether was
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TABLE |

Chromatographic Characterization of Polychlorinated Biphenyls (Aroclors): Correlation of
Reverse-phase Thin-layer Chromatographic (RPTLC) Spots and GLC peaks®

RPTLC GLeh GLC-MS
Spot ‘ Peak R, relative No. of Molecular
Solvent system No. R ,fj No. to p,p’-DDE chlorines weight

Aroclor 1232

Water- 1 0.35 13 1.46 6 358
Acetonitrile- 2 0.40 11 1.07 S 324
Methanol 3 0.46 12 1.29 6 358
15+40+45 4 0.55 8 0.64 5 324
5 0.60 i 0.07 1 188
6 0.66 10 0.97 N 324
7 0.72 9,6 0.76, 0.40 5.4 324, 290
8 0.75 5,78 0.30, 0.52 3,4 256, 290
9 0.78 7A 0.48 4 290
10 0.84 7,5 0.48, 0.30 4,3 290, 256
11 0.87 3 0.21 2 222
12 0.89 2 0.15 2 222
Aroclor 1248
1 0.37 i1 1.06 S 324
2 0.42 12,9 1.28,0.76 6,5 358,324
3 0.47 8 0.63 5 324
4 0.51 10 0.99 ) 324
5 0.57 9 0.76 5 324
6 0.63 5,6 0.30, 0.40 3,4 256, 290
7 0.68 7A & BS 0.47, 0.51 4 290
8 0.76 3,2 0.21, 0.15 2 222
9 0.79 4 0.24 3 256
Aroclor 1254
1 0.21 16 2.36 6 358
2 0.27 13 1.55 6 358
3 0.35 12, t5 1.28, 1.95 6 358
4 0.40 14 1.61 6 358
S 0.45 9 0.79 5 324
6 0.55 11 1.06 5 324
7 0.69 8,6 0.66, 0.40 5,4 324, 290
8 0.76 7A 0.48 4 290
Aroclor 1260
Water- 1 0.50 18 5.23 7 392
Acetone- 2 0.60 16 3.10 7 392
Acetonitrile- 3 0.68  12A.14, 17 1.51,2.12, '
Methanol 3.96 6,7 358, 392
S+15+40+40 4 0.76 12B, 13, 15 1.67, 1.89,
2.58 6,7 358, 392
5 0.87 9, 11 0.82, 1.28 5,6 324, 358
6 0.92 10, 12A 1.22, 1.51 6 358
7 0.96 8. 10 0.72, 1.12 5,6 324, 358

aRfvalues of p,p’-DDE were 0.60 and (.92, respectively.

bA” column temperature of 160°C was used, except for GLC of Aroclor 1260 which was
resolved at 190°C, glass column, 7 tt x 2 mm, packed with 0.3% OV-7 on glass beads, carricr gas
nitrogen 40 ml/min.

“Two components under the same peak.

Courtesy ol J. Assoc. Offic. Anal. Chem.
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RECORDER RESPONSE

AROCLOR 1254 STANDARD

AROCLOR 1254 AFTER PERCHLORINATION
(DECACHLOROBIPHENYL)

T T T T T T
2 18

/L
7/ T T T T T T 1

39 45 51 57
Min.

FIGURE 1. GC pattern of Aroclor 1254 before and after perchlorination (200°, 6ft x 4 mm glass column containing 4%
SE-30 on acid-washed Chromosorb W 60-80 mesh, carrier gas nitrogen, 60 ml/min).

evaporated at 35° under nitrogen, 0.2 ml of
antimony pentachloride was added, and the vial
was capped and heated for 3 hr at 165° in a sand
bath. After the mixture was allowed to cool,
hydrochloric acid (20%, 0.5 ml) was added and
decachlorobiphenyl was extracted with warm ben-
zene (5 x 1 ml) in a supermixer (Arthur H.
Thomas Co. No. 8929-W). The extracts were
filtered through separate 9 mm i.d. glass columns
containing 2 g of sodium sulfate. Each column was
rinsed with 5 ml of benzene.

Huckins et al. noticed that some batches of
antimony pentachloride were contaminated with
bromine (antimony pentabromide ?) and conse-
quently yielded bromononachlorobiphenyl eluted
after decachlorobiphenyl on gas chroma-
tography.5*4

Hutzinger et al.55 investigated several chlorin-
ation reagents. Best results were obtained with a
mixture of sulfuryl chloride, sulfur monochloride
and anhydrous aluminum chloride (BMC-
mixture),’ $-3® and with a mixture of antimony
pentachloride and iodine.

Prior to use, the BMC reagent was prepared by
mixing equal volumes of 1% solution of sulfur
monochloride in sulfuryl chloride and a 0.5%

solution of anhydrous aluminum chloride in the
same solvent. The sample was dissolved in the
reagent (100 mg, 10 ml) and the solution was
heated for 2 hr in a loosely capped flask at about
69°. Approximately 75% of sulfuryl chloride was
evaporated during this time. Hydrochloric acid
(25%, 30 ml) was added to the residue and the
mixture was heated (60 to 80°, 10 to 60 min) to
yield the perchlorinated compound as a precip-
itate.

The antimony pentachloride-iodine reagent was
a solution of these compounds in sulfuryl chloride
(0.5 g, 10 ml, and 90 ml respectively). The
sample was dissolved in the reagent (100 mg, 10
ml) and the temperature was gradually raised to
120 to 130° and maintained for 2 hr. The residue
was then heated for 10 min with hydrochloric acid
(25%, 10 ml).

A third reagent, trichlorosulfur tetrachloro-
aluminate, transformed Aroclor 1254 into deca-
chlorobiphenyl under relatively mild condi-
tions.>3»5¢ This reagent was prepared by mixing
sulfur dichloride and liquid chlorine (5.3 g and 3.2
g, respectively) at -80° and by carefully adding
powdered anhydrous aluminum chloride at the
same temperature. The mixture was dissolved in
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sulfuryl chloride (50 mg in 5 ml) and heated with
Aroclor 1254 (1mg) for 3 hr at 70°. Hydrochloric
acid (20%, 5 ml was added) and decachlorobi-
phenyl was extracted with benzene.

The properties of decachlorobiphenyl and of
perchloro-derivatives of some other compounds
which occur or may occur in environmental
samples are summarized in Table 2. The perchlor-
inated compounds have a very long retention time
on the GC columns usually employed in the
determination of PCB’s. A glass column (6 ft x 4
mm) containing 3% OV-210 (Pierce Chemical
Company) on Chromosorb WAW 60/80 at 200°
was used to obtain the GC data in Table 2. Berg et
al. used a short (2 ft x 1/8”") stainless steel column
with 5% SE-30 on Chromosorb W to detect
decachlorobiphenyl (elution time 9 min at
215°).2 Huckins et al. determined decachlorobi-
phenyl with a 4 ft x 2 mm glass column, filled
with 0.3% of OV-7 glass beads, and operated at
220° .54

ation would not distinguish between chlorinated
naphthalenes and PCB’s. On the other hand,
p,p"-DDE, which occurs together with PCB’s in
most biological samples, gives a number of peaks
(possibly due to thermal decomposition on the
column, since the purified perchlorinated product
gave the expected mass spectrum of dodecachloro-
DDE). Fortunately, none of these coincides with
the peak of decachlorobiphenyl under the given
GC conditions. It is also important to note that
peaks of the dodecachloro-DDE compounds would
not be mistaken for those of octachlorodibenzo-p-
dioxin and octachlorodibenzofuran. However,
these two compounds are not clearly separated.
The three peaks of tetradecachloroterphenyl cor-
respond in order of increasing retention time to
the o-, p-, and m-isomer, respectively.

Quantitation of PCB’s
Gas chromatography is the method of choice
for the detection of PCB’s. With the exception of

It can be seen from Table 2 that perchlorin- model experiments with individual chlorobi-
TABLE 2
Properties of Perchloro-derivatives®
Analyses?
Retention Method of
Compound (lit.m.p.) C Cl times preparation
Octachlorodibenzofurin 256-7° 3243 63.96 2.554 BMC
32.69 63.41
Octachlorodibenzodioxin 328 - - 2.609 BMC
(330)
Octachloronaphthalene 196-17 29.70 70.30 1 SO, Cl1,-SbCl, f
(From 197 to 202) 30.00 70.23
Decachloro-1,4- 208 25.26 74.74 1 BMC
dihydronaphthalene (208) 25.26 74.20
Decachlorobiphenyl 304 - - 1 BMC and SbCl. -1,
305)
Dodecachloro-DDE >360° 28.28 71.72 1.9,2,29 SbCl. -1,
28.27 70.87 3.6,4.7,5.9
Tetradecachloroterphenyl (From 290 to >360°) 30.29 69.71 11.9, 19.2 SbCl, -1,
2991 69.15 22.2%

ACalculated over found. Values for chlorine are consistently low for most of these perchloro-derivatives, possibly due to

incomplete decomposition.

bRetention time relative to decachlorobiphenyl.
€Identical to a sample provided by Dr. Pohland.
didentical to samples provided by Dr. Firestone.

€Samples were identical to those prepared by the methods described in the literature.

fHalowax or naphthalene was heated, under reflux, in a4 mixture ot sulfuryl chloride and antimony pentachloride 9:1 (v/v)
for 1 hr and the octachloronaphthalene was recovered as described for the other perchloro-compounds. Heating with neat
SbCl; or SO, C1,-SbCl; -1, leads to extensive decomposition.

BThis product changes m.p. on crystallization. It consists of a mixture ot o-, m- and p-perchloroterphenyl.

Courtesy of Int. J. Environ. Anal. Chem.
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phenyls, multicomponent wixtures of chlorobi-
phenyls are always encountered. These more or
less resemble conercial PCB preparations which
are then used as the standards for quantitation.
The quantitation cannot be accurate since it is not
based on a complete resolution of all chlorobi-
phenyls, and quantitative detector responses to all
the chlorobiphenyls are not known. However, the
quantitation can be precise and the degree of
precision, tested in a multilaboratory exchange-
sample program, is about the same as the precision
and accuracy of the determination of the common
chlorinated hydrocarbon pesticides (standard devi-
ation +20%).%¢

Many different procedures are used to quanti-
tate GC tracings of PCB’s. Some authors use peak
area and others use peak height of one, two, three
or more peaks. PCB patterns in wildlife samples
usually resemble and are quantitated as Aroclor
1254 or 1260. At times the patterns of Aroclor
1232 or 1242 wmay also be recognizable. A
technique based on computer-matching of the
observed PCB patterns in the sample with patterns
obtained by mixing various Aroclors in different
ratios was described.”®

In our laboratory, dealing mostly with aquatic
wildlife samples containing PCB’s resembling
Aroclor 1254, the total height of five out of the
six major Aroclor 1254 peaks is used for quanti-
tation. The sixth peak (third in order of increasing
retention time) is not used since it overlaps with
that of p,p'-DDE (chromatography on silica not
separating PCB’s from pp'-DDE is routinely
carried out during the analyses). A correction is
applied to the height of the p,p"-DDE peak. The
peak height of the overlapping PCB peak per unit
weight of Aroclor 1254 is about 10% of the peak
height of p,p’-DDE.

The described quantitation procedures are
suitable for monitoring purposes. However, the
precision decreases if the PCB pattern in the
sample differs from that of the appropriate
commercial PCB preparation. To eliminate this
decrease in precision, it was suggested to quanti-
tate PCB’s after perchlorination in terms of
decachlorobiphenyl.?'  This approach may
increase the precision of the quantitation but has
no effect on its accuracy since the proportions of
individual chlorobiphenyls in the original mixture
remain unknown. Additional manipulations
required for the perchlorination and variable yields
of decachlorobiphenyl!, discussed in the preceding

section, may well eliminate the increase in
precision expected from the perchlorination
technique. Rote and Murphy obtained a semi-
logarithmic relationship between the EC detector
total peak area (y) and the average number of
chlorine atoms (x) in Aroclors 1232, 1242, 1248,
1254, 1260, and 1262:

logy =0.1512x - 0.7428,

and calculated from this relation the amount of
chlorinated biphenyl in each peak of the analyzed
sample using published mass spectrometry data to
identify the number of chlorine atoms in the
individual peaks.”®

Again, this approach has not much effect on
the accuracy of the quantitation of PCB’s since, as
will be shown later in this section, the electron-
capture detector response to chlorobiphenyls with
the same number of chlorine atoms may vary
significantly with the substitution patterns.

GC columns with a high resolving capability
have been described in Chapter 2. Many chloro-
biphenyls present in commercial PCB preparations
have been identified or tentatively identified and
sooner or later, known detector responses to the
identified chlorobiphenyls will make an accurate
quantitation of PCB’s possible. For the analyst
engaged in routine monitoring work this approach
may not be practical because of the increased
complexity of the quantitation procedure. The
situation may change drastically when, based for
example on toxicological data, there will be a
special interest in an accurate determination of
some particular chlorobiphenyls. |

A few observations about the quantitative
response of the flame-ionization and electron-
capture detectors to individual chlorobiphenyls
can be made.

Relative molar flame ionization responses
(biphenyl = 100) of several chlorobiphenyls were
determined by Albro and Fishbein and also
calculated using the following method: A response
value of 100 was assigned to biphenyl. Three
response units were subtracted for each chlorine
substitution in positions 2,2',6,6', and 6 additional
units were subtracted for each additional substi-
tution after the first. Eleven units were subtracted
for substitutions in positions 3,3',5,5’, and 16
units for substitution in positions 4 and 4. If both
rings contained chlorine, 10 units were added for
each chlorine in the least substituted ring. Vicinal
substitution raised the response by 1.5 units in
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positions 2,3, and 5,6, and by 9.5 units in the
positions 3,4 or 4,5.”

Flame-ionization detector is seldom used in the
determination of PCB’s due to its relatively low
sensitivity. However, in the case of mono- and
dichlorobiphenyls, its sensitivity may be
comparable to the sensitivity of the electron-
capture detector.

Electron-capture detector response to mono-
and dichlorobiphenyls was reported by Gregory
and we have determined the response to some
mono-, di-, tri-, tetra-, penta-, hexa-, and octachlo-
robiphenyls.**>''7  The detector response
increases sharply with increasing numbers of
chlorine atoms. For example, the response to
decachlorobiphenyl is 500 times stronger than the
response to 4-chlorobiphenyl. Most of the increase
occurs in the mono- to trichlorobiphenyl range
and the response increases only by a factor of 2 to
3 between tetra- and decachlorobiphenyl.

As in the case of the flame-ionization detector,
the chlorine substitution patterns affect the
response of the electron-capture detector. Not
enough data are available for generalization of these
effects, but as a rule, chlorine substitution in
positions 2 and 6 decreases and vicinal substi-

tution, particularly in the positions 3 and 4,
increases the response.

The responses of flame-ionization and electron-
capture detectors to some chlorobiphenyls are
summarized in Table 3.

In addition to the two detectors mentioned
above, total-ion currect of GC-MS systems,
microcoulometric, and electrolytic conductivity
detectors sometimes are used to quantitate PCB’s.
The quantitation procedures are identical with
those already described. These detectors are
somewhat less sensitive than the electron-capture
detector. However, the last two are more selective.

A selective determination of chlorinated hydro-
carbon pesticides in the presence of PCB’s was
achieved by manipulating the operating parameters
of a Coulson electrolytic conductivity detector.
PCB’s did not interfere with the determination of
chlorinated hydrocarbon pesticides when the
detector furnace was kept at 600°C. The detector
response to PCB’s was enhanced at temperatures
above 820°.32

UV spectrophotometry was occasionally used
to quantitatively determine PCB’s. We have used
this technique to monitor concentration of
Aroclors 1221 and 1254 in water during toxicity

TABLE 3

Relative Molar Responses of Electron-capture and Flame-ionization Detectors to

Some Chlorobiphenyls

Relative molar response

Chlorobiphenyt

2.

3-

4-

2,2'-di

2,4-di

2,6-di

3,3"-di

3,4-di

4.4'-di

2,4,4"tri

2,2'.4,4'-tetra

2,2',6,6'-tetra

3,3',4,4'-tetra

3,3',5,5 -tetra

2,3,4,5-tetra

2,3,5,6-tetra

2,2',4,4' 6,6'-hexa

3,3'.4,4',5,5"-hexa

2,2'3,3'4,4' 6,6'-octa

2,2°.3,3'5,5',6,6'-octa
deca
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Electron capture

Flame jonization

1.00 1.00
0.20 0.92
1.10 0.87
5.16 0.99
17.7 0.86
32.0 0.91
6.10 0.94
15.2 0.86
5.97 0.81
135 0.78
106 0.87
20.6 0.90
396 0.87
320 0.85
367 0.87
259 0.71
347
726
1,180
1,150
1,410



tests with fish. PCB’s were solubilized in water by
nonionic surfactants yielding optically homo-
geneous solutions and the detection limit was
approximately 0.5 to 1.0 mg/l. The method is
much faster than the extraction and gas chroma-
tography, but also much less sensitive.' ! ?

Benthe et al. used UV spectrophotometry to
quantitate PCB’s (Pydraul A200, Monsanto,
chlorine content 42%) in organs of rats, exposed
to PCB aerosols. The levels of PCB’s in the tissues
were very high (40 to 250 ug/g).>°

UV spectrofluorimetry was also used to
determine Aroclors 1221 and 1254 in water, but
again, the sensitivity, although better than that of
UV spectrophotometry, was not very high (0.025
to 0.2 mg/l).' ' 2

The determination of a chlorobiphenyl in rat
adipose tissue by neutron activation and meas-
urement of *8Cl was reported.®” It is not likely
that this technique will be widely used.

Determination of Chlorobiphenylols

Little is known about the analytical properties
of chlorobiphenylols, a group of metabolites of
chlorobiphenyls (Chapter 7). On the other hand,
the determination of biphenylols was studied in
detail in connection with the metabolism of the
parent compound, and the methods for the
determination of mono- and dichlorobiphenylols
may not require many modifications. At the same
time, pentachlorophenol may be chosen for an
approximation of the analytical behavior of the
polychlorobiphenylols. Some of the typical
procedures are described below to stimulate the
development of analytical techniques for the
determination of chlorobiphenylols.

In a model experiment Bache and Lisk
extracted 2,2',6,6'-tetrachloro-4,4'-biphenyldiol
with 2% bicarbonate from a hexane solution
containing Aroclor 1254 and the above
compound. The bicarbonate solution was acidified
and the chlorobiphenyldiol was extracted with
diethyl ether and quantitated by gas chromatog-
raphy of the corresponding dimethyl ether."*

The commercial availability makes the use of
2,2',6,6"-tetrachloro-4 4'-biphenyldiol  attractive

for the development of analytical techniques. In’

our experience, however, this compound is rather
unstable.

