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1. INTRODUCTION

In order to have a thorough understanding of the potential health hazards 1o
man produced by a particular environmental agent, one must first have a thorough
knowledge of the chemistry of the particular compound. The chemistry of a specific
environmental agent encompasses: (1) the chemical structure : (2) the physical proper-
ties of the material: (3) the analytical techniques required for the specific analysis of
the entity in its environment: (4) the sources andjor uses of this environmental agent:
(5) the chemical reactivity associated with the particular functionality of this com-
pound: (6) the metabolism of the environmental agent in biological systems: (7) the
biological interaction and/or biological activity of the agent and its metabolites: and
(8) the toxicity of the environmental agent and components derived from this chemical
species. Once this definitive information is available concerning the basic chemical
and biochemical properties of the environmental agent. one must then evaluate the
possible mode(s) of action by investigating: (a) the type of pathological changes pro-
duced by the agent: (b) the severity and longevity of the pathology: (¢) the immediuacy
of the undesirable effects on man and/or his progeny: and (d) the minimization and/or
reversibility of the events leading to the pathological end result. Finally, after one
has considered the many complex interactive data concerning a specific environment:al
agent, one must then scientifically correlate all of this information so that man may
be able to understand and control the impact that this particular environmental agent
‘has on his existence.

The environment, the survival of its inhabitants and all biological systems may
be affected by the presence of this chemical component. More important, the chemical
form and the longevity of this form dictate the potential hazards that may be prev-
alent. Any environmental agent which would interrupt normal biological processes
of the enzymatic, genetic and/or metabolic nature would be undesirable. The poten-
tially hazardous environmental agents may be either natural products or “man-made™
contaminants of the environment.

This review describes information that has been obtained by members of the
Chemistry Group at this Institute over the last 6 years to assist in answering a small
portion of the complex problems associated with the potential health hazards of
noxious environmental agents. The major emphasis of this review is pliaced on the
application of gas-liquid chromatography and mass spectrometry to environmental
problems. The significance of the various types of information obiained by mass
specirometry will be applied towards answering questions concerning: (a) chemical
purity, structure and functionality ; (b) analytical methodology requirements: (c) me-
tabolism: (d) biological interaction and biological activity; and (€) possible mode(s)
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of action for the production of the pathology and undesirable effects. The general
discussion on the utilization of gas-liquid chromatography coupled with mass spec-
trometry (GLC-MS) for the investigation of specific environmental agents will be
oriented both to readers with an academic interest and to individuals with research
involvement in these specific areas. This review also discusses the advantages and
disadvantages of the various analytical systems with each specific type of environ-
mental agent. A brief discussion is given on the uses of MS for the quantitation of
environmental agents.

Probably the most versatile analytical technique available to the chemist is
GLC'-S. Many types of environmental agents, including pesticides, non-polar natural
products and synthetic chemicals, may be analyzed directly by gas chromatography.
Still other compounds. because of increased polarity and low vapor pressure. must
first be converted into a more volatile derivative and then be analvzed. Care must be
exercised in choosing the tvpe of derivative for a specific environmental agent and
its metabolites in order to minimize the chemical and/or thermal lability of the reac-
tion product which will be analvzed by gas chromatography. By the use of GLC
alone, one cannot chemically verity the structure of a particular compound. By the
use of many varied analytical conditions of GLC, one can determine the homogeneity
of the particular sample. One can directly compare the retention time of the unknown
with the known compound. In addition, one can quantitate the particular unknown
with respect to the known compound. On the contrary, without further integration
of the data from gas chromatography with data from other sources such as infrared
(IR) and nuclear magnetic resonance (NMR) spectroscopy, one is not able to deter-
mine unequivocally the chemical structure of the unknown environmental agent.
Furthermore. if the sample size of the unknown is limited to a few micrograms or,
more commonly, to nanogram amounts. even IR and NMR spectroscopic analyses
are not possible. -

By the use of & GLC system which is directly interfaced with a mass spectrom-
eter. one is able to examine thoroughly the chemical structure of microgram and
even low nanogram amounts of numerous environmental agents and their metabolites.
As described by Rosenstock and Krauss?, mass spectra present a “chemical appearance
of conmipounds™. In addition to the analytical value of the information obtained by
MS, these data reflect the chemistry, the reactivity and the stereochemical orientation
of many functional groups of the molecule. The unimolecular ion reactions in the
mass spectrometer are in many ways similar to the reactions that take place under
thermal and photolytic conditions. The utilization of the mass spectrometer as a
model to measure the decomposition and rearrangement propensities of certain envi-
ronmental agents and their metabolites is very beneficial.

In particular cases, by use of a GLC system combined with a mass spectrometer
which iIs controlled by a computer, one is able to detect and identify even picogram
amounts of specific environmental agents. In many instances, because of the chemical
nature of a compound, direct bombardment of the agent with electrons in the mass
spectrometer will not produce the molecular ion in significant abundance for detection.
Even by use of very low energy electron bombardment of 20 eV or less, the mass
spectrum may not contain all of the descriptive mass fragments and the molecular ion.

Chemical ionization (CI)-MS is a type of high-pressure MS in-which the com-
pound of interest interacts with the reactant or carrier gas ions to form the positively
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charged tons. The reactant ions are formed by a combination of electron impact (EI)
and 1on-molecule recombinations. The primary. secondary and tertiary reactant ions
then combine with the desired sample and in this process transfer massive entities
including protons (H-). hydride 1ons (H-) and alkyl carbonium ions (RCH.*) to the
desired sample molecules. The amount of energy involved in the chemical ionization
reactions is relatively low, depending on the reactant gas used. For a more detailed
discussion on chemical ionization mass spectrometry. the reader is referred to articles
by Munson and Field!™. Munson'! and Fales er al.'=.

Bv the characterization of the crudely purified environmental agent by GLC
coupled with CI- and EI-MS. one can unequivocally identify the chemical structure
of many polviunctional metabolites and reaction products of numerous potentially
hazardous environmental agents. As will be seen in later discussions on specific com-
pounds. tons present in the El spectra of some compounds are descriptive of a specific
portion ol the molecule. whereas ions derived by the Cl processes are descriptive of
a different portion of the molecule to that deseribed by the tons from the El process.

-In some instances. without the Cl data one would not be able to describe the complete
chemical structure: on the contrary. verv stable and rigid molecules may be studied
very satisfuctorily by EI-MS even at high clectron voltages. In meost instances. the
limsitations of a combined GLC-MS system are muainly those concerned with the
chromatographic. properties and chemical lability of the components being chro-
matographed. In many instances in which multi-component systems cannot be sepa-
rated chromatographicallv. by careful computer analysis of the data. one can identity
and differentiate the components present.

Bv turther refinement of the application of MS to quantitation. one can quanti-
tate very specifically many environmental agents which may or may not be chro-
matographically separable by monitoring specific characteristic ions by the technique
of mass fragmentography. In this technique. the mass spectrometer becomes a specific
ion detector. Molecules which vield the desired 1ons which are being monitored will
be detected : on the contrary. numerous components and contaminants which do not
vield the specific ions will not he detected. Quantitation of environmental agents by
mass fragmentography in nanogram or even low picogram amounts routinely are
very applicable. CI and El mass fragmentography exhibii many desirable character-
istics with specific classes of environmental agents.

2. GENERAL PROTOCOL

At least three major types of chemical investigations will be discussed with
specifigclasses of environmental agents. The purpose of these types of investigations
Is 1o assist in answering the questions; ~is this particular environmental agent harmful
to man through his evervday exposure to low levels of this agent for periods up to a
lifetime?™ and “if this environmental agent is harmful. by what means may these
harmtul effects be minimized or eliminated?”. As described carlier, in order to answer
his portion of this problem, the chemist must be able to: (a) analvze very specifically
tor the well defined chemical component: (b) understand the chemical and biochemi-
cal reactivity of this agent: and (c) define the sequence of metabolic events that take
place once this specific environmental agent enters the defined biological system.

Once a specific environmental agent has been deemed necessary for investiga-



GLC-CI-MS AND GLC-EI-MS OF HAZARDOUS ENVIRONMENTAL AGENTS 367

tion as a potential healih hazard, either because of preliminary toxicity information
or because of ubiquitous distribution in the environment, the investigator must next
evaluate the techniques available for the analysis of this specific agent without ob-
taining erroneous resulits from normal contaminants in the environment. The concern
of this review will not be to consider the monitoring of samples routinely in order
to determine the presence of a particular agent, but the emphasis is concerned mainly
with determining what happens to the specified agent in defined chemical reactions
and biological test systems. If the existing techniques do not suffice for the analysis
of this environmental agent and its metabolites, then very specific methodology must
be developed. In the discussion section, specific reference ‘is made to the analytical
requirements of individual environmental agents. The investigator who is more chem-
ically oriented will study (a) methods for the synthesis of this environmental agent
and (b) the types of reactivity which this molecule possesses. Informative investigation
would include: (a) the chemical kinetics of reactions; (b) favored types of reactions
including hydrolysis. reduction. oxidation and the tendency to eliminate chlorine
atoms or a particular functional group: and (c) the synergistic effect of other con-
taminants on the chemical reactivity of this component. The more biologically ori-
ented chemist would be concerned with: (i) translation of the pure chemical informa-
tion into meaningful biological and metabolic activity: (b) the level of entrance of
this environmental agent into the biological system: (c) the distribution and degree
of modification of the agent in the biological system: and (d) the interaction of the
environmental agent and its metabolites with normal components of the biological
SVSIem.

TABLE 1
GENERAL METABOLIC INVESTIGATIONS

No. Investiyation

Exposure of environmental agent to biological system

Distribution and rate of elimination of agent

Removal and purification of agent and mewabolites

Characterization of metabolites

(A) Chromatography

(B) UV spectroscopy

(C) IR spectroscopy

(D) NMR spectroscopy

(E) Mass spectrometry

Verification of structure of metabolites by organic syntheses

Determination of harmful effects caused by environmental agent and metabolites as illus-
trated by the pathological end-product

Ao Wi 1 d -

[ V]

The normal sequence of events in these biological investigations may be sum-
marized as in Table 1. The investigation of the biochemistry of a particular environ-
mental agent proceeds by administration of a single small dose of the chemically pure
compound to the biclogical test system followed by the determination of the rate of
absorption, the degree of storage and the routes and degree of elimination of the
chemical component and its metabolites. After the biological data concerning the
distribution of this environmental agent have been obtained. then one must determine
in what chemical tform this agent is present at a particular time in specific biological
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'

tissues and fluids. Removal of the desired component from the biological medium
must be accomplished before one can qualitatively or quantitatively characterize the
chemical form of the metabolite. Numerous inorganic components require removal
of protein and other organic materials by mild oxidation followed by atomic absorp-
tion. neutron activation or spark-source MS analyses. In other instances. inorganic
components may first be complexed to form organic compounds. which then may
be removed by selective organic extraction followed by analyses. Most organic envi-
ronmental agents may be removed by pH-dependent organic or aqueous solvent ex-
tractions. Once the crude component has been removed from the biological environ-
ment. various analvtical procedures may be used to characterize the composition of
the complex mixture. In particular instances. because of the degree and nature of the
polarity of the contaminants. biological extracts require some means of purification
prior to initiation of structural characterization. This purification may be accomplished
by solvent-solvent partition or by solvent-solid partition as exemplified by thin-
laver™. column'*-'* or high-pressure liquid chromatography!®.

The most important and the final remaining portion of the characterization
is to determine the chemical form ard the structural identity of the potentially haz-
ardous environmental agent. Before final structural identification is possible. one
must be able to verity that the component to be identified is chemically pure at the
time of analyvsis.

Analvsis of the chemical component by ultraviolet (UV) or visible absorption
spectroscopy would require that the sample first be puritfied and then separately
analvzed fer its absorption spectrum in order to vield information concerning bond
structure and the presence of chromophore groups. Measurement of the fluorescent
and phosphorescent properties of the purified environmental agent is also desirable.
Most spectroscopic methods require only microgram or nanogram amounts of mate-
rial. This information alone would not verify a particular chemical structure.

IR speciroscopy generates more conclusive information concerning the pres-
ence of spacific covaleni bonds and functional groups. The environmental agent must
first be isolated and purified. and then 100-200 ug of material are characterized by
IR spectroscopy. On the contrary, by use of GLC integrated with a computerized IR
svstenm. one may analvze the various components by IR spectroscopy as they are
eluted from the chromatograph. Most of the present integrated GLC and computer-
ized IR systems require 10-100 ug of material'™—*2.

Further characierization by conventional proton NMR spectroscopy of the
pure unknown would require milligram amounts of the compound: however, by use
of a computerized Fourier NMR system=3, one can obtain representative spectra on
a few hundred micrograms.

Because of sample requirements. very few analytical techniques can produce
structural information for the unequivocal identification of low microgram and. more
commonly. nanogram amounts of a particular environmental agent. In the near
future. we probably will find that the integrated GLC-IR computerized system!=-**
will be used more on low microgram amounts as the technology of instrument design
advances. At the present time, for the characterization of low microgram. nanogram
and. in some cases. picogram amounts of organic compounds. GLC-MS is the most
* informative analytical technique available to the chemist for obtaining structural data.
One of the major functions of this laboratory was to investigate the charac-
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teristics and specific advantages of EI- and CI-MS coupled with GLC for the identi-
fication and characterization of numerous types of potentiallv hazardous environ-
mental agents and their derivatives. In addition to studying singly the effects of various
analyvtical parameters, numerous chemical and structural parameters were investi-
gated in order to assist in the validation of some of the generalized information.
Routinely, with most of the specific environmental agents. the sample was
characterized by EI-MS at 70, 20 and occasionally 10 eV and by CI-MS using methane.
isobutane and occastonally helium as the reagent carrier gases. Analvsis of the sample
by GLC routinely was obtained prior to structural characterization by GLC-MS.

3. RESULTS AND DISCUSSION
A. Factors affecting gas chromarography (GCJ

Although one speaks simply of “interfacing a mass spectrometer with a gas
chromatograph™. commercial GC-MS instruments generally involve a coupled svs-
tenm. cach of the components of which has been designed for optimal performance in
combination with the others. Thus a standard analytical gas chromatograph is not
usually suitable, without extensive plumbing modifications. for coupling directly 1o
the “interface™ system of the molecular separator, transfer lines. vacuum batlle and
other necessary components of the mass spectrometer. Nonetheless. it isadvantageous
and a common practice for investigators to use an auxiliary gas chromatograph to
establish the conditions necessary tor separating a sample mixture. prior to the actual
GC-MS analysis. It then becomes necessary to transfer those previously established
conditions to the gas chromatograph actually connected to the mass spectrometer.
This translation of information requires an awareness of some of the limitations im-
posed on the chromatography by the nature of the interface and conditions operative
in the mass spectrometer. Some of the major limitations are discussed below.

(a) Temperature

Assuming that sample decomposition in the injection port is not a problem.
septum bleed will be the major factor limiting the injection port temperature. A con-
stant Ievel of septum bleed may be compensated tor in the analyvtical gas chromato-
eraph, but will necessitate caretul background subtraction in the GC-MS system.
Thus. the injection port temperature is limited to 225-250° as an upper himit in GC-
AIS. while the need for well-cured septums is nearly as important as the need for
well-cured columns.

Similarly. the risk of generating mass spectra that represent mixtures of sample
and column bleed generally limits the column temperature to values below those con-
sidered accepiable with the same liquid phases in analytical GC. As few GC-MS
instruments permit dual column background compensation, temperature program-
ming is understandably less popular in GC-MS. Temperature programming can be
used o a great extent with the more stable silicone and Dexsil phases.

The desirability of keeving the interface region. whether separator. transter
lines or manifold. at a temperature above that of the column is analogous to the
similar desirability in the case of the detector block in analytical GC. except that the
mterface connector region, once contaminated. may be considerably more difficult to
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clean than an analytical GC detector. A special problem applies in the case of CI
mstruments. The ionizer region in chemical ionization must be maintained at a rel-
atively low temperature in order to minimize sample fragmentation caused by “ther-
mal cracking™. Thus every possible means must be employed in GC-CI-MS to reduce

the absolute amount of column bleed.

TABLE 2
METHANE-SUPPORTED CHEMICAL IONIZATION MASS SPECTRA OF COLUMN
“BLEED™

Abbreviations: DC-200 = methyl silicone fluid: QF-1 = fluorosilicone: Ap.L = Apiezon L: EGS =
ethylene glycol succinate: DEGS == diethylene glyvcol succinate: BDS = butanediol succinate:
MPE-20 = polyphenyl ether: Carbowax 20M = polyethylene glvecol. ‘

mie Relative abundance (7, )
DC-200 QF-1 Ap. L EGS DEGS BDS MPE-20 Curbowax
20M
61 28 3 12
3% I8
65 70 21
71 27 3 6 9 33
73 83 7 27 22 100
77 S
37 2 5 95
89 3 19 85
99 13
100 100 100 s 33 s 100 ‘
101 100 100 100 ' 15
103 25
104 17
107 ] 37
113 : 10
117 ' ) 15
131 i6
133 23
137 25
145 20 18
147 67 11
149 38
139 3
161 5
175 8
177 8
189 9 13
201 3
207 29
219 5
221 100
281 25
2935 31
296 20
355 31
369 20
370 i35
429 25



GLC-CI-MS AND GLC-EI-MS OF HAZARDOUS ENVIRONMENTAL AGENTS 371

Mass fragments to be expected in methane-supported chemical ionization mass
spectra of some common liquid phases deliberately bled off of the support at elevated
temperatures are listed in Table 2. It can be seen that polyesters, Carbowax and the
less stable silicones may produce considerable difficulties in GC-MS and probably
should not be used extensively. On the other hand, the more stable silicones. polyv-
ethers and possibly the Apiezon greases seem to produce very minimal spectral inter-
ference in the mass range mfe 60-750.

(b) Carrier gus

Nitrogen and argon, popular carrier gases in analyvtical GC, are not ordinarily
used in GC-MS because of their inefficient removal in molecular sepuarators and by
vacuum systems. Thus helium is the gas routinely used in GC-EI-MS. and should be
used while setting up operating conditions. Methane and isobutane are commonly
used as reagent gases in CI-MS and, for simplicity and reproducibility purposes. are
generally used as carrier gases also. The Finnigan instrument permits changing carrier
gases “at the flip of a switch™. which is very convenient but has the following risk.
It is essential to ensure that all traces of the first carrier gas are purged from the
column by the second gas before samples are injected : otherwise. not only will the
CI spectra be “mixed™, but the chromatographic separation will be completely un-
reproducible. ;

The plumbing arrangement in the Finnigan CI system has a very fortuitous
side-effect in that the pressure at the column outlet (before entering the mass spectrom-
eter interface) is approximately 1 atm, just as it is in an analvtical GC. This means
that j-values used to correct for compressibility of the carrier gas, once determined
for a given column in an analytical chromatograph. will also apply to the same column

TABLE 3

EFFECT OF CARRIER GAS ON RETENTION PARAMETERS

Abbreviations: Hex. == z-hexadecane: Oct. =- r-octadecane: MPal. = methyl palmitate: 7p ==
retention time: 7', = retention time corrected for dead space: Vg == retention volume corrected for
dead space: ¥, == j}7p: = retention volume corrected for dead space and carrier gas compressi-
bilitv: };, - specific retention = 1,/ W7 -273,7 where H7. = weight of liquid phase. T ~ column
temperature (' K):R.R.T.” = corrected relative retention time: Ret. index = retention index (K ovats):
K == partition ceetlicient: NTP == number of theoretical plates.

Operating conditions: injection port, 230°: column, 200°. Inlet pressures and volumetric flow-rates
at column outlet: helium. 38-39 p.s.i.g.. 33-31 ml/min: methane. 10 p.s.i.g.. 10 mifmin: isobutane,
0.3 psig. 224 ml min. Column, 10 f1. ~ Y, in. O.D. stainless steel, 10, OV-17 on 100-120 mesh
Supeicoport. fon source pressure for all earrier gases. 1200 pu.

Puramerer Helium, GC only Helium, GC-ALS A l(‘illllll(’, GC-MS Isebutane, GC-MS

Hex. Oct.  AlPal. Hex. Oct. AMPal. Hex. Oct. MPal. Hex. OCcr. MPal.

Tetmin) 240 150 940 221 127 905 375 606 1281 482 911 1936
T'p(min) 180 390 860 159 3.62 840 250 3531 1206 382 S.11 18.36
3.1 1206 8§55 182 411

Fre(ml) 3934 1287 284 540 1229 285 25 53
387 87.7 795 169 38

Fa (tmb 230 498 110 21.2 482 112 182 2
v, 26.5 57.5 127 244 554 129 210 447 101 917 195 441
R.R.TS 047 1.00 2.30 044 1.00 2.31 047 1.00 227 047 1.00 2.26
Ret. index 1600 1800 2036 1600 1800 2037 1600 1800 2041 1600 1800 2036
K 16 100 220 42 96 224 36 77 175 16 34 76
55 2582

NTP 2785 3120 3055 1362 2189 2695 1468 2345 2518 1490 23
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oy

in the GC-MS instrument. Therefore. specific retention parameters are not signifi-
cantly altered by the fact that one is chromatographing “into a vacuum™ in the GC-—
MS svsteni.