Pillion separated 4- and 6-chloro-2-biphenylol
and 2-chloro-1-biphenylol by GC on a 10% XE-60
on Diaport™ S, 60-80 mesh and on 10% SE-30 on

Chromosorb W, both columns at 210°. As in the
case of chlorobiphenyls, substitution in 2 and 6
positions decreased the retention time.®'
Hutzinger et al. examined the GC behavior of a
number of chlorobiphenylols and chlorobiphen-
yldiols and the results are summarized in Table 4.
The data are not sufficient to correlate the
retention times and detector responses with the
substitution patterns of the chlorobiphenylols. It
can be seen that at a given chlorine substitution, the
retention times increase from 2- to 4-biphenytols.
Tomori separated 3,3'-dichloro-, 3,5 -dichloro-,
and 5,5 -dichloro-2,2'-dihydroxybisphenol
(increasing order of retention time) in the form of
the corresponding trimethylsilyl (TMS) ethers on a
polyethylene glycol adipate column. TMS ethers
were prepared using hexamethyldisilazane and
trimethylchlorosilane in pyridine (60 mg of
compound, 0.2, 0.1, and 1 ml, respectively).' ®!

The isolation of the metabolites of biphenyl
from rat urine was described by West et al. in
1956.!°¢ Free biphenylols were recovered by
extraction with diethyl ether and further frac-
tionated by solvent extraction. Benzene extracted
4.biphenylol from the crude mixture precipitated
with hydrochloric acid and carbon disulfide was
used to separate 3,4-biphenyldiol (soluble) from
4,4"-biphenyldiol (insoluble). Conjugated
biphenylols precipitated from the urine after
dilution with concentrated hydrochloric acid
(1/10 of urine volume) on standing for several
days in the cold. The precipitate was extracted
with chloroform to yield the chloroform-soluble
biphenylmercapturic acid and the chloroform
insoluble p-biphenyl--D-glucuronide.

Raig and Ammon determined 2- and
4-biphenylol, 3,4- and 4,4 -biphenyldiol by GC of
their TMS ethers in wurine of rabbits fed
biphenyl.®® The urine was treated with concen-
trated hydrochloric acid (1/10 of urine volume)
and extracted with ether in a continuous extractor
for 30 hr. The ether phase was then extracted in
succession with saturated sodium bicarbonate,
10% sodium carbonate and 2 N sodium hydroxide.
The solutions were acidified, extracted with ether,
trimethylsilylated, and examined by gas chroma-
tography. The trimethylsilylation was carried out
using bis-trimethylsilylacetamide (BSA, 50-80 x
excess, chloroform, 1 hr at 50°).

Columns with either 5% SE-52 on silica 60-100
mesh or 4% XE-60 or Chromosorb® G, 80-100
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TABLE 4

Relative Retention Times and EC Detector Responses of Some Chlorobiphenyls

and Chlorobiphenylol Acetates*
Compound

2,2',5,5 -tetrachlorobiphenyl
2-chloro-4-biphenylol
3-chloro-4'-biphenylol
3,5-dichloro-2-biphenylol
3,5-dichloro-4-biphenylol
4.4'-dichloro-3-biphenylol
2,4’-dichloro-4-biphenylol
3,4'-dichloro4-biphenylol
2,5-dichloro-2"-biphenylol
2,5-dichloro-3"-biphenylol
2,5-dichloro-4’-biphenylol
2,2',5’-trichloro-4-biphenylol
3,4,5-trichloro-4'-biphenylol

3,3',5,5 -tetrachloro-2,2"-biphenyldiol
3,3',5,5'-tetrachloro-4,4'-biphenyldiol
3,3’,4,4'-tetrachlorobipheny!
2,2',4,4',6,6'-hexachlorobiphenyl
2,2',4,4° 5,5 -hexachlorobiphenyl

Retention time Response
1.00 1.00
0.94 0.13
0.90 0.10
0.84 0.62
1.51 0.68
1.91 0.74
1.63 0.54
2.02 0.34
0.68 3.23
1.48 0.39
1.64 0.36
2.74 0.80
3.83 1.89
3.72 3.30

14.7 1.79
2.41 7.52
1.81 3.91
3.62 10.3

*Varian 600D gas chromatograph with a glass column § ft x 1/8 in., containing
4% SE-30 on acid-washed Chromosorb W 100-120 mesh, at 184°C; carrier gas

nitrogen, 70 ml/min).

mesh were used isothermally at 150° and then with
a linear increase of 7.5°/min to 230°.3¢:87

Rudling extracted pentachlorophenol with a
mixture of isopropanol and hexane (1 + 5 v/v, 5
ml) from an acidified aqueous homogenate of the
sample (1 g sample, 5 m} water, 1 ml 6 M sulfuric
acid, 10 min hydrolysis). The hexane layer was
extracted with 0.1 M borax (2 x 2 ml) and hexane
(0.5 ml) and the acetylation reagent (acetic
anhydride-pyridine 0.4 + 1 v/v, 40 ul) were added.
The mixture was shaken for 1 min and penta-
chlorophenol acetate was determined by gas
chromatography of the hexane phase. The
recoveries of pentachlorophenol from spiked
samples were quantitative.’’ According to our
preliminary experiments, 0.1 M borax does not
extract chlorobiphenylols under these conditions
and 0.1 N sodium hydroxide must be used.
Chlorobiphenylols are recovered with hexane after
acidification of the aqueous phase and acetylated
in hexane using the above described reagent.

Pentachlorophenol may be also determined
directly by GC on a column containing 3%
diethylene glycol succinate and 2% sirupy phos-
phoric acid on Chromosorb G. This phase bleeds
appreciably and a ®3Ni detector at higher temper-
ature should be used.'®
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The use of various pentachlorophenol alkyl
ethers ranging from methyl to amyl was described
for the determination of pentachlorophenol in
urine and water.>® The ethers were prepared by
using the appropriate diazoalkanes. Concentrated
sulfuric acid cleanup may be used to isolate
pentachlorophenol from lipids.

Fat (5 g) is dissolved in 10 ml of petroleum
ether and 20 ml of concentrated sulfuric acid and
25 g of Celite are added. The mixture is stirred,
extracted with petroleum ether (150 ml and 2 x
125 ml), and the combined petroleum ether
solutions are extracted with 0.25 N potassium
hydroxide (3 x 50 ml, 15 ml ethanol is added in
the first extraction). The aqueous phase is washed
with petroleum ether (2 x 50 ml), acidified with
25 ml of 3 N hydrochloric acid, and pentachloro-
phenol is extracted with chloroform (3 x 70 mi).
The residue after evaporation of chloroform is
taken up in 5 ml of petroleum ether, treated with
2 ml of concentrated sulfuric acid, and analyzed
by gas chromatography.*®

Stark refluxed samples of fish (2 to 20 g) with
0.1 N potassium hydroxide (10 ml/g of fish),
acidified with 500 ml of 0.5 M sulfuric acid, and
distilled off 200 ml. The distillate was acidified
with sulfuric acid and extracted with toluene.



Methyl pentachlorophenyl ether was prepared
using diazomethane and determined by gas chro-
matography.””

A number of other derivatizing groups were
suggested for the determination of phenols by gas
chromatography with an electron-capture
detector. Kawahara described pentafluorobenzyl
derivatives,®' Ehrsson et al. acylated phenols with
heptafluorobutyric anhydride,*® and Seiber et al.
described the use of 2,6-dinitrophenyl deriva-
tives.”*

Berninger et al. separated 2- and 4-biphenylol,
2,2"- and 4,4"-biphenyldiol by thin-layer chroma-
tography on silica with [,2-dichloroethane-acetone
95:5 as the developing solvent. Several biphenylols
were separated by thin-layer chromatography on
silica gel P (Macherey-Nagel & Co) with a mixture
of benzene-methanol-formic acid (90:9:1 v/v).*?
Creaven et al. separated biphenylols by thin-layer
chromatography on alumina using either benzene-
chloroform (19:1, v/v), n-hexane-methanot (49:1,
~v[v), or acetone-chloroform (l1:1, v/v) as the
solvents.*®

Hutzinger et al. separated some chloro-
biphenylol metabolites from the parent chloro-
biphenyls by thin-layer chromatography on silica
with either hexane-acetone (2.5:1) or benzene-
ethyl acetate (12:1).%7

Levels of PCB’s in the Environment

A large number of papers dealing with levels of
PCB’s in the environment has been published and
several reviews of the subject have appeared.*®>
34,116 Readers interested in an in-depth discus-
sion of this subject should consult the original
literature. The following discussion is aimed
primarily at the analytical chemist to give him a
general knowledge of the range of PCB concen-
tration in various environmental samples.

While reading the literature and producing new
data, the analyst should always pay attention to a
few important details. First of all, the type of the
PCB preparation should be noted.

The degree of chlorination gives PCB’s not only
different chemical properties, but also biological
and toxicological properties as well. Consequently,
the interpretation of the results may depend on
the type of the PCB preparation. Most PCB
residues in wildlife samples are quantitated as
Aroclors 1254, 1260, or their equivalents.
However, Aroclors 1242 and 1248 may also be

encountered. In any case, the type of PCB
preparation should always be clearly stated.

The results of analyses of biological samples are
usually reported on wet weight or on lipid basis.
This again should be clearly stated. If the
percentage of lipid is given, the two types of data
are easily interconvertible (ug/g lipid = 100 ug/g
wet  weight/% lipid). It is also important to
describe the method used for the determination of
lipid. Quite often authors reporting the lipid
content refer in fact to hexane-extractable lipids.

Some authors prefer to report PCB concen-
tration on lipid basis, assuming that this form of
expressing the level is better related to the
biological activity and enables a comparison
between species. However, caution must be exer-
cised in interpreting the results if the lipid content
for example varies with the time of the year, stage
of the development or the life cycle. Two popu-
lations of Atlantic herring were analyzed for PCB’s
using male fish of equal age, taken immediately
before spawning. PCB levels on lipid basis were
12.6 ug/g in population B and 3.46 pugfg in
population T. The population B consists of fish
spawning in the spring after a period of low winter
feeding activity and has a hexane-extractable lipid
content of 1.98%. The population T spawns in the
fall after an intensive summer feeding and has a
lipid content of 12.7%. The average body weight
of the population B is 188 g and that of the
population T is 194 g. [t may easily be calculated
that the total body burden of PCB’s is 47 ug in the
population B and 85 ug in the population T. Thus,
while the PCB levels on lipid basis indicate that the
population B may be under a physiological stress
due to the higher levels of PCB’s, according to the
total body burden, the population T lives in an
area which is more contaminated with PCB’s than
that of the population B. If sampled early in
spring, the population T may well have higher level
of PCB’s on lipid basis than the population B.' '#

The type of tissue analyzed should always be
clearly identified (adipose tissue, muscle, liver,
yolk, whole fish, etc.).

The weight of the analyzed specimen or organ
should be given. Total PCB burden may then be
calculated and provide valuable additional infor-
mation or prevent erroneous conclusions. For
example, in a study of the rate of excretion of
Aroclor 1254 by juvenile Atlantic salmon, the
whole body concentration of PCB’s decreased
from 32.1 ugl/g wet weight at the withdrawal of

215



the contaminated diet to 6.83 ug/g atter 245 days
on a control diet. However, since the fish grew in
the meantime, the respective total body burdens
were 221 and 255 ug, indicating that PCB’s were
not excreted.

The levels of PCB’s in the physical environment
are summarized in Table 5. Data on the concen-
tration of PCB vapors in air are not available. The
level of PCB’s in particulate matter is an average
value for several cities in the U.S. The data on the
concentration of PCB’s in rain water are quite
fragmentary and more measurements are needed.
A PCB fallout of 75 ug/m? was observed in the
south of Sweden and this value is of the same
order of magnitude as the estimate for North
America.* A wide range of values is reported also
for both fresh and sea water. According to some
authors, the concentration of PCB’s in suspended
particulate matter may be much higher than that
in water. Some methodological problems
(discussed in the section on sampling) must be
overcome before more accurate data can be

obtained. It should be noted that sewage sludge is
a significant source of PCB’s.

The distribution of PCB levels in freshwater fish
from the U.S. and from Sweden are presented in
Table 6. The U.S. fish samples originated from a
pesticide-monitoring network with stations
covering all major river basins. [t can be seen that
higher PCB levels are more frequently encountered
in the U.S. than in Sweden. In the US., higher
levels are generally found in fish from the Great
Lakes and from rivers in the northeast.

The distribution of PCB’s in marine fish (Table
7) shows a great similarity between Sweden and
Canada. The levels in marine fish are usually lower
than those in freshwater fish. Some species of
sharks, feeding at higher (rophic levels often
contain high levels of PCB’s.!''® For marine
mammals, levels from 1 to 250 ug/g lipid have
been reported.>® PCB levels in fish from Japan are
apparently quite high.'?°

PCB levels in predatory birds and birds feeding
on fish are often very high and may range from

TABLE §

Environmental Levels of PCB’s in the Physical Environment

Sample Level

Reference and remarks

Air No data available
particulate matter 50 ugle 79
rain 20--100 ng/1 50
Freshwater 2-20 ngfi Areas with little industrial

20-2,100 ng/1

activity*®°
industrialized areas®®

Seawater 5-20 ng/l coastal areas®®
Sewage sludge 1-100 ug/g 6
TABLE 6

Levels of PCB’s in Freshwater Fish (ug/g wet weight)

5—-10 >10 Country
4 3 U.S. (Reference 47)
Sweden (Reference 108)
7

Levels of PCB’s in Marine Fish (ug/g wet weight)

Range <0.1 0.1-0.5 0.5-1 1-5
Yo 18 21 17 37
Y% 79 15 3 3
TABLE
Range 0-0.1 0.2-0.5 0.6-1.0 1.
e 27 68 2
% 16 73 9
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1-2 2.1-3 Country
2 1 Sweden (Reterence 108)
2 0 Canada (Reference 116)



about 3 to 9500 ug/g wet weight in the pectoral
muscle. Similarly, the reported levels in eggs
spread over more than two orders of magnitude
(0.7 to 100 ug/g wet weight).'!®

The distribution of PCB’s in human adipose
tissue is given in Table 8. It can be seen that PCB
levels in Japan and possibly also in West Germany
are higher than those in the U.S. PCB concen-
tration in human milk is 0.1, 0.06, 0.02, and 0.01
in West Germany, the U.S., Sweden, and Norway,
respectively.?®>58

Fish are the main source of PCB’s in the diet
(Table 9), followed by eggs and milk. Fish

by-products are probably responsible for the rela-
tively frequently encountered PCB’s in the eggs
since the by-products constitute a part of poultry
feed. Foods packaged in cardboard and similar
materials may also be contaminated by PCB’s
migrating from the packaging material which at
times contains up to 30 ug/g of PCB’s, usually of
the Aroclor 1242 variety.®?

The levels of PCB’s presented in Tables 5
through 9 are due to “normal” levels of environ-
mental contamination. Much higher levels were
occasionally found as a result of industrial
accidents, most frequently spills and leaks of
hydraulic or heat-transfer systems.

TABLE 8

PCB’s in Human Adipose Tissue (ug/g lipid)

Range 0 <1.0 1-5 >S5 Country
% 0 10 78 12 Japan (Reference S8)
Range 0 <1 1-2 >2
% 2 56 37 6 U.S. (Reference 84)
% 34 33 27 5 U.S. (Reference 110)
Range 1.7-16.6 Average 5.7 West Germauny (Reference 1)
0-6.9 1.61 Norway (Reterence 26)
TABLE9

PCB’s in Food in the U.S.*?

Fraction of samples with
detectable PCB’s, %

Food article

Fish 54
Cheese 6
Milk 7
Eggs 29
Composite diet 3

PCB’s, ng/g
average high
1.9 35
0.2 1
23 28
0.5 4

0.4
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Chapter 13

RECENT DEVELOPMENTS

A. SYNTHESIS

A number of labeled and unlabeled chlorobi-
phenyls have recently been described in the
literature.

The free radical Gomberg-type biaryl synthesis
using isoamyl nitrite was employed for the prepa-
ration of a number of tetra-, penta-, and hexa-

chlorobiphenyls.3*® The melting points, UV
maxima and for certain compounds the relative
retention time in GC are listed in Table 1-A.

The Ullmann-synthesis of 2,2',4,4',5,5 -hexa-
chlorobiphenyl from the corresponding trichloro-
iodobenzene was shown to yield significant quanti-
ties (3%) of the toxic 2,3,7,8-tetrachlorodibenzo-
furan' (Figure 1-A).

TABLE 1-A

Properties of Some Tetra-, Penta-, and Hexachlorobiphenyls

max"m
m.p. (log €)

Chlorobiphenyls °C (ethanol) Relative retention time**

Tetrachlorobiphenyls
2,2.3,5"-% 49-50 266.5 (sh) (2.97); 275.5 (3.07); 283 (3.00) 0.46
2,2'4,5"-* 65-66.5 274 (3.08); 281.5(2.99) 0.41
2,2'5,5'-* 85-86.5 268 (sh) (3.06);275.5 (3.21); 283.5 (3.16) 0.39
2,2'5,6'- 103-104.5 268 (sh) (2.91); 275.5 (3.00); 283.5 (2.91) 0.33
2,3'4' 5-* 104-105 247 (4.21); 285 (sh) (3.40) 0.63
2,355 105.5-106.5 245 (sh) (3.98); 283.5 (sh) (3.25) 0.51
2,3,3'.4'- 96-97 251 (4.18) 0.74
2,2.3,3'-* 121-122 271.5 (2.88); 279.5 (sh) (2.80) 0.54
2,3',4,4'-% 127-128 251 (4.22) 0.65
2,2'3,4'-* 68.5-70 272.5 (sh) (2.95); 280.5 (2.81) 0.47
2,3'4' 6- Oil 272.5 (sh) (3.10); 281 (sh) (2.98) 0.50
2,2'.3,6'- 125.5-127 267.5(2.89);274.5 (2.89) 0.38
3,3'4,4'-* 177-178 261 (4.17) 0.99
3,3',4,5'- 119-120 258.5 (4.26) 0.82
2,3,3',5'- 127.5-129 243.5 (4.00); 280 (sh) (3.09) 0.58

Pentachlorobiphenyls
2,2',3,5'.6- 98.5-100 270 (2.92); 277 (3.09); 284 (3.07) -
2,3,3' 4" 6- oil 274 (sh) (3.18); 281.5 (sh) (3.14) -
2,2'4,5,5"-* 76-77 275.5 (sh) (3.11); 281 (3.24); 289 (3.12) 0.80
2,3',4,4' 5T 112—-113 251.5 (4.21) 1.27
2,2'3' 4,5-+F 81.5-82.5 272 (2.64); 281 (3.70); 289.5 (2.62) 0.92
2,2',3,4,5-* 112-114 276 (3.05); 284 (2.92) -

2,3,3'4,4"-* 117-118.5 251 (4.22)
2,2',3,3' 4-
2,2'3,5,5'- oil
Hexachlorobiphenyls
2,2'3,44'6'- 69.5-71 275 (2.85);281.5 (2.73)
2,3'4,4' 5" 6- 110-111 285 (sh) (2.85)

*Also see Chapter 3.

119-120.5 274 (sh) (3.08); 280 (sh) (3.05) -
i 276.5 (3.07); 280 (sh) (3.08); 285 (3.20); 294.5 (3.05) -

**Conditions: Varian 1400 instrument fitted with an electron capture detector. Glass column (160 x 0.18 cm) containing
4% SF 96 on Chromosorb W. Oven temperature 160°, nitrogen flow 25 ml/min P,P’-DDE = 1 (24 min)
$2,2',3' 4,5-pentachlorobiphenyl was recently reported as the 2,3',4,4' 5-isomer and the compound is shown as such in

Chapter 3. (See reference 2.)
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Carbon-14 labeled 2,2',3,3',4,4',5,6"-octachlor- by chlorine using carbon tetrachloride at elevated
obiphenyl® (Figure 2-A.) and 2,2'4,4',5,5 -hexa- temperatures. 2,2~ and 24'- dichlorobiphenyl
chlorobiphenyl® (Figure 3-A.) has been prepared (C-14) have recently been prepared from ortho-
via nitration of chlorobiphenyls of lower chlorine chloro-aniline.
content and direct replacement of the nitro group

Cl Cl Cl
Cl Ci
Cu
Cl 0 Cl
Cl Ci Cl

3%

FIGURE 1-A. Formation of tetrachlorodibenzofuran during Ullmann-synthesis of 2,2°,4,4°,5,5"-hexachlorobiphenyl.

Cl OZN Cl
(i) H2804—KN03
Ci NHCOCH3 (i) HCl — AcOH Ci NH2
Cl Ci
Cl
Cl
ispomyl
nitrite cI
o]
Cl Cl Ci Cl OZN Cl Ci Ci
CCI4
@__—_
Cl Cl 580°— 290° Ci Cl
Cl Cl Cl Ci

FIGURE 2-A. Synthesis of carbon-14 labeled 2,2',3,3' 4 4',5,6'-octachlorobiphenyl.
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isoamyl nitrite

Cl

Cl NH

L)~

2
m<:}m
cl cl

Cl
HNO,
(d=1.52)
(of] Ci ON Ci
27\ \
co \_ /N
4
@—
Cl Cl Cl Ci
+
56' — and 3,5 - dinitroderiv.
as minor products
FIGURE 3-A. Synthesis of carbon-14 labeled 2,2’ 4,4',5,5"-hexachlorobiphenyl.
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B. PHOTO- AND RADIOCHEMICAL
REACTIONS

A number of tetrachlorobiphenyls have been
irradiated in hexane and methanol at 300 nm.”
Marked differences have been observed in the
photo-reaction rates of different isomers. In
hexane, dechlorination was again found to be the
major reaction. In methanol, dechlorination also
predominated but smaller quantities (<5%) of
methoxyderivatives were formed. Dechlorination
as well as substitution by methoxy occurred
preferentially at the ortho- positions (Figure 1-B.).

Photo-reduction of 4-chlorobiphenyl by tri-
methylamine was shown to proceed via a charge

Sundstrom, G., Acta Chem. Scand., 27, 600, 1973; private communication.

Sundstrom, G., Bull. Environ. Contam. Toxicol., 11, 39, 1974.
Sundstrom, G., and Wachtmeister, C. A., Acta Chem. Scand., 26, 3816, 1972.
Attar, A., Ismail, R., Bieniek, D., Klein, W., and Korte, F., Chemosphere, 261, 1973.

transfer mechanism.® Biphenyl (71%) was ob-
tained on irradiating 4-chlorobiphenyl (0.036 M)
in acetonitrile in the presence of trimethylamine
(0.1 M) for 70 hr with a low pressure mercury
arc.

A recent thesis describes the irradiation of
several chlorobiphenyls in solution in the gas phase
and as thin films.> On irradiation in methanol
2,2",4.4' 6,6'-hexachlorobiphenyl showed the
usual dechlorination reactions. Two methoxy-
derivatives (Figure 2-B.) could be isolated from the
reaction mixture. I[somerization and formation of
polymeric products was observed on irradiating
several chlorobiphenyls in perfluorinated hydro-
carbons. Similar reaction products were found
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after irradiation of chlorobiphenyls as thin films.
Under these conditions, however, chlorobiphenyls
with increased chlorine content were also
observed. Gas phase irradiations of 2,2'-dichloro-
biphenyl and 2,2'4,4'6,6'-hexachlorobiphenyl
gave polymeric products. In the former case
phenolic derivatives were also found.

2,2' 44" 6,6 -hexachlorobiphenyl was also ir-
radiated in carbon tetrachloride in the presence of
oxygen atoms which were prepared photo-
chemically from nitrogen dioxide. A number of
products containing nitro or cyano groups (Figure
3-B.) were isolated or found by GC-MS in this
reaction mixture.

Cobalt-60 7-irradiation  of chlorobiphenyls
induces a base catalyzed chain dechlorina-
tion."®® The products of this irradiation are

Ci Cl

Ci NO,
Cl ci
ct Ci

I NO,
¢ c
cl CN
cl
FIGURE 3-B.

biphenyl and acetone and similarities in
mechanism of the irradiation with °Co and a low
pressure mercury lamp have been noted.’

The photochemical formation of small
quantities of chlorobiphenyls from DDE in
laboratory gas phase experiments was recently
reported.*** In the authors’ opinion caution
should be exercised in extrapolating these results
in explaining the formation of significant quan-
tities of chlorobiphenyls in the environment.

The photochemical lability of chlorobiphenyls
was again demonstrated in an analytical method®
(decomposition of more highly chlorinated bi-
phenyls in samples by UV irradiation to allow
analysis of chlorinated hydrocarbon pesticides)
and the lability to +vy-rays in a waste water
treatment procedure.' °

| €l NO,

c
¢l c

Cl Cl

Ci CN
Cl Cl
Cl

Cl CN
Ci

Products formed by UV-irradiation of 2,2'4,4’,6 ,6'-hexachlorobi-
phenyl in the presence of oxygen atoms.

REFERENCES

Maugh, T. H., Science, 180, 578, 1973.

oR e

1973.

Arai, S., Matsui, M., Moriguchi, J., and Imamura, M., Rika Gaku Kenkyusho Hokoku, 48, 189, 1972.
Hustert, K., Ph.D. Thesis, University of Bonn, Bonn, Germany, 1973.
Leavitt, R. A,, Su, G. C. C., and Zabik, M. J., Anal. Chem., 45, 2130, 1973.

Moilanen, K. W. and Crosby, D. G., 165th National Meeting of the American Chemical Society, Dallas, Texas, April

22§



Swm=o

—

607, 1973.

C. METABOLISM

As initially observed (Chapter 7) hydroxylation
proves to be the main metabolic reaction of
chlorobiphenyls in a4 number of organisms.

In further investigations on the metabolism of
biphenyl by Pseudomonas putida, 2,3-dihydroxy-
biphenyl was incubated with washed suspensions
to yield 2-hydroxy-6-oxo-6-phenylhexa-2 4-dien-
oic acid. When incubated with crude cell-free
extracts the same substrate gave benzoic acid;
either 4-hydroxy-2-oxovalerate or 2-hydroxy-
penta-2 4-dienoate was suggested to be present in
the same reaction mixture by mass spectm\m—:try.2

Resting cell suspensions of Achromobacter
PCB, a strain which has previously been shown to
degrade 4-chlorobiphenyl, were found to be able
to oxidize 2,3-, 24-, 34-, 3,5-, 3,3'-dichlorobi-
phenyl, 2'.34-trichlorobiphenyl, 2,2'3,3"-tetra-
chlorobiphenyl, and  2,3,4,56-pentachlorobi-
phenyl.! 2,3'4"S-tetrachlorobipheny! was not
oxidized under similar conditions.

Investigations with Rhizopus japonicus and '*C
labeled chlorobiphenyl showed that 2,2'S-tri-
chlorobiphenyl yields three hydroxylated chloro-
biphenyls, with as yet, undetermined structure,
2,2',5,5 -tetrachlorobiphenyl gave one hydroxyla-
ted derivative, and 2,2',4,5,5 -pentachlorobiphenyl
remained unchanged.'*

Fifteen species of lichens from rock, trees, and
soil have been investigated for their ability to
degrade chlorobiphenyls.® Pseudocyphelaria spe-
cies converted 4-chlorobiphenyl [*H} in relatively
high yields to 4'-chloro-4-biphenylol which was
further converted to 4-chloro-4"-methoxybiphenyl.

The uptake of labeled and unlabeled 4-mono-
2.4 di-2,2" 5tri-,2,2'5,5 tetra-, and 2,2'4,55'-
pentachlorobiphenyl was studied in tomato plants
grown in soil and vermiculite (mineral salt solu-
tion). Young tomato plants contained a maximum
of 10 ppb and in mature tomato plants chlorobi-
phenyls could not be detected (limit 0.1 to 1 ppb)
in the fruit or total plant.'?
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2,2"-Dichlorobiphenyl (**C) was shown to be
converted to two isomeric monohydroxy- deriva-
tives in higher plants (veronica beccabunga). Most
of the radioactivity of the hydroxylated metabo-
lites was associated with “conjugated” deriva-
tives.!?

It was recently suggested’ that lack of signifi-
cant metabolism of chlorobiphenyls by fish®8>!¢
may be explained by the absence of the cyto-
chrome P-450 enzyme complex in these animals.

Several reports on the metabolism of chlorobi-
phenyls by mammalian species have appeared in
the literature.

In the rhesus monkey 2,4'-dichlorobiphenyl
(*4C) and 22'S-trichlorobiphenyl (**C) was
shown to be largely excreted in urine and feces.
The major urinary metabolites were a number of
mono- and dihydroxylated derivatives.?

Hydroxy-derivatives of undetermined structures
were also obtained from several chlorobiphenyls
during in vitro studies with microsomal enzyme
preparations.® !

It was previously shown (Chapter 7) that
4-chlorobipheny! in rats gave traces of a diol
besides the main metabolite 4'-chloro-4-
biphenylol. When this monohydroxy-derivative
was fed to rats, larger quantities of a dihydroxy
compound, most likely 4'-chlor0-3,4-bipheny]diol,
and smaller amounts of a trihydroxy-derivative
were formed.'?

The metabolic behavior of a number of dichlor-
obiphenyls®® and tetrachlorobiphenyl' 5°! % in
rats has recently been reported.

Figure-1-C. shows the monohydroxy derivatives
obtained from the feeding of dichlorobiphenyls.

2,3’ 4,4 -Tetrachlorobiphenyl gave 3'44'6-
tetrachloro-3-biphenylol as the major and 2,3'4,
4'-tetrachloro-3-biphenylol as the minor product.

The monohydroxy derivative obtained after
feeding 3,3'4,4"-tetrachlorobiphenyl was either
3,3",4 4'-tetrachloro-2-biphenylol or 3’ 4,4'5.
tetrachloro-3-biphenylol.

Gardner et al. (cf. Chapter 7) have now
published the structures for the urinary metabol-
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FIGURE 1-C. Monohydroxy-derivatives observed as metabolic products from dichlorobi-
phenyls in rats.

ites of 2,2',5,5'-tetrachlorobiphenyl in rabbits.!? chloro-4-biphenylol. These products suggest that
The products identified were trans-3,4-dihydro- hydroxylation occurs via an arene oxide mecha-
3,4-dihydroxy-2,2',5,5'-tetrachlorobipheny1, 2,2, nism.

5,5'-tetrachloro-3-biphenylol, and 2,2',5,5 -tetra-
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D. MASS SPECTROMETRY

1. Chlorobiphenyls (PCB’s)

The development of sensitive GC-MS proce-
dures for the identification of sub ppm levels of
PCB are perhaps the most important recent results.

A Finnigan GC-MS data system was used to
confirm the presence of PCB and DDE in breast
milk® and fat and liver from polar bears,.* Figures

FOIRk AENR"HRPPIRCRER s

1007

AMPLITUDE

1-D. to 3-D. show the steps in identifying a
heptachlorobiphenyl from polar bear fat.

A GC-MS method for the characterization of
PCB’s in environmental samples at the nano-
gram level has been reported.g Another GC-MS
trace method makes use of chemical ionization
techniques.'

A further example of the high resolution-
photoplate method for the identification of

50 100
SPECTRUM NUMBER

150 200 © 250

FIGURE 1-D. Total ion chromatogram of cleaned-up polar bear sample. Conditions for
Figures 1-D. to 3-D.: GC, 5’ x 2 mm id. glass column packed with 3% OV-1 on 100/120 mesh
Gas Chrom, column temperature 160 to 230°, programmed at 6°/min carrier gas helium at 20
ml/min. Interface, glass jet type separator. Mass spectrometer, Finnigan Model 3100 D, 70 eV
electron energy, scan time 3 sec. Data system, Finnigan Model 6000.
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FIGURE 2-D. Limited mass scan at m/fe 392 (M' for heptachlorobiphenyl) conditions of

figure 1-D.
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FIGURE 3-D. Recalled mass spectrum of scan 155 to 159 (see Figure 2-D.). M* m/e 392 = heptachlorobiphenyl

conditions of Figure 1-D.

organochlorine compounds in crude samples was
given in the study of the metabolism of chloro-
biphenyls in goats.”

2. Chlorobiphenylols (Hydroxylated PCB
Metabolites)

The mass spectra of a number of chloro-
biphenylols have recently been examined.®> The
electron impact mass spectra of chlorobiphenylols

were similar for each group of isomers and in all
cases the molecular ion was the most abundant
species in the mass spectrum. A summary of
molecular ions for all possible chlorobiphenyl-
monools and diols is given in Table 1-D.

The fragmentation reactions of chloro-
biphenylols is markedly dependent on both the
degree of chlorine and hydroxy substitution. The
influence of the position of chlorine and hydroxy
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TABLE 1-D.

Empirical Formulas and Molecular Ions of All Chlorobi-
phenyls with One and Two Hydroxy-Substituents

Empirical formula M*

Monohydroxy-Derivatives

no chlorine ¢, ,H,,0 170
monochloro ¢, ,H,Cl O 204
dichloro C,,H,CL0 238
trichloro C,,H,CL,0 272
tetrachloro C,,H,C,0 306
pentachloro ¢, ,H,CLLO 340
hexachloro ¢, ,H,C,0 374
heptachloro C,,H,CL,0 408
octachloro c,,H,CL0O 442
Nonachloro C,,HCL,O 476
Dihydroxy-Derivatives

no chlorine Cc,,H,0, 186
monochloro C,,H,Cl O, 220
dichloro C,,H,(l,0, 254
trichloro C,,H,Cl,0, 288
tetrachloro ¢, ,H,CL0, 322
pentachloro C,,H,CLO, 356
hexachloro ¢, ,H,Q,0, 390
heptachloro C,,H,ClL,0, 424
octachloro C,,H,CL0, 458

group on the fragmentation reactions is presently
under investigation using kinetic data. It is worth
noting, however, that ions are present which can
be attributed to typical phenol fragmentation
reactions (i.e., loss of CO and HCO from the
molecular ion or some subsequent decomposition
ion) as well as ions due to loss of CI/HCI which are
typical of chloroaromatic compounds. These
characteristic ions along with the abundant
molecular ion species thus permit ready identi-
fication of chlorobiphenylols.

Similarly, chloromethoxybiphenyls behave like
typical ethers of phenols on the one hand and
chloroaromatic compounds on the other. For
2,2'5-trichloro-4"-methoxybiphenyl, for instance,
the molecular ion (m/e 286) is the base peak.
Important fragment ions for this compound are
found at m/e 271 (M'-CH;: 30%): m/e 243
(M"-CH;-CO; 25%); m/e 173 (M"-CH;-CO-Cl,:
22%), and weaker peaks at m/e 236 (M™-CH;-Cl);
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ETHER EXTRACT OF URINE

TLC

CRUDE "HYDROXY"-FRACTIONS

REACT WITH DANSYL CHLORIDE

CRUDE DANSYL-CHLOROHYDROXYBIPHENYL

TLC

DETECTION OF FLUORESCENT SPOTS

MASS SPECTROMETRY

MOLECULAR COMPOSITION

FIGURE 4-D. Scheme for the identification of hy-
droxylated chlorobiphenyl metabolites in biological
samples via dansylation and mass spectrometry.

m/e 207 (M-CH;-CO-HCl);
(M-CH;-Cl,).

A fluorigenic labeling method for the analysis
of hydroxylated chlorobiphenyl metabolites has
been suggested.? This method was used to detect
and determine the molecular composition of a
minor metabolite (a dihydroxy-derivative) of
4.4'-dichlorobiphenyl in rats® using the procedures
outlined in Figure 4-D. Mass spectrum of a dansy!
derivative of a typical chlorobiphenyl metabolite is
shown in Figure 5-D.

For the detection of hydroxylated chloro-
biphenyl derivatives (chlorobiphenylols) on TLC
plates, complexing spray reagents may be used as
the chromogenic reagent.? The hydroxy group on
the biphenyl nucleus renders the system electron
donating and, in contrast to the starting materials
(chlorobiphenyls), yellow to brownish colors due
to change-transfer complexing are observed. Since
the complex formation is a reversible process, mass
spectra may be obtained directly from the
complex (after elution from the plate) by thermal
dissociation in the ion source of the mass spectro-
meter. An example of this is shown in Figure 6-D.

and m/e 201
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E. NUCLEAR MAGNETIC
RESONANCE SPECTROSCOPY

carbon-13 magnetic resonance of chlorinated
benzenes and biphenyls' were presented at recent
conferences.

Papers on carbon-13 and proton magnetic
resonance studies of chlorinated biphenyls* and
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biphenyls are shown in Tables 1-E. and 2-E. and
the corresponding carbon-{ 3 shieldings are given in
Table 3-E.

Assigned carbon-13 spectra of chlorobiphenyls
substituted in one ring are shown in Figures 1-E to
4-E and the observed Cmr signals for a number of
tetra- to hexachlorobiphenyls are given in Table
4-E.

The conformation of 3,3',5,5 -tetrachloro-
biphenyl was recently investigated by liquid
crystal nuclear magnetic resonance spectroscopy.2

Chlorine-35 nuclear quadruple resonance of
compounds related to chlorobiphenyls have been
discussed.?

TABLE [-E.

Proton Coupling Constants for Symmetric Chlorinated Biphenylsa

J,Hz

Substitution 2,3 2,4 2,5 2,6

2,2?

3,3'° 209 046 1.78
44 8.36 0.40 234
2,244

2,2.6,6'

2,2 4.4 6,6-

2,244 55"

3,3 4,4 045 210
3,355

3,3 4,4'5,5

3,4 3,5 3,6 4,5 4,6 5,6

8.07 1.29 042 7.53 1.68 17.66
8.00 1.02 791

2.34 0.40 8.36
1.94 0.44 8.25
8.12 8.12
~0.2
8.35

4A128°C; 2.5 mol% in chloroform-d, except as noted.

’Approximately 3.5 mol% in benzened, .

TABLE 2-E.