As one would not ordinarily be able to use methane or isobutane in an analyt-
ical gas chromatograph because of incompatibility with the detecior, it is necessary
to have some idea of the effects on separation and retention parameters of changing
from helium to these carrier gases. Table 3 lists some retention parameters for a three-
componrent mixture analvzed on the same column in a Varian Model 1200 gas chro-
matogriph (hvdrogen tlame ionization detector) and in the CI-GC-MS instrument.
Helium was used with both instruments. methane and isobutane only with the latter.
The ion source pressure for all three carrier gases was maintained at 1200 & in the
CI-MS svstem.

As methane and especially isobutane are remeved more slowly than helium
from the manifold and ionization chamber. it is necessary to use much lower flow-
rates with the hvdrocarbon gases. Fortunately. the partition coetflicients for many
compounds are significantly decreased when the hvdrecarbon gases are used in com-
parison with helium. so that the retention times are not greatly increased. The par-
ticular mixture of compounds used in preparing Table 3 had sufficiently high partition
coetlicients on OV-17 that changing carrier gases. even to the maderately polar iso-
butane. which is unsymmetrical, had almost no effect on the relative retention times
or retention index of methyl palmitate. Using SE-30. a relatively non-polar liquid
phasc. changing carrier gases did have a slight effect on relative retention times and
retention indices. as the partition coeflicients were much lower on SE-30 than on
OV-17 (Table 4). In addition. the separation of methyl pentadecy! ketone from methyl
palmitate was improved on changing from helium to the hydrocarbon gases.

fei Peak shape .

It has been reported® that the optimum peak shape for quantitative GC anal-
vses 15 o Gaussian distribution in which the peak width is approximately hall” of
the peak height: The arez of such a peak can be measured with maximum accuracy.

TABLE 3

EFFECT OF CARRIER GAS ON RETENTION PARAMETERS WITH SE-30 AS LIQUID
PHASE

Abbreviations as in Table 3: MPK - methyl pentadecyl ketone.

Chromatographic conditions: injection port, 250 - column. 200°. Inlet pressures and volumetric ow-
rates at column outlet: helium, 19 pus.ig.. 30 mE‘min: methane, 0.8 p.sig. 9.69 ml'min: isobutane,
002 ps.ig. 333 ml min. Column. 5 fi. - ', in. Q.D. stainless steel, 3 SE-30 on 80-100 mesh Gas-

e o]

Chrom Q. lon source pressure for all carrier gases, 1200 .

Parameter Helitm Methane Isoburane

Oct. MPal. MPK Oct. MPal. MPK Ocr. MPal. AMPKR
oz (mhb . 67.0 102 100 334 182 148 17.8 26.3 211
o tmi) 38.5 38.8 57.7 234 339 315 17.1 254 231
v, 11.2 17.0 16.6 6.72 950 911 481 7.32 6.6Y
K 19.3 291 288 11.7 17.0 15.8 855 127 11.6
R.R.T" 1.00 1.52 1.19 1.00 1.45 1.3 1.00 1.48 1.35

1800 1902 1880 1800 1911 1889

Ret. index IS00 1920 1904

F s 2m
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In GC-MS. maximum sensitivity requires a sharp peak while maximum spectral
reproducibility requires a fairly broad peak such that the concentration of sample
molecules in the ionization chamber remains relatively constant during the mass scan
(a few seconds). We generally prefer. as an acceptable compromise, to control the
chromatographic conditions so that the peak width (15-25 sec) will permit 4-6 mass
spectral scans. Thus in GC-MS the minimum acceptable peak width will depend
upon the scanning rate and the mass range scanned.

B. Variubles affecting muss spectra

(a} Temperature

The many variables described above for the chromatographic system also affect
the appearance of the mass spectra of components eluted from the system. In addition,
the analytical parameters of the mass spectrometer interact with those of the GC
svstem. Forany given set of operational conditions. one can obtain representative mass
spectra of a particular compound. On the contrary. it has been assumed erroneously
that mass spectra obtained from similar conventional mass spectrometers will appear
to be identical®>.

Considering that all conditions are satisfactory for chromatographic separa-
tions. probably the most important variable of the integrated GC-MS system is tem-
perature. The temperature requirements of the chromatographic separation dictate
the operational temperature of the interface and manifold of the mass specirometer.
Excessive temperature requirements may cause decomposition of the components
which are being chromatographed. In addition. excessive temperature requirements
cause “thermal cracking™ of ions in the mass spectrometer to yield a lower abundance
of higher molecular weight ions. Temperature effects are very critical in CI-MS anal-
vses. Table 5 illustrates the effect of temperature on CI spectra. It can be seen from
these results that an inereased ion source temperature reduced the abundance of the
higher mass ions, even to the extent that one may obtain spectra on a Cl system which
in appearance mimic. EI spectra because of excessive ion fragmentation caused by
thermal effects. In addition to the effects of temperature on the abundance of ions.
chemical decomposition in the system caused by thermal lability of the component
to be analyzed is a major source of artifacts in the utilization of GC-MS svstems.
Only by thoroughly investigating the thermal lability of the specific compound and
its derivatives to be analyzed by GC-MS will one be able to clarify the problems
produced by the use of excessive temperature requirements.

fhj Efficiency of ionization

lonization of a molecule can be accomplished by transfer of energy from an
energy-rich species. such as a positively charged ion or an clectron, as in the case of
EI-MS, 1o a lower energy level component to produce another charged species. If the
energy transfer or energy of repulsion is sufficient to remove one electron, the charged
molecule is formed. For most molecules. ihe appearance potential is on the order of
7-16 V in order to produce the ionized or charged molecule. In cases where the clec-
tron encrgies used are greater (50-100 V) than the energy level required for iomization
of the molecule, the molecular ion decomposes turther to generate other ion frag-
ments of the spectrum. In EI-MS, the efficiency of ionization is controlled dircctly by
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TABLE 3

EFFECT OF TEMPERATURE ON METHANE CI MASS SPECTRA OF PERFLUOROTRI-
BUTYLAMINE (FC 43)

nr'e Abundance (°,}
Low temperature” Routine CI Routine EI
analyvrical conditions™" analytical conditions™ "

632 100 277 0
626 39 29 0
614 36.7 17.8 0.08
576 119 7.1 0.05
502 S5 ' 19 0.68 .
461 2. 1.4 024
414 $6.3 . 100 0.68
264 3.1 1.5 2.5
212 459 789 14.7
131 I5.5 299 214
100 9.1 2.2 9.6

69 74.5 79.5 100

~ Manifold heater off and ionizer heater off'; ion source pressure 1000 «; electron energy 70 cV;
reagent gas methane; FC-43 administered to Finnigan Model 10153C Cl mass spectrometer by use
of a Granville Phillips Series 230 variable leak valve; overall pressure 10 -® torr.
~7 Manifold temperature 1757 fonizer heater off : temperature of source by heat transfer, 30-757;
all other conditions as in first footnote.
"% 70 eV. E._L spectrum using Finnigan Model 1C15C CI mass spectrometer in El mode: no
methane: repeller voltage 10 V: ion source pressure 80 s with an overall pressure of 10-% torr: all
other conditions as in second tootnote.

the amplitude of the electron energy. Furthermore. in the EI-MS system. the molecule
becomes ionized by the interaction of an electron with ultimate ejection of another
clectron to yield the positively charged molecule which then generates lower mass
- fragments of varving degrees dependent upon the total electron energy. At the oper-
ating pressure of the EI ion source, only unimolecular reactions are appreciable;
reaction between ions or ions and molecules are rarely important®s.

On the contrary, in CI-MS, the efficiency of ionization is controlled by the
relative energy level of the charged species derived from the reagent gas. which in
turn reacts with the sample molecule by charge transfer and by accepting or releasing
of 4 proton (H~). a hydride ion (H~) or an alkyl carbonium ion (RCH.") to generate
the quasi-molecular ion and/or its recombination fragments. Under the operating
pressure of the ClI ion source, reactions between ions or between ions and molecules
are very common. In relation to the three most commonly used reagent gises in
CI-MS, the degree of energy transfer in the Cl processes is greatest for helium. with
methane being less and isobutane the least. Because of the nature of the secondary
reactions between ions and molecules in the processes of chemical ionization nass
spectrometry, the levels of energy transfer in CI dependent upon the reagent gases
1s much less than that in the EI processes. even at low electron energies (20 eV or
less). )

Tables 6A and 6B illustrate the effect of various levels of ionization energy
on the El and CI mass spectra of methyl palmitate. As represented in Table 6A. by
reducing the electron energy there is an increased abundance of high-molecular-
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TABLE 6A

PARAMETERS AFFECTING ELECTRON IMPACT MASS SPECTRA FOR METHYL
PALMITATE .
Chromatographic conditions as in Table 4. Fig. 1 represents the reconstructed gas chromatogram of
the 70-eV EI system. Three micrograms of methyl palmitate were injected for each electron energy
condition. Values in parenthcac.x are bac!\uround values.

mle Abundance (°,)
70eV, 70 eV, 70 eV, 70 eV, 40 eV, 20 eV, IU ¢ l’
spectruen 21 spectrum 22 apccrrum 24 _\pcctrmn 32 spcctrum 24 _spectrum 24 .speczrum 24
271 — — 0. 07 (0. 3\) 0.0_» 0 09 —
270 1.52 0.74 0.60 (0.58) 0.40 0.45 —_
239 — 0.46 0.21 (0.58) 0.40 0.36 —
227 1.81 1.30 Q.81 (0.5%) 091 1.08 —
199 1.21 111 0.74 1.17 0.73 1.08 —_—
185 1.82 1.57 0.99 (0.58) 1.21 1.72 —
171 1.82 1.85 1.06 1.17 1.79 1.90 —
157 091 0.83 0.81 (0.58) 0.73 1.17 —
143 4.87 4.64 5.25 170 1.03 7.80 —
129 243 2.60 1.70 235 344 272 —
115 1.21 I4x I.13 — 1.534 217 —
1l 0.60 074 0.63 1.17 0.73 0.90 —
101 243 223 R 3.52 242 1.53 —
97 243 371 213 233 3.66 217 —
87 51.82 41.05 35.50 37.64 18.93 3375 333
83 +1.87 3.0t 5.61 5.88 447 5.62 —
74 100 100 100 100 100 100 100
71 548 3.83 3.55 352 5.28 2.35 —_—
69 1219 10.40 11.50 1291 10.40 6.17 —
60 — 0.18 0.28 1.17 0.29 0.18 —_

weight ions of mje 100-227. Upon reduction of the electron energy below 20 eV, there
is a great increase in sample size requirements. Maintaining a constant sample size of
3 ug for the experiments in Table 6A, one will find that the total ion current for the
70 and 40 eV conditions are comparable: on the contrary, the sample requirements
for 20 eV are at least twice those of 70 eV while-the total jon current for the 10-eV
analyses is only about 29 of that tor the 70 or 40 eV conditions. As can be concluded
from Table 6A. one may increase the abundance of ions from mife 100 to the molec-
ular range mfe 270 by reduction of the electron energy with the production of an
increased sample requirement.

Another means of decreasing the effective ionization energy would be to anal-
vze the sample by CI-MS. As indicative of Table 6B, the helium CI spectrum of
methyl palmitate is very similar to the EI spectra in Table 6A. In addition, the
molecular ion (M7) of m/je 270 in the helium spectrum is much more abundant
than even in the 20-eV EI spectrum. In cases where the investigator may have
only a CI system, by use of the high-pressure system with helium as reagent gas. one
can mimic EI spectra very satisfactorily. When the effective level of energy transfer
is lowered further by use of methane or isobutane, an additional increase in the abun-
dance of ions in the molecular region occurs. In the case of the methyl ester (Table
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TABLE 6B
EFFECT OF REAGENT GASES ON CHEMICAL IONIZATION SPECTRA FOR METHYL
PALMITATE ’

Analytical conditions as in Table 4.

nric - Abundance (74 )

) Helium Methane  Isoburane
31t — BN 0.49
299 —_ i3.14 —
285 —— 1.38 —
271 .72 100 . 100
270 3.23 17.14 349
269 0.57 69.41 4.81
239 2.10 1011 0.66
227 210 202 0.22
213 0.38 1.54 —

199 0.76 jJRA 0.1

185 .34 1.0t 0.0y
173 —_ 1.01 —_—
171 1.53 1.01 0.07
159 - .17 —
157 — 0.90 014
B —— 1.17 —
13 6.13 267 0.63
131 — 1.06 —_

129 4.21 I.81 Q.19

117 — 1.06 —

115 1.91 1.92 0.2+
it 229 0.61
103 — 117

101 1.59 i.38 0.29

97 7.66 .85 0.29
87 37.83 1013 2.30
83 16.09 0.96 —
71 100 20.61 200
60 0.38 0.10 —

6B), the quasi-molecular (M — )" ion of m/e 271 is the base peak (1009, abundance)
with a much less abundant nife 74 ion. In addition. the recombination ion (M -~ CH,)*
of mie 285. (M — C.H.)" of mfe 299 and the (M — C,H.) ion of m/je 311 are very
abundant in the methane spectrum. These types of recombination fragments greatly
assist in location of the molecular ion in CI spectra. By reducing the effective level of
fonization by use of 1sobutane as reagent gas in the CI system. one may further in-
crease the abundance of ions in the molecular region. In numerous cases, because of
the temperature requirement for separation and elution of various components on
the GC-MS sysieni. one will note that because of thermal effects, the quasi-molecular
ions andfor recombination fragments for a very non-volatile material may not be
highly detectable even in the methane spectra. By use of the isobutane system with
Iower effective ionizing energy, one may be able to detect and clarify the presence of
ions in the molecular region even with the high GC and manifold temperature re-
quirements.
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(c) Ion source pressure

As described earlier, CI-MS is a type of high-pressure MS in which ion and
ton-molecule reactions take place to produce charged species. On the contrary, the
electron impact process operates at a very low pressure to produce unimolecular reac-
tions. In the EI system, increased ion source pressure caused either by an air leak.
by admission of helium carrier gas through the separator or by excess sample con-
centration will result in reduction in overall sensitivity caused by the decreased ion-
ization efficiency and by the inherent propagation of multi-molecular reactions. Most
El systems operate optimally in the 10-%-107* torr range with lower sensitivity oc-
curring at high-pressure conditions. Routinely, with the CI system the pressure of the
closed ion source is operated optimally at about 1000 ¢ with an overall pressuie of
about 10-> torr. Table 7 illustrates the effect of ion source pressure on CI methane
spectra. As the ion source pressure was increased from 100 to 2000 g, there was an
increase n the ionization efficiency with maximum efficiency being in the region of
1000 1. There were drastic changes in the characteristics of the mass spectra within
this pressure range. At the lower ion source pressures (100-300 ), one obtains very

TABLE 7

EFFECT OF ION SOURCE PRESSURE ON METHANE CI SPECTRA FOR METHYL
PALMITATE

Analyvtical  conditions: high-vohiage power supply, 3000 Volts: manifold temperature, 1007 : ion
source heater. off (530° by heat transfer) from manifold: ion source pressure as specified in table:
emission current. 300 Az electron energy, 70 eV: lens voltage, 10 V: repeller voltage, 0 V:ion energy.
2V pre-amp sensiuviiy, 107% A/V. Scanning range: 60-150: 151-350. Solid probe temperature off.
Scan time 4:8. Sample: 3.0 #g of methyl palmitate by solid probe.

m'e Abundance (%)
1.S.P.” I1.S.P. 1.S.P. I.S.P.
300 1 6t 1 1000 1 1800 1
311 —_ 1.51 5.00 6.71 *
299 —_ 13.63 18.33 13.42
83 —_ — . 2.68
271 3.70 9318 100 100
270 7.40 27.27 20.00 11.40
269 —_— 17.72 1830 46.97
255 —_— — 3.00 -1.02
239 3.70 11.36 6.66 3.03
227 —_— 4.54 1.66 201
213 — 227 —_ 0.67
199 3.70 — 1.66 1.34
185 — 2.27 3.33 2.68
171 —_— 681 — 1.34
159 —_— —_ 3.33 2.01
143 14.81 9.09 3.33 2.68
115 —_— 13.63 333 4.02
87 62.96 63.63 10.00 10.73
83 710 9.09 3.33 1.34
71 100 100 26.60 21.47
60 3.70 4.54 —

1.534

i

* L.S.P. = ion source pressure.
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weak spectra with ElI characteristics and a base peak of nife 74 with the molecular ion
of mfe 270, produced by the unimolecular reactions. As one increases the ion source
pressure from 600 to 1200 g, the very abundant quasi-molecular ion and base peak
of mfe 271 with the appropriate recombination fragments and the less abundant m/e
74 ion are present. With increased ion source pressure from 1800 to above 2000 .
the ionizing efficiency became less with the accompanying overall loss in sensitivity.
As indicated by the results of Table 7, one may affect the spectral characteristics of
the unimolecular reaction at low pressure which are similar to the El spectra to
coincide with the 1on~molecule reaction CI spectra at high pressure.

(d) Orther fuctors

Manual and computerized operation of GC-MS systems require daily cal-
ibration and resolution checks. Regardless of the superiority of spectra collected dur-
ing an analvsis. the tinal results are limited by the calibration conditions. An improp-
erly numbered mass fragment is useless. Incorrect numbering of ions may occur
much more readily in the manual mode than with computerized systems. Our normal
operating procedure consists in calibration at least once every operating day for the
appropriate El or EI-CI system with day-to-day monitoring for characteristic chunges
in spectra that may be caused by electronic problems or by less than optimal oper-
ational conditions. FC-43 (perfluorotributvlamine) is used tor computer calibration
of our system. Over-resolution of a system in order to increase the abundance of ions
of high mass (350-730) will result in loss in sensitivity due to poor ion transmission.
Routine utilization of a GC-MS system with or without a computer system requires
a dedicated operator in order to minimize operational and electronic problems.

Considering that all operational parameters for the GC and MS systems are
satisfactory for production of representative mass sgectrii, one must then consider the
sample size for analysis. With most of the more recently designed mass spectrometers.
one may obtain very satisfactory mass spectra with submicrogram amounts. Sample
requirements for a GC-MS system are very dependent upon: (a) the chemical char-
acteristics of the compound to be analyzed: (b) the operational parameters of the
GC-MS system: and (c) the means of data collectien for obtaining the mass spectra.
In this laboratory with the dual Finnigan EI-Cl computerized system and a very
chemically stuble compound. very representative mass specira may be obtained rou-
tinely with 10-100 ne. As will be discussed later fer mass fragmentography. detection
in the picogram range is routinely possible. As has been noted in other reports®<. the
sensitivity of @ mass spectrometer is very dependent upon the degree of dedicated care
that the system receives. Over-loading of samples to produce fess than optimal elec-
tronic conditions will greatly increase the sample requirements.

- After one has completed the GC-MS analyses of an appropriate aliquot of
sample in which the compound to be identified resides in a single component GC-MS
peak, one must then choose the most representative spectrum under these aperating
conditions for this compound. The most representative spectrum during the scanning
mode of a GC-MS system would be obtained at the time when the concentration of
samples is greatest and_at which time the sample concentration in the ion source is
relatively constant. Fig. 1 and Table 6A illustrate the effect of concentration ot the
compound on the appearance of mass spectra of methy! palmitate. During these anal-
yses, the scan range of 60-350 was accomplished in about 2.4 sec. From Table 6A,
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Fig. 1. Reconstructed chromatogram of the GC-EI-MS system (70 eV) for methyl palmitate (SE-30,
200°).

one can see that spectra on the leading side of the GC peak (spectra 21-23) have a
much greater abundance of high-mass {ragments than the spectra on the trailing
portion of the peak (spectra 26-35). which favor the low-mass ions. This effect is more
pronounced if the scan time is relatively long with respect to the GC peak widrh.

In addition to choosing the most representative spectra for the compound.
one must choose the appropriate background spectrum very carefully. In the uul-
1ization of a GC-MS system. it becomes necessary to differentiate between ions which
were generated from column bleed and pump oil and those which were produced by
the comipound to be identified.

C. Data prior to gus chromurography—mass spectrometry

As described earlier in section 2 on General protocol, it is always advisable
to have additional information concerning (a) the UV-visible spectra: (b) the IR
spectrum: and (¢) the NMR spectrum of the unknown component in order to make
the identification of this compound more conclusive. Often. because of sample re-
quirements. one will be unable to obtain NMR and IR spectra.

Chromatographic data concerning the multiplicity of components in the sam-
ple. the GC retention characteristics and the chemical reactivity and thermal lability
of the component are essential prior to GC-MS analyses. Even though initially more
sample may be expended for the GC analyses prior 1o MS characterization, the infor-
mation gained concerning column conditions and lability will be useful in the final
completion of the structural identification.