Proton Shieldings for Symmetric Chlorinated Biphenylsa

5, ppm

Substitution H-2 H-3 H4 H-5 H-6
2,2'b 7.2521 6.8694 6.9071 7.0053
3,3'b 7.2698 7.0644 6.8456 6.9222
4.4’ 7.4019 7.4662 7.4662 7.4019
2,244 7.5096 7.3188 7.1834
2,2,6,6" 7.4482 7.3299 7.4482
2,2',4,4'6,6'- 7.4667 7.4667
2,2'44'5,5'- 7.6198 7.3641
3,3',4,4' 7.6184 7.5142 7.3581
3,3'.5,5' 7.5890 7.5890 7.5890
3,3',44'5.5'- 7.5360 7.5360

qAL 28°C; 2.5 mol% in chlorotform-d, except as noted.

)Approximately 3.5 mol% in benzene-d, .
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TABLE 3-E.

'3C Shieldings of Symmetric Chlorinated Biphenyls®

§, ppm

Substitution C-1 C-2 C-3 C-4 C-5 C-6

nil 140.6 126.8 128.4 126.9 128.4 126.8
2,2 137.6 132.8 130.7 128.7 126.0 128.9
3,3 140.7 127.4 134.2 126.8 129.6 124.8
4.4’ 137.5 127.7 128.5 1329 128.5 127.7
2,2'4.4' 135.2 134.2 129.0 133.8 126.6 131.5
2,266 1344 134.3 127.4 129.8 127.4 134.3
2,2',44'5,5- 135.3 130.7 131.7 133.9 131.9 130.6
2,2',446,6- 134.9 135.0 127.8 132.2 127.8 135.0
3,344 137.8 128.3 132.5 131.8 130.4 125.7
3,355 140.4 125.1 1349 127.9 1349 125.1
3,3',44'5,5'- 136.6 126.4 134.2 133.6 134.2 126.4

 Approximately 0.6M in 1,2-dibromoethane-d, at 40°C.

145 140 135 130 125ppr
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* peaks repr. 2 carbon atoms

FIGURE 1-E. Cmr shifts of carbons in 2,3-dichlorobiphenyl and the corresponding 4,6-deutero- and 2',4' 6 -trideutero
compound. (Courtesy of Dr. Sundstrém.)
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FIGURE 2-E. Cmr shifts of carbons in 2,3-, 2,4-, and 2,5-dichlorobiphenyl. (Courtesy of Dr. Sundstrom.)
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FIGURE 3-E.  Cmr shifts of carbons in 2,6-, 3,4-, and 3,5-dichlorobiphenyl. (Courtesy of Dr. Sundstrom.)
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F. ULTRAVIOLET AND
LUMINESCENCE SPECTROSCOPY

Absorption spectra in liquid solution as well as
fluorescence and phosphorescence spectra,
phosphorescence quantum yields, phospho-
rescence to fluorescence quantum yield ratios, and
phosphorescence decay times in low temperature
EPA glass were recently measured for chloro-
biphenyls.> Chlorine substitution in positions
ortho to the phenyl-phenyl bond shifts the
conjugation band in the absorption spectrum and
the unstructured fluorescence and phospho-
rescence bands to shorter wavelengths probably by
preventing the biphenyl system from attaining a

planar excited state. Spectra of a typical example
for a hindered chlorobiphenyl (2,2'4.4"-dichloro-
biphenyl) and a chlorobiphenyl without ortho-
chlorine substitution (4,4-dichlorobiphenyl) are
shown in Figures 1-F. and 2-F. Chloro substitution
increases the rate constant of phosphorescence in
the order meta < para < ortho.

Pulsed source time resolved phosphorimetry is
a useful method for the analysis of structurally
similar molecules; it has been applied to
halogenated biphenyls.® Low temperature
luminescence can be used for identifying PCB’s in
the presence of DDT-type compounds.?

Increasing attention is being given to hydrox-
ylated chlorobiphenyls because of their occurrence

5 20 25 30 35 40 45 (kK]
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FIGURE 1-IF.  Absorption (A) and phosphorescence (P) spectra of 2,2',4,4'-

tetrachlorobiphenyl. (From Z. Naturforsch., 27a, 756, 1972. With permission.)
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as metabolites. Fluorescence properties of several
hydroxybiphenyls are given in Table 1-F. (cf.
reference 1.). The fluorescence intensity was
recently shown to be decreased in the corre-
sponding chloro-derivatives.?

UV absorption spectral data for mono- and
dihydroxybiphenyls and a number of chloro-

biphenylols* are given in Tables 2-F. and 3-F.
Figure 3-F. shows the slight differences (small
bathochromic shift at pH 7 and 9) in the spectra
of 4-hydroxybiphenyl and the corresponding
3-chloro- and 3,4'-dichloro-derivative. The
differences become large, however, when the
position of the hydroxy group is changed.

15 20 25 30 35 40 45 [kK]
O B o e B B e =
G-+ CICI +4
log Irel:: : log €
A
3¢ =3
1 P :
2x J EXa
1 T
-+ -+
|| et R |
15 20 25 30 35 40 45 [kK]
FIGURE 2-F. Absorption (A), fluorescence (F), and phosphorescence (P)

spectra of 4,4'-dichlorobiphenyl. (From Z. Naturforsch., 27a, 756, 1972. With

permission.)
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TABLEL i-F.

Fluorescence Data for Source Hydroxybiphenyls

Compound* State
2-Hydroxybiphenyl Unionized
Excited state ion
Anion
3-Hydroxybiphenyl Unionized

Excited state jon

Anion
4-Hydroxybiphenyl Unionized

Anion
2,2"-Dihydroxybiphenyl Unionized

Excited state ion
Monoanion
4,4'-Dihydroxybiphenyl Unionized

Monoanion
Dianion

*Ca. 10 u molar in water containing 5% ethanol.

**Relative to biphenyl = 100

Excitation
Amax (Mu)

262
295
262
295
272
320
270
290
270
290
270
320
288
311
256
290
256
290
262
320
282
300
310

TABLE 2-F.

Maximum**
value of pH range
Fluorescence fluorescence of maximum
Aax (Mi) intensity fluorescence
348 39 0-1
83
415 67 2.5-9.8
154
415 99 12-14
481
345 70 0-1
78
420 23 1.6-9.2
25
420 23 10.1-14.2
60
340 184 1-9
401 136 10-14
356 2 -1--0.8
6
400 41 1.0-6.6
385
400 266 8.6—13
1,593
354 271 1-7
438 19 10.9-11.3
400 7 12.1-14

Ultraviolet Spectral Data for Mono- and Dihydroxybiphenyls

Hydroxybiphenyl

2-

3-

4-
2,2-di-
3,3"-di-
4,4'di
3,4-di
2,5-di-

UV absorption maxima?

pH 7°

281(5);241(11)
280 sh; 247(14)
260(10)

276(14); 240 sh
285(7.5); 250(14)
261(18)

261(17); 280 sh
dec®

pH9

285(3.5); 315 sh
305(3.5); 334(26)
285(10); 250 sh
307(19); 250 sh
297(6)

284(18)

259(11); 348 sh
dec®

4In aqueous solution at pH indicated; approximate e value (X 10°) in parentheses;

A in nm; sh = shoulder.

bSimilar values were observed at pH 3.
CDecomposition in solution; values at pH 3: 248(10); 297(6.5)
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TABLE 3-I-.
UV Spectra of Some Chlorobiphenylols

uv absorgtion

maxima®

Compound pH 7h pH9
3-chloro-4-biphenylol 258(8) 287(9)
2-chloro-4-biphenylol 263(18) 286(19)
4’-chloro-4-biphenylol 262(18) 289(20)
3,5-dichloro-4-biphenylol 287(12.5); 220(20); 209(20.5)¢ 289(13); 221(20); 209(20)
3,4'-dichloro-4-biphenylol 262(26); 204(47) 294(27); 211(38)
2,4'-dichloro-4-biphenylol 253(16) 277(14)

2',5'-dichloro-4-biphenylol
4,4'-dichloro-3-biphenylol

255(13); 225(24.5)
257(7.5); 200 sh

283(12); 223(22.5)
315(3.5); 245(13.5)

2',5'-dichloro-3-biphenylol 280(3); 246 sh 297(3)
3,5-dichloro-2-biphenylol 295(4); 248(9) 322(6.5)
2',5'-dichloro-2-biphenylol 276(4) 305 sh; 278(4)
3,4',5-trichloro-4-biphenylol 270 sh; 222 sh 296(25.5)

2,2' 5'-trichloro-4-biphenylol 254(5) 295(13.5)
3-chloro-4,4'-biphenyldiol 262(18) 280(18)
3,3'-dichloro-4,4'-biphenyldiol 264(23) 290(24)
2,2'-dichloro-4,4"-biphenyldiol 276(4); 237 sh 297 sh; 255(16.5)
3,3',5-trichloro-4,4'-biphenyldiol 278(15)cl 264(17.5)
3,3',5,5 -tetrachloro-4,4'-biphenyldiol 297(25)¢ 300027)

4 4'-dichloro-3,3 -biphenyldiol 308(8)f 312(9)

3,3',5,5'-tetrachloro-2,2'-biphenyldiol

326(4.5); 260 sh®

326(4.5); 260 sh

4 aqueous sofution at pH indicated; approximate e value (X 10*) in parentheses; A in nm; sh = shoulder.
Similar values were obtained at pH 3 except where noted.

SValues at pH 3: 257(11); 205(24).

Values at pH 3: 264(17).

®Values at pH 3: 290 sh; 257(15); 218(56).

fValues at pH 3: 291(8); 257(13).

8Values at pH 3: 293(4).
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FIGURE 3-I'. UV absorption spectra (in water) at diftferent pH of several
representative chlorobiphenylols.
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G. ANALYSIS

Probably the most accurate quantification of
PCB’s short of using mixtures of appropriate
chlorobiphenyls was suggested by Webb and
McCall’® and Jensen.” This quantitation is based
on calculations of the amount of chlorobiphenyls
present in individual peaks of Aroclors as these
are resolved on SE-30, DC-200, OV-17, or OV-101
columns. The amount of chlorobiphenyls, a, is
calculated from the number of chlorines, #,
determined by mass spectrometry, and from the
amount of chlorine, m, determined microcoulo-
metrically.

154 + 34.46n
35.46n

Weight percentages of chlorobiphenyls were calcu-
lated in this way by Webb and McCall for different
Aroclor preparations, and values for Aroclor 1242,

1248, 1254, and 1260 are presented in Table 1-G.
Using these values any laboratory may now con-
vert peak areas to weight amounts of chlorobi-
phenyls. [f a mixture of Aroclors occurs in
environmental samples, Webb and McCall recom-
mend using weight percentages of Aroclor 1242,
1254, and 1260 for peaks with relative retention
times 11 to 70, 84 to 174, and 203 to 528,
respectively.

The number of chlorine atoms in chlorobi-
phenyls present in individual peaks is given in
Table 2-G. The reader should notice that in peaks
containing chlorobiphenyls with a different num-
ber of chlorine atoms, the proportions of the more
chlorinated biphenyls increase with increasing
chlorine content of the parent Aroclor prepara-
tion. Thus, for example, the peak with relative
retention time 70 contains 10%, 20%, 75%, and
100% of pentachlorobiphenyls in Aroclors 1242,
1248, 1254, and 1260, respectively. These differ-

TABLE 1-G.

Mean Weight Percent of Chlorobiphenyls in Aroclor Peaks

Relative retention time* 1242 1248 1254 1260

11 1.1

16 2.9

21 11.3 1.2

28 11.0 5.2

32 6.1 3.2

37 11.5 8.3

40 11.1 8.3

47 8.8 15.6 6.2

54 6.8 9.7 2.9

58 5.6 9.3 1.4

70 10.3 19.0 13.2 2.7

78 3.6 6.6

84 2.7 4.9 17.3 4.7

98 1.5 3.2 7.5 3.8
104 2.3 33 l3.6$

112 1.2

117 33
125 1.6 2.6 15.0 12.3
146 1.0 1.5 10.4 14.1
160 1.3 49
174 8.4 124
203 1.8 9.3
232 1.0 9.8
244 %
280 11.0
332 42
372 4.0
448 0.6
528 1.5

*Retention time of p,p’-DDE = 100
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TABLEL 2-G.

Number of Chlorines in Chlorobiphenyls in Aroclor Peaks

Relative retention time* 1242
11
16
21
28
32
37
40
47
54
58
70
78
84
98

104

112

117

125

146

160

174

203

232

244

280

332

372

448

528

(25%) 3(75%)

(33%) 4(67%)

(90%) 5(10%)

N LB B R WEWWWE NN —

5(85%) 6(15%)
5(75%) 6(25%)

*Retention time of p,p’-DDE = 100

ences and the chlorobiphenyl percentages, varying
from preparation to preparation, still leave much
room for ambiguity in this PCB quantitation. It
may be worthwhile to determine the number of
chlorine atoms and the amount of chlorine in
peaks of typical environmental samples. Unfortu-
nately, many laboratories do not have the neces-
sary equipment. In addition, larger amounts of
cleaned-up extracts required for this determination
may make it impractical or even impossible in
many instances.

Methods for the use of mixed PCB standards
have recently been proposed.?*®

Use is made of Beroza’s p-values in a gas
chromatographic method for the quantitation of
DDT in the presence of interfering PCB’s.' ?

Armour' published an improved perchlorina-
tion procedure giving better than 90% recoveries
of decachlorobiphenyl even from Aroclor 1242 on
1 to 20 ug scale. Vacuum hydrolysis tubes
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1248 1254 1260
2
3
3
3
3(85%) 4(15%)
4 4
3(10%) 4(90%) 4
4 4
4(80%) 5(20%) 4(25%) 5(15%) s
4
5 5 5
5 5 5(60%) 6(40%)
4(10%) 5(90%) 5 %
5
6
5(90%) 6(10%) 5(70%) 6(30%) 5(15%) 6(85%)
5(85%) 6(15%) 5(30%) 6(70%) 6
6 6(50%) 7(50%)
6 6
6 6(10%) 7(90%)
7

2 6(10%) 7(90%)

0 00 00 3 =}

(150 X 10 mm o.d. with No. 4 Teflon Valve,
Kontes Glass Co., or equivalent) were used. The
charring of solvent residues by antimony penta-
chloride was avoided by using chloroform as the
solvent. The sample was charged to the hydrolysis
tube in hexane and hexane was replaced by
chloroform by repeated evaporation on a steam
bath (the evaporations were never carried out to
less than 0.1 ml). Antimony pentachloride (0.2
mi) was added and the perchlorination was carried
out at 165 to 175°C overnight. The excess of
antimony pentachloride was decomposed by 6N
HCI and decachlorobiphenyl was extracted with
hexane.

Two procedures for the extraction of PCB’s
from paper have been published. Villeneuve et al.®
extracted paper with hexane in a Soxhlet extractor
for 2 hr. Young et al."' recommend either alkali
or acid pretreatment of paper samples. In the
former method, paper (10 g, cut in pieces no larger



than %" X %4") is refluxed with ethanolic potas-
sium hydroxide (2%, 60 ml) in a 125 ml
Erlenmeyer flask for 30 min. The extract is diluted
with water (60 ml) and PCB’s are extracted with
petroleum ether. In the acid method the sample is
saturated with water in a 500 ml Erlenmeyer flask
(approximately 3 ml/g). The flask is cooled in tap
water and concentrated sulfuric acid (5/3 of the
volume of water) is added through a West conden-
ser. After 5 min cooling, water (75 ml) is added,
followed after additional cooling by ethanol (75
ml). The reaction mixture is filtered and the
filtrate is extracted by hexane. The extracts from
both methods may be cleaned up by column
chromatography on Florisil. The methods were
tested on paperboard samples spiked with Aroclor
1242 during manufacture. The alkaline extraction
recovered approximately 96% of PCB’s extracted
by the acid procedure.

Farwell et al.* studied the voltammetric reduc-
tion of 5 X 10™* M solutions of chlorobiphenyls
in 0.1 M tetraethyl ammonium bromide in di-
methyl sulfoxide. The method could differentiate
chlorobiphenyls according to number of chlorines
and substitution patterns, and also chlorobiphen-
yls and chloronaphthalenes. Voltammetric reduc-
tion of chlorinated hydrocarbons is a relatively
new field which certainly deserves more attention
to establish its application potential.

Harvey et al.® reported the average concentra-
tion of PCB’s in the northern North Atlantic
water. The PCB’s were concentrated by passing sea
water through an Amberlite XAD-2 column, ex-
tracted with boiling acetonitrile, and partitioned
between aqueous acetonitrile and hexane.

A quantitative TLC method for the analysis of
PCB’s has been reported.® The development of
spots is carried out with silver nitrate and UV
irradiation. The analytical procedure, which has a
sensitivity of 0.5 ppm (in biological samples) and a
precision of +0.05 ppm, was carried out using a
linear thin-layer chromatographic scanner.

The thin-layer chromatographic behavior of 27

chlorobiphenylols and hydroxybiphenyls has been
examined.® Since TLC is a useful separation
method for the more polar metabolites such as
these phenolic compounds, some of the results are
presented here.

The R; values for the three isomeric monohy-
droxybiphenyls and the corresponding 2'.5'-
dichloro-derivatives are shown in Table 3-G. Gen-
erally, the Ry value increases in the order 4-OH
<3-OH<2-OH for both sets of compound in
most solvents. The 2',5"-dichloro substituted com-
pounds generally show an increase in Ry value over
their parent hydroxybiphenyl. This increase is
more pronounced for the 4-hydroxybiphenyl in
the order 4-OH > 3-OH > 2-OH.

In Table 4-G. the R; values for a number of
mono-, di-, and trichlorobiphenylols are presented.
Increasing chlorine substitution usually increases
the Ry value of a 4-hydroxybiphenyl. For the
monochloro compounds available the order is
3-C1 > 2-C1 > 4'-Cl. A similar effect can be seen in
the di- and trichloro-derivatives.

The influence of o-chloro substitution on the
R; values is shown in Table 5-G. for a number of
chloro-derivatives of 4-hydroxy and 4,4'-dihy-
droxy biphenyl. One chlorine atom ortho to the
hydroxy group usually results in a considerable
increase of R; values. The second o-chlorine
usually further increases the R; value although not
so significantly.

For any particular 4-hydroxy (or 4,4'-dihy-
droxy) biphenyl possessing ortho chlorine substi-
tution the Ry can be decreased by the addition of
ammonia to the solvent system (solvent D vs. C
and solvent K vs. L). This effect is noticeable with
one o-chlorine, it becomes significant with two
o-chlorine, one each ortho to a different hydroxyl
group (e.g., 3,3'-dichloro-44'-biphenyloliol R
(solvent), 0.68 (C), 0.46 (D) and 0.89 (J), 0.45
(K), and it is dramatic when two chlorine atoms
ortho to the same hydroxy group are involved.

The R; values for 3.3'.5,5 -tetrachloro-4 4'-bi-
phenyloliol decreases from 0.90 to 0.0 when
ammonia is added (solvent K) to solvent system J.
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TABLE 3-G.