Analysis of the suspected known compound with the unknown by all possible
analytical means prior to and during the GC—-MS analyses eliminates many false as-
sumptions that may have been postulated concerning the structure of the environ-
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mental agent or its metabolites. Many variations of computer mass spectral library3$-3
search routines exist for the comparison of an unknown spectrum with known spectra
of a particular file. Some of these systems even project the degree of similarity of the
known and unknown spectra by use of a similarity index®*-31.3%_[t is verv advantageous
to use a mass spectral library for the purpose of obtaining the possible structure or
type of compound that has been analvzed by the GC-MS system. On the contrary,
the final conclusive identification should always be made by a direct comparison of
the unknown spectrum with the spectrum of the standuard known synthetic compound
under identical analytical conditions.

D. Purpose and areas of inclusion
V2 ),

The main purpose of this discussion is to describe the usefulness and limitations
of GLC and MS in the chemical evaluation of potentially hazardous environmental
agents. The advantages of cross-referenced utilization of GC-EI-MS and GC-CI-MS
for @ wide variety of specific ubiquitous environmental agents and their metabolites
are discussed, but there is no attempt to give a complete survey of the literature and
this section will not serve the reader as a catalogued source of mass spectra. On the
contrary. we discuss the significance of the mass spectral data for the investigation of
the chemical. biological and metabolic processes of potentially hazardous environ-
mental agents. For a general discussion of GC-MS. the reader may refer to a recent
book by McFadden®.

E. Characteri-ation by gas chromarography and gas chromatography-muass spectrometry
{a) AMan-made environmental agents

(i} Chlorinared hydrocarbons

DDT. its metubolites and related sysrems. For convenience of discussion. the
DDT family of compounds (Fig. 2) is divided into three sub-groups. viz_. the saturated
types. including DDT, DDD. DDMS and DDM : the unsaturated tyvpes. including
DDE. DDMU and DDNU : and the oxidative types. including DBH. DBP. DDOH,
DDOH acetate, and DDA ethyl esters. The importance of being able to determine the
extent of contamination of the environment by these syvstems is derived trom the
extensive use and therefore widespread occurrence of DDT. DDT is one of the oldest.
if not the oldest, chlorinated hydrocarbon pesticide and is still in use in some parts
of the world today. especially in the control of malaria. Iis dehydrochlorination prod-
uct. DDE. is the most ubiquitous and abundant chlorinated hydrocarbon in the
environment today, although the polychlorinated biphenyls are approaching the
same level and may surpass DDE in the next few years as decreased usage of DDT
and slow degradation of DDE render it less abundant. Only the salient features of
their El and CI spectra will be reported here, as a detailed comparison of their spectra
has been previously reported®. With regard to the chromatographic separation of
these systems, Fig_ 3 illustrates the separation of this family of compounds on a mixed*
GC phase (11 9%, OV-17 = QF-1). This is an excellent example of the separation prop-
erties of this mixed phase for a complex family of related compounds by GC inter-
faced with EI and CI-MS systems.
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Fig. 2. Chemical structure of DDT compounds.

Saturated systems. The El (70 eV) mass spectra of the saturated compounds have
several Iragments in common corresponding to the loss of HCl and Cl, singly
or in combination. as well as the facile cleavage of the C-C bond of the ethane portion
of the molecule. The latter process affords a fragment (C,3H Cl.)* of m/e 235, which
is the base peak for all of the saturated systems studied®® except for DDM, for which
m/e 236 is the parent peak and mfe 201 (M —Cl) is the base peak. In.contrast to the
El spectra of these systems. the most characteristic fragment found in their CI spectra
is that resulting from cleavage of a p-chlorophenyl group, which accounts for the
base peaks of DDD. DDMS, DDM and, in some spectra, for DDT as well.

This apparently facile fragmentation process may reflect an electron-rich car-
bon-phenyl bond that is susceptible to attack by an alkyl carbonium ion. A similar
enzymatic attack of an electrophilic oxygen species on these systems w ould be ex-
pected to lead subsequently to p-chlorobenzoic acid. There is at least one report™
that p-chlorobenzoic acid is formed as a microbial metabolite of DDT. It is not un-
likely that microorganisms are the chief agénts of DDT degradation in nature.

The parent ions for DDT and DDD in EI-MS are very weak (<1%) with
some improvement (ca. 4%) in DDMS. The CI spectra showed parent ions for these
compounds varyving in relative intensity from 3 to 8 7;.
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Fig. 3. Reconstructed chromatograms of related DDT compounds (OV-17--QF-1, 160-223
10°:min). A. GC-EI-MS_ 70 eV. B. GC-CI-MS. methane.
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Unsarturared sysrems. DDE, DDMU. and DDNU have in common the loss of two
Cl moteties in one form or another to produce fragments (M —2CI)™ at mjie 246, 212,
and 178 tound as their base peaks. These syvstems also afforded a charasteristic
and common fragment at m/e 233 reminiscent of the m/e 235 ion found for the sat-
urated systems. One can reasonably propose dichlorofluorene-type structures for these
fragments, as there is evidence™ for their formation from DDE under photolytic con-
ditions, and they are resonance stabilized. Again, 1n contrast to the EI spectra, the
CI spectra of these unsaturated compounds contain very little. if any, of the nife 233
fragment but reveal the facile cleavage of the p-chlorophenyl group to produce the
fragment [M —(p-CIPh)]~ occurring as the base peak in DDMU and DDNU and of
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moderate intensity (16%,) in DDE as well. EI conditions were generally:belter for
detecting parent tons (DDE, 57%,: DDMU. 38Y%,;: DDNU, 83Y7) for the unsaturated
systems studied. As a result, small amounts of these compounds can be readily de-
tected as components of complex mixtures.
Oxidative systems. The oxidative metabolite systems afford somewhat more uniqiue
and charasteristic mass specua as a result of the specific functionality they
contain. Generally. those systems bearing oxygen at their benzhvdryl carbon frag-
ment in EI to form the p-chlorophenylcarbonyl (p-Cl-Ph-C=0)* 1on at mje 139.
which is usually the base peak. To a lesser extent, the charge is carried by the p-
chlorophenyl fragment (snfe 111). However. under CI conditions, the ion of mfe 111
is found as the base peak for DBP. DBH and DDA ethyl ester and is also present
in 50%; and 49 of the relative intensities for DDOH and its acetate, respectively.
Again. there is evidence for the facile El C,~C; bond cleavage in the systems (base
peak for DDOH and DDA ethyl ester. 75 %;, for DDOH acetate). GC-EI-MS gener-
ally gave less abundant parent ions for the oxidative systems studied, but the CI
quasi-molecular ion region of DDOH and its acetate were complicated by the appear-
ance ‘of recombination-elimination fragments. Nevertheless. such processes appear
1o be characteristic and diagnostic of those molecules in which an oxygen containing
leaving group is available that can apparently be substituted at either the C,, or C;
atom ot the ethane portion of the molecule, as kelthane acetate also afforded similarly
derived fragments.

Both the EI and CI spectra obtained etther by GC or direct probe tor kelthane
(DDT hydroxylated at the benzhydryl carbon) were essentially identical with those
obtained for DBP, a known' thermal decomposition product of kelthane. In con-
trast, kelthane acetate (acetoxy-DDT) gave EIl spectra very similar to that found for
DDE. a known'! thermal or photolytic decomposition product of kelthane acetate.
On the other hand, CI spectra of kelthane acetate showed the expected fragments for
the structure as indicated (Fig. 4). Although the parent ion was not present, a recom-
bination-elimination fragment at »rfe 378 confirms the molecular weight. Another
unstable DDT system examined was the suspected aldehyde metabolic precursor of
DDA, DDCHO. This aldehyde undergoes slow decomposition with or without sol-
vent to form DBP. Although the EI spectra of DDCHO are descriptive, CI-MS ap-
pears to be more desirable for low-level detection of the aldehvde, as its CI spectra
show (M~-1): as the base peak. In addition. the Cl spectra of the stable enol ether
acetate derivative can be used for confirmation [((M—1)-. 40%/].
DDT isomers and analogs. NS has been used with some success for distinguishing
beitween stereoisomers and closely related analogues of various compounds*. The
spectra of p,p’-DDT, its o,p’-isomer and its trifluoromethyl analog have been ex
amined. The EI spectra of the o,p’-isomer closely resemble that of the p,p’-isomer,
at least qualitatively, as one would expect. The CF, analog, although vielding some
fragments in common with p_p’~- and o,p’-DDT is clearly distinguishable from them;
largely as a result of the effects of the lesser steric requirements of the CF; group
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Fig. 2. Mass spectra of kelthane acetate (OV-1 160-225 at 10 min). A, EL 70 V. B, CI. methane.

coupled with the increased stability of the CF bonds. Table 8 shows some character-
istics and common fragments, some of which reflect the different steric requirements
and bond strengths: The drastically different polarizing effects of the CF; group versus
the CCl,; group are also evident in the chromatographic behavior of these two com-
pounds (Fig. 5). The reader is referred to a recent review by Fishbein® for a detailed
discussion of the chromatographic and biological properties of DDT and its metab-
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Fig. 5. Reconstructed chromatogram of trifluorinated DDT and trichlorinated DDT. GC-CI-MS.
methane. (OV-17 - QF-1I, 160-225" at 10 ‘min.)
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TABLE 8
SELECTED MASS FRAGMENTS (EI. 70¢V) FOR pp’- AND o.p-DDT AND THE CF,
ANALOG OF DDT ' )

Compound Base peak Relative abundance (°,,)
m.e
Parenr ion 199~ 176~" 165°°°
Cp-DDT 235 S | 238 61 70
p.p-DDT 235 | 33 I6 67
o F, analog 235 33 24 i 62

T CH.CL (M --CH X)) .
T CuHa (M- HX.) .
T CpH (M CNo) -

Chlorinated polveyvclodiene pesticides. The chlorinated polyveyclodiene pesticides
have also received extensive usage. This family of environmental agents are amonyg the
more persistant chlorinated hydrocarbons that contaminate the environment. Al-
though many variations of the polycvclodiene are possible, the more commonly useéd
are the so called ~drin™ insecticides: aldrin and dicldrin and their stercoisomers. isc-
drin and endrin. respectively. As a result of the structural rigidity of these svstems,
together with their specitfic group functionality. they possess unique stereochemistry
and hence undergo descriptive fragmentation processes in the mass spectrometer.

The discussion of the mass spectral properties of the polveyclodienes will be

limited to these “drin™ insecticides. which will be divided into two groups. vi-.. aldrin.
dieldrin and their transformation products. and isodrin. endrin and their transforma-
tion products. The transformation products are derived from many sources. including
synthesis, authentic metabolites. photolysis and thermolysis. This discussion will be
limited to the more distinguishable and characteristic fragmentation processes for
these compounds. The reader is referred to previous reports providing more detailed
information® -1 -1% on the nature of the extensive fragmentation which these svsiems
can undergo.
Aldrin. dieldrin and transformation products. The salient features ol both the EIl
and CI mass spectra of these polyevelodiene systems include tons corresponding
to a set of retro-Diels-Alder processes, ions resulting from successive losses of CL
HCIL. or both. ions produced by combinations of a retro-Diels-Alder process with a
preliminary or subsequent loss of Cl or HCL, and ions more specifically involving the
various groups substituted at the C,; and C; positions (See Figs. 6A and 6B for struc-
tures and numbering systems). Abundant quasi-molecular 1ons, both (M- 1) and. to
a lesser extent, (M -+ 1) have been noted in the ClI spectra. The mass spectra of these
compounds, which contain as many as six chlorine atoms, are complicated by the
chlorine isotope distribution patterns.

Aldrin was the simplest polvevelodiene system exaninecid. Its base peak under
El conditions was found to be at nife 66, indicative of a preference for the retro-Diels-
Alder process, releasing cyvclopentadiene (anfe 66) and hexachloronorbornadiene
(znfe 296). which is found in relatively low abundance (<~ 0.5%). The CI spectrum of
aldrin. on the other hand, contains srfe 326 as its base peak. corresponding to the
loss of HCI together with a quasi-molecular ion.
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C-12 HYDROXYDIELDRIN . OXODIHYDROALDRIN
{Fecal metchonte in rgt)

B

DIHYDRO - EXO - HYDROXY ENE-DIOL ’ DIHYDRO - ENDO-HYDROXY
AL DRINKE TONE ALDRINKETONE

Fig. 6. Chemical structure of (A) aldrin and (B) dieldrin transformation products.
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In comparison, the epoxide derivative of aldrin, namely dieldrin. affords an
ion at m/e 79 as its base peak in both its El and Cl spectra. This ion occurs as the base
peak in several other systems related to dieldrin and. apparently, indicates a favored
retro-Diels-Alder process involving the formation of norbornadiene oxide with a
subsequent loss of CHO to produce a cyclohexadiene system. (C;H,) . If one com-
pares the CI spectrum of desmethylene dieldrin (no C,-C,; bridging methylene group),
the base peak shifts to mfe 67, which most likely corresponds to protonated cvclo-
pentadiene, (C;H,)*. In addition, the fragment at m/e 79 is found together with an
abundant fragment at m/e 93, corresponding 1o a protonated cyclohexadienone.

A ketone isomer (oxodihvdroaldrin) of dieldrin, which is obtained via aldrin
hvdroboration and subsequent conversion to the alcohol followed by oxidation?®s,
vields El spectra which contain an mi/e 79 base peak. but in the CI spectra, the base
peak is contained in the quasi-molecuiar region.

A second dieldrin isomer, which appears to be more toxic*® than dieldrin, is
obtained on photolysist? of dieldrin. This rearrangement product, known as photo-
dieldrin, affords a base peak of mje 81 in its El spectra which can be assigned a proton-
ated cyclopentadienone structure. The Cl spectrum, on the other hand, contained
its base peak in the (M —Cl)* pattern and was accompanied by much less relatively
abundant (3 %)) quasi-molecular 1on. The CI spectrum also contained a characteristic
ion at mfe 163. the exact nature of which is not completely understood. Nevertheless,
one would expect a somewhat reduced propensity for photodieldrin to undergo
retro-Diels-Alder processes. as it has an additional bridging bond to be broken. [t is
interesting that the CI spectra of dieldrin also contain an 1on at mfe 81. suggesting
that some “photodieldrin-like™ ions may occur during its fragmentation in the mass
spectrometer.

Under the carbonium-ion-rich “solvolvsis-like™ conditions of the CI analysis,
it is observed that many abundant ions are derived from chlorine losses. It has recently
been shown in our laboratory® that. under conditions which also appear to be carbo-
nium-ion-rich in nature. these chlorinated polvevciodiene “drin™ insecticides can be
stereoselectively and regiospecifically dechlorinated at the dichloromethviene bridge
(chlorine sy# to double bond). Photolyses®! of aldrin and dieldrin have vielded des-
chloro-products. but they are primarily those derived from the loss of dichloroethylene
chlorine atoms. As reductive dechlorination processes may be important in the degra-
dation of these compounds in the environment. mass spectral elaboration of the result-
ant products is being undertaken.

The hydroxylic metabolites of aldrin and dieldrin include the exo and endov
dihvdroaldrin alcohols™. the c¢is- and rrans-dihyvdroaldrindiols®™ and C-12 syu-hydro-
xydieldrin®. In addition. two oxidation products of the cis-dihydroaldrindiol were
analyzed. These hydroxylic compounds were generally analyzed as their trimethyl-
silyl ether (TMS) derivatives, as better chromatographic properties resulted, but in
some instances they were analvzed directly or in the form of their acetate derivatives.

The normalized EI mass spectra of the TMS derivatives of these hvdroxylic
metabolites were generally not very informative. as the base peak at mfe 73 corre-
sponding to the TMS group accounted for appreciable amounts of the total ion yield.
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However. with the limited mass search capabilities of the computer and/or amplitude
expansion, one can discern the usual fragment ions resulting from loss of Cl and HCI
and retro-Diels-Alder processes. The CI spectra also generally contain mi/e 73 as the
base peak. but are much more abundant in ions at or near the quasi-molecular ion
region. The quasi-molecular ion was discernible in addition to ions more specifically
involving the TMS group, viz., (M —CH,) and [M—(TMSOH 4+ HCDH]*.

An actual biological metabolite sample obtained from dieldrin metabolism in
the rat, vi-.. the major fecal metabolite (C-12 sya-hvdroxydieldrin, now synthesized
by other workers®) was examined directly with the El- and CI-MS systems. The El
spectra are essentially lacking a parent ion, but the CI spectra clearly indicate a
quasi-molecular ion. (M --1)-_ indicative of the hydroxylated dieldrin molecule, in
addition to an abundant ion at m/fe 145 and a shift in base peak from mje 95 (EI) to
mie 79 (Cl). The base peak shift. in addition to other changes, has been previously
reported® as a problem associated with the direct probe sequential scan EI-MS anal-
¥sis of this compound.

Other hydroxyvhic svstems examined directly with the CI-MS system included
the two oxidation products™ of the cis-dihvdroaldrindiol. The suspected hydroxy-
ketone epimerase oxidation products ire susceptive to tautomeric interconversion via
an ene-diol intermediate. It was of interest to see which of these forms could be iso-
lated. as at least one of them appeared to be a likely intermediate for the biological
epimerization®® of the cis-diol to the rrans-diol catalvzed by microsomal enzyvmes
found in rat liver.

As indicated earlter two systems were isolated and analyzed by GC-MS under
CI conditions. The major component afforded a mass spectrum with a quasi-molec-
ular ion (M — 1) at mrfe 393(22 %) and a base peak of m/e 95 (C,H.O). In addition.
other ions were present corresponding to the loss of CHO. CHOH and HCL. and
CHO-CHOH--CI. On the basis of the MS and IR data of this isomer. it was assigned
the hvdroxyketone structure (presumably the exo-isomer). The other component. with
a longer retention time on the OV-1 column. showed a quasi-molecular ion. (M = 1):.
at mfe 395 and a base peak of mife 79 (C, H;). Other ragment ions corresponded to
losses of CHO and 2CL. and C.H.O. and 2Cl. The spectrum was both qualitatively
and quantitatively different from that of the other component. This isomer was as-
signed the ene-diol structure. This example illustrates the ability of CI-MS ta distin-
euish betwveen structurally similar tautomers.

Although MS is normally not desirable for the assienment of stereochemistry,
it has some value™ when applied to rigid polyvcyclic systems such as these and difter-
ences are expressed in terms of total ion yields. Chemical reaction studies involving
opening of the oxirane ring of dieldrin have afforded a product mixture including the
stereotsomeric ¢is- and rrans-dihyvdrealdrin diacetates. As authentic samples of these
diacetates were available (syvnthesized in our laboratory3®) for comparison. it was
possible to assign conveniently two of the peaks in the reconstructed gas chromato-
gram (RGOQC) to these diacetates as shown. However. without the aid of authenic
samples, it Is possible to obtain stereochemical information from the mass spectra of
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these components. For example, the total ion RGC of the mixture shows that one
diacetate (#n2fe 480 with the longest retention time) is present in a larger concentration
than the other: however, the limited mass search RGC for the quasi-molecular ion
region (m/e 480-486) indicates that about 21 times the amount of m/e 480-486 ions
are found for the diacetate with the shortest retention time. As the cis-oriented groups
are more sterically compressed and, therefore, constitute a more unstable arrange-
ment. one would expect to see a less abundant parent ion for the cis-diacetate with a
corresponding higher abundance of the (M —HOACc) " fragment. This is indeed what
1s observed.

ENDRIN ISODRIN

o' Ci

Ct
Ci

ENDRIN KETONE

ENDRIM ALDERYDE

MAJOR FECAL METABOLUITE

Fig. 7. Chemical structures of isodrin. endrin and transformation products.

Isodrin,-endrin and transformation products (see Fig. 7 for structure). 1f one compares
the mass spectral properties of isodrin and endrin (endo-endo}, skeletal isomers of
aldrin and dieldrin (endo-exo), the notable differences are primarily - associated
“with the facile stereochemical rearrangements which occur between the two double
bonds or the double bond and the oxirane ring. The more salient differences in the
El spectra of aldrin and isodrin which possibly reflect the different rearrangement
propensities are the intensities of ions at mfe 193, i47, 180 and 101. Few, if any. of
the first three 1ons (nife 193, 147 and 180) are found in aldrin spectra with few ions of
mfe 101 being tound in isodrin spectra. ’
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These differences in rearrangement propensities are perhaps more readily
understandable from a comparison of endrin with dieldrin. For example, endrin gave
by far the most complex EI spectra of the compounds investigated. Quantitatively,
very different spectra could be obtained, depending on the mode of introduction (GC
or direct probe) and the ionizing energy (20 or 70 eV) used. The endrin system rear-
ranges readily®* under a variety of conditions to form at least two other products,
sI-ketoendrin (DKE) and a endrin aldehyde. Fig. 8 shows an RGC of the CI-MS
system for a mixture of endrin and its two isomeric rearrangement products.

Amphtude

Spectrum number

Fig 8. Reconstructed chromatogram of endrin mixture, GC-CI-MS, methane (OV-1, 200-210" at
107/min). 1 -~ Endrin: 2 = aldehyde: 3 - . I-ketoendrin.

On examination of the EI spectra of the aldehvde and ketone and re-examina-
tion of the endrin spectrum. it appears that the spectrum does contain fragments
indicative of at least three structures of which .I-ketoendrin seems to be a major con-
tributor. If one uses the computer to subtract the DKE spectra from endrin spectra,
a fragment at /e 261 (C;H.Cl;) remains and appears to be a characteristic fragment
of the true endrin structure. In a similar way, certain fragments can be shown to be
characteristic of DKE, such as a fragment at ni/e 315 (loss of CO. Cl). The base peak
of both the aldehyde and the ketone was mfe 67. Again, utilizing the computer and
the m/e 315 fragment. one can determine the percentage of total ions representing
DKE in an endrin spectrum. and. therefore, under a given sect of conditions measure
the rearrangement propensities of ‘endrin to DKE. The CI spectra of endrin, on the
other hand. are generally much less complex and indicate less extensive rearrange-
ment. At the same time, the CI spectra are rich in the quasi-molecular ions (M- 1)*.
(See Fig. 9 for a comparison of an isobutane CI spectrum with a 70-eV EI spectrum.)

Less is known about the oxidative metabolism of endrin than that of dieldrin.
The correspording “diolic™ metabolites have not been found, but hydroxylation at
the C-12 methylene bridge appears to be a major route of metabolism: Although
other portions of the molecule are apparently also attacked. the conversion is minor
and the resulting products, which have not been fully identified. are unstable.
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Nevertheless. CI-MS has been used effectively® in the identification of the
major fecal metabolite of endrin in the pine mouse and partial identification of other
hydroxylic metabolites. It was shown3® that a key fragment in detecting the presence
of an uncaged hydroxylic metabolite of endrin (hydroxylated in the non-chlorinated
portion) such as the major fecal metabolite is (C;H;0) at mfe 107, resulting from
a retro-Diels-Alder process (Fig. 10). On the basis of their spectral and chemical
data®. this metabolite was assigned the C-12 anri-hydroxyvendrin structure. This was
shown to be a correct assignment by recent workers™ who synthesized both the syn-
and anti-alcohol. which compelled them to reverse their previous assignment of syn
stereochemistry to this metabolite isolated in their previous work® with rats. The
anlf structure is in contrast to the sva structure shown®® to be the correct structure for
the dieldrin rat fecal metabolite.

EI-MS analvses of the pine mouse mctabolites®™ were of limited value as a
result of the small amounts available and their increased lability to direct clectron
bombardment. However. 1t was observed that the base peak of the major endrin
metabolite under El conditions is mfe 95, as 1s found in spectra of the major dieldrin
metabolite. CI-MS is particularly advantageous for aiding identification of such labile
metabolite systems which are available in small amounts. (See Fig. 11 for methane
and isobutane CI spectra of the major fecal metabolite.)
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Fig. F1. Mass spectra of major endrin fecal metabolite (OV-1, 200-240 at 10 .min). A, GC-CI-MS,
methane. B, GC-CI-MS, isobutane.

Polvclilorinated biphenyls. Polvchlorinated biphenyls (PCBs). together with
DDE [l.1-dichloro-2.2-bis(p-chlorophenyvhethane]. are reported® to be the most
abundant chlorinated aromatic pollutants in the environment. PCBs have been tound
in extracts of pike. salmon. sea eagles®2. components of the food chain®™. and in human
adipose tissue and human milk®. The commercial uses® of PCBs include coolant
fluids for transformers and capacitors. plasticizers for clectrical wire. high-pressure
hydraulic fluids. machine cutting oils. heat transfer agents. and uses in formulations
of epoxy paints, chlorinated rubber, printers’ ink. textile dyves and carbonless repre-
ducing paper. '

Because of the ubiquitous nature of PCBs in the environment. together with
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aumerous ill-defined problems produced by complex mixtures of these compounds in
respect to human health, greater clarification is needed in order to fully understand
the potential health hazards associated with specific isomeric PCBs. The reader is
referred to excellent review articles®!-%3- 57 on this subject in order to further under-
stand the health problen:s associated with this family of compounds. The toxicology
of PCBs is very peorly defined at present. Most of the results concerning toxicity and
effects on biological systems have been obtained with complex commercial mix-
tureshi o667 :

In this section. the discussion is limited to include problems of chemists con-

cerned with the (a) analysis. (b) synthesis and (¢) metabolism of PCBs.
Analvsis. Suitable methods tor the quantitative analyses of PCBs in biological
systems are at present non-existent. Early investigations of PCBs turther complicated
the biological and analyvtical problems by use of complex isomeric PCB mixtures.
Within the strict limitations of being able to define all contaminants of a mixture for
the familv profile of commercial PCBs fer a specific type of sample. one may approx-
imate. not quantitate. the PCB content by a combination of IR and GC. In the case
of non-biological samples such as reported for immersion oils™. with the contaminants
being mainly hyvdrocarbons which could not be separated from the PCBs, prior
screening of samples by IR spectroscopy tollowed by GC analysis of positive samples
using an electron capture detector is useful. It must be emphasized that this tvpe of
approximation analvsis for PCBs may be used only in very restricted instances in
which one can define the contaminant and also can match. peak for peak. the compo-
nents of the unknown chromatogram with all components of the chromatogram of a
spectfic commercial PCB preparation.

Many attempts have been made to quantitate PCBs by GC¥% % from biological
samples derived by exposure 10 complex isomeric mixtures of PCBs. The validity of
this type of GC quantitation of PCBs is highiv questionable. Auempted approxima-
tions ef the PCB content of biological samples by GC. regardless of the tvpe of detec-
tion. are ineffective. not only because of the inability to separate completely these
complex isomeric mixtures in its biological surroundings. but also because of the
inability to: (a) define and/or eliminate non-polar lipid-soluble contaminants including
other chiorinated hydrocarbon pesticides: (b) define the degree of response tfor each
isomeric PCB in the mixture as monitored by specitic GC detectors: and (¢) quantitate
all known PCBs of a complex standard in comparison with some of the similar com-
ponents in biological media.

Verification of the presences of PCBs by GC-MS in biological systems has
assisted the qualitative aspects of this enormous analvtical problem. As shown by
numerous tvpes of biological experiments with commercial PCBs. the various isomeric
PCBs are absorbed. concentrated and/or metabolized to varving degrees depending
upon the degree of chlorination in the molecule. the solubility of the compound and
its potential for metabolic conversion. Fig. 12 illustrates the order of complexity of
one of the commercial PCB preparations. In the commercial process®., theoretically
over 200 isomers could be formed. As shown by the GC-MS analysis®™, Aroclor 1260
is & very complex mixture composed mainly of hexachloro- and heptachlorobiphenyls
with lower concentrations of tetra-. penta- and octa-substitutents. Many of the iso-
meric components (hexachlorobiphenyls) similar to those of Aroclor 1260 have been
found concentrated in human adipose tissue®l, human milk™, sca eagles. pike and
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Fig_ 12. Reconstructed chromatogram for Aroclor 1260, GC-EI-MS, 70 eV (OV-1. 200" for I min.
200-250 at 10 /min). Peak 4. pentachlorobiphenyis; peaks 6 and 7. hexachlorobiphenyis: peaks 9,
10 and 13, heptachlorobiphenvls: peak 14, octachlorobiphenyls.

salmon®. sea water and phytoplankton®', numerous land and sea animals and bi-
ological components of the food chain®t-%¢.%

Other attempts to quantitate PCBs involved chemical modification followed
by GC analysis. This laboratory has investigated in depth the problems associated
with dechlorination™ and perchlorination® of samples to yield (hopefully) a single
component which could be correlated with an original PCB concentration. With re-
spect to dechlorination. even under very vigorous conditions. the rate of conversion
to biphenyl is not quantitative and is highly dependent upon the number of chlorine
atoms originally present in the molecule.

Depending upon the complexity of the PCBs and the type of biological sample.
dechlorination followed by quantitation of biphenyl is. in general. not desirable tor
the analvsis of PCBs. Perchlorination has been applied to the analysis of many
chlorinated hydrocarbons™. With respect to complex PCB mixtures. GC analysis of
decachlorobiphenyl Formed by perchlorination has been reported®™. This type of ap-
proximation of the presence of PCBs is feasible within certain limitations. Excluding
problems associated with normal contaminants and the claborate clean-up procedures
which produce very low recovery, it is very difficuit to express meaningfuily the PCB
concentration in terms oiher than moles of decachlorobiphenyl present. Other prob-
lems associated with the quantitation of PCBs by perchlorination and GC analysis
include (a) reduction in desirable analytical end-product affected by the presence of
aliphatics: (b) production of chlorinated aromatics from aromatic contaminants: and
(c) excessive quantitative values caused by biphenyl and by brominated and fluo-
rinated biphenyls which undergo exchange reactions. In a few restricted instances. we
have used the perchlorination procedure® with mirex as internal standard for the
verification of the presence of PCBs in various types of biological samples.

The choice of the type of GC detector for various attempted quantitations of
PCBs greatly affects the results. Bearing in mind the Iimitations and problems asso-
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ciated with GC quantitation of PCBs. prior verification of the number of chlorine
atoms in the molecule’ by;GC—MS followed by GC quantitation of the chlorine in the
molecule by use of a Coulson detector is of marginal use. Analysis of commercial
PCB muxtures such as Aroclor 1254 by GC using a flame ionization detector affords
one a characteristic pattern which may be recognized as 1254. From batch 1o baich
of the commercial preparation. there is a significant variation in the abundance of
minor components. By use of the electron capture detector, we have found that one
cannot rely on the use of this detector even for comparison of various batches of
commercial PCBs such as the Aroclor 1254, in which minor components are highly
variable. The responsce fuactor for the electron capture detector with PCBs. including
dichlorobiphenyl to hexachlorobiphenyl, varies as much as 10,000-fold.

Additional investigations using high-pressure liquid chromatography with com-
mercial Aroclors in combination with other pesticides in the environment and natural
contaminants of biological systems indicate that there is too great a degree of com-
plexity for the generation of meaningful results as one considers the commercial PCB
preparation. One would like to remove PCBs as a class from other contaminanis and
then concentrate on a more feasible type of analyvsis. :

With respect to the use of chromatographic separations such as GC or high-
pressure liquid chromatography, as the separation factors increase for the family of
PCBs with respect to other contaminants such as lipid-soluble hydrocarbons or DDE.
one begins to differentiate within the family of PCBs according to the individual
isomers with the production of a general overlap in the chromatogram with many
common contaminants of the environment.

Svathesis. As indicated carlier. the commercial preparation of PCBs from biphenyl
and’ anhyvdrous chlorine in the presence of either iron(lll) chloride or iron®
produces numerous isomeric products. Other types of reactions used for the synthesis
of specific isomeric PCBs include: (a) chlorination of benzidine derivatives®™ with
ultimate removal and/or replacement of the nitrogen functions: (b) coupling of iodo-
chlorobenzenes with copper dust by the Ullman reaction™-™: and (c) coupling of
aromatic halides by a modified Grignard reaction™. For an in-depth discussion of
reactions applied to PCB syntheses. the reader is referred 1o recent reviews®l.b5.60.7

One of the main functions of this laboratory is to prepare isomeric PCBsin the
pure form, which may be applied to both biological and analytical investigations in
order to clarity some of the potential health problems discussed. above which were
initially studied with complex commercial PCB preparations:

In general, chlorination processes may be directed towards the tormation of a
major product. In most instinces there are trace amounts (up to 20%)) of more or less
chlorinated species formed during this tvpe of reaction. As described earlier®™. reac-
tions involving the chlorination of benzidine derivatives produce a mixture of PCBs.
Fig. 13 illustrates the complexity ot the Ullman reaction products for the preparation
of 2,2-dichloro-["Clbiphenyl. We have discussed in detail the possible sources ot con-
tamination produced by the Ullman reaction®™. By use of a modified Grignard reac-
tion. we have prepared pure unsymmetrical tetra-** and hexachlorobiphenyls?.5¢,

For the worker concerned with the chemical synthesis and quantitation of
PCBs. one must continue to strive to develop and evaluate svnthetic reactions and
methods of quantitation of PCBs in order to obtain a more conclusive understanding
of the problems produced by PCBs on man and the environment.
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O

Fig. 13. Gas chromatograms for the Ullman reaction mixture for preparation of 2 2-dichloro-[**C}-
biphenyl (OV-I. 1410 ). A, Distribution of 'C label as monitored by GC propuortional counter. B.
Total mass as monitored by tlanme ionization detector (FID). C. Puritied 2 2-dichlorobiphenyi (FID).

Alerabolites. The syntheses of various individual PCB isomers, congeners. ete., have
been reported®™-3-72-%¢ 4nd are continuing to appear as the various suitable methods
are being explored. However, reports of the synthesis of the various hyvdroxylated
metabolites™ ™ accur much less frequently, as the synthetic methods involved are
more difhicult. The two approaches to their svnthesis most readily envisioned are
(a) the direct oxidation of the PCB in question by various chemical or electrochemical
procedures and (b) the various coupling reactions involving the appropriately sub-
stituted chlorophenols and chloroanilines. The first approach is more desirable from
the standpoint of illuminating the bio-mechanism of hydroxylation. as the product
mixtures obtained chemically via such clectrophilic oxidations are often the sume.
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Fig. 14, Mass spectrum (EL. 70 ¢V) of 4-hyvdroxy-4'-chlorobiphenyl (direct probe).
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at least qualitatively as the metabolic pattern. The second synthetic approach is more
speculative from the standpoint of obtaining authentic samples of metabolites. but is
generally much more efficient in terms of the vield of hydroxylated products. In fact,
efficient methaods for the direct oxidation of aromatic rings are still limited in applica-
tion at present.

Nevertheless. the direct peracid chemical oxidation of PCBs containing chlo-
rinc in only one ring has been accomplished in this laboratory™:. and other workers™
have successfully applied electrochemical procedures to PCBs with chiorine atoms on
both rings. For example. 4-chlorobiphenyl was oxidized with peroxytritfluoroacetic
actd™ to vield a mixture of products from which the 4-and 2’-hvdroxy- derivatives
could be isolated as muor monohydroxylated products. The 4'-hyvdroxy- compound
has been found as a metabaolite of 4-chlorobiphenyl in the rabbit®®. The purified
hyvdroxy- derivatives were analyzed by MS. Figs. 14-16 show the El mass spectra
(70 eV) on analvsis via the direct probe. The El spectra of the hydroxybiphenyls ob-
tained in our laboratory generally contain intense parent ions which were usually
the base peak as well. A 2-hvdroxychlorobipheny!l containing the hydroxyl and
chlorine groups in the same aromatic ring was synthesized by extension of a previ-
ously reported method® in which the hydroxychloroaniline was coupled via the N-
acetvl-N'-nitroso derivative with benzene. The EL mass spectrum of this synthetic
hydroxy-PCB is shown in Fig. I3, Although background spiking is evident in this
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Figz. 16. Mass spectrum (ELL 70 V) of 2-hydroxy-4'-chlorobiphenyl tdirect probe).
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spectrum, it shows the parent ion (mfe 204) as the base peak, as is seen for other
hydroxymonochlorobiphenyls. However, there are characteristic differences in-the
spectra of these compounds associated with the loss of chlorine. The 2-hydroxy-5-
chlorobiphenyl isomer appears to lose HCI preferentially to afford a fragment at

_mfe 168, whereas the 2-hydroxy-4'-chlorobiphenyl appears to lose only chlorine, and
the 4-hvdroxy-4'-chlorobiphenvl isomer (Fig. 16) shows an abundant ion at nife 170,
indicating that the chlorine loss is accompanied by a hvdrogen enutv transfer, possibly
associated with a p-quinodal type of stabilization.

The Cl spectra, on the other hand, were much less informative and less descrip-
tive for these hydroxymonochlorobiphenyls. However. as the chlorine content is in-
creased. the desirability of CI-MS improves as the parent ions generally constitute
more unstable arrangements in the EI processes as a result of steric and/or stereo-

“electronic interplay. For example, CI-MS has been used in connection with GLC for
the identification of a metabolite of 2.5.2’ 4" 5"-pentachloro-["C]biphenyl excreted by
rats®. This PCB is a major component of certain commercial Aroclor mixtures.
The RGC and limited mass search RGC (/e 340-345) are shown in Fig. 17. The ClI
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Fig. 17. Reconstructed chromatograms of the metabolite of [1'C]-2,5,2°.4°.5°-PCB (Dexsil 300, 160-
210° at 10°/min). A. RGC. B. Limited mass search. mje¢ 340-345.
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Fig IS, Mass spectrum of [F'C-2,5. 27, V.57-PCS metabolite (GC-CI-MS. methane).

methane spectrum (Fig. 18) is the simplest possible. with the only tragments seen in
the normalized spectrum corresponding to the parent and quasi-molecular ions
(r1fe 340) and the expected recombination fragments (M - 29)- and (M -+ #1)=. The
isotope pattern is clearly that expecied of five chlorine atoms. This metabolite™ was
shown by Fourier transform NMR analysis to be the 2,5-dichloro-3-hydroxy- deriva-
tive or the mera-substitution product of the dichloro-ring:

In concluding this section on PCBs. care must be exercised in choosing the
tvpes of organic reaction used for the preparation of PCBs that will be used for
biological testing. Furthermore. one must evaluate very thoroughly the hmitation of
analyses used and analyze very scrupulously even the pure isomeric PCBs for trace
impurities (<< 5394) before proceeding to introduce the compound into a biological
svstem. Only after many types of chemical and biological investigations have been
carried out with pure, well defined isomeric PCBs will one be able to assess fully the
biological activity of the individual components and the poiential health problems
produced by these widely distributed compounds of the environment.

Mirex. BHCs und HCB. Mirex, dodecachlorooctahyvdro-1.3.4-metheno-2-cy-
clobuto[c,d]pentalene (C;,Cly.). is an important pesticide used, among other things,
in control of the fire ant in the south-east U.S.A. Because of its extreme chemical
stability. convenient gas chromatographic elution characteristics and high electron
capture detectability (20 pg) witha **Ni electron capture detector. we have used mirex
as an internal standard tor the analysis of PCBs. Mirex survives the reaction condi-
tions under which PCBs are converted into decachlorobiphenyl with antimony penta-
<hloride at elevated temperatures™ and is eluted from OV-1 at 210" with a corrected
retention time of 0.375 relative to decachlorobiphenyl. Furthermore, mirex is very
stable to standard chemical oxidation conditions: on the contrary. under reductive
dechlorination conditions?'. mirex is very reactive with the production of products
similar to those described for DDT?*! and kelthane derivatives but absent for dieldrin.
Hexachlorobenzene (HCB, C,Cl,) is an important herbicide which has been impli-
cated in a mass poisoning of humans in Turkey due to the consumption of HCB-
treated seeds™. Benzene hexachloride (BHC, C;HCly), better named as hexachlore-
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cvelohexane. 1s a family of isomers which includes the well known pesticide lindane
{;~BHC). BHC i1s also a precursor in the commiercial syntheses off HCB. We have
been interested in the intestinal absorption off HCB and BHC isomers®! and have
accordingly studied “technical”™ BHC, which has the composition indicated in Table 9.

TABLE 9
PARTIAL MASS SPECTRA (EI, 70eV) OF HEXACHLOROCYCLOHEXANE ISOMERS
Isonter Percentase of Base peak Relative abundance ()}
rechuical-zrrade nrle i - . —gen
BHC me 219 mr'e 2534
« 701 181 85 3
P 7.5 10y 2 3
- 157 1t 75 1
Ry 33 55 3

51

T[N - HY - 2HCH) .
TTENM HCHE

GC-MS procedures were employed to confirm the identities of the BHC isomer (and
HCB) recovered from the teces, bile, etc.. of treated rats. Mirex. BHC and HCB are
discussed in the sume section here because of the similarity of the principles apparently
coverning their mass spectral fragmentation patterns. , '
Hexachlorocvcloliexanre ( BHC) isomers. The sumple molecule may givé rise to a
molecular or quasi-molecular ion 11 one of three wavs: (a} net chimination ol an
cleciron. as generally occurs in EI-MS: (b) elimination of a hydride 1on, as occurs
with normal alkanes in CI-MS: er (¢) net addition of a proton; as cecurs with most
oxygenated or unsaturated compounds in CI-MS. The BHC isomers show neither
rendency to any significant extent. and their EL methane Cl and isobutane CI specira
essentially lack a moleculur or quasi-molecular ion. In general. the isotope patterns
due to chlorine permit “identification™ of the fragment “clusters™ and provide infei-
mation about the fragmentation mechanisms (at least on a net basis). GLC traction-
ation of the various isomers has been reported previously?.