Rg¢ Values of the Hydroxybiphenyls and Their 2',5'-Dichloro-Derivatives

Rg¢ value (X 100) in solvent*

Compound A B
HO
oH
Cl
uo 76 15
Cl
Cf
HO Cl
Cl
80 78

pe

~

Ot

*Solvent systems used:
A benzene-methanol-formic acid
B benzene-methanol
C dichloromethane-methanol
D dichloromethane-methanol-conc. ammonia
E carbon tetrachloride-acetone
F carbon tetrachloride-acetone-acetic acid
G benzene-ethyl acetate
H benzene-chloroform
I chlorotorm
J benzene-2-propanol
K benzene-2-propanol-conc. ammonia
L chlorotorm-hexane-methanot
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C

92

95

97

88

93

89

90:9
90:9
95:5
95:5
20:1

D

80

92

95

90

93

95

1

1

40:2:1

25:1
1:1

70:3

70:30:4
45:30:5

0

E

29

38

63

44

47

61

F

50

$5

66

64

62

86

G

38

58

74

54

61

64

H

32

35

64

45

52

70

38

58

86

54

53

83

86

91

91

92

92

88

67

75

86

87

79

90



TABLE 4-G.

R Values of Some Mono-, Di-, and Trichloro-4-Biphenylols

> 5 A
: o
) )3
B

e

&

=3

0

-~

-~

¥

-~

:

~

:

-~

HC(

3

~

:

-~
~
~

:

~

HO

-~

:

*The solvent systems used are given in Table 3-G.

R¢ (X 100) in solvent*

59

87

79

72

80

15

76

83

88

89

66

79

75

65

75

15

75

81

80

82

92

95

95

93

95

93

88

91

98

90

D

80

85

84

87

80

84

90

84

28

15

E 3 G H

29 50 38 32

55 76 75 69

48 70 70 63

31 54 50 35

44 62 65 65

41 62 60 39

44 64 54 45

51 84 67 72

59 8 79 73

51 88 69 74

38

75

81

47

76

47

54

81

83

85

86

89

93

93

93

93

92

91

93

90

67

85

82

74

87

86

87

90

88

90
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TABLE 5-G.
R¢ Values for Ortho-Chloro Substituted 4- and 4,4'-Di-Hydroxybiphenyl

R value (X 100) in solvent*

Compound A B C D E F G H I J K L
HO 54 66 92 8 29 50 38 32 38 8 90 67
Cl

“0 87 79 95 85 55 76 75 69 15 89 83 85

“O 88 80 98 28 59 85 79 73 83 93 48 88
”00” 29 28 46 S0 00 05 05 02 05 87 80 13

”00” S7 37 57 47 11 25 12 11 20 8 66 39

“00” 42 42 68 46 11 32 20 22 35 89 45 46
! Cl

”00n s8 48 73 07 20 SO 33 28 47 8 13 9
al

Cl O

Hoon 60 47 75 00 18 54 64 25 45 90 00 45
Cl Cl

*The solvent sy stems used are given in the Table 3-G.
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H. OCCURRENCE, LEVELS, AND
ACCUMULATION IN
THE ENVIRONMENT

Harvey et al.'®% reported the average concen-
tration of PCB in the northern North Atlantic
water. The concentration of PCB was found to be
35 ppt in surface waters and 10 ppt at 200 m
depth. Unfortunately the authors do not mention
the type of PCB found in the samples. Data are
also available on concentrations of PCB in the
Rhine River and Lake Constance,''*!'® Canadian
streams,?® German®“® and Japanese waters,?®
and the Firth of Clyde.*7*

Investigations have been carried out on PCB
levels in plankton,' 7>3® fish 8>t 1,12,20,3 10,41
and other marine animals and general wildlife.' >
8,12,14,15,18,19b,19C,27a,41 A very carefully
undertaken study'? on the PCB levels of various
marine animals in the English Channel and the
middle North Sea gave PCB concentrations and
PCB/ZDDT values shown in Table 1-H.

Considerable attention has been given to the
PCB content of paper, paperboard, copying paper,

food packaging materials, and similar products'®>
6,7,10,21,22,31,34,35,37,39 as We" as fOOd 'dnd
feed products" 4,10,4,13,21,26,29,30,314,34,40
Polychlorinated biphenyls in solid waste and solid
waste related materials have been investigated.**

Levels of PCB in human fatty tissue and breast
milk (on a lipid basis) continue to be reported
mainly in the low ppm range.®8:9,24,25,27,28,36

The uptake accumulation and distribution of
PCB’s by algae,” tetrahymena pyriformis,4b lake
trout,?%* carp,®®* and ephemera danica®? has
been studied and Sodergren investigated the be-
havior of Clophen ASO in a model ecosystem
consisting of an alga, a cyprinid, and two species
of fish3? A partial elimination of peaks with
lower chlorine content was noticed at higher
trophic levels.

Very recently the structures of chlorobiphenyls
present in human and animal tissues®®® and
human adiposc tissue2®? have been reported.

Finally it shouid be mentioned that an increas-
ed interest exists in the presence of chlorinated
terphenyls in the environment, foods and packing
materials.! 3#:16,35,37
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[. BIOLOGICAL EFFECTS

A review article on recent advances in the
toxicology of pesticides includes a section on
polychlorinated biphenyls;'® an article in
Japanese covers selected aspects of biological
effects of PCB."!

Chlorinated biphenyls were shown to induce
microsomal enzyme activity in the house fly'?*
and cytochrome P448 in the liver.? Hepatic
function of rats, to which pure chlorobiphenyls
had been fed, was assessed by phenobarbital
sleeping times and a number of in vitro assays of
enzyme activities.® Toxicity of chlorobiphenyls
increases with simultaneous administration of
alkylbenzene sulfonic acid as assayed by liver
enzymes, liver weight, and cholesterol levels.®

Evidence was presented for the transplacental

passage of chlorobiphenyls in the rat.® The effect
of 2.2'-dichlorobiphenyl on embryonic develop-
ment'® and the embryotoxic effect of three
chlorobiphenyls in the chicken were studied.*
Infant rhesus monkeys are less susceptible to PCB
poisoning than the adult animal.

Further studies with chlorinated biphenyls
include their effect on serum proteins,”' on the
estrous cycle in the mouse,'* on Japanese quail®
tetrahymena pyriformis® and on their possible role
in liver tumorigenesis in mice’ and mortality of
gannets.'*

The acute toxicity of 3'4.4" 6-tetrachloro-3-
biphenylol (a metabolite of 2,3’ 4,4"-tetrachloro-
biphenyl in rats) was shown to be higher than that
of the parent 2,3'.44'-tetrachlorobiphenyl by
intraperitoneal injection. The LDsqo of the
phenolic metabolite was 0.43 g/kg whereas the
tetrachlorobiphenyl had an LDs, of 2.15 g/kg.!”?
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INDEX

A

Accumulation of PCB in the environment, 215, 249
Acetonitrile, 203
purification, 203
4-Acetoxy-4'-chlorobiphenyl, 182
220 MHz PMR spectrum, 182
3-Acetoxy-4,4'-dichlorobiphenyl, 182
220 MHz PMR spectrum, 182
Achromobacter, 147
metabolism of 4-chlorobiphenyl, 147
Adipose tissue, 200
extraction, 200
Air, 199, 216
extraction, 199
levels of PCB, 216
Algae, 3
PCB toxicity, 3
Alkylbenzene sulfonic acid, 252
Alumina, 202, 203, 207, 215
Alumina G, 206
Amberlite XAD-2, 245
Aminobiphenylols, 75
synthesis, 75
Aminochlorobiphenyl see Chlorobiphenylamine
Analysis of PCB, 197, 243
Animal tissues, 249
levels of PCB, 249
Antimony pentachloride, 207, 209
in exhaustive chlorination, 209
Antimony pentachloride-iodine reagent, 209
in exhaustive chlorination, 209
Aquatic fauna, 3
PCB toxicity, 3
Aquatic invertebrates, 3
PCB toxicity, 3
Arene oxide, intermediate in metabolism, 143
Aroclor see also Clophen, Phenoclor, Kanechlor, PCB, 7,
10-15,17, 23, 28, 243
chemical and physical properties, 10—12
composition, 243
electrical properties, 13
gas chromatography, 13
molecular composition, 23
solubilities, 14—15
vaporization rates, 17
vapor pressure, 13
Aroclor 1016, 7, 21, 145
degradation by activated sludge, 145
gas chromatography, 21
Aroclor 1221, 8, 18-20, 24, 27, 28, 145
chlorine content, 8
composition, 24, 28
degradation by activated sludge, 145
gas chromatography, 18-20, 27, 28
capillary column, 27
retention time data, 18, 19, 28
GC-MS, 27
Aroclor 1232, 8, 27, 28, 192
chlorine content, 8

composition, 28

gas chromatography, 27, 28
capillary column, 27
retention time, 28

GC-MS, 27

UV-spectra, 193

Aroclor 1242, 8, 18-21, 24, 26-28, 33, 36, 144, 145,

162,179, 243, 244
chlorine content, 8
composition, 24, 26, 28
degradation by activated sludge, 144, 145
gas chromatography, 1821, 27, 28, 33. 36
capillary column, 27, 33
retention indexes, 36
retention time data, 18, 19, 28
GC-MS, 27
mass spectrum, 162
mean weight percent of chlorobiphenyls present, 243
number of chlorines in GC-peaks, 244
PMR spectra, 179

Aroclor 1248, 2, 8, 18-21, 25, 27, 28, 64, 133, 134, 179,

243, 244

chlorine content, 8
36Cl labeled, 64
composition, 28
gas chromatography, 18-21, 25, 27, 28

capillary column, 25, 27

retention time data, 18, 19, 28
GC-MS, 25, 27
mean weight percent of chlorobiphenyls present, 243
metabolism of, 133, 134

in rats, 133, 134
number of chlorines in GC-peaks, 244
PMR spectra, 179

Aroclor 1254, 2, 8, 16, 18-21, 24, 25-27, 28, 30-32,

64,126, 128,129, 135-137, 144, 145, 162, 164,
179, 204, 207, 209, 243, 244
absence of degradation in silage, 144
chlorine content, 8
36l labeled, 64
composition, 24, 26, 28, 30, 31, 32
decomposition in soil, 144
degradation by activated sludge, 145
gas chromatography, 1821, 24, 25, 27, 28, 30-32
capillary column, 25, 27, 30
retention indexes, 31, 32
retention time data, 18, 19, 28
GC-MS, 25, 27, 30
GC-MS analysis, 164
in exhaustive chlorination, 207, 209
mass spectrum, 162
mean weight percent of chlorobiphenyls present, 243
metabolism of, 135, 136, 137
in cows, 137
in fish, 137
in quail, 135, 136
number of chlorines in GC-peaks, 244
photodegradation, 126
photoproducts containing oxygen, 128, 129
PMR spectra, 179
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separation from DDE, 204
solubility in water, 16
Aroclor 1260, 8, 18-21, 25, 26, 34, 37, 179, 193, 204,
243, 244
chlorine content, 8
composition, 26
gas chromatography, 18-21, 25, 34, 37
capillary column, 25, 34
retention time data, 18, 19, 37
GC-MS, 25
mean weight percent of chlorobiphenyls present, 243
number of chlorines in GC-peaks, 244
PMR spectra, 179
separation from DDE, 204
UV-spectra, 193
Aroclor 1262, 8, 18-21, 25
chlorine content, 8
gas chromatography, 18-21, 25
capillary column, 25
retention time data, 18, 19
GC-MS, 25
Aroclor 1268, 8, 25
chlorine content, 8
gas chromatography, 25
capillary column, 25
GC-MS, 25
Arylation reactions, 47
Atlantic salmon, 215
levels of PCB, 215

Beijerinckia species, 145
metabolism of biphenyl, 145
Beroza’s p-values, 244
Biological effects of PCB, 3, 252
PCB toxicity, 3
Biological samples, 200
extraction, 200
Biphenyl, 24, 28, 49, 67, 145, 194, 206, 234
addition of chlorine, 49
CMR spectra, shielding data, 234
degradation by activated sludge, 145
infrared spectrum, 194
ir frequencies, 194
labeled with deuterium or tritium, 67
presence in Aroclor, 28
presence in Aroclor 1221, 24
raman spectrum, 194
Biphenyl (' ¢C), 64
Biphenyl hydroxylase, 144
4-Biphenyl mercaptinic acid, 143
metabolite of biphenyl, 143
Birds, 3, 133, 216
levels of PCB, 216
metabolism of chlorobiphenyls, 133
PCB toxicity, 3
BMC-mixture, 209
composition, 209
in exhaustive chlorination, 209
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Breast Milk, 228, 249
GC-MS of PCB constituents, 228
levels of PCB, 249

C

Carbon-13 magnetic resonance see CMR
Cat, 144
biphenyl hydroxylase activity, 144
Cheese, 217
levels of PCB, 217
Chemical ionization mass spectra, 168
Chlamys opercularis, 250
PCB concentration in various species, 250
PCB/=DDT values, 250
Chlorinated biphenyls see Chlorobiphenyls
Chlorinated dibenzodioxins, 206, 210
exhaustive chlorination, 210
separation.from PCB, 206
Chlorinated dibenzofurans, 126, 210
exhaustive chlorination, 210
possibility of their photochemical formation, 126
Chlorinated naphthalenes, 206, 210
exhaustive chlorination, 210
Chlorinated pesticides, 1, 2, 161, 197, 204
common pesticides, 2
Chlorinated quaterphenyls, 127
possible photoproducts from chlorobiphenyls, 127
Chlorinated terphenyls, 210
exhaustive chlorination, 210
Chlorinated terphenyls see Polychlorinated terphenyls
Chlorine-35 nuclear quadruple resonance, 233
Chlorobenzene, 143, 144
mammalian metabolism, 144
metabolism, 143
2-Chlorobiphenyl, 24, 28, 43, 45, 50, 51, 53,138, 152,
189, 190, 212
description in table, 53
electron-capture detector response, 212
mass spectral data, 152
presence in Aroclor, 28
presence in Aroclor 1221, 24
synthesis, 43, 45, 50, 51
uptake by rats, 138
UV-maxima, 189
UV-spectra, 190
3-Chlorobiphenyl, 28, 53, 138, 152, 189, 190, 212
description in table, 53
electron-capture detector response, 212
mass spectral data, 152
presence in Aroclor, 28
uptake by rats, 138
UV-maxima, 189
UV-spectra, 190
4-Chlorobiphenyl, 24, 28, 4244, 53, 124, 138-140,
147,152, 169, 177, 189, 190, 212, 223
description in table, §3
electron-capture detector response, 212
mass spectral data, 152
metabolism, 139
metabolism by achromobacter, 147



metabolism by Rhizopus japonicus, 147
metabolism of, 140

in pigeons, 140

in rabbits, 140

in rats, 140

in trout, 140
photodegradation, 124
photo-reduction, 223
plasmagram of, 169
PMR spectra, 177

chemical shifts and coupling constants, 177

presence in Aroclor, 28
presence in Aroclor 1221, 24
synthesis, 42-44
uptake by rats, 138
UV-maxima, 189
UV-spectra, 190
2'-Chioro-2-biphenylamine, 81
description in table, 81
2'-Chloro-3-biphenylamine, 82
description in table, 82
2-Chloro-4-biphenylamine, 82
description in table, 82
2'-Chloro-4-biphenylamine, 82
description in table, 82
3-Chloro-2-biphenylamine, 81
description in table, 81
3'-Chloro-3-biphenylamine, 82
description in table, 82
3-Chloro-4-biphenylamine, 82
description in table, 82
3’-Chloro-4-biphenylamine, 82
description in table, 82
4-Chloro-2-biphenylamine, 81
description in table, 81
4'-Chloro-2-biphenylamine, 81
description in table, 81
4-Chloro-3-biphenylamine, 81
description in table, 81
4'-Chloro-3-biphenylamine, 82
description in table, 82
4’-Chloro-4-biphenyiamine, 83
description in table, 83
5-Chloro-2-biphenylamine, 81
description in table, 81
Chlorobiphenylamines, 4, 49
chlorination, 49
nomenclature, 4
use in the synthesis of chlorobiphenyls, 49
2'-Chioro-3,4-biphenyldiamine, 86
description in table, 86
2-Chloro-4,4’-biphenyldiamine, 86
description in table, 86
3-Chloro-4,4'-biphenyldiamine, 86
description in table, 86
5-Chloro-2,4'-biphenyldiamine, 86
description in table, 86
2'-Chloro-2,5-biphenyldiol, 104
description in table, 104
3-Chloro-4,4'-biphenyldiol, 104, 241
description in table, 104
UV-spectral data, 241