Of the three techniques used in this luboratory. methane CI provided the sim-
plest and lesst usetul spectra of the BHC 1somers. The - -, - and d-isomcers gave
essentizlly identical methane Cl spectra. with CH-.CI;- as the main fragment
(M - H) -~ 2H Cl]-. As there was no quasi-molecular 1on, either HCl or Cl - was
climinated or proton capture was accompanied by expulsion of two molecules of HCL
A cluster corresponding to the fragment (C;H;ClL;)' was present, which again could
involve expulsion of Cl- or expulsion of HCI with addition of a proton.

In isobutane Tl and 70-eV El spectra, the fragment (C H ;Cl;) - predomis
over (C,H,CI;) . Under these circumstances, expulsion of HCI (net) occurred wititout
a net addition of a proton. but the expelled species could have been either (HCi ¢ )
or (CI~ — H®). The isobutane CI spectra required larger sumples than did the El or
methane Cl spectra. and were of little use in distinguishing between the BHC iscmers.

Some distinguishing features of the 70-eV Ei spectra are summarized in
Table 9. The base peaks alone permit the -, - and od-isomers 10 be distinguished.

ed
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While the a-isomer has an mrie 146 = mje 147, the reverse is true for the y-Isomer.
Thus these four BHC isomers can be distinguished by their EI mass spectra.

A peak cluster around mfe 145-151 probably involves fragments of three spe-
cies. C H . Cl,~ (mfe 145, 147 149). C,H Cl,~ (mmfe 145, 147, 149, 151), and C4,H ,Cl.~
(mfe 146, 148, 150). Only in the case of «-BHC was mje 146 > mje 147, suggesting
that the «-isomer has the greatest tendency to eliminate Cl- rather than HCI. The
a-isomer had mfe 146 == aife 147, while the p- and j-isomers had the mje 146 ion
fragment less than mife 147, For the latter two. either ring cleavage predominated or
elimination of Cl~ was less favorable than elimination of HCI, or both reactions
occurred. The relatively high abundance of the m/e 254 fragment from the ;-isomer
suggests that this isomer has the greatest tendency to eliminate HCI (it is also the
most toxic isomer). The conspicuously low abundance of the ion of mije 219 for the
p-isomer, together with its base peak at mfe 109, suggest that it is relatively easier for
this stereoisomer to undergo ring cleavage than HCI elimination. The ion of mi/e 109

would correspond to the fragment CI-CH-CH =CHCIL. Again, the p-isomer has ex-
tremely low toxicity compared with the s-isomer.
ffexaclhlorohenzene (HCB). Again, methane Cl gave less fragmentation than did
cither isobutane Cl or El at 70eV. The methane CI spectrum shows only M~
(M = H) and (M -- C.H;) ions. While the E! spectrum shows only M- in the
region of myfe 285 (i.e., the refative abundance ot the odd mass tragments in this region
1s constant with the *C abundance). the isobutane and methane CI spectra show a
mixture of M and (M -— H) 1ons. The chlorine isotope sets mfe 282, 284, 286. 288.
290 (M ™) were in ratios of 1021, 1:2.5 and 5:1 with the nrfe 383, 285, 287, 289, 291
sets (M - H)T tor EL methane Ci and isobutane. respectively. Thus, the tendency 1o
lose an clu.lmn. relative 1o the tendency to accept a proton. was greatest under
clectron impact. intermediate with isobutane. and very low with methane CL

There was little or no tendencey to expel Cl- in either methane or isobutane ClL.
The few tfragment ions that were produced in the isobutane Cl spectrum (mfe 69. 71.
S1. 85) are at present unassigned but were not particularly, enlightening mechani-
stically.

The 70-¢V E spectrum of HCB is unusual in that the base peak is the molec-
ular jon. emphasizing the stability of this structure. Fragments corresponding 1o
(M — Cl,) . where # == 1-3. cccur to the exclusion of other contributing forms.
having m/e - 160. Thus the molecule either expels one Ci- or (12 — 1) CI* radicals
or (a#Cl" — e 7). In any case. the unlikelihood of the persistence of di- and tri-radicals
indicates that the fragments corresponding to C,Cl,~ (14%) and CCl," (167) exist
as benzyne structures.

Ring fragments appear having the l'ormuluc C=Cl- njed47.49: 14%). C.CL~
(nfe 94.96.98: 4 and C,Cl, {mfe 141, 143, 143, 147: 33 %), Thie last ion. (C,CL) -,
adds to the peak “clump™ associated with a lmgmem LOI’l’t.SpUx.dlng to (CCLy)-
(e 1420 144, 14062 87 %), In addition. a set of fragments at mie 107 109 apparently
indicates an ion (36 °)) having the formula (C,Cl)-
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Fig. 19. Mass spectra of mirex (OV-17. 220-260 ai 10 min). A. GC-EI-MS, T0¢V: B. GC-EI-MS,
10 eV: C. GC-CI-MS. methane: D, GC-CI-MS. isobutanc.

Yet it is of very high relative abundance. suggesting that in fact it any ionization of
HCB could be considered “probable™, the other fragments observed here would be
relatively negligible. One is tempted to conclude that the toxicity of HCB will probably
be found to involve either the intact molecule or the product of a metabolic process
involving nucleophilic substitution or addition. With regard to the latter. the presence
in the methane CI mass spectrum of a 409 abundant (M -+ C.H;)* ion points out
the relative ease with which addition can occur, in contrast to the apparent low
probability of elimination reactions.

Mirex. Whereas HCB can form a quasi-molecular ion by accepting a proton, and
BHC has hydrogen that theoretically could be expelled as hydride ions, mirex
lucks hydrogen. yet Is saturated and hence would not be expected to form any quasi-
molecular 1on. El (70 and 10 eV) and methane CI mass spectra of mirex lack molec-
ular or quasi-molecular ions. Isobutane CI gives only a molecular ion. (M —e~) . of
2% relative abundance. These spectra are shown in Figs. 19A and 19B.
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Electron impact spectra

These spectra are illustrated in Figs. 19A and B. The abundance of the low-
molecular ions of nmife <220 are qualitatively similar, showing fragments that corre-
spond in mass and chlorine isotope patterns to (CHCH*, (CCly) 7, (CaCly) 7, (C,CLy)~,
(C,)CL)* and (C;ClLy)*. These fragments are increased in relative abundance in the
70-eV compared with the 10-eV spectrum.

The peak cluster beginning at mfe 235 corresponds to the ton (C;Cl;)*. repre-
senting half of the mirex molecule less one chlorine atom. The base peak (cluster)
starting at mife 270 does represent half of the mirex molecule (C;Cl,;)~. Although the
=270 cluster™ appears to fit (C;Cl,)*, the pattern is that expected for five rather than
six chlorine atoms at 70 eV. At 10 eV. the isotope pattern for the “270 cluster™ is not
characteristic for any specific number of chlorine atoms. The isotopic pattern of ions
in the m/e 235 region also changes on going from 70 to 10 eV. In this example, one
cannot rely on the isotope pattern to characterize the fragments. Whether there is an
isotopic effect influencing the *33CI-=**Cl distribution between two fragments of equal
mass but different configuration and relative abundance, or an instrumental artifact,
1§ uncertain. :

Fragments apparently retaining all ten carbon atoms are represented only by
(C,oCl,) - and (C,,Cl,)* spectral clusters starting at m/e 330 and 400. Thus. mirex
tends to eliminate chlorine atoms in pairs. either an (CL, =+ e7) or (Cl- = CI"). Loss
of single CI- ions is not seen. possibly because the remaining molecule is unable to
stabilize carbonium ions in the absence of 7z-bonds. This further suggests that rapid
exchange of chlorine atoms within the molecule (which would delocalize a carbonium
ion charge) is unfavorable, a suggestion with possible useful implications concerning
the degree or lack of chemical reactivity for mirex.

Chemical ionization spectra (Figs. 19C and D)

The methane and isobutane CI mass spectra of mirex are rather different.
showing more fragments with isobutane than with methane in spite of the higher
energy of the latter. In these spectra. unlike the El spectra discussed above. the
(C,,Cl;)) - fragment (M —CI)* is conspicuous. There are no peaks reflecting (M -
C.H;): or [(M -~ C.H;)—Cl]". suggesting that substitution into mirex does not ac-
count for the ability to expel Cl- under CI conditions. We tentatively suggest that
the expulsion of Cl- to stmilar extents in isobutane and methane Cl but not under
EI conditions reflects a ~“pull from without™ rather than a “push from within™. Thus
mirex may. under certain conditions, act as a nucleophilic reagent.

The base cluster in the methane CI spectra reflects the (C;Cl;)* fragment rather
than the (C;Cl;)" fragment predominant under EI and isobutane Cl conditions.
Whether or not this involves derivation of the (C,Cl;)* from the (C.Cl,)* fragment
could not be confidently determined. as metastableions are not detected with oursystem.

In general, then, we found no particular advantage ot Cl over EI spectra in
the identitication of these tvpes of polyvchlorinated hydrocarbons. and in some cases
(the BHC isomer), EI spectra were more useful. However. the availability of both
types of spectra was very useful in deducing the probable chemical properties (sta-
bilities and reactivities) of the compounds, and it is not unlikely that an empirical
correlation could be made between such biological properties as toxicity and the types
of fragmentation reaction occurring in the mass spectrometer.
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Chlorinated dibenzodioxins and dibenzofurans. Various types of contamisants
of synthetic processes have been discussed throughout this review. Probably the most
toxic trace contaminants are the chlorinated dioxins and dibenzofurans. Vas er al*®
reported the identification of highly toxic tetra- and pentachlorinated ditcnzofurans
in commercial preparations of PCBs. During the distillation of c¢rude PCBs in the
presence of sodium hydroxide, it is possible that the PCBs reacted with sedium
hvdroxide at elevated temperatures®® to vield phenolic compounds which. in the
presence of base and elevated temperature. condensed to preduce the dibenzofuran
derivatives. Using the chick embryvo®* assayv. & maximum dose por cgg of 0.2 g of
the pentachlorodibenzofuran resulted in 160 9 mortality. The chiorinated dioxin and
dibenzofurans are highly toxic trace contaminants feund in certain pesticides and
their synthetic precursors. A trace impurity formed during the manufacture of 2,4.5-
trichlorophenoxyucetic acid (2.4.5-T) from tetrachiorobenzene at high temperatures
in the presence of sodium hydroxide is the 2.3.78-teiracklorodibenzo-p-dioxin
(TCDD). Other dioxins and dibenzofurans may ke formed by condensaticn of the
chlorinated phenols®-** in the presence of alkali ard heat.

This brief discussion on dioxin and dibenzofurans will be limited to {a) con-
sidering levels of analytical detection needed and (b) the use of highly radioiabeled
TCDD in biological systems. For a detailed discussion of the texicity of chiorinated
dioxmsand dibenzofurans. sources of contamination. implications ot these compounds
as chick edema factor. and general properties of these highly texic compounds. the
rcader is referred to the report of a Symposium on thiz subect™.

To the analvtical chemist. an importan: intermediate in the formatian of the
chlorinated dioxins fron alkali salts of phenols is the hvdroxydiphenyl ether derivative
or predioxin®*. Analysis of chlorinated phernol preparations by GC without prior
treatment of the mixture to remove the reactive predioxin will result in erroncously
high values for the dioxin concentration. The hyvdroxydiphenyl ethers?™ will react
within the GC 1o produce large amounts of the dioxins. »

As described earlier. the chlorinated dioxins and dibenzoturans arc condensa-
tion products of phenols produced in the presence of alkali and elevated temperziure.
Considering TCDD as representative of this class of compounds. dependent upon the
species®s the LD, varies from 0.6 to about 100 reg/kg. As the lethul dosc of this dioxin
is in the low ug/ke or parts per billion range. very sensitive anahtical procedures are
required. Many of the procedures developed tor the analysis of dioxins employ GC
or GC-MS. Detection limits for the GC analysis of dioxins using the flame ionization
detector®™ are in the low (0.5-2) ppm range. depending upon the nature of the sumple.
whereas detection limits of TCDD with the electron capture detecior™ are in the
10-30 ppb range. Crummett and Stehl*” reported the detection limit of TCDD by
GC-MS in the multiple ion detection (MiD) mode (El) to be about 6 pg. monitoring
(M), (M - 2)7 and (M -~ 4)7 ions. Other types of analyses that have been applied to
the determination of dioxins and dibenzofurarns include electron spin resonance spec-
troscopy™”, liquid-liquid chromatography® znd high-resolution MS!*! in the MIE
mode with computer signal averaging. Baughman and Meselson™! indicated that for
a l-g sample. the analytical methods for analysis of TCDD must have a sensitivity
of about I pe. Detection limits for this reported methocd!! for the detection of TCDD
in animal tissues are indicated to be in the erder of 10-30 pib v ith varvine degrees
of recovery of TCDD from 27 - 3 up o 60-80°,.
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To the synthetic chemist involved with chlorinated dioxins or dibenzofurans,
fort
H

or iiese chlormated comipounds to these descr b d for the
tie d:chluroc:l[u.'101“'- with 1.2.4.5- [t.ll’:.'(.hld!(‘l CNZCHS 3O
ducss a mixture compos‘.cd mainiy of 2.3.7.8-TCDD (Fig. 20). As shown in Fig. 26T,
the major contaminant of this syntie si 1s a pentachlorodi ,mzudur.\m (s12fe 354)
which affords the appropriate mass spectrum (Fig. 21). Upon evaluation of the

sourccs of impurities for the production of the pentachlorodioxin. it was found that

the dichlorecatechol contained amounts of lhc trichlorocateciicl. Dunng the con-
ctien produced

seayetey

densation!™= with 1.2.4 5-tetrachlorokenzere, the trichlerocatecho! r

the pentachlorediexin (Fig. 21). The d!chlureczucclzu! wis preparcd by chlorination?
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Fig. 21. Mass spectrum of mjor contaminant of 2.3.7.8-TCDD preparations. GC-EI-MS. 70 ¢V,

of the 4-chlerocatechol. It is very difficult. it not impossible. to control the chlorina-
tion reaction!"® to produce only the dichlorocatechol. Only after repetitive purification
by recrystallization with an overall loss of the dichlorocatechol with the contaminant
(the trichlorocatechol) is one able to obtain in verv low vield a pure dichloro-com-
pound.
Because of the high toxicity of TCDD. in order to study the general metabe-
lism of this compound one must use a very small amount (few micrograms) of highly
labeled compound. A "*C-labeled 2,3,7,8-TCDD has been prepared by Kende and
Wade' from highly radiolabeled 1,2,4.5-tetrachloro-["*Clbenzene with a specific
activity of ca. 150 mCifmmole. The final [*C]TCDD had a specilic activity of ca. 130
mCimmole. For the more biologically oriented worker. who may or may not be
aware of the change in physical and/or chemical properties of radiolabeled compounds
with verv high percentage ol radiolabel. some of the properties associated with the
[**C]TCDD uare discussed below.

With respect to the [MC]-2.3.7.8-TCDD with a specific activity of 130 mCi/
mmole. one cannot distinguish by thin-layer chromatography using numerous solvent
systems any separation difference between unlabeled and BC-labeled TCDD. On the
contrary. its one evaluates the GC retention characteristics of the highly labeled com-
pounds with respect to unlabeled TCDD. one will note very significant differences.
as shown in Table 10. As one monitors the radioactivity by a GC proportional counter
and total mass by a GC flame ionization detector either simultaneously or separately.

- TABLE 10
RETENTION CHARACTERISTICS OF MC-LABELED AND UNLABELED TCDD

Specific activity of [M'CITCDD == 150 mCi‘mmole.

GC cofunu Temperature ( "C) Compuonenr Rerention time”

relarive o aldrin
oVv-i ©200 2.3.78-TCDD 1.60
[*'C]ITCDD 3.90
OV-17 210 2.3.7,8-TCDD -1.50
1.2.3.4TCDD 4.23
{(“CITCDD 3.05

~ Independent and’or simultaneous detectors using flame fonization detector and GC propor-
tional counter (Packard Model 894).
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Fig 22 Mass spectra of 2.3 7.8-TCD D, GC-EI-MS, 70 ¢V (OV-1, I80-230" at 10 ‘min). A, Unlabel-
ed 2,3,7.8-TCDD. B, [M'CITCDD. specific activity 130 mCi;munole.

one notes that the highly “C-labeled TCDD is eluted ecarlier than the unlabeled
TCDD. As one diluted the [MCITCDD with unlabeled TCDD 1o a specific activity
below 30 mCi/mmole. the retention characteristics approached those of unlabeled
TCDD. Analysis of the [MCJTCDD by GC-MS indicated that this preparation had
the expected mass spectrometric characieristics with a very high concentration ot ''C
isotope overlapping with isotopic *Cl and *Cl patterns. As shown in Fig. 22_ the
chlorine-C cluster for the parent ion extends from e 320 in two mass intervals to
me 336. As one diluted the highly labeled [MC]JTCDD (specitic activity 130 mCi/
mmole) with unlabeled TCDD. both the GC and MS characteristics approached
those of the unlabeled compound. Additional investigations using UV spectroscopy
indicated that the "“C-labeled TCDD and the unlabeled TCDD have equivalent UV
spectrit with maxima at 305-306 nm with identical extinction coetlicients.

Fig_ 23 isarepresentative EI mass spectrum of 2.3.7.8-chlorinated dibenzoturan
(TCDF). The use of GC-CI-MS for the analvsis of chlorinated dioxins and dibenzo-
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Fig. 23 Mass spectrum of 2,3,7.8-tetrachlorodibenzoturan (TCDF), GC-EI-MS. 70 ¢V (OV-1, 180~
230° at 10°/min).
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“furans is not as imformative as the EI mass spectra. The methane CI spectrum of
2.3.7.8-TCDF and other dioxins and dibenzofurans consists very simply of the ions
in the quasi-molecular region (M -+ 1)- and the appropriate methane recombination
fragments (M --- 29)° and (M -~ 41)°. Therefore, analysis of the chlorinated dioxins
or dihenzofurans by GC-MS either in the qualitative scanning mode or in the quanti-
wtive multiple ion detection mode would be much more sensitive and useful under
El conditions. é

Investigations in this laboratory using the highly labeled [MCITCDD (specilic
azetivity 130 mCi/mmole) indicated that one can very easily monitor the degree of
absorpton. distribution and excretion of the labeled TCDD molecule. Upon absorp-
tion. a large amount of the Iabel is localized in the liver with chromatographic proper-
ties identical with those of the administered [“C]JTCDD. Upon single exposure of
CITCDD with increasing time. the [MCJTCDD seems to be removed from the liver
andior fat and excreted in the teces. Examination of the fecal material after 60 h by
chromatographic means indicated that the radiolabeled components in feces are
much more pol;u' than the administered [MCITCDD. Whether the highly labeled
[HCITCDD acts in biological systems as unlabeled TCDD cannot be answered defin-
itively. Because of the amounts of the cormpounds involved in labeled and unlabeled
biological and metabolic Investigaticns with TCDD coupled with the high toxicity
el these compounds. there 1s a great need for the development of more sensitive
mictheds for beth quantitation and unequivocal identification of subnanogram
amounts of these environmental contaminants. ‘

fii} Plusticizers

EI-MS of plasticizers has been discussed several times recently™ ™7 Our ex-
srience has beén that a combination of electron imipact and chemical ionization mass
spectrometry gives much more information about the structures of ester plasticizers
and thewr metabolites than does either technique alone. As most of our experience has
invelved phihalate esters. the present discussion wiil be limited to these compounds.
Thc uscs, biological aspects and chromatography of phthalate esters have been
reviewed recenily!™ and will not be discussed here in detail. Our interesis have cen-
ered around confirming the identities of synthetic phthalate esters and determining
the structures of their urinary metabolites!™. 1% These studies have so far been con-
cerned primarily with dimethyl. di-#-butyl. di-n-octvl and di-(2-ethyvlhexyl) phthalates.
El nuiss spectra of which were given by Safe and Hutzinger!!''. It should be noted
at di-sr-octyl phihalate and di-(2-ethylhexyl) phthalate give suc.h similar £ mass
svcctr'- that it would be impossible to distinguish them solely on that basis. CI mass
spectra of the isomeric dioctyl phthalates also fiil to provide unequivecal means of
distinguishing between them. However. El S[‘CC[I‘zl can confirm the fact that a phtha-
late 1s present by showing a base peak! of mfe 149. or. for methyl phl[mlalc““’ HI of
mrie 163. Methane CI spectra can then. by the presence of a base peak at mife 391,
M - HY O with smaller peaks!™® at mje 279, 261 and 113, reveal that dioctyl esters
arc present. The particular oetyl isomer(s) can then be cortirmed from the GLC relu-

tive retention times (see Table ).
El mass spectra of phthalate esters generally give an adequate representation
of the aromatic ring structure. The cccurrence of a base peck at mie 149 (usually
attribuied to a protenated phthalic anhydride) net only indicaizs the probable absence

av]

14
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TABLE 11

RELATIVE RETENTION TIMES FOR DIOCTYL PHTHALATES WITH HELIUM CARRIER
GAS AT 240°

Octyl isomer (plithalare } Relative retention rine
o-1 Q22
D1-(2-cthylhexyl) 1.00 1.09
2-Ethythexyi-6-methylhepiyt 112 1.21
Di-(2-methylhepiyh) 1.25 1.32
Di-(6-methylhepivly [.30 1.50
2-Ethylhexyl-n-octy | 1.40 1.66
Di-r-cenvt 1.63 190

ot additicnal ring substitution (-OH. ~OCH ;. cte), but confirms the arifio di-sibstitu-
tion of carboxyl moictics. For phihalates bearing at least one methyl ester moiety.
the base peak at mje 163 serves the same diagnostic function as mje 149 in other
phthalates. In addition. methyl phthalates generally give spectra containing significant
tragments at mie 181 and. for methyl phthalates other than dimethy! phthalate. miie
149, These fragments may arise as suggested in Fig. 24, In any event. fragmentation
of an unsymmetrical methyl phthalate appears inevitably to involve loss of the longer
alcoliol moiety in preference to methanoi. But EI mass spectra generally give very
little. if any, informatien about the nature of the non-methyvl moiety.

2 & ocn -
H B 3 H \+
T o 3
o ~7 H G-OH significant H c
H OH H 0]
3 m/z18 t m/e 49

/
almost insigniy lcanﬁ
w ]
H \
@ S p— C
~OR
O.
m/e !6:-

Fig. 21 Fragmentation of a methyl phthalate.

Cl muss spectra utilizing methane as reagent gas provide considerable infor-
mation about the moiety esterified to phthalic acid. Not only is the molecular weight

of the intact diester clearly shown by the series of fons (M - H) _ (M - C.H.)) and
(M - CiH;) . but there is alse a major fragment or frugmgm.\ darived from cleavage

of the side-chain(s) at oxygen stoms:

| — =  ®% end M)t
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) Thus. CI-MS will distinguish a heptyl nonyl phthalate (mol. wit. 390) from
a dioctyl phthalate (mol. wt. 390). The tormer will have a major fragment at ni/e 99
and at mife 127, the latter at mfe 113,

Urinary metabolites of di-(2-cthylhexyl) phthalate (DEHP) from rats were
isolated by a series of thin-layer chromatographic operations. as they were not easily
resolved by GLC"*. Although a variety of procedures were used in identification
{IR. UV and NMR speciroscopy and GLC of various derivatives). GC-MS alone
gave fairly complete characterization of the structures. The metabolites as excreted
were found to be phthalate half-esters (monoesters). so most of the further charac-
terization involved the diazomethane-produced methyl esters:

e (o]
T Il
H C—CCH
\!/;l\{{ 3
>~

i
H/\./kc—o.:z
-i.

The analytical problem involved identifving R in the above structure!

The masses of the various R groups could be determined. as discussed above.
directly trom the methane-supported CI mass spectra. In two cases. R was terminated
mn a -CH.-COOCH moiety. giving rise to a prominent fragment of m/e 74 in the El
mass spectra but which was present in the Cl mass spectra in very low abundance.
This assignment was supported by the presence of the ion (M -~31)~ in the CI spectra.
although traces of these fragments are seen with all methyl phthalates. In general.
combining data tor the mass of the R group with the presence of the m/e 74 fragment
derived from R permitted identification of R (confirmed by NMR analysis).

Two of the other metabolites had interconvertable R groups, via reduction
with sodium borohydride and oxidation with chromic oxide in pyridine. The metab-
olite corresponding to the more reduced state gave conspicuous Cl fragments at
mfe = (M-—17)* and (R —17)". with a relatively low abundance fragment attributable

.to R-. The more oxidized metabolite had a molecular weight 2 mass units less than
that of the reduced species and did not have an (M —17) - fragment. The trimethylsilyl
cther of the reduced metabolite formed readily and gave a prominent El ion fragment

’ H.

0

at ar/e 117, atributed to the fragment (CH,).,~Si-O-CH. indicating an ¢ —1 (sub-

terminal) secondary alcohol structure. The oxidized form was thus presumed to be
a methyl Ketone: and this was confirmed by NMR spectroscopy!™.

A minor metabolite of DEHP was later isolated and found to have an R group
srminating in a primary alcohol structure. The TMS ether did not give a prominent
fragment of mfe 117 but rather a prominent ion of /e == 90 and 91 (trimethylsilanol) -.

Dimethyl phthalate gave only phthalic acid and monomethyl phthalate as
urinary metabolites: these metabolites could be identified by GC-MS of byl esters
in direct comparison with authenic standards. Dibutyl phthalate gave a combination
of urinary metabolites analogous to those discussed above. and which were identified
in the same manner. Di-n-octyl phthalate, in addition 1o metabolites having methyl
ketone and secondary and primary alcohol functions. provided a homologous series
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of urinary metabolites!!'® having the structure

., o
L
" —
/\l'/
O € -—O—(CHiz),—COOH
(o]

whiere n varied from | to 7. After esterification with diazomethane, GC-MS methane
Cl spectra revealed an interesting pattern of stabilities relative to the value of 7 in the
structure shown above. This pattern is summarized in Table 12.

R+ = mfe 115 was most conspicuous. with R = mfe 101 and 129 also very
prominent. These fragments may be stabilized by ring formations, in which case rings
with n# = 3. 4 and 35 are thought to be stable!!= ¢ g.:

€30

mfe =115

The tendency to eliminate the miethoxy group is greatest for # = [ and n = 7.
dipping smoothly towards a zero tendency foru = 3 and # == 4. The (M —31) " ion is
commonly the base peak tor methyl esters of aromatic acids''®, but ordinarily one
expects a decreasing tendency to an (M —31)- fragment to correlate with an increasing
tendency to produce an 1on in the molecular region. As shown in Table 12, both
(M - 1) and (M —31)" ions decrease in relative abundance with a minimum at # == 3
and 4. If the ester carboxyl groups normally accept a proton in forming the quasi-
moleccular (M —— 137 ion. the above considerations suggest a vapor-phase interaction
hetween methoxyl and carboxyl groups that i1s maximal at # = 3 or 4. Such an inter-
action. it it also occurs in solution, would influence molecular conformations and
might be expected to be revealed in effects on rates of catabolism. enzvme speci-
ficities. ete.. although there has been no investigation along these lines as vet.

TABLE 12
RELATIVE ABUNDANCE OF DIAGNOSTIC FRAGMENTS IN METHANE-SUPPORTED
CI MASS SPECTRA OF SOME PHTHALATE DERIVATIVES
/’ COQCH,
All phthalates had the structure ! I

COOR
R Rm'e Relative abundance (1, of buse peak )
R - (A —31)° [V ERI

CH.COOCH, 73 1 35 7
(CH.).COOCH; N7 15 4 4
(CH.),COOCH, 101 P2 0 2.5
{CH.),COOCH, s 100 Q0 2.8
(CH.);COOCH. 129 86.5 1 6
(CH.),COOCH., 143 67.5 11 ]

157 9 15 12

(CH.);.COOCH,
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{iii) Synergists

In previous studies in this laboratory. we employed GC-MS together with IR
and NMR spectroscopy and thin-layver chromatography (TLC) to identify the major

impuritics in commercial preparations of piperonyl buitoxide (2-propyi-4.5-methylene-

dioxybenzyi-u-butvldiethylene giveol ciher)''s. Some of the impurities were liter syn-
‘thesized and found to have mixed function oxidase inhibitory abilities similar to that
of piperonyl butoxide itself. For a more detailed discussion of the chiemical and
biological activities of piperonyl butoxide and other methylenedioxy synergists. the
reader is referred to the literature by Fishbein and co-workers'»-12%_ At the time that
the investigations concerning the impurities present in piperonyl butoxide were com-
nleted (1971). we did not have the cross-referenced EI-Cl mass spectrometer facilities
availabie. so all of the spectra discussed were 70-eV El spectra.

Most of the impuritics had the partial structure

O\I/\/Cﬁz__R
/7 gl

—izC '

/\/\CHz-—— CH,—CH3

and gave rise to 2 molecular ion (M) with ¢ base peak at either m'e 176 or 149, The
spectra will not be discussed in detail. as the salient features have heen presentad
previouslyv!'?

Even upum\ e TLC procedures did not permit the isolatien i purc samples of
cach of the impurities of interest. and the application of GLC was esseatial in order
to obtain usable mass spectria. However., owing to the relatively i g% ISMPUrstrs

1weeded to elute some of the higher-molecular-weight components {two of which '\\LI'L
dimeric in structure). it was necessary. because of unavailability of thermatly stapke
polar columns._ to use a liquid phase (Dexsil 3CG6) that could not itsell resolve ail ¢ l
the compounds. GC-MS studies, in this case. had to be applied to the indivicoal

. 856
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Fig. 25, Fragmentation patterns for didvdroszirole derivatives, iHlustrated for priperony! butoxide.
The fragaents indicated were observed in spectra from ive substituted dihrdrosafrole derivatives.
The molecular tor illustrated as having 2z - -338 refers to pipereny] butoxide, aad the contirmatory
metastable fons (2 e values cireled) also refer to this compound. Solid vectors indicate fragmenta-
ttons vielding major abundaznces ( -57) while dotted vectors indicate less favored fragmientation
FOULes.
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fractions previously obtained by preparative TLC. We have generally found that
prelimmary TLC, separating groups of compounds on the basis of difference in
polarity. alimost always permits subsequent GL.C resolution on the basis of volatility
or molecular weight. This allows one to use non-polar, highly stable GLC liquid
phases for almost all types of GC-MS investigations.

The major fragmentation of the most concentrated impurities in commercial
piperonyl butoxide are summarized in Fig. 23, The fragmentation seguence shown
was confirmed by the metastable 1ons indicated in the figurc. observable in this case
because the spectra were obtained using a sector instrument without computerized
data handling. - Basically, the same fragmentation pattern was observed lor com-
pounds in which the methylenedioxy ring was replaced by two methoxyl groups. excert
that the corresponding ion fragments were shifted 16 mass units higher in the spectra.

The group designated as R in Fig. 25 could often be deduced irom its molecular
weight (M~ — 177). but the deduction required imdependent confirmation by NAIR
or IR spectroscopy (or svnthesis and GC-MS). The mass spectia did. however. pro-
vide information permitting the eliminaton of various possible structures tor R. Fer
example. the absence of a peak at mife 57 indicated the absence of a butvlcarbinyi
side-chain (the side-chain of piperonyl butoxide itself). while the absence of a peak
at mfe 176 was associated with == H. The findings reported in the section on
Plasticizers (see above) suggest that confident identification of the R groups would
fare been greatly facilitated had Cl been available in this stizay.

(ivy Medicinals and food additives

In this short section. no attempt will be made to discuss the broad and varied
arcas of drugs and specific foed additives. On the contrary. the discussion wiil be
limited to very specific examples in these arcas in crder to illustrate the lmitations
and the need for the use of” MS prior 1o and during biological investigauons. For the
reader who may be concerned with specific health -hazards asscciated with the repe-
titive exposure to common drugs. pharmaccuticals and medicants of animal feeds,
one is referred to recent reviews by Fishbein and Flamm?**! -1#%_Applications of GC and
GC-MS to the investigation of drug metabolism are too numercus to discuss within
the scope of this presentation. A recent representative source of the utilization of
GC-MS in clinical and forensic chemistry. in identificaticn of drugs in bedy {Tuids
and in toxicological problems may be found in the book by McFaddens.

To the chemist who is concerned with the sequence of events that akes place
once a4 compound has entered a biological test system. the mast important consider-
ation prior to initiation of the experiment is the chemical puriiy of the compound to
be studied. As has been discussed earlier for other environmental agents which may
contain contaminants. the utilization of an impure compound for metabolic, toxic-
ological or other types of biological testing does not assist i1 abtaining the clarification
needed on the specific compound. The use of contamirated cempounds furtiier com-
plicates the interpretation of the biological data. Seme examples of various types of
contaminants include: (a) isomeric PCBs: (b) the dioxins in chiorinated phenois:
(¢) phthalates: and (d) drugs such as Stalinon which contain the active components
diethyltin diiodide and linoleic acid. Stalinen contained as impurities ihe mono-
ethyltin and the very toxic triethvltin iodides. and in an investigation of a series of
poisonings!>t_ it was concluded that the triethyitin was the toxic contaminant which
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resulied in the death of about 100 persons and in other affected patients resulted in
the production of neurological symptoms.

A very difticult class of compounds for the analytical and synthetic chemist to
evaluate is a family of drugs used to treat schistosomiasis (snail fever)'*>. The struc-
tures of some of the compounds are described in Fig. 26. Schistosomiasis!?* is endemic
in 72 countries or islands with a total population of about 1.3 billion. Moreover.
schistosomiasis imposes a severe economic burden due to the cost of medical care,
time lost from gainful occupation and compensation for illness. In Egypt and Africa
alone. the economic loss exceeds one billion U.S. dollars annually becausce of this
parasitic discase.

A 0 HNACH,),-N-(C,H,), O HN-{CH ), 1e-{C,H,),
= =
g A S CHaSOst O . O -CH, SO,H
CH; CH,OH

Lucaenthone-Methane Sulfonate Hycanthone-Methane Sulfonate

B
N—N-(CH,1-N-(C,H, ), M—N-(CH,L-N-C H,),
= >
cxm -CH,SO0,H c:@rsji_;( -CH,SO0,H
CH, CH,OH
Compound T Compound IL

N—N-(CH,},-NC,H,),

JHL), N —N-ACH ), N-CH ),

N shz s sA~
CH, CH,0H
Compound IIT Compound IZ

Fig. 26. Chemical structures of schistosonial drugs. A, Lucanthone. hycanthone. B! Indazole analogs,

It has been reported®= ' that Miracil D (lucanthone) and hycanthore have
been found to be mutagenic in Drosophila and in mammalian cells and induce lesions
and chromatid breaks in human leukocytes. Since the first repert by Hartman er ol V4
of the mutagenecity of hycanthone in Salmonella. additional evidence has been accu-
mulated concerning the toxic side-effects of this drug. its hepatotoxicity™ 1= and its
carcinogenicity'™ in Scliistosoma mansoni-infected micé.

To the biologist. the problem is the potential health hazard produced by ex-
posure of a large scament of human population to a mass-produced singly injectable
drug which has some of the above undesirable side-eftects. The medicinal chemist
then becomes involved with this problem area in order to produce structure modi-
fications of the hvcanthone molecule in an attempt to dissociate its schistosomicidal
and its host-toxicity properties!®*. The task of the analvtical chemist in this area is
concerned with the development of methods for analysis of purity and the detection
of possible metabolites in biological systems.

It is most important to analyze the compound in the sume chemical form as
it enters the biological system. With the hycanthone analogs (Fig. 26), which hope-
fully would have less undesirable side-effects than the hycanthone. 1t is very difficult
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to analyze these compounds in their salt form. As will be seen later, one may analyze
these compounds by reversed-phase liquid-liquid chromatography. On the contrary,
in order to analyze these analogs by GC and GC-MS, one must first convert the
salt into the free base, which would be organic extractable. The free base was then
analyzed by GC and GC-MS. These highly polyfunctional compounds are very polar
and very non-volatile. One could derivatize the polar groups by silylation to convert
the alcohol into the ether, but this additional process would remove the analysis still
another step from the actual state in which the compound enters the biological system.
Trace contaminants which may or may not react during the derivatization would
become further obscured, even to the stage of non-detectability.

Theretore, with this set of compounds (Fig. 26), the organic extract which
contained the free base was analyzed by TLC, GC and GC-MS. Because of the high
degree of polarity and low volatility, the operational temperature of the GC system
is near its maximum limit (about 3007%). With this class of compound, if one operates
the GC initially at too high a [empemtufe (270-3007), one observes maximum decom-
position with very little differentiation in components. By programming the temper-
ature from below 200° to 280°, one obtains minimal thermal decomposition. The only
indazole analogs that could be analyzed by GC or GC-MS were compounds [ and [11:
all other analogs were too non-volatile to be eluted, even after maintaining the GC
column temperature at 300° for long periods.

Specifically with compound HI. a very trace contaminant was detected. The
sume chromatographable component with comparable retention time and spectra was
also present in compound I As can be seen from Fig. 27, even at the temperature
limit of the GC system, these compounds do not produce a satisfactory GC chro-
matogram. The GC peak width under these specific conditions for compound 11
was almost 4 min in comparison with the GC peak width of compound I (over 8 min).
In this instance. the contaminant with a peak width of about 30 sec can be much more
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Fig. 27. Reconstructed chromatogram of the hycanthone indazole analog 111 (OV-1_ 180~ for 2 min.

180-280" at 10°/min).
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satisfactorily analyzed than the major component by GC-MS. Similar contaminants
which were described for compounds I and 1T with a retention time of about 4 min
(Fig. 27) were also detectable in compounds I and 1V. Because of the undesirable
chromatographic behavior of these compounds on GC-MS, the material was analyzed
by direct probe. Partial spectra of the hycanthone analog and this contaminant
are given in Table 13. Even using the direct probe CI system, one may detect and
differentiate the presences of the contaminant of compound JII, as iliustrated in
Fig. 28. Careful control of the probe temperature enables one to remove the con-
taminant from the major component.

A common characteristic of all of the spectra of the hycanthone analogs
(Fig. 26) is the base peak mi/e of 86, derived by cleavage of the methylenediethylamino
side-chain. In the El mass spectra of these highly polyfunctional compounds, the
ton in the molecular region was very weak (< 1")) or, in some instances, not
detectable. As shown in Table 13, the I spectra have very abundant (20-100°,)
quasi-molecular ions and the appropriate recombination fragments. The contaminant
which was characterized by GC-MS and earlier detected by high-pressure liquid
chromatography has a molecular ion at m e 233 with a base peak of m'e 91. This trace
contaminant does not have the ethylenediethylamino side-chain common to the ana-

TABLE 13

PARTIAL MASS SPECTRA OF HYCANTHONE INDAZOLE ANALOGS
Compound HI, M nre 337 compound L. M- m e 370 (CE 0 35).

Compound ~ Compound — Comtaminant - Contaminant  Contaminant Compound — Conpowod Compornd
/!

Hi, HI, 11, IHA I 1. 11, I
GC-EI-MS, GC-CI-20y, GC CEMS. GC-EILMIS. GC-EI-NIS. diveet probe  diveet prabe — direet probe
70 el methane micthane el 7trel A 1. l.
methane ioburane iobutane
me ", me °, me ", me “, me “, nre v, moe m
3)7 0.53 367 25 282 69 367 1.1 97 043 429 0.3
264 0.29 31y 8.3 25% 103 254 1.6 339 4.3 393 4.1 42N 22
251 IS 338 233 254 [ RAR} 6.7 253 N0 33N 9.5 39l 22 07 .33
23R 1.6 337 I83 210 103 224 25 2 270 3T 12w 1.5 Jdio I.0
a0 0.23 336 33 186 0.9 210 283 210 7.2 336 0 3N RIS 1.3
208 0.7t 172 9214 183 1.7 [84 21 N0 7 414 S
[63 0.53 162 138 172 4.2 172 6.4 379 NX6 413 01l
100 .59 I35 4822 155 484 1o 43 Mo ol 377 [$N ]
9% 0.71 139 33 139 12 KRR 212 376 1.6
87 5.2 sl  43.0 98 415 R7 3.2 338 oo 375 84
86 100 86 100 86100 337 0.3 374 0N
8 60 91 100 91 100 85 34 254 22 373 255
84 1.8 Rl 483 100 30372 1o
77 0.71 6y 267 65 3y 87 26 371 252
70 0.83 56 1.7 56 128 86 554 370 23
S8 R 55 150 55 11N N3 1.7 283 1.4
s 100 7.7
: N7 1.3
N6 YN
NS5 6.8

* Asthe probe temperature was increased from 5010 150 | the contaminant volatitized during collection of spec-
tra 9-13 (50 75 ). with spectrum 12 having the most abundant m ¢ 234 (see Fig, 28).
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logs. Analysis of the intact salt form of these hycanthone indazole analogs indicated
that all of these compounds contained a trace impurity, as described in Fig. 29,
Because of the complexity of this family of compounds, the analytical chemist must
rely not only on GC and GC-MS. but also on many other techniques in order to
evaluate the chemical purity of these materials in the chemical forms in which they
may be used. Analyses of these derivatives in the salt form by reversed-phase liquid-
liquid chromatography. later followed by analysis of the free base by GC and GC-MS
techniques. were necessary for determining the presence and the chemical identity of
the impurity.

To the more biologically oriented chemist, another very important need for
structural verification is concerned with the identification of a radioactive component
which has been isolated from the biological system during metabolic investigation.
Chromatographic techniques (TLC. liquid chromatography and GLC) assist in the
mitial determination of chemical characteristics. Many times, as described for the
HC-labeled TCDD. the labeled compound has slightly different chromatographic
properties dependent upon: (a) the degree of radiolabel present in the molecule:
(b) the presence of natural contaminants: or (c) the eftects caused by “overloading™.
Chromatographic data concerning the characteristics of the labeled component iso-
Iated from the biological svstems in comparison with the labeled compound that was
administered to the system are indicative, but not conclusive, of the chemical identity
of the compound or its metabolite. Being able to differentiate the real metabolite
from the artefact is not always as simple as one might expect.