4'-Chloro-2,5-biphenyldiol, 104

description in table, 104
4-Chloro-3,3"-biphenyldiol, 104

description in table, 104
4'-Chloro-3,4-biphenyldiol, 226
2-Chloro-1-biphenylol, 213

gas chromatography, 213
2’-Chloro-2-biphenylol, 98

description in table, 98
2-Chloro-4-biphenylol, 99, 183, 214, 241

description in table, 99

electron-capture detector response, 214

220 MHz PMR spectrum, 183

relative retention time, 214

UV-spectral data, 241
22-Chloro-4-biphenylol, 99

description in table, 99
3-Chloro-2-biphenylol, 98

description in table, 98
3-Chloro-4-biphenylol, 99, 241, 242

description in table, 99

ultraviolet spectra, 242

UV-spectral data, 241
3-Chloro-4'-biphenylol, 214

electron-capture detector response, 214

relative retention time, 214
4-Chloro-2-biphenylol, 98

description in table, 98
4'-Chloro-2-biphenylol, 98

description in table, 98
4-Chloro-3-biphenylol, 98

description in table, 98
4’-Chloro-3-biphenylol, 99

description in table, 99
4'-Chloro-4-biphenylol, 99, 142, 176, 226, 231,

241

description in table, 99

mass spectrum of the dansyl-derivative, 231

metabolite of 4-chlorobiphenyl, 142, 226

220 MHz PMR spectra, 176

UV-spectral data, 241
4,4'-Chloro-3-biphenylol, 142

metabolite of 4,4'-dichlorobiphenyl, 142
5-Chloro-2-biphenylol, 98

description in table, 98
6-Chloro-2-biphenylol, 213

gas chromatography, 213
6-Chloro-3-biphenylol, 99

description in table, 99

Chlorobiphenylols, 4, 164, 173, 213-215, 229, 241,

246248
derivatization, 215
determination of, 213
electron-capture detector response, 214
extraction, 214
gas chromatography, 214
mass spectra of, 164, 229
nomenciature, 4
PMR spectra, 173
relative retention time, 214
thin-layer chromatography, 215, 246-248
UV-spectra, 241
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Chlorobiphenyls, 3, 9, 16, 22, 23, 35,44,47-49, 63, 64,
113,119,133, 138,151, 154, 161, 164, 168, 171,
179, 180, 189, 194, 211, 212, 221-223, 225, 226,
228, 232, 238

addition of chlorine, 48, 49
chemical reactions, 113
chlorination, 113
color and related reactions, 116
cyclizations of 2- and 2,2’-substituted biphenyls, 117
exhaustive chlorination, 114
isomerization reactions, 116
nitration, 114
nucleophilic displacement of chlorine, 115
organometallic derivatives, 116
oxidation, 113
reaction with alkoxide, 115
reaction with amines, 115
reaction with thiolate anion, 116
reduction, 113
chlorination, 48
isomer distribution, 48
CMR spectra of, 232
Cobalt-60 y-irradiation, 225
fluorescence spectra, 238
gas chromatography, 221
infrared spectra, 194
ion kinetic energy (IKE) spectra, 154
mass spectra of, 151, 161, 164, 228
chemical ionization, 164
fragmentation pattern, 155
high resolution techniques, 161
metastable ion data, 154
metabolism, 133, 226
molecular weights, and chlorine content, 23
most common substitution patterns, 35
nomenclature, 3
phosphorescence spectra, 238
photodegradation, 119, 223, 225
use in analytical method, 225
plasma chromatography, 168
PMR spectra, 171, 179, 180, 232
chemical shifts of ortho-protons, 179
comparison of proton chemical shifts with varying
substitution, 180
possible distribution of chlorine atoms, 22
radiochemical reactions, 223
response to electron-capture detector, 212
response to flame ionization detector, 211
solubility, 9
solubility in water, 16
synthesis, 41, 44, 48, 221
via arylation, 41
via condensation, 44
via substitution, 48
synthesis of labeled, 63, 64, 222
carbon-14, 63, 222
chlorine-36, 64
deuterium and tritium, 64
uptake by rats, 138
UV-spectra, 189, 238
Chlorodibenzodioxins, 120
photodegradation, 120
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Chlorodibenzofurans, 120
photodegradation, 120
Chlorodihydroxybiphenyl see Chlorobiphenyldiol
Chlorohydroxybiphenyl see Chlorobiphenylol
4-Chloro-4-hydroxybiphenyl, 147
metabolism by Rhizopus japonicus, 147
4-Chloro-4’-methoxybiphenyl, 226
metabolites of 4-chlorobiphenyl, 226
Chloronaphthalene, 143
metabolism, 143
Chlorophenylphenol see Chlorobiphenylol
Chromogenic reagents, 206
in thin-layer chromatography, 206
Cleanup of extracts, 201 -203
acetonitrile partitioning, 202
chromatography on alumina, 203
chromatography on Florisil®, 203
gel permeation chromatography, 202
low-temperature precipitation of lipids, 202
microscale alkali treatment, 202
sulfuric acid cleanup, 202
Clophen® see also Aroclor, Kanechlor, Phenoclor, PCB,
7
Clophen AS0, 249
CMR spectra of chlorobiphenyls, 232, 234
! 3C shielding, 234
Cobalt-60 y-irradiation, 225
Column chromatography, 203
Composite diet, 217
levels of PCB, 217
Confirmation of PCB, 207
Conjugates see also Etherial sulfates, 144, 213
Conjugates see also Glucuronic acid derivatives, 144, 213
Conjugates see also Mercapturic acid derivatives, 144,
213
Contamination (precautions against), 198
chemicals, 198
glassware, 198
laboratory, 198
water, 198
Copy paper, 200, 249
extraction, 200
levels of PCB, 249
Coulson electrolytic conductivity detector, 212
Cows, 137
metabolism of chlorobiphenyls, 137
Coypu, 144
biphenyl hydroxylase activity, 144
Cyclohexylbenzene, 206
Cytochrome P448, 252
Cytochrome P-450 enzyme complex, 226

D

Dansyl-derivative of 4’-chloro-4-biphenylol, 231
mass spectrum of, 231
Dansyl derivatives, 167, 230
for identification of metabolites, 230
mass spectra of, 167, 230
DDE see also Chlorinated pesticides, 1, 204, 205, 207



DDT see also Chlorinated pesticides, 1, 144, 161, 204,
205
decomposition compared to PCB, 144
Decachlorobiphenyl, 45,49,62,113, 115, 116, 120, 125,
155,157, 169, 190, 193, 207, 209, 210, 211, 212
chemical reactions, 113
description in table, 62
electron-capture detector response, 212
in exhaustive chlorination, 207, 209
mass spectral data, 155, 157
photodegradation, 120, 125
plasmagram of, 169
reaction with amines and atkoxides, 115
reaction with organometallics, 113,116
synthesis, 45, 49
UV-maxima, 190
UV-spectra, 193
Decachloro-1,4-dihydronaphthalene, 210
Dechlorination, metabolic, 142
Determination of chlorobiphenylols, 213
Determination of PCB, 197, 199, 201, 204, 206, 207,
210, 243
cleanup of extracts, 201
confirmation, 207
extraction, 199
quantitative analysis, 210
separation of PCB’s from chlorinated pesticides, 204
thin-layer chromatography, 206
Dibenzofurans, 206
separation from PCB, 206
2,2"-Dichlorobiphenyl, 24, 28, 45, 48, 51, 54, 138, 140,
152,157,159, 177, 190, 212, 225, 226, 227, 234,
252
CMR spectra, shielding data, 234
description in table, 54
effect on embryonic development, 252
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism of, 140, 227
in rats, 140, 227
photodegradation, 225
in gas phase, 225
PMR:spectra, 177
chemical shifts and coupling constants, 177
presence in Aroclor, 28
presence in Aroclor 1221, 24
synthesis, 45, 48, 51
uptake by rats, 138
UV-maxima, 189
2,2'-Dichlorobiphenyl (' *C), 222
synthesis, 222
2,2"-Dichlorobiphenyl (4,4'-D), 66
2,3-Dichlorobiphenyl, 53, 227, 234, 235
CMR shifts, 234, 235
description in table, 53
metabolism in rats, 227
2,3'"-Dichlorobiphenyl, 28, 54, 138
description in table, 54
presence in Aroclor, 28

uptake by rats, 138
2,4-Dichlorobiphenyl, 53, 138, 152, 157, 159, 160, 177,
189, 212, 227, 235
CMR shifts, 235
description in table, 53
electron-capture detector response, 212
ion kinetic energy data, 159
ion kinetic energy spectrum, 160
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism in rats, 227
PMR spectra, 177
chemical shifts and coupling constants, 177
uptake by rats, 138
UV-maxima, 189
2,4"-Dichlorobiphenyl, 24, 28, 48, 54, 138, 140, 226
description in table, 54
excretion in rhesus monkey, 226
metabolism of, 140
in rats, 140
presence in Aroclor, 28
presence in Aroclor 1221, 24
synthesis, 48
uptake by rats, 138
2,4'-Dichlorobiphenyl (* *C), 222
synthesis, 222
2,5-Dichlorobiphenyl, 53, 235
CMR shifts, 235
description in table, 53
2,6-Dichlorobiphenyl, 54, 138, 152, 157, 159, 177, 212,
235
CMR shifts, 235
description in table, 54
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
PMR spectra, 177
chemical shifts and coupling constants, 177
uptake by rats, 138
3,3"-Dichlorobiphenyl, 45, 54, 66, 152, 157, 159, 177,
189, 212, 227, 234
CMR spectra, shielding data, 234
description in table, 54
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism in rats, 227
PMR spectra, 177
chemical shifts and coupling constants, 177
synthesis, 45
UV-maxima, 189
3,4-Dichlorobiphenyl, 47, 54, 152, 157, 159, 177, 212,
2217, 235
CMR shifts, 235
description in table, 54
electron-capture detector response, 212
ion kinetic energy data, 159
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mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism in rats, 227
PMR spectra, 177
chemical shifts and coupling constants, 177
synthesis, 47
3,4"-Dichlorobiphenyl, 54, 138
description in table, 54
uptake by rats, 138
3,5-Dichlorobiphenyl, 51, 54, 235
CMR shifts, 235
description in table, 54
synthesis, 51
4,4-Dichlorobiphenyl, 45
4,4'-Dichlorobiphenyl, 24, 28, 47,48, 51, 55, 124, 138,

140, 152, 157,159, 169, 177, 189, 191, 212, 227,

234, 239
CMR spectra, shielding data, 234
description in table, §5
electron-capture detector response, 212
fluorescence spectrum, 239
ion kinetic energy data, 159
mass spectra of, 157
mass spectral data, 152
(metastable ion)/(daughter ion) ratios, 157
metabolism of, 140
in pigeons, 140
in rats, 140, 227
in trout, 140
phosphorescence spectrum, 239
photodegradation, 124
plasmagram of, 169
PMR spectra, 177
chemical shifts and coupling constants, 177
presence in Aroclor, 28
presence in Aroclor 1221, 24
synthesis, 45, 47, 48, 51
uptake by rats, 138
UV-maxima, 189
UV-spectra, 191
2,2'-Dichloro-4-biphenylamine, 84
description in table, 84
2,4"-Dichloro-4-biphenylamine, 84
description in table, 84
2' 4-Dichloro-3-biphenylamine, 83
description in table, 83
3,4'-Dichloro-4-biphenylamine, 84
description in table, 84
3,5-Dichloro-2-biphenylamine, 83
description in table, 83
3',5'-Dichloro-2-biphenylamine, 83
description in table, 83
3’,5'-Dichloro-3-biphenylamine, 84
description in table, 84
3',5'-Dichloro-4-biphenylamine, 84
description in table, 84
4,4'-Dichloro-2-biphenylamine, 83
description in table. 83
2,2'-Dichloro-4,4'-biphenyldiamine, 88
description in table, 88
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2',4-Dichloro-2,4"-biphenyldiamine, 87
description in table, 87
2,5-Dichloro-4,4' -biphenyldiamine, 88
description in table, 88
2',6-Dichloro-2,4"-biphenyldiamine, 87
description in table, 87
3,3'-Dichloro-2,2"-biphenyldiamine, 87
description in table, 87
3,3'-Dichloro-4,4’-biphenyldiamine, 88
description in table, 88
3',5-Dichloro-2,4"-biphenyldiamine, 87
description in table, 87
4,4'-Dichloro-2,2"-biphenyldiamine, 87
description in table, 87
4,4'-Dichloro-2,3'-biphenyldiamine, 87
description in table, 87
4,4'-Dichloro-3,3"-biphenyldiamine, 88
description in table, 88
4,6'-Dichloro-3,3"-biphenyldiamine, 88
description in table, 88
2',3'-Dichloro-2,5-biphenyldiol, 105
description in table, 105
2',4'-Dichloro-2,5-biphenyldiol, 105, 106, 241
description in table, 105, 106
UV-spectral data, 241
2',5"-Dichloro-2,5-biphenyldiol, 105
description in table, 105
2’ ,6'-Dichloro-2,5-biphenyldiol, 105
description in table, 105
3,3'-Dichloro-2,2"-biphenyldiol, 105
description in table, 105
3,3'-Dichloro-4,4"-biphenyldiol, 106, 187, 241
description in table, 106
220 MHz PMR spectrum, 187
UV-spectral data, 241
4,4'-Dichloro-3,3"-biphenyldiol, 106, 241
description in table, 106
UV-spectral data, 241
5,5"-Dichloro-2,2"-biphenyldiol, 105
description in table, 105
2,2'-Dichloro-4-biphenylol, 101
description in table, 101
2',3'-Dichloro-4-biphenylol, 227
as metabolite in rats, 227
2,4'-Dichloro-4-biphenylol, 101, 185, 214, 241
description in table, 101
electron-capture detector response, 214
220 MHz PMR spectrum, 185
relative retention time, 214
UV-spectral data, 241
2',4"-Dichloro-4-biphenylol, 227
as metabolite in rats, 227
2',5"-Dichloro-2-biphenylol, 100, 184, 241
description in table, 100
220 MHz PMR spectrum, 184
UV-spectral data, 241
2,5-Dichloro-2'-biphenylol, 214
electron-capture detector response, 214
relative retention time, 214
2,5-Dichloro-3'"-biphenylol, 214
electron-capture detector response, 214



relative retention time, 214
2,5-Dichloro-4"-biphenylol, 214
electron-capture detector response, 214
relative retention time, 214
2',5'-Dichloro-3-biphenylol, 100, 185, 241
description in table, 100

220 MHz PMR spectrum, 185
UV-spectral data, 241
2',5'-Dichloro-4-biphenylol, 101, 184, 241
description in table, 101

220 MHz PMR spectrum, 184
UV-spectral data, 241

2’ 6-Dichloro-3-biphenylol, 227

as metabolite in rats, 227
3,3'-Dichloro-4-biphenylol, 227

as metabolite in rats, 227
3,4'-Dichloro-4-biphenylol, 101, 183, 214, 241, 242
description in table, 101
electron-capture detector response, 214
220 MHz PMR spectrum, 183

relative retention time, 214
UV-spectral data, 241, 242
3',4’-Dichloro-4-biphenylol, 227

as metabolite in rats, 227
3,5-Dichloro-2-biphenylol, 100, 214, 241
description in table, 100
electron-capture detector response, 214
relative retention time, 214
UV-spectral data, 241
3,5-Dichloro-4-biphenylol, 101, 214, 241
description in table, 101
electron-capture detector response, 214
relative retention time, 214
UV-spectral data, 241
4,4’-Dichloro-2-biphenylol, 100
description in table, 100

4,4’-Dichloro-3-biphenylol, 100, 176, 214, 227, 241, 242

as metabolite in rats, 227
description in table, 100
electron-capture detector response, 214
220 MHz PMR spectra, 176
relative retention time, 214
UV-spectral data, 241, 242
4,5-Dichloro-2-biphenylol, 100
description in table, 100
Dichlorobiphenylols, 168
mass and IKE spectral data, 168
3,5-Dichloro-1-phenylcyclohexa-2,4-diene, 49, 50
synthesis, 50
9-Dicyanomethylene-2,4,7-trinitrofluorene, 232
use as complexing spray, 232
Dicyclohexyl, 206
2,3-Dihydro-2,3-dihydroxybiphenyl, 145
intermediate in the microbial metabolism of biphenyl,
145
cis-2,3-Dihydro-2,3-dihydroxy-biphenyl (cis-2,3-
dihydroxy-1-phenylcyclohexa-4,6-diene), 145
intermediate in the microbial metabolism of biphenyl,
145
trans-3,4-Dihydro-3,4-dihydroxy-2,2',5,5 -tetrachloro-
biphenyl, 227
metabolic product of 2,2',5,5'-tetrachlorobiphenyl in
rabbit, 227

2,3-Dihydroxybiphenyl, 145

intermediate in the microbial metabolism of biphenyl,

145

2,5-Dihydroxybiphenyl, 143, 147

metabolism of, 147

metabolite of 2-hydroxybiphenyl, 143
3,4-Dihydroxybiphenyl, 143

metabolite of biphenyl, 143
4,4-Dihydroxybiphenyl, 143

metabolite of biphenyl, 143
Dihydroxybiphenyls, 213, 240

fluorescence data, 240

gas chromatography as TMS ether, 213

ultraviolet spectral data, 240
Dihydroxychlorobiphenyl see Chlorobiphenyldiol
Dodecachloro-DDE, 210

Eggs, 217
levels of PCB, 217
Electron-capture detector response, 212, 214
chlorobiphenylols, 214
chlorobiphenyls, 212
English channel, 250
PCB concentration in various species, 250
PCB/zDDT values, 250
Enzyme activities, 252
Etherial sulfates, 139, 143
Exhaustive chlorination, 114, 207, 209, 211, 244
as analytical technique, 207
in analysis, 244
in quantitative analysis, 211
Extraction of PCB, 199-201, 244
air, 199
biological samples, 200, 201
acetonitrile-acetone, 201
acetonitrile-methylene chloride, 201
adipose tissue, 200
chloroform extraction and saponification, 201
ethyl ether-petroleum ether, 201
extraction after saponification, 201
fish lipids, 200
Soxhlet extraction, 200
paper, 199, 244
sediment, 199
sludge, 199
soil, 199
water, 199
Chromosorb G, 199
Chromosorb® W, 199
hexane, 199
polyurethane foams, 199

F

Fish, 3, 133, 137, 215, 217, 249
levels of PCB, 215, 217, 249
metabolism of chlorobiphenyls, 133, 137
PCB toxicity, 3
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Fish lipids, 200

extraction, 200
Flame ionization responses, 211
Floor wax, 198

laboratory contaminant, 198
Florisil®, 202, 203, 205
Fluorescence see also Luminescence, 238
Fluorigenic labeling, 230
Food in the U.S., 217

levels of PCB, 217
Food packaging materials, 249

levels of PCB, 249
Formation of dibenzofuran and related compounds, 117
Fox, 144

biphenyl hydroxylase activity, 144
Freshwater, 216

levels of PCB, 216
Freshwater fish, 216

levels of PCB, 216
Frog, 144

biphenyl hydroxylase activity, 144

G

Gadus morhua, 250
PCB concentration in various species, 250
PCB/=DDT values, 250
Gas chromatography, 243
of PCB, 243
Gas chromatography-mass spectrometry see GC-MS
Gas chromatography see also GC-MS, 119, 133, 135, 161,
208, 212, 228
GC-MS, 119, 133, 135, 161, 208, 212, 228
for hexachlorobiphenyl photolysis products, 119
identification of PCB, 161
of chlorobiphenyls, 133, 135, 228
in metabolic studies, 133, 135
of PCB, 228
PCB fractions from thin-layer chromatography, 208
use of total-ion current in analysis, 212
Gel permeation chromatography, 202
Glassware, 198
purification, 198
Glucuronic acid derivatives, 139, 143, 213
Gomberg-Bachmann reaction, 42
Gomberg-type biaryl synthesis, 221
Guinea pig, 144
biphenyl hydroxylase activity, 144

H
Hamster, 144
biphenyl hydroxylase activity, 144
Hen, 144

biphenyl hydroxylase activity, 144

Hepatic function, 252

2,2',3,3',4,4' 5-Heptachlorobiphenyl, 61, 173, 176
description in table, 61
PMR spectra, 173, 176
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2,2',3,3',4,4',5'-Heptachlorobiphenyl, 173