For another specific example. consider the metabolism of [Y'Clsaccharin.
Results of administration of a representative dose of [HClsaccharin to the rat indicated
that the labeled compound was rapidly removed from the gastrointestinal tract. from
the blood and from the tissues and wuas excreted primarily in the urine®™?'. Analyvsis
of the urine for the radiolabeled compound by a chromatographic technique (TLC)
and radiography indicated the labeled compound excreted in the urine did not have
exactly the same chromatographic properties as those of the [YClsaccharin which
was administered. Several artefucts were present in the thin-layer chromatogram of
the urine because of the interaction of normal contaminants with the unchanged
[*Clsaccharin. These normal urinary constituents affected the mobility of the sac-
charin in the chromatographic syvstem. Only after comparative analysis of the labeled
compound which was administered to the rat with the labeled urinary component
which was executed by the use of GC-MS could one conclude that the [*'Clsaccharin
remained unchanged in the biological test system upon excretion in the urine. In
mixtures of more polar compounds. such as those containing amino- or hydroxyl-
groups or combinations of them, the tendency for interference with chromatographic
properties by normal substituents. especially in the urine and feces. are very great.
The more rigidly one characterizes a component isolated tfrom a biological system.
the more reliably will one be able to differentiate the biological artefacts from the
true metabolites. It is just as important to be able to recognize the normal contami-
nants from urine. feces or tissues as it is to determine the chemical structure of the
metiabolic component formed in the test system.

(v} Organometallics (methyvimercury)
In the course of analyzing tissues for methylmercury, we observed that the
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material eluting from a gas chromatograph during registration of the somewhat tailing
peak assigned to methylmercury chloride™ could be trapped in a chilled glass capil-
lary for further examination. Upon re-injection into the gas chromatograph, this
component gave a peak at the same position as standard methylmercury chloride,
but no longer exhibited conspicuous tailing. Unfortunately. attempted GC-MS using
GLC columns*> traditional for methylmercury analysis gave spectra predominantly
of column bleed. The material trapped from preparative GLC was too volatile for
the sample handling necessary with the direct probe inlet.

At about that time. Baughman er ¢/.**% published observations on the GC-MS
of organomercury compounds. Although they identified the material eluting from the
gas chromatograph when various methylmercury halides were injected. and could
account for the peak “tail” as involving the elution of methylmercury halides other
than the one injected (exchange products). it was still not obvious why re-injection of
the trapped component trom preparative GLC did not result in another tailing peak.
This phenomenon remains unexplained. As concluded by other reports’*-'3% jonic:
methvimercury compounds. and especially phenylmercury compounds, decompose
and undergo exchange reactions in the gas chromatograph to the extent that GLC is
not a very suitable method tor the analysis of these compounds. even after pre-treat-
ment of the column. Other chromatographic and biological aspects of organic and
inorganic mercury compounds have been discussed in depth in recent reviews!3s-110,

th) Natural producr environmental agents

(i} Lipids

Hydrocarbons. Aliphatic hyvdrocarbons have been an environmental concern
for manyv vears. because of their association with follicular lipidosis'*!-1¥2_ lipoid
pncumonial®-" gnd possible artherosclerosis!®-1% Some aliphatic hyvdrocarbons
have shown co-carcinogenic properties with fused-ring aromatics***-* and. most re-
cently. the saturated isoprenoid hyvdrocarbon pristane has been found to have as yet
unexplained adverse effects on the immunogenic responses of the rat. Paraffinic
and isoprenoid hyvdrocarbons are both natural constituents of the diet and augmented
by muneral oil “tfood additives™. and their accumulation in animal tissues is tacilitated
by exposure to common pesticidal synergists such as piperonyl butoxide!®. Although
the metabolism of straight-chain hyvdrocarbons is becoming understood®!, little or
nothing is known about the mammalian metabolism of c¢yclic or branched hydro-
carbons.

Refsum’s discase is one of the genetic lipidoses associated with inability to
«-oxidize phytanic acid (3.7.11.135-tetramethylhexadecanoic acid) derived from dietary
phytol=2.153 - resulting in accumulation of 1soprenoid tatty acids in various tissues
mcluding the brain'. If the hvdrocarbon analogue of phytanic acid, phytane. were
metabolically oxidized to phytanic acid (by analogy with the metabolic fate of normal
paraftins). the turther breakdown of the molecule could be accounted for by known
pathways!a3-157

Our attempts to study the metabolism of isoprenoid hydrocarbons in rats have
involved GC-MS in the identification of various metabolites and in the search for

-artous potential metabolites. The GC properties of isoprenoid fatty acids have been
discussed by Ackman'?®-13% and by Ackman and Hansen'". As the phytane used in
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Fig. 34. GC-CI-MS methane spectrum of free phytane metabolite.

our studies was derived synthetically trom [U-''Clphytol, it would have had the
potential of being metabolized. to a mixwure of diastereoisomers of phytanic and
pristanic acids. and the isomers are also separable by GLC'™.

Among the published mass spectra possibly relevant to this problem are the
electron impact mass spectra of pristane!®-1%2 and phytane!®2, methyl pristanate!,
and a range of other multi-branched fatty acid methyl esters and their hydroxvlated
metabolites!®-136_ Although CI-MS has been applied to the study of hvdrocarbons!?,
no published applications to the study of isoprenoid structures have appeared as vet.

Although it was apparent on GLC that phytanic acid did not accumulate in
rat-liver or brain lipids after phytane exposure. the absence of pristanic acid was not
certain. The methane Cl spectrum of methyl pristanate is shown in Fig. 30. Limited
mass searches of GC-CI-MS analvses of rat liver and brain fatty acids as methyl
esters were made. but no component having the predominant fragments mje of 313
and 88 were present. Examination of the spectra collected at the elution time of
methyl pristanate failed to show the ion of mfe 313. This indicated that pristanic acid
also did not accumulate when rats were fed phytane.

The only lipid material that could be shown to be a metabolite of phytane in
rats (other than lipids derived from ["*Claceiate labeled from [MClphyiane) was found
by chemical means to be an alcohol. .

Reduction of the mesylate with lithium aluminum hydride gave phytane. in-
dicating that the C., skeleton was intact (this was later confirmed by double *H/"C
labeling experiments). The problem was to locate the hydroxyl group on the chain.
Methane ClI spectra of phytol. dihvdrophytol and pristan-1-ol are shown in Figs. 31.
32 and 33, respectively. while the corresponding spectrum of the phytane metabolite
appears in Fig. 34. Unlike the standards. the unknown shows a base peak at mfe 59
and a fairly abundant peak at myje 281 (M —17). These spectra suggest that the
hydroxy! group is more easily eliminated in the unknown than in dihydrophytol. vet
is associated with an easily cleaved C; unit.

The 20-eV El spectra for the trimethylsilyl ethers of phyvian-1-ol {dihyvdro-
phytol), phytan-2-ol. phytan-3-ol. phytol and pristan-1-ol are shown in Figs. 35. 36.
37, 38 and 39, respectively. and for the trimethylsilyl ether of the phytane metabolite
in Fig. 40. The spectra all show major fragmentation at arje 73 and 73. derived from
the trimethylsilyl moiety. The location of the hydroxy! groups can be readily deduced
from the base peak in the spectra, as the favored cleavage appears to be as indicated
i Fig. 41, :
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The base peak at m/fe 131 in the spectrum of the trimethylsilyl derivative of the
phytane metabolite (Fig. 40) eliminates all three of the “phytan-x-ol” derivatives
tested (Figs. 35-39) and suggests that the oxidation did not originally occur at the
anteiso-end of the phytane molecule. However. if the hydroxyl group was located on
one of the former methyl groups of the iso-end of the phytane molecule, the base
peak should have been at m/e 103. because the cleavage “b™ (Fig. 41) apparently does

not occur in this tvpe of structure.
CH,

The structure most consistant with the above observations is R-C-OH, which
CH,

should split out H.O very easily. eliminate an nfe 39 fragment fairly easily. and pro-
vide a TMS ether vielding a base peak at mfe 131. This postulated structure of the
metabolite remains to be confirmed by organic synthesis. In passing, both Cl and EI
spectra of acetates and methyl ethers were obtained for the unknown and standard
alcohols. No useful information was obtained from these spectra. as the substituent
group was simply eliminated, yielding alkene spectra. ,

Another type of hvdrocarbon ubiquitous in the environment is the group of
polycyclic aromatics. Polyveyclic aromatic hydrocarbons are probably the most abun-
dant compounds found during analysis for air pollutants. Because of the complexity
of the number and types of these hydrocarbons in air samples, gas chromatography
alone as an analvtical technique is very limited in its degrec of usefulness in this area.
Because of the carcinogenic and co-carcinogenic properties of some of the polyveyelic
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Fig. 32, Reconstructed chromatogram (GC-EI1-MS 70 V) of synthetic 4.5 9-tetramethylanthracene
(OV-1, 200 for I min, 200-230" at 10" 'min).
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aromatic hydrocarbons which are pyrolysis products of fuels such as coal and petro-
leum. monitoring for these compounds as air-borne pollutants becomes very necessary
in order to minimize human health problems associated with them.

A large volume of information is available concerning particulate polycyclic
hydrocarbons'® and the carcinogenic properties of these air pollutants. Within the
scope of this review, one may refer to recent reports concerning the use ot GC-MS
in the analyses of polycyclic aromatic hydrocarbons in air samples!®-16%,

Correlation of chemical structure and physical properties with biological ac-
tivity is verv advantageous to the chemist, especially in the case of the polynuclear
aromatics and their carcinogenic properties. In this respect. we carried out the analysis
of some very interesting methyl substituted anthracenes' in order to clarify the
chemical structures and explore the possible presence of products of side-reactions
during the svnthesis. Fig. 42 represents the GC-MS analvsis of svnthetic 1.4.3.9-
tetramethylanthracene. The major component (Fig. 42) with a retention time of 31-4
min is 1.4.5 9-tetramethylanthracene with a molecular ion at mife 234 and a base peak
at nmfe 219 with less abundant nife 203. 189. 117 and 102 ions (Fig. 43). In contrast
to paratlins and unsaturated hvdrocarbons. these anthracene derivatives in GC-
methane CI-MS form very abundant (M -- 1) quasi-molecular ions with detectable
(M -+ CHjy)* and (M -+ C,H.)" recombination fragments. As reported earlier'™, n-
paraffins and isoparaffins in methane CI-MS produce very intense (M — 1)~ ions
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without the production of the recombination fragments [(M -+ C.H;)*. etc.]. As can
be seen from the CI spectrum, this methyl-substituted anthracene readily undergoes
adduct ion—molecule reaction with ions from methane to produce the recombination
fragments similar to those described for esters!® and more polar oxysenated com-
pounds.

The earlier eluting contaminant of 1.4.5.9-tetramethylanthracene (Fig. 42)
with a retention time of 2-21 min has a molecular ion at m/fe 266 with a base peak
of mje 223 (Fig. 44). The pentamethylanthracene'®™ also contained a similar impurity
which eluted before the parent hydrocarbon. This impurity of the tetra- and penta-
methylanthracenes is an oxygenated compound which contains no reactive hvdroxyl
groups. This trace component (Fig. 42) produced during the reaction and/or storage
is probably the endoperoxide of 1.4.59-tetramethylanthracene. which is similar to
photooxidation products reported for other methvianthracenes!*™.17!1_ The elution se-
quence of the endoperoxide before the parent hydrocarbon may be explained by the
low degree of interaction of the oxygenated species with the GC phase in comparison
with that of the hvdrocarbon.

In the case of the substituted methylanthracene. the EI spectra are much more
informative about the chemical structure than are the few fragments of the Cl spectra.
On the contrary. the CI spectra give much needed insight into the chemical reactivity
and into the ability of these polycyclic aromatic hydrocarbons to undergo electrophic
addition reactions.

Prostaglandins. The investigation of prostaglandins as possible hazardous en-
vironmental agents stems from at least two considerations. Firstly, because of the
extreme potency and diverse effects'™ produced by minute amounts of various
prostaglandins on biological systems, the evaluation as to whether exogenous prosta-
glandins either relative to ingestion or to topical and medicinal exposure should be
considered environmental factors must be clarified. Secondly, one must determine
whether endogenous prostaglandins play a significant role in the response of man and
biologicali test systems to common environmental pollutants.

Prostaglandins®*>—'*® of the E type have been reported to be potent bronchial
dilators. while those of the F type are potent constrictors. Both classes of prosta-
elandins have been implicated in inflammatory responses.
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This laboratory, during the past 5 years, has investigated prostaglandins from
the standpoint of: (a) development of analytical techniques for analysis of prosta-
elandins 1n biological systems, with emphasis on GC and GC-MS: (b) evaluation of
common consumable food sources for the presence of prostaglandins and “prosta-
glandin-like” compounds which may enter the human system by way of the food chain:
"~ and (c) identification of metabolites from the biosvnthesis and degradation of endo-
genous prostaglandins as affected by normal air pollutants.

Research into prostaglandins has increased rapidly since the early 1960s. as
shown by the increasing size of the Upjohn bibliography'*? and the initiation of a
journal in 1972 entitled, and dedicated solely to, Prostaglandins'*s.

The use of GC and GC-MS for the analysis and elucidation of the structure
of prostaglandins is almost as numerous as the bibliography!®® in this area. In most
istances, the specific derivative of the prostaglandin analogue has been analvzed bv
GC-EI-MS. Some of these derivatives exhibit a verv low or non-existent abundance
of ions in the molecular region'*%-1**_ even at reduced electron voltages (10-20 eV).
Earlier reports from this laboratory described the GC characteristics'™ of various
prostaglandin derivatives and the use of GC-CI-MS¥! for the structural identification
of the intact prostaglandin molecule.

Because of the high degree of polvfunctionality of the various prostaglandins
and their metabolites. care must be exercised in choosing the specific type of derivative
for structural identification purposes in order to minimize the chemical and thermal
lability of these biologically active lipids. As reported earlier for the trifluoroacetate
derivative of PGF.., the major chromatographable product is the methyl] ester ~di™-
triffuoroacetate’™! with a molecular weight of mje 542. In the presenée of trace
amounts of acid. PGF;, tends to form elimination products. Table 14 illustrates the

TABLE 14

METHANE CHEMICAL IONIZATION MASS SPECTRA OF THE METHYL ESTER TRIME-
THYLSILYL ETHER DERIVATIVES OF PROSTAGLANDIN PGF,.. (/e 5386) AND PGF..
(nr.e 354)

PGF,.. PGF..
Fragmenr niie Abundance ¢°,) Fragmenr m;e Abundance (“,)
615" 4.3 625°"" 0.7
585°° 6.9 613" 10.3
571 326 583°° 7.2
515 15.5 569 $2.2
197 836 513 11.9
481 112 195 189
107 1060.0 479 238
381 879 405 100.0
317 86.2 379 20.1
310 121 315 58.7
291 13.8 289 101
173 138 173 139
73 276 73 RY

° Recombination fragments (M + C.H;) .
T M-—1.
°*" Recombination fragment (M -~ C H;).
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desirable characteristics of methane CI-MS for the analysis of the methyl ester tri-
methylsilvl ether derivatives of PGF,,, and PGF... In comparison with electron im-
pact spectra even at low electron energies'!. in GC-CI-MS for these prostaglandins
the sample requirements are less than that at 10-20 eV and the CI spectra have a
greater abundance of ions in the molecular region and including the recombination
tragment. The high-mass ions in the CI spectra are much more casily detected than
in EI. Fig. 45 rzpresents the CI mass specira of a product of the microsomal bio-
svnthesis of prostaglandins®™=. These biological investigations'*-'* are concerned
with the effects of common atmeospheric contaminants on the biological mechanisms
of the lung as mediated by prostaglandins.

, As will be discussed later for other compounds, with reference to the use of
GC-CI-MS for the quantitative analysis of prostaglandins. CI mass fragmentography
(refs. 184 and 185) has been used verv advantageously to increase the detection limits
of the methyl ester trimethylsilyl ether derivative of PGF., below 200 pg. The limits
of detection and identification of prostaglandin derivatives by GC-CI-MS in both
the specific ion monitoring and scanning modes are controlled mainly by the chemical
and thermal lability of these lipids in the chromatographic system.

As discussed earlier, another reason for the evaluation of prostaglandins as
possible environmental problems is concerned with the possible consumption of
“prostaglandin-like™ compounds through the food chain. During the discussion of
this phase of investigations, the reader will note the limitation of chromatographic
data when used alone.

GC-MS studies were involved in the identification of a compound isolated
from wheat bran which initially was suspected on the basis of chromatographic prop-
erties to be di-nor-PGFa.. The compound co-chromatographed with PGF., on TLC
plates in two solvent sysiems, and its methyl esier co-chromatographed during TLC
with methyl-PGFa.. The methyl ester trimethylsilyl ether co-chromatographed with
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TABLE 15

70-eV MASS SPECTRUM OF ACETYLATED METHYL ESTER OF THE FATTY ACID
ISOLATED FROM WHEAT BRAN

mie Relative abundunce mle Relative abundance
(") (%)
29 292 211 38
3 1.5 213 5.4
3 4.2 226 369
32 138 237 8.5
57 100.0 REH 23
58 7.8 251 22
39 10.8 252 1.5
60 17.2 253 1.7
83 16.6 256 31
hE 18.6 267 1.5
85 40.0 268 3t
86 6.2 269 1.2
87 12.6 277 54
88 —_ 285 2.0
140 523 290 1.7
149 57.0 308 6.5
151 123 309 29
155 131 314 1.5
156 29 322 I.5
166 8.3 323 1.1 ’
171 1.5 323 0.6
173 75 325 09
I82 14.0 326 0.9
194 23.1 350 0.6
1935 6.0 351 o8
197 3.7 368 1.4
199 3.2 411 0.6
208 10.2 439 0.6

the corresponding derivative of di-nor-PGF.. during GLC on cyclohexane dimethanol
succinatelye-1ss, :

Identification of the bran acid eventually required the employment of IR.
NMR and UV speciroscopy. MS, and a variety of chemical degradations'”. The
acetylated methyl ester of the bran acid (3.8.12-trihydroxy-rrans-9-octadecenoic
acid™) gave a 70-eV El mass spectrum clearly incompatible with a prostaglandin
structure!™®. This was the first indication that we were not dealing with di-nor-PGF.,,.

The mass spectrum of the acetylated methvl ester of the wheat bran acid is
summarized in Table 3. A scheme outlining the possible origin of the major even-mije
ion fragments'™® is given in Fig. 46. Other diagnostically useful fragments were those
at mje 439 (M —31). 411 (M —59). 351 (M —[39 -~ 60D). 277 (M —[73 -+ 2 = 60]).
350 (M —2 2 60) and 290 (M —3 = 60), confirming the presence of the three d(.t.[o.\_\’
groups and the methyl ester group. In this case. mfe == 74 was nearly absent. possibly
because of the substitution on C, interfering with transfer of the ;-hydrogen'’.
Metastable ions. indicated by *( ). assisted in the development of the tmumcnmuon
scheme, as shown in Fig. 46.

Other lipids. An important area which has been only briefly mentmned but
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which is very important during the isolation, characterization and identification of
lipid soluble environmental agents, is concerned with one’s ability to be able to
differentiate in this case the normal lipids of the cell from the lipid-soluble agent
under investigation. In the case of lipid-soluble environmental agents such as chlorin-
ated pesticides which may be localized in the fat depot of the body, the lipids, including
hvdrocarbons. fatty acid esters, steroid derivatives and even the very polar complex
lipids, would be normal contaminants from the biological syvstem. In this review we
do not discuss the use of GC and GC-MS in the broad field of lipids: the reader may
refer to numerous other articles available on this topic! -1%3_ In order to minimize
and/or eliminate these interfering lipids. exhaustive means, including chemical, chro-
matographic and instrumental methods, must be used to assist in differentiation of
the normal lipids from the lipid-soluble environmental agent and its metabolites. In
instances where the investigator limits himself to one method and relies solely on
chromatographic techniques to differentiate the natural contaminant from the lipid
soluble compound being investigated, usually many erroncous results may arise.
leading the investigator to muake invalid conclusions concerning the environmental
agent.