PMR spectra, 173
2,2',3,3",4,5,6-Heptachlorobiphenyl, 173

PMR spectra, 173
2,2',3,3',4,5,6'-Heptachlorobiphenyl, 61

description in table, 61
2,2',3,3',4,6,6'-Heptachlorobiphenyl, 154

mass spectral data, 154
2,2',3,4,4',5,5'-Heptachlorobiphenyl, 61, 173

description in table, 61

PMR spectra, 173
2,2,3,4,4',5,6'-Heptachlorobiphenyl, 61

description in table, 61
2,2',3,4,5,5',6-Heptachlorobiphenyl, 61, 190

description in table, 61

UV-maxima, 190
2,3,3',4,4',5,5"-Heptachlorobiphenyl, 61

description in table, 61
2,3,3',4,4",5,6-Heptachlorobiphenyl, 47, 61

description in table, 61

synthesis, 47
2',3,4,5,5',6,6'-Heptachloro-2,3"-biphenyldiol, 107

description in table, 107
2,2',3,4,4', 6'-Hexachlorobenzene (! *C), 63
2,2',3,3',4,4-Hexachlorobiphenyl, 44

synthesis, 44
2,2',3,3',4,4'-Hexachlorobiphenyl, 60, 173, 176

description in table, 60

PMR spectra, 173, 176
2,2',3,3',4,6'-Hexachlorobiphenyl, 31, 172, 175

PMR spectra, 172, 175

PMR spectroscopy, 31

presence in Aroclor 1254, 31
2,2',3,3',5,5'-Hexachlorobiphenyl, 29, 60, 141, 159

absence from Aroclor, 29

description in table, 60

ion kinetic energy data, 159

metabolism of, 141

in rats, 141

2,2',3,3',5,6"-Hexachlorobiphenyl, 29

absence from Aroclor, 29
2,2',3,3',6,6'-Hexachlorobiphenyl, 60, 173

description in table, 60

PMR spectra, 173
2,2,3.4,4',5-Hexachlorobiphenyl, 159

ion kinetic energy data, 159
2,2',3,4,4',5-Hexachlorobiphenyl, 31, 44, 59

description in table, 59

PMR spectroscopy, 31

presence in Aroclor 1254, 31

synthesis, 44
2,2',3,4,4',5'-Hexachlorobiphenyl, 60, 171, 173

description in table, 60

PMR spectra, 171, 173
2,2',3,4,4',5,5'-Hexachlorobiphenyl, 176

PMR spectra, 176
2,2',3,4,4',6'-Hexachlorobiphenyl, 221

m.p. and UV-maxima, 221
2,2',3,4',5,5"-Hexachlorobiphenyl, 29

absence from Aroclor, 29
2,2',3,4,5,6-Hexachlorobiphenyl, 59

description in table, 59



2,2',3,4',5',6-Hexachlorobiphenyl, 28, 60, 172,173, 175,
237
CMR spectral data, 237
description in table, 60
PMR spectra, 172, 173,175
presence in Aroclor, 28
2,2',3',4,5,6'-Hexachlorobiphenyl, 31
PMR spectroscopy, 31
presence in Aroclor 1254, 31
2,2',3,5,5',6-Hexachlorobiphenyl, 60
description in table, 60
2,2',4,4',5,5-Hexachlorobiphenyl, 31, 44, 50
PMR spectroscopy, 31
presence in Aroclor 1254, 31
synthesis, 44, 50
2,2',4,4',5,5"-Hexachlorobiphenyl, 3, 29, 60, 65, 114,
125-127,138, 141, 142, 153, 159, 166, 171, 190,
234, 237
CMR spectra, shielding data, 234
CMR spectral data, 237
description in table, 60
identification of hydroxylated metabolites by high
resolution techniques, 166
ion kinetic energy data, 159
mass spectral data, 153
metabolism of, 141, 142
in pigeons, 141
in rabbits, 141
in rats, 141
in trout, 141
nitration, 114
photodegradation, 125-127
PMR spectra, 171
toxicity, 3
tritium labeled, 65
uptake by rats, 138
UV-maxima, 190
2,2',4,4',5,5-Hexachlorobiphenyl (' *C), 222
synthesis, 222
2,2',4,4',5,5-Hexachlorobiphenyl (4,4’-2¢Cl), 64
2,2',4,4'5,6"-Hexachlorobiphenyl, 60
description in table, 60
2,2'4,4',6,6'-Hexachlorobiphenyl, 29, 61, 114, 119, 125,
141, 159, 169, 190, 193, 212, 223-225, 234
absence from Aroclor, 29
CMR spectra, shielding data, 234
description in table, 61
electron-capture detector response, 212
ion kinetic energy data, 159
metabolism of, 141
in rats, 141
nitration, 114
photodegradation, 119, 125, 223225
formation of oxygenated products, 224
in gas phase, 225
plasmagram of, 169
products formed by UV-irradiation, 225
UV-maxima, 190
UV-spectra, 193
2,2',4,4',6,6'-Hexachlorobiphenyl (3,3'-D), 66
2,3,3',4,4',5-Hexachlorobiphenyl, 173
PMR spectra, 173

2',3,3',4,4' 5'-Hexachlorobiphenyl, 176

PMR spectra, 176
2,3,3',4,5,6-Hexachlorobiphenyl, 59

description in table, 59
2,3',4,4',5,5'-Hexachlorobiphenyl, 60

description in table, 60
2,3,4,4',5,6-Hexachlorobiphenyl, 59

description in table, 59
2,3',4,4',5',6-Hexachlorobiphenyl, 221

m.p. and UV-maxima, 221
2,3',4,4' 5',6-Hexachlorobiphenyl (' *C), 63
2,4,5=2'4'.5'-Hexachlorobiphenyl, 173

PMR spectra, 173
3,3',4,4',5,5'-Hexachlorobiphenyl, 61, 159, 161, 189,

191, 212, 234

CMR spectra, shielding data, 234

description in table, 61

electron-capture detector response, 212

ion kinetic energy data, 159

ion kinetic energy spectrum; 161

UV-maxima, 189

UV-spectra, 191
2,2',3,3',5,5"-Hexachloro-4,4'-biphenyldiamine, 91

description in table, 91
2,2' 4,4',5,5"-Hexachloro-3,3"-biphenyldiamine, 91

description in table, 91
2,2',4,4’,6,6"-Hexachloro-3,3"-biphenyldiamine, 91

description in table, 91
Hexanes, 205

benzene impurities, 205
High resolution mass spectrometric techniques, 164
Human adipose tissue, 217, 249

levels of PCB, 217, 249
Human fatty tissue, 249

levels of PCB, 249
2-Hydroxybiphenyl, 143, 147

metabolism of, 143, 147

metabolite of biphenyl, 143
3-Hydroxybiphenyl, 143

metabolite of biphenyl, 143
4-Hydroxybiphenyl, 73, 143, 242

metabolite of biphenyl, 143

synthesis, 73

ultraviolet spectra, 242
Hydroxybiphenyls, 213, 240, 246248

fluorescence data, 240

gas chromatography as TMS ether, 213

thin-layer chromatography, 246—248

ultraviolet spectral data, 240
Hydroxychlorobiphenyl see Chlorobiphenylol
Hydroxylation, metabolic, 140, 142, 226
3-Hydroxy-4-methoxybiphenyl,.143

metabolite of biphenyl, 143
4-Hydroxy-3-methoxybiphenyl, 143

metabolite of biphenyl, 143
a-Hydroxy-g-phenylmuconic semialdehyde, 145

intermediate in the microbial metabolism of biphenyl,

145

Infrared spectra, 195
of mixtures of chlorobiphenyls, 195
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of Aroclor fractions, 195
Infrared spectrometry of chlorobiphenyls, 194
Insects, 3
PCB toxicity, 3
Ion kinetic energy spectroscopy of chlorobiphenyls, 154,
158
Isotopic distribution of chlorine atoms, 151
calculated abundance ratios, 151

K

Kanechlor® see also Aroclor, Clophen, Phenoclor, PCB, 7
production figures, 7

Kanechlor®-400, 24, 26, 64
composition, 24, 26
tritium-labeled, 64

Labeled chlorobiphenyls, 63
Levels of PCB in the environment, 215, 249
Lichen, 226
metabolism of chlorobiphenyls, 226
Liver microsomal enzymes, 143
hydroxylation of biphenyl by, 143
Loligo forbesi, 250
PCB concentration in various species, 250
PCB/=DDT values, 250
Luminescence (low temperature), 238
Luminescence spectroscopy of chlorobiphenyls, 238

M

Man, 144
biphenyl hydroxylase activity, 144

Marine animals, 249
levels of PCB, 249

Marine fish, 216
levels of PCB, 216

Mass spectra, 126, 162, 166, 167
dansyl derivative of chlorobiphenyl metabolite, 167
of chlorobiphenyl metabolites, 162, 166
of chlorobiphenyl photodegradation products, 126
of chlorobiphenyl photolysis products, 162

Mass spectra of dansyl derivatives, 230

Mass spectrometry see also GC-MS, 207
confirmation of PCB, 207

Mass spectrometry of chlorobiphenyls, 151, 228
high resolution-photoplate method, 228

Mass spectra of dichlorobiphenyls, 156
fragmentation scheme, 156

Mass spectra of hexachlorobiphenyls, 156, 157
fragmentation scheme, 156
list of peak intensities, 157

Mass spectrum of 2,2',4,4",5,5',6,6" -octachlorobiphenyl,

153

mass spectral data, 153
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Mass spectra of octachlorobiphenyls, 157
list of peak intensities, 157
Mass spectra of tetrachlorobiphenyls, 156
fragmentation scheme, 156
Mass spectra of trichlorobiphenyls, 157
list of peak intensities, 157
Meerwein reaction, 42
Mercapturic acid derivatives, 139, 143
Mercapturic acids, 213
Metabolism of chlorobiphenyls, 133, 143, 226
animals, 133
biphenyl, 143
birds, 133
chlorobenzenes and chloronaphthalenes, 143
fish, 133
individual chlorobiphenyls, 138
mice, 133
rats, 133
technical PCB mixtures, 133
by microorganisms, 143
mixed microbial populations, 143
pure cultures, 144
Mice, 3, 133
metabolism of chlorobiphenyls, 133
PCB toxicity, 3
Microorganisms, 3, 144
metabolism of chlorobiphenyls, 144
PCB toxicity, 3
Microsomal enzyme activity, 252
Microsomal enzyme preparations, 226
Milk, 217
levels of PCB, 217
Model ecosystems, 249
2,2'.3,3',4,4',5,5’,6-Monochlorobiphenyl, 154
mass spectral data, 154
Mouse, 139, 144, 252
biphenyl hydroxylase activity, 144
distribution of chlorobiphenyls, 139
PCB toxicity, 252

Neutron activation, 213
Nomenclature, 3
2,2'.3,3',4,4',5,5' ,6-Nonachlorobiphenyls, 62
description in table, 62
2,2',3,3',4,5,5',6,6'-Nonachlorobiphenyls, 62
description in table, 62
North Sea, 250
PCB concentration in various species, 250
PCB/=DDT values, 250
Nuclear magnetic resonance see PMR or CMR
Nylon netting, 197
contamination in sampling, 197

)

Occurrence of PCB, 249



2,2'.3,3',4,4",5,5"-Octachlorobiphenyl, 62, 125, 126, 141,

190
description in table, 62
metabolism of, 141
in rats, 141

photodegradation, 125, 126

UV-maxima, 190
2,2',3,3',4,4',5,6'-Octachlorobiphenyl (* *C), 222

synthesis, 222
2,2°,3,3', 4,4",6,6'-Octachlorobiphenyl, 62, 169, 212

description in table, 62

electron-capture detector response, 212

plasmagram of, 169 )
2,2',3,3',5,5',6,6'"-Octachlorobiphenyl, 51, 52, 62, 190,

193, 212

description in table, 62

electron-capture detector response, 212

synthesis, 51, 52

UV-maxima, 190

UV-spectra, 193
2,2,3,3',5,5',6,6'-Octachloro4,4'-biphenyldiamine, 91

description in table, 91
2,2',3,3',5,5',6,6'-Octachloro-4 ,4'-biphenyldiol, 108

description in table, 108
Octachlorodibenzodioxin, 210
Octachlorodibenzofuran, 210
Octachloronaphthalene, 210

Paper, 199, 244, 249
extraction, 199, 244
levels of PCB, 249
Paperboard, 249
levels of PCB, 249
Particulate matter, 216
levels of PCB, 216
PCB see also Aroclor, Clophen, Kanechlor, Phenochlor,
1-4,7-9,22, 24,125,133, 144, 161, 197, 199,
204-207, 210212, 215. 228, 243245, 249, 252
accumulation in the environment, 249
adsorption, 9
analysis, 197, 243
Beroza’s p-values, 244
biological effects, 3, 252
chemical composition, 22
composition, 7, 243
confirmation, 207
correlation of structure of individual components to
ease of metabolism, 133
dechlorination, 206
determination of, 197, 243
extraction, 199, 244
gas chromatography, 243
GC-MS, 24, 161, 228
levels in the environment, 215
fiterature, 1
mass spectra, 161
mass spectrometry, 7
microbial degradation, 144
occurrence levels in the environment, 249

photodegradation, 125

physical properties, 9

preparation, 8

properties, 7, 8

quantitative analysis, 210, 243

response to electron-capture detector, 212

response to flame ionization detector, 211

sampling, 197

separation from chlorinated pesticides, 204

separation. from chlorinated pesticides by chemical

reaction, 205
separation from chlorodibenzodioxins, 207
separation from chlorodibenzodioxins and chlorodi-
benzofurans, 206

separation from DDE, 20§

solubility, 9

thin-layer chromatography of, 206

thin-layer chromatography, quantitative, 245

toxicology of, 1, 252

use, 7, 8

vapor pressure, 9

voltammetric reduction, 245
PCB concentrations, 250
PCB/zDDT values, 250
2,2',3,3' 4-Pentachlorobiphenyl, 221

m.p. and UV-maxima, 221
2,2',3,3',5-Pentachlorobiphenyl, 29

absence from Aroclor, 29
2,2',3,3’,6-Pentachlorobiphenyl, 28, 31

PMR spectroscopy, 31

presence in Aroclor, 28

presence in Aroclor 1254, 31
2,2',3,4,5"-Pentachlorobiphenyl, 31, 59, 221

description in table, 59

m.p. and UV-maxima, 221

PMR spectroscopy, 31

presence in Aroclor 1254, 31
2,2',3,4',5-Pentachlorobiphenyl, 29, 172

absence from Aroclors, 29

PMR spectra, 172
2,2',3,4',5"-Pentachlorobiphenyl, 178

PMR spectra, 178

chemical shifts and coupling constants, 178

2,2',3',4,5-Pentachlorobiphenyl, 28, 31, 59, 221

description in table, 59

m.p. and UV-maxima, 221

PMR spectroscopy, 31

presence in Aroclor, 28

presence in Aroclor 1254, 31
2,2',3' 4',5-Pentachlorobiphenyl, 174

PMR spectra, 174
2,2',3,4',6-Pentachlorobiphenyl, 28

presence in Aroclor, 28
2,2',3,5,5"-Pentachlorobiphenyl, 29, 221

absence from Aroclor, 29

m.p. and UV-maxima, 221
2,2',3,5,6’-Pentachlorobiphenyl, 29

absence from Aroclor, 29
2,2',3,5',6-Pentachlorobiphenyl, 28, 31, 221

m.p. and UV-maxima, 221

PMR spectroscopy, 31

presence in Aroclor, 28
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presence in Aroclor 1254, 31
2,2',3',5,6"-Pentachlorobiphenyl, 172, 174
PMR spectra, 172, 174
2,2',3,6,6'-Pentachlorobiphenyl, 28
presence in Aroclor, 28
2,2',4,4' 5-Pentachlorobiphenyl, 28, 31, 172
PMR spectra, 172
PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31
2,2'4,4',5'-Pentachlorobiphenyl, 174
PMR spectra, 174
2,2',4,4' 6-Pentachlorobiphenyl, 29
absence from Aroclor, 29
2,2',4,5,5"-Pentachlorobiphenyl, 28, 31, 59, 138, 153,
221, 237
CMR spectral data, 237
description in table, 59
mass spectral data, 153
m.p. and UV-maxima, 221
PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31
uptake by rats, 138
2,2'4',5,5"-Pentachlorobiphenyl, 172, 174
PMR spectra, 172, 174
2,2',4,5,5'-Pentachlorobiphenyl (* *C), 139
distribution in tissues, 139
excretion in urine and faeces, 139
2,2’ 4,5,6'-Pentachlorobiphenyl, 29
absence from Aroclor, 29
2,3,3',4,4'-Pentachlorobiphenyl, 31, 59, 173, 189, 221
description in table, 59
m.p. and UV-maxima, 221
PMR spectra, 173
PMR spectroscopy, 31
presence in Aroclor 1254, 31
UV-maxima, 189
2',3,3',4,4"-Pentachlorobiphenyl, 175
PMR spectra, 175
2,3,3',4',5-Pentachlorobiphenyl, 29
absence from Aroclor, 29
2,3,3',4',6-Pentachlorobiphenyl, 28, 31, 138, 172, 221,
237
CMR spectral data, 237
metabolism of, 138
m.p. and UV-maxima, 221
PMR spectra,.172
PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31
2',3,3',4,6'-Pentachlorobiphenyl, 175
PMR spectra, 175
2,3,4,4',S-Pentachlorobiphenyl, 47, 58
description in table, 58
synthesis, 47
2',3,4,4',5'-Pentachlorobiphenyl, 175
PMR spectra, 175
2,3',4,4',5-Pentachlorobiphenyl, 29, 31, 59, 173, 189,
221, 237
CMR spectral data, 237
description in table, 59
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m.p. and UV-maxima, 221
PMR spectra, 173
PMR spectroscopy, 31
presence in Aroclor 1254, 31
UV-maxima, 189
2,3',4,5,5'-Pentachlorobiphenyl, 29
absence from Aroclor, 29
2,3,4,5,6-Pentachlorobiphenyl, 58
description in table, 58
3,4,4',5,6-Pentachloro-2-biphenylol, 103
description in table, 103
Perchlorination see Exhaustive chlorination
Petroleum ether, 198
purification, 198
Phenobarbital sleepirng times, 252
Phenoclor see also Aroclor, Clophen, Kanechlor, PCB, 7
Phenoclor® DP6, 24, 26
composition, 24, 26
Phenylpyruvate, 145
intermediate in the microbial metabolism of biphenyl,
145
Phosphorescence see also Luminescence
Phosphorimetry (pulsed source time resolved), 238
Photochemistry of chlorobiphenyls, 119, 120, 121, 122,
123,223
choice of irradiation sources, 120
correlation of absorption spectra to photochemical
activity, 122
gas-phase irradiation of chlorobiphenyls, 121
irradiations of chlorobiphenyls in solution, 121
irradiations of chlorobiphenyls in the solid state, 122
mechanism of photochemical degradation, 123
photoproducts formed, 123
formation of polymeric products, 129
formation of products containing oxygen, 126
isomerization, condensation, and chlorination, 125
reductive dechlorination, 123
photosensitization and quenching, 123
physical state of the irradiated compound — laboratory
models for natural conditions, 120
relative photochemical labilities, 123
Photosensitization, 123
Phytoplankton, 3
PCB toxicity, 3
Pig, 144
biphenyl hydroxylase activity, 144
Pigeons, 140
metabolism of chlorobiphenyls, 140
Plankton, 197, 249
contamination in sampling, 197
levels of PCB, 249
Plasma chromatography of chlorobiphenyls, 168
PMR spectra of chlorobiphenylols, 171, 173, 232,
233
chemical shifts, 171
coupling constants, 171
220 MHz, 171
proton coupling constants, 233
proton shielding, 233
Polar bears, 228
GC-MS of PCB constituents, 228
Polychlorinated biphenyls see PCB



Polychlorinated terphenyls, 7, 249
mass spectrometry, 7
Polychlorodibenzofurans, 22
Polychloronaphthalenes, 22
Polyurethane foam, 199
Premercapturic acid derivatives, 144
Primates, 3
Proton magnetic resonance see PMR
Pseudocyphelaria species, 226
metabolism of chlorobiphenyls, 226
Pseudomonas putida, 145
metabolism of biphenyl, 145

Quail, 252
PCB toxicity, 252
Quantitation of PCB, 210, 211, 243
calculation of results, 211, 243
Quenching, 123

R

Rabbit, 3, 140, 144, 227
biphenyl hydroxylase activity, 144
metabolism of chlorobiphenyls, 140, 227
PCB toxicity, 3
Radiochemistry of chlorobiphenyls, 223
Rain, 216
levels of PCB, 216
Rats, 3, 133, 140, 144, 226
biphenyl hydroxylase activity, 144
metabolism of chlorobiphenyls, 133, 140, 226
PCB toxicity, 3
Reverse phase thin-layer chromatography, 207, 208
Rhesus monkey, 226, 252
metabolism of chlorobiphenyls, 226
PCB toxicity, 252
Rhizopus japonicus, 147, 226
metabolism of 4-chlorobiphenyl and 4,4 -dichloro-
biphenyl, 147
metabolism of chlorobiphenyls, 226

Sampling, 197, 198
possible sources of contamination, 197
preservative, 198

Sandmeyer reaction, 50

Saponification, 201

Seawater, 216
levels of PCB, 216

Sediment, 199
extraction, 199

Sewage sludge, 216
levels of PCB, 216

Silica gel, 198
purification, 198

Silica gel G, 206, 207
Silica gel (MN-Kieselgel G-HR), 207
Silica gel P, 215
Silicic acid-Celite, 204
Sludge, 199
extraction, 199
Soil, 199
extraction, 199
Solid waste, 249
levels of PCB,.249
Soxhlet apparatus, 200
Synthesis, 41, 71, 77, 80, 221
of chlorobiphenylamines, 77
by benzidine rearrangement of chlorohydroazo-
benzenes and related reactions, 78
by condensation of aminochlorobenzenediazonium
compounds with copper, 79
by chlorination of biphenylamines and chlorobi-
phenylamines, 78
by Hofmann degradation of carboxamides, 80
by reduction of azo compounds, 80
by reduction of chloronitrqbiphenyls, 78
from biphenylpolyamines, 79
from phenylhydroxylamine and chlorobenzene, 79
from polychlorobiphenyls and ammonia, 80
of chlorobiphenylols, 80
by arylation reaction, 92
by chlorination of hydroxybiphenyls, 92
by condensation of chlorobenzene-2-diazo-1-oxides
and subsequent reduction, 94
by condensation of chlorophenols with benzoyl
peroxide, 95
by coupling diazonium salts with quinones and
reduction, 94
by decarboxylation of chlorohydroxybiphenyl-
carboxylic acids, 93
by electrochemical oxidation of chlorobiphenyls, 95
by hydroxylation of chlorobiphenyls, 95
by isomerization reaction, 94
by photochemical or thermal reaction of chloro-
benzene-2-diazo-1-oxides in benzene, 94
by the action of alkali or sodium methoxide on
chlorobiphenyls, 93
by the decomposition of aryl-suifonylchlorides in
aromatic substrate, 96
by the Ullmann reaction, 96
etherial sulfate conjugate of 3-chloro-2-biphenylol, 80
from aminobiphenylols via diazonium salts, 94
from chlorobiphenylamines via diazonium salts, 92
from chlorobiphenyls via organothallium compounds,
95
removal of a methyl group, 80
of chlorobiphenyls, 41, 221
by chlorinations, 48
by condensation via Diels-Alder reaction, 46
by condensation via Grignard reagents, 45
by condensation via organolithium intermediates, 45
by decarboxylations, 51
by dechlorination of decachlorobiphenyl by reduction
of via organometallic derivatives, 52
by photolysis of arylthallium ditrifluoroacetates, 43
by removal of amino groups, 50
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by replacement of hydroxy groups by chlorine, 50

by replacement of nitro groups by chlorine, 51

by replacement of sulfonyl chloride and sulfonic acid
groups by chlorine, 51

by Sandmeyer reaction, 50

condensation of phenylsulfinates, 47

copper (I) iodide mediated condensation of Grignard
reagents with ary! halides, 47

copper mediated condensations of aryl halides, 44

decomposition of diaroyl peroxides and acid
anhydrides, 57

via acylarylnitrosamines, 43

via aroyl peroxides and carboxylic acids, 41

via arylsulfonyl halides, 43

via diazoaminobenzenes, 43

via diazonium salts, 42

via phenylazotriphenylmethane and phenylazo-p-
tolylsulfone, 43

via phenylhydrazines, 43

of the biphenyl ring system, 71

by condensation of phenols or diazonium salts with
quinones, 77

by coupling of aromatic compounds with thallium
(IIT) acetate, 71

by nucleophilic aromatic substitution, 74

by oxidation of aromatic compounds with lead
tetraacetate in trifluoroacetic acid, 71

by oxidative coupling, 76

by oxidative decomposition of N-phenyl-N" (tri-n-
butylstannyl) hydrazines, 72

by photochemical synthesis from phenols, 76

by photolysis of N-phenylsulfonyldimethyl sulfoxi-
mine and aromatic bromo and iodo compounds, 73

by reaction of actylenes with a-methylene carbonyl
compounds, 72

by rearrangement of ¥, O-diarylhydroxylamines, 75

by reduction of diazonium salts, 77

from acyclic cross-conjugated dienamines and
aromatic acid chlorides, 72

from aromatic sulfur compounds and Raney-nickel,
74

from aryl halides and bis (1,5-cyclooctadiene)
nickel (0), 73

from o-bromobenzoates and phloroglucinol, 76

from sulfonamides, 74

via aryl Grignard reagents or aryl lithium compounds
and cyclic ketones, 71

via intermediate iron complexes, 73

T

2,2°,3,3'-Tetrachlorobiphenyl, 57, 221, 237

CMR spectral data, 237

description in table, 57

m.p. and UV-maxima, 221
2,2',3,4'-Tetrachlorobiphenyl, 29, 57, 221

absence from Aroclor, 29

description in table, 57

m.p. and UV-maxima, 221
2,2',3,4'-Tetrachlorobiphenyl (* 4 C), 63
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2,2',3,5'"-Tetrachlorobiphenyl, 28, 31, 57, 221, 237

CMR spectral data, 237
description in table, 57

m.p. and UV-maxima, 221
PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31

2,2',3,6'-1etrachlorobiphenyl, 29, 221

absence from Aroclor, 29
m.p. and UV-maxima, 221

2,2',4 4'-Tetrachlorobiphenyl, 28, 45, 47, 57, 63, 139,

140, 152,157,159, 178,190, 192, 212, 224, 234,
238

CMR spectra, shielding data, 234
description in table, 57
distribution in tissues, 139
electron-capture detector response, 212
ion Kinetic energy data, 159
mass spectra of, 157

(metastable ion)/(daughter ion) ratios, 157
mass spectral data, 152
metabolism of, 140

in rats, 140
phosphorescence spectrum, 238
photodegradation, 224

mechanism, 224
PMR spectra, 178

chemical shifts and coupling constants, 178
presence in Aroclor, 28
synthesis, 45, 47
UV-maxima, 190
UV-spectra, 192

2,2',4,5"-Tetrachlorobiphenyl, 28, 58, 195, 221, 237

CMR spectral data, 237
description in table, 58
infrared spectra, 195

m.p. and UV-maxima, 221
presence in Aroclor, 28

2,2',4,6-Tetrachlorobiphenyl, 57, 178

description in table, 57
PMR spectra, 178
chemical shifts and coupling constants, 178

2,2,5,5"-Tetrachlorobiphenyl, 28, 31, 50, 58, 65, 66,

121,124-128, 138, 140, 152, 153,157,159, 172,
174, 190, 195, 221, 226, 227, 237
CMR spectral data, 237
description in table, 58
infrared spectra, 195
ion kinetic energy data, 159
mass spectra of, 157
mass spectral data, 152, 153
(metastable ion)/(daughter ion) ratios, 157
metabolism by Rhizopus japonicus, 226
metabolism in rabbit, 227
in pigeons, 140
in rabbits, 140
in rats, 140
in trout, 140
metabolism of, 140
m.p. and UV-maxima, 221
photodegradation, 121, 124-128
PMR spectra, 172, 174



PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31
synthesis, 50
tritium labeled, 65
uptake by rats, 138
UV-maxima, 190
2,2',5,6'-Tetrachlorobiphenyl, 221, 237
CMR spectral data, 237
m.p. and UV-maxima, 221
2,2',6,6 -Tetrachlorobiphenyl, 58, 152, 157, 159, 178,
190, 193, 212,234
CMR spectra, shielding data, 234
description in table, 58
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
PMR spectra, 178
chemical shifts and coupling constants, 178
UV-maxima, 190
UV-spectra, 193
2,3,3' 4'-Tetrachlorobiphenyl, 221
m.p. and UV-maxima, 221
2,3,3',5"-Tetrachlorobiphenyl, 29, 221
absence from Aroclor, 29
m.p. and UV-maxima, 221
2,3’ 4,4'-Tetrachlorobiphenyl, 28, 57, 58, 63, 152, 157,
159, 189, 221, 226, 237, 252
CMR spectral data, 237
description in table, 57, 58
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism in rats, 226
m.p. and UV-maxima, 221
presence in Aroclor, 28
toxicity, 252
UV-maxima, 189
2,3’ 4" 5-Tetrachlorobiphenyl, 28, 31, 42, 43, 46, 56, 58,
138, 152, 157, 159, 169, 178, 189, 192, 212, 221,
236, 237
CMR shifts, 236
CMR spectral data, 237
description in table, 56, 58
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
m.p. and UV-maxima, 221
plasmagram of, 169
PMR spectra, 178
chemical shifts and coupling contants, 178
PMR spectroscopy, 31
presence in Aroclor, 28
presence in Aroclor 1254, 31
synthesis, 42, 43, 46
uptake by rats, 138
UV-spectra, 192

2,3',4" 6-Tetrachlorobiphenyl, 221
m.p. and UV-maxima, 221
2,3',5,5"-Tetrachlorobiphenyl, 221
m.p. and UV-maxima, 221
2,3,5,6-Tetrachlorobiphenyl, 57, 152, 157, 159, 178, 212
description in table, 57
electron-capture detector response, 212
ion kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
PMR spectra, 178
chemical shifts and coupling constants, 178
2,4,4',5-Tetrachlorobiphenyl, 57, 189
description in table, 57
UV-maxima, 189
2,4,4' 6-Tetrachlorobiphenyl, 57, 178
description in table, 57
PMR spectra, 178
chemical shifts and coupling constants, 178
3,3',4,4'-Tetrachlorobiphenyl, 3, 50, 58, 124, 126128,
138, 141, 152, 157, 159, 160, 178, 189, 191, 192,
212, 221, 226, 234
CMR spectra, shielding data, 234
description in table, 58
electron-capture detector response, 212
ion kinetic energy data, 159
ion kinetic energy spectrum, 160
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
metabolism in rats, 226
metabolism of, 141
in rats, 141
m.p. and UV-maxima, 221
photodegradation, 124, 126, 127
PMR spectra, 178
chemical shifts and coupling constants, 178
solubility in oil, 138
synthesis, 50
toxicity, 3
uptake by rats, 138
UV-maxima, 189
UV-spectra, 191, 192
3,3',4,4'-Tetrachlorobiphenyl (4,4'-2¢ Cl), 64
3,3',4,5'-Tetrachlorobiphenyl, 221
m.p. and UV-maxima, 221
3,3',5,5"-Tetrachlorobiphenyl, 58, 152, 157, 159, 212,
233,234, 237
CMR spectra, shielding data, 234
CMR spectral data, 237
conformation, 233
description in table, 58
electron-capture detector response, 212
ion Kinetic energy data, 159
mass spectral data, 152
mass spectra of, 157
(metastable ion)/(daughter ion) ratios, 157
3'4,4',5-Tetrachloro-2-biphenylamine, 85
description in table, 85
2,2',5,5'-Tetrachloro-4,4 -biphenyldiamine, 90
description in table, 90
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2,2',6,6'-Tetrachloro-4,4'-biphenyldiamine, 90, 213
analysis, 213
description in table, 90
2',4,6,6"-Tetrachloro-2,4"-biphenyldiamine, 90
description in table, 90
3,3',5,5'-Tetrachloro-4,4'-biphenyldiamine, 90
description in table, 90
4,4',5,5"-Tetrachloro-2,2'-biphenyldiamine, 89
description in table, 89
4,4',6,6'-Tetrachloro-2,2"-biphenyldiamine, 89
3,3',5,5"-Tetrachloro-2,2"-biphenyldiol, 107, 214, 241
description in table, 107
electron-capture detector response, 214
relative retention time, 214
UV-spectral data, 241
3,3',5,5'-Tetrachloro-4,4 "-biphenyldiol, 107, 214
description in table, 107
electron-capture detector response, 214
relative retention time, 214
2,2',5,5'-Tetrachloro-3-biphenylol, 227
metabolic product of 2,2',5,5"-tetrachlorobiphenyl in
rabbit, 227
2,2',5,5"-Tetrachloro-4-biphenylol, 227
metabolic product of 2,2',5,5"-tetrachlorobiphenyl in
rabbit, 227
2,3',4,4'-Tetrachloro-3-biphenylol, 226
as metabolic product in rats, 226
2',3',5',6’-Tetrachloro-3-biphenylol, 103
description in table, 103
2',3',5',6'-Tetrachloro-4-biphenylol, 103
description in table, 103
3',4,4',6-Tetrachloro-3-biphenylol, 226, 252
as metabolic product in rats, 226
toxicity, 252
3,4,5,6-Tetrachloro-2-biphenylol, 103
description in table, 103
2,3,7,8-Tetrachlorodibenzo-p-dioxin, 206
separation from PCB, 206
2,3,7,8-Tetrachlorodibenzofuran, 221
impurity in synthesis of chlorobiphenyls, 221
Tetradecachloroterphenyl, 210
Thin-layer chromatography, 207, 245
of chlorobiphenylols, 245
quantitative method for PCB, 245
reverse phase, 207
Thin-layer chromatography of chlorobiphenylols, 246,
247
Thin-layer chromatography of dichlorobiphenylols, 248
Thin-layer chromatography of PCB, 206
Total ion chromatogram, 228
GC-MS of PCB constituents, 228
Toxicology of PCB, 1, 252
2,2',3-Trichlorobiphenyl, 28, 55
description in table, 55
presence in Aroclor, 28
2,2’ 4-Trichlorobiphenyl, 28, 152, 195
infrared spectra, 195
mass spectral data, 152
presence in Aroclor, 28
2,2',5-Trichlorobiphenyl, 28, 56, 138, 190, 195, 226
description in table, 56
excretion in rhesus monkey, 226
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infrared spectra, 195

metabolism by Rhizopus japonicus, 226

presence in Aroclor, 28

uptake by rats, 138

UV-maxima, 190
2,2',6-Trichlorobiphenyl, 28

presence in Aroclor, 28
2,3,4-Trichlorobiphenyl, 55, 236

CMR shifts, 236

description in table, 55
2,3,4"-Trichlorobiphenyl, 29, 55

absence from Aroclor, 29

description in table, 55
2,3',4-Trichlorobiphenyl, 28, 189

presence in Aroclor, 28

UV-maxima, 189
2',3,4-Trichlorobiphenyl, 28, 56

description in table, 56

presence in Aroclor, 28
2,3,5-Trichlorobiphenyl, 51, 55

description in table, 55

synthesis, S1
2,3',5-Trichlorobiphenyl, 29, 56

absence from Aroclor, 29

description in table, 56
2',3,5-Trichlorobiphenyl, 56, 138

description in table, 56

uptake by rats, 138
2,3,6-Trichlorobiphenyl, 55

description in table, 55
2,3',6-Trichlorobiphenyl, 29

absence from Aroclor, 29
2,4 4'-trichlorobiphenyl, 28, 55, 138, 177, 189, 212,

224

description in table, 55

electron-capture detector response, 212

photoproduct from 2,2'4,4"-tetrachlorobiphenyl, 224

PMR spectra, 177

chemical shifts and coupling constants, 177

presence in Aroclor, 28

uptake by rats, 138

UV-maxima, 189
2,4,5-Trichlorobiphenyl, 43, 55, 236

CMR shifts, 236

description in table, 55

synthesis, 43
2,4',5-Trichlorobiphenyl, 28, 47, 56

description in table, 56

presence in Aroclor, 28

synthesis, 47
2,4 ,6-Trichlorobiphenyl, 43, 55, 178

description in table, 55

PMR spectra, 178

chemical shifts and coupling constants, 178

synthesis, 43
3,3’ 4-Trichlorobiphenyl, 138

uptake by rats, 138
3,3',5-Trichlorobiphenyl, 29

absence from Aroclor, 29
3,4,4'-Trichlorobiphenyl, 29, 56

absence from Aroclor, 29

description in table, 56



3,4',5-Trichlorobiphenyl, 56
description in table, 56
2',4,4"-Trichloro-3-biphenylamine, 85
description in table, 85
3,4',5-Trichloro-4-biphenylamine, 85
description in table, 85
3',4,5-Trichloro-2,4"-biphenyldiamine, 89
description in table, 89
3,3',5-Trichloro-4,4"-biphenyidiol, 106, 241
description in table, 106
UV-spectral data, 241

2,2",5'-Trichloro-4-biphenylol, 102, 186, 214, 241

description in table, 102
electron-capture detector response, 214
220 MHz PMR spectrum, 186
relative retention time, 214
UV-spectral data, 241
2',4’,6'-Trichloro-2-biphenylol, 102
description in table, 102
2',4",6'-Trichloro-3-biphenylol, 102
description in table, 102
2',4',6'-Trichloro-4-biphenylol, 102
description in table, 102
3,4,5-Trichloro-4'-biphenylol, 214
electron-capture detector response, 214
relative retention time, 214
3,4’ 5-Trichloro-4-biphenylol, 102, 232, 241
description in table, 102
mass spectrum, 232
UV-spectral data, 241
2,2',5-Trichloro-4'-methoxybiphenyl, 230
mass spectrum, 230
Trichlorosulfur tetrachloroaluminate, 209
in exhaustive chlorination, 209
Trigla tucerna, 250
PCB concentration in various species, 250
PCB/2DDT values, 250

2,5,6-Trihydroxybiphenyl, 147
metabolite of 2-hydroxybiphenyl, 147
Trimethylsilyl (TMS) cthers, 213
Trout, 140
metabolism of chlorobiphenyls, 140
Tween 80, 122, 143

U

Ullmann reaction, 44, 221
Ultraviolet spectra of chlorobiphenylols, 241
Ultraviolet spectrometry, 212

use in PCB analysis, 212

Ultraviolet spectroscopy of chlorobiphenyls, 189

UV sources in photochemical studies, 120
“blacklight™ lamps, 120
General Electric F 40 BL, 120
long-wavelength UV fluorescent lamps, 120
low-pressure mercury lamps, 120

\'

Veronica beccabunga, 226
Voltammetric reduction, 245

w

Water, 199
extraction, 199
Wildlife, 3, 215, 249
levels of PCB, 215, 249
PCB toxicity, 3
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