(i} Essential vil components

Substituted allyl- and propenyibenzenes are a family of naturally occurring
environmental agents with which man has many daily encounters. These essential oil
components are present in foods. food additives and flavoring agent. These two classes
of lipid-soluble compounds have been identified as natural substituenis in nutmeg'™:,
bananas!*, processed tobacco™t. carrots!™ . black pepper!s. parslev™, parsnips'.
cloves®™™ . smoked meat products®™! and many other natural oils and flavoring mate-
rials!''. Ingestion of considerable amounts of some of these allvl- and propenyl-
benzene derivatives produces physiological changes™=*-*" dependent upon the drug
—varving from (a) nausea. (b) cvanosis and (c¢) drop in blood pressure. to (d) in-
somnia, () heightening of ego. (1) inability to carry out intellectual processes and;or
even (g) death. The mechanism(s) for the production of these responses are unknown.
Furthermore, as reported for satrole®*-*** and more recently for other allvlben-
zenes @2t these allvlbenzenes produce tumors*~!!, seneral fibrosis, mass adhesion.
hiver degeneration and very abrupt pathological changes in experimental animals.

MYRISTIGIN

CHp —CH=CHaz

CH30 o

O—CH,
Fig. 47. Generally undesirable properties of myristicin and other allvlbenzenes: 1. isofated from edible
parts of parsnips, parsley, nutmeg, and processed tobacco: 2. naturally occurring insecticide: 3.
possesses relatively strong synergistic activity: 4. possible psychoactive agent in nutmeg: 5. possible
tumor producing agent.

Investigations in this laboratory have been concerned with the psychoactive
and tumor-initiating properties of the allvl- and propenylbenzene derivatives. This
research includes: (a) isolation of pure allvl- and propenyvibenzenes from natural
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sources: (b) synthesis of unlabeled and radiolabeled (*C) components of essential
oils: (c) development of analytical techniques required for chemical and biological
investigations in this area; (d) general metabolism of the allyl- and propenylbenzenes
and (e) correlation of structure-activity relationships at the enzyme level of the metab-
olites with the mechanism of psychoactive responses. Fig. 47 summarizes some of
the generally undesirable properties of myristicin and other allylbenzenes. Fig. 48
represents the chemical structure of some of the essential oil components.

T CH=0HS e Cr-CHy .0 25
fyﬂ):@/ ¢ @ o o

S,

éCH: ocH, = - Sglrale T - tse Sciroie
1 - A%ynishoe T - isc Myrishcon
H CH N
= .’o@cufcmcaz o@, CHCH-Ciy
=0 =C-Cits
@C a CHO CCH,
g, Crty 7 ocwy ocw,
i -ascrone = - g-Ascrone X5 - Etermain T - 1so Eiermgin
OCH
CHpCH=CH, CH=CH-CHj3 ~0 CHy CH=CH,
CH,
HO HO o
CCH; OCH; OCH;

IZ - Eugenot X - Iso Eugenol XI- Apial

OCH3
P CH=CH-CH5y CH>-CH=CH, CH=CH-CH3
ChHa>
o
OCHy OCH;
OCH3
XiT-1sa Apiocl XTI~ p-Allyi Anisole XAV - p-Propenyl Anisole

Fig. 48. Chemical structures of components of essential oils.

] In order to account for the psychoactive responses produced by myristicin and
other allvl- and propenvibenzenes. it was suggested that the substituted benzene
derivatives may be converted biologically into amphetamines'™*. Beginning with the
hypothesis that safrole or myristicin would be converted into the amphetamines which
then would be responsible for the psychoactive responses. we investigated the pro-
duction of urinary metabolites upon administration of a pure allyl- or propenyl-
benzene derivative. Using the “chemical label™ of the methylenedioxy ring in the case
of safrole and myristicin. together with the ninhydrin-positive characteristics of amines
and amphetamines, theseinvestigations indicated that any allyl- or propenylbenzene
which contained a double bond in the side-chain was converted into the ninhydrin-
positive basic urinary metabolites®'? which were not present in control urine.

The urinary metabolites of safrole®!? co-chromatographed in the TLC system
with. the 3.4-methvlenedioxyamphetamine. As the chemical haracterizaticon pro-
eressed further, it was found that these urinary metabolites reacted with the carbonyl
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reagent (2,4-dinitrophenylhydrazine) and that these basic urinary metabolites decom-
posed very easily to yield ninhydrin-negative carbonyl-containing compounds2!2
Detailed characterization of the chemical structure of these urinary metabolites of
safrole®?® using chromatography. UV, IR and NMR spectroscopy and MS in direct
comparison with the synthetic standard indicated that the urinary metabolites were
net amphetamines but were the more reactive terr.-aminopropiophenones??_ Since the
early identification of ithe urinary metabolites of safrole*', in addition we have found
that myristicin®?, eugenol*"™-21 and elemicin®'® are also converted biologically into
the appropriately ring-substituted rerr.-aminopropiophenones.

As described earlier®!®, the basic ninhydrin-positive urinary metabolites of the
allylbenzenes®™-213-215 break down chemically very easilv to produce ninhydrin-
negative (non-nitrogen-containing) carbonyl compounds. Analyses of these metab-
olites™™®-*1#-215 hy GC-MS without prior chemical reduction of the carbonyl group
with sodium borohydride resuits in almost complete conversion of the rerr.-amino-
propiophenone into the appropriately substituted allvl or vinyl ketone23. As has
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Fig. 49. Gas-chromategrams of reduced urinary basic metabolites of safrole, m_v['isticin and elemicin
(OV-1, FID). A, Safrole metabolites. 150-180° at 5%/min. B, Myristicin metabolites. 180-210" at
5%/min. C, Elemicin metabolites, 180-210% at 37/min. k = Allvlic ketone: 1 = N,N-dimethyl deriva-
tive: Il = piperidine derivative: 1l = pvrrolidine derivitive.
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been shown for the elemicin metabolites by GC-CI-MS analysis of the unreduced
metabolites®?>_ very little of the nitrogen metabolite remains chemically intact. With
this particular class of nitrogen-containing metabolite without prior reduction, the
compound applied to the chromatograph is by no means the same compound which
is eluted from the system. With thermally labile compounds of this nature, care must
be taken to understand thoroughly their chemical and thermal reactivity before one
attempts to chromatograph the compound by GLC.

Fig. 49 shows the gas chromatograms of the reduced metabolites of safrole.
myristicin and elemicin®®. In order to identify structurally these biologically active
metabolites of the allvlbenzenes. GC and GC-MS are obligatory. As one considers
the ring substitution of these metabolites. it-is noted that the chemical lability pro-
gresses with the eugenol metabolites being the most labile of the metabolites analvzed
by GC and GC-MS209-213-215_Thig chemical lability of the eugeno!l metabolites is not

4

&

Fig. 50. Gas-chromatogram of the trimethylsilyl derivatives - of the reduced cugenil metabolites
(OV-1. 150" for | min, 150-180" at 5°/min). A, Freshly prepared, reduced and silvlated metabolites
of eugenol. B, Partially hydrolyzed derivatives of the silylated and reduced metabolites of eugenol.
¢ == Allylic ketone: [ = N,N-dimethyl derivative: Il = piperidine derivative: HI = pyrrolidine
derivative: 1D, 11D and 11D = decomposition products of I, Il and 111, respectively.
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gCHz—-CH=CH2
(R-O)x (Substituted allyl benzene)
derivative

Allylic oxidation

(o]

I
C—CH= CHp
@_ (Substituted allylic ketone)

(R-O)x

CHy

e .

O] H—N\ (Dimethyl amine)
CHy
CHy —CHy
Ve N . -
@ H—N\ CH, (Piperidine)
CH, —CHa
_CH,—CHp
©) H———N\ I (Pyrratidine)

CH,—CHa
9 R

or

or

C—CHp—CHp—N
R

(R-O)x (Substituted tertiary amino propiophenones )

Fig. 51. Proposed pathway for the formation of rerr.-aminopropiophenones from non-nitrogen-
containing components of essential oils.

only associated with the carbonyl and nitrogen function but is also very dependent
upon the phenol group on the aromatic ring.

Fig. 50 illustrates the chemical lability of the engenol metabolites®'*. The silyl
cther derivatives of the eugenol metabolites hydrolyze very easily to generate multiple
components for each metabolite®!3.

With respect to the metabolic sequences leading to the excretion of these
urinary metabolites®-213-213_ Eie 51 describes the proposed pathway**. To the more
chemically coriented individual. these metabolites issue a challenge to understand the
chemical mechanism. The most reactive intermediate in this sequence (Fig. 31) is
the vinyl ketone. Upon oxidation of the benzyl carbon of the allvlbenzene derivative
to yield the vinyl ketone?!%, the ketone will react with water, amines, sulthydryl com-
pounds and many other biologically important compounds to form the appropriate
alkylated product. In the case of amines. the Mannich bases are formed?®'>. Additional
confirmatory data have also been reported for the i vivo formation of the vinyl ke-
tones of safrolez!®.

During the evaluation of reaction conditions for the synthesis ot allvibenzenes,
using procedures similar to those reported earlier?!” for the synthesis of [*Clmethylene-
dioxy ring-labeled myristicin from [“Cliodoform, we found that two compounds
with the same molecular weight as myristicin of m/je 192 were present in the reaction
mixture. Analysis of this isomeric mixture by GC or GC-MS did not differentiate
these positional isomers. Both myristicin isomers had comparable mass spectra with
the molecular ion of m/e 192 with less abundant m/e 165, 147, 133, 119, 91, 77 and
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57 fragments. One may very casily separate these two isomers of myristicin by silicic
acid column chromatography with elution of the isomeric contaminant by carbon
tetrachloride and the natural myristicin being eluted by benzene after a preceding
solvent fraction of carbon tetrachloride-benzene (1:1). The isomeric contaminant of
the synthetic myristicin has a Rp value (TLC on silica gel G. solvent system benzene)
of 112 relative to the natural myristicin. Only after comparisons of the IR and NMR
spectra was one able to conclude that the contaminant of this synthetic reaction was
an isomer with a different positional substitution pattern on the aromatic ring. Con-
sidering natural myristicin to be the 3-methoxy-4.5-methvlenedioxyvallvibenzene. the
1Isomeric reaction contaminant formed by a “double allylic rearrangement™ is either
the 2-methoxy-3.4-methylenedioxy- or the 4-methoxy-3.6-methylenedioxyallylben-
zene. In this case. GC and GC-MS data did not assist in clarification of the chemical
structure. As seen in many instances in this discussion. no one tvpe of analvtical data
alone is conclusive for structural verification.

In summarizing this section. the nitrogen-containing metabolites of the essen-
tial oils chemically are very lubile. Many different analytical techniques including GC,
GC-EI-MS and GC-CI-MS are necessary for conclusive identification of these envi-
ronmental agents. In the case of some of the Cl specira of these rerr-aminopropio-
phenones because of the low number of fragments in the spectra. it is very desirable
to cross-reference this CI-El information for identification of the urinary metabolites.
Without prior reduction of these nitrogen-containing metabolites with sodium boro-
hydride. the rerr-aminopropiophenones chemically decompose on the gas chromato-
graph to yield almost quantitatively the non-nitrogen-containing vinyl ketone which
clutes from the chromatographic svstem.

(iiij Amines and aminoe acid derivatives

Ir: this section. a brief” discussion is given of: (a) biological properties and
analyses for nitrosamines: (b) analysis ol piperidine and pyrrolidine with emphasis
on biosynthesis-precursor relationships: and (c) the derivatization and GC analysis
of polyfunctional amino acid derivatives in urine and tissues.

N-Nitroso compounds. Nitrosamines and nitrosamides are very potent environ-
mental hazards®*'*-?2! to man because of their well documented carcinogenic. muta-
genic. embryopathic and teratogenic properties. Studies by Magee and co-workers®=2-
222 have shown that dimethylnitrosamine methyvlates both DNA and RNA in vivo to
produce the abnormal 7-methvlguanine. A proposed mechanism describing the in
rivo metabolism and reactivity of dialkylnitrosamines has been presented by Druckrey
er al ***. The occurrence of nitrosamines in foods®*3-227 such as flour. milk. cheese.
smoked meat and fish. and other food products has been reported. [t has been demon-
strated that amines and nitrite in foods can produce in vitro nitrosamines under con-
ditions found in the stomach?**-22* - Within the scope of this discussion. nitrosamines
have been analyzed by a wide variety of techniques including spectrophotometry¥_
TLC*1-222_polarography®3. GLC*=1-# . GLC-MS**!-212_ and NMR and IR spectros-
copy*¥-*¥_ For a detailed discussion of nitrosamine and other alkylating agents,
the reader is referred to reviews by Fishbein and co-workers®'%5_ Because of the
carcinogenic properties of various nitroso compounds combined with a general lack
of conclusive data on the interaction of oxides of nitrogen with naturally occurring
amines present in foods to produce an “active carcinogen™, the potential health
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problem associated with very low-level exposure of nitrosamines to iman are factual
in nature but are very difficult to assess.

Piperidine and pyrrolidine. The nexi area of this discussion is concerned with
biological origin and chemical reactivity of piperidine and pyrrolidine as associated
with the earlier described metabolites of the essential oils2"-212-216_ Piperidine and
pyrrolidine are natural substitutents of human aad other mammalian brain tissues*%-
2 skin?™®, human urine®®~252 cerebrospinal fluid®*? and plant alkaloids®. These
alicyelic amines possess biological activity®*-*%-2% similar to that of nicotine. No
conclusive information is at present available concerning the biosvnthesis of piperidine
or pyrrolidine in mammals. The suggestion that piperidine and.-pyrrolidine were pro-
duced in rats and other mammalian tissues by the decarboxylation of pipecolic acid
and proline. respectively. is based on very scanty evidence®*-2%_In the case of pyrrol-
idine. Yamanishi ¢r «l.>® indicated that the “TLC spot™ indicative of pyrrolidine
produced from brain slices to which proline had been added was —apparently larger
and more dense” than that spot from slices without proline. It was concluded®*® on
this evidence that pyvrrolidine was produced from proline by a decarboxylase in brain
tissuc. To the analytical chemist involved in this area. a2 number of problems exist.
The routine procedures®* -2 for the analysis of piperidine and pyrrolidine in in virro
biological systems use steam distillation prior to analysis of the DNP-amine by TLC.
A similar conclusion to that described for pyrrolidine was made tor piperidine®* on
the evidence of the production of a larger and dense TLC spot. In this laboratory.
using numerous biological conditions including those reported earlier® - for tissue
slices and tissue homogenates. with carboxyl-labeled ["'C]lpipecolic acid and proline,
no decarboxylation occurred repeatly in brain or other tissues to form the respective
piperidine or pyrrolidine. Analytical investigations using GC and GC-MS indicaied
that one can convert pipecolic acid by steam distillation into piperidine. These ex-
periments involved steam distillation of pipecolic acid without tissue present under
alkaline conditions to vield an aqueous distillate which was then converted into the
DNP derivative. The DNP derivative was characterized by TLC. GC and GC-MS.
The conversion of piperidine from pipecolic acid by steam distillation was very low
and highly varied. with only a few micrograms of piperidine being formed per 100 mg
of pipecolic acid. On the contrary. when excess of substrate was used?*-2* in com-
parison to the natural content of brain. this small conversion would account tor the
characteristic change in the size and density of the TLC spot®**-**_ The presence of
the piperidine upon steam distillation of pipecolic acid was verified by GC-MS of the
DNP derivative on OV-1 using El- and CI-MS. The methane CI spectrum of DNP-
piperidine has a base peak m/e 232 with the expected recombination fragments m/e 280
and 292 with less abundant srfe 234,218, 206. 164. 85. 71 and 69 fragments. [n the specit-
ic case of pipecolic acid. the artefact produced during steam distillation 1s piperidine.

During the investigation of the DNP-amine derivative, we tound that DNP-
pyrrolidine undergoes a chemical reaction or rearrangement upon exposure 1o sun-
light. The entirety of this scquence is at present not completely understood. Analvsis
by GC and GC-MS of the DNP-pyrrolidine which had been irradiated with sunlight
indicated no unusual change in the mass spectra or retention characteristics. On the
contrary, the UV absorption maxima at 330 nm for the DNP-pyrrolidine upon irra-
diation with sunlight shifted to 335 nm. The DNP-piperidine derivative does not seem
to undergo this reaction in sunlight.
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)

In concluding the discussion on piperidine and pyrrolidine, concerning their
analysis and reactivity. one must evaluate thoroughly the types of manipulations used
for the isolation of these alicyclic amine from biological systems. Steam distillation of
pipecolic acid results in non-biological formation of piperidine, which may lead to
seemingly erroncous conclusions. Only after definitive data become available con-
cerning the biological sequence of the biosynthesis ol piperidine and pyrrolidine will
one be able to coordinate the interaction of these alicvelic amines with the metabolic
and psychoactive response of the rerr~aminopropiophenone formed from the essential
oil components?!3-21*

Derivatization of polyfunctional compounds. The final topic in this section of
the discussion concerns the GC analysis of polyfunctional amino acid derivatives.
Regardiess of the research area. at some time one has a specific need for the analysis
of a complex mixture of polvfunctional compounds. This laboratory has been con-
cerned with the investigation of the metabolites of numerous environmental agents.
Evaluation of the specific types of derivatives and derivatization agents become very
necessary. Considering a common urine sample to contain a complex mixture of
compounds. including urea. nicotinic acid. amino acids. amines. phenolic amines.
and many possible combinations of functional groups (hydroxyl. amino. phenolic
and carboxyl). derivatization of this complex group of compounds must be complete
in order to produce single chromatographable products. Numerous silylation mix-
tures™! were studied for the derivatization of acidic. neutral and basic metabolites
of tyrosine and tryptophan. These derivatization conditions®! enable one to analyze
a complex body tluid such as urine simultaneously by GLC for carboxy. amino.
phenolic. and many other polvfunctional metabolites. These conditions were also
utilized in the investigation of the urinary metabolite of eugenol®t3.

For additional information concerning the analysis of biogenic amines and
amino acids by GC and GC-MS. including ElI and CI. the reader is referred 1o

"hﬂ

articles by Fales and co-workers262-263_ Creveling er af*** and Steipta-Klauco®

f iv) Other natural product envirommental agents

Ve have explored only a very small fraction of the poluumll\ hazardous envi-
ronmental agents that are naturally occurring. Other classes of compounds which
will not be discussed but which are biologically active. toxic and/or carcinogenic to
man by his exposure through the food chain either directly or indirectly may include:
mycotoxims®=-=1_mold and fungi metabolites. formed during food speilage: plant
constituents such as cycasin®2. pyrrolizidine alkaloids®™-* and the furanoterpe-
noids** of damaged sweet potatoes, all of which are potent hepatotoxins: and trace
elements™*_ including lead. arsenic. sclenium and cadmium. The reader is referred
1o more detailed articles?™ 217 on these topics. Because of the very large arcas con-
cerned with the potential environmental health problems of man. it 1s impossible
within this review even to mention one representative of each type of compound
involved in man’s daily survival within his environment.

(¢} Alass fragmentograply

Up to this point in the discussion. we have mentioned only the use of GC-MS
tfor the qudlmum. ideatification of various environmental agents. Instead of scanning
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an entire mass range with the mass spectrometer, one may concentrate only on one
or more ions of a specified mass (m/e). In the use of mass fragmentography. the GC
system serves as the means of chromatographic separation of the complex mixture. . -
with the mass specirometer functioning as a specific 1on detector. By being able to
concentrate on a small number of ions instead of all ions in a mass range. one has
increased the sensitivity of the analytical mode greatly in this manner simply by being
able to increase the time per ion that one monitors the system.

Mass fragmentography may be subdivided into single ion detection (S1D) and
multiple ion detection (MID). With a commercially available quadrupole mass
spectrometer="*_ one may monitor simultaneously up to eight ions. With conventional
sector instruments®*-2¥_ the mass spectrometer may be focused on one to four mass
fragments within 10-30%; of the mass range. SID may be used to analyze a complex
mixture of compounds with different GC retention characteristics but which ionize
to produce a common ion fragment. High-resolution®? {on monitoring may be con-
sidered a further refinement of SID. By use of the high-resolution svsiem one may
analyze multiple components which produce similar ion fragments but were differ-
entiated in mass only by a few parts per million. This technique®! was applied to the
detection of p-tyramine in the concentration range 10-12-10-% g with the ability to
differentiate p-tyramine of mje 108.0375 trom a naturally occurring lipid hvdrocarbon
contaminant®* of mje 108.0939. MID may be used for the analysis of a complex
mixture which may or may not be chromatographically separable. The components
of MID analysis may all ionize to produce a common ion fragment but .may be
differentiated by one or more additional specific ions. By the use of multiple ion de-
tection. one may very conclusively identify and quantitate simultaneously a specific
component in a complex mixture without loss of specificity. As one reduces the num-
ber of ions being monitored by mass fragmentography. one also decreases the com-
pound specificity of the analysis.

Mass fragmentography has been used more widely in the analvses of natural
products and drugs than for the analysis of chlorinated hyvdrocarbons and other man-
made environmental agents. The reader is referred to a review by Gordon and Fri-
gerio®™ for a discussion of mass fragmentography up to 1972. As can be seen trom
their report®=, the detection limits for various psychoactive compounds and steroids
vary tfrom the low nanogram to the low picogram range. depending upon the iype
of compound and the mode of analvsis.

More recent applications of mass fragmentographyv®® have been oriented to-
wards the areas of: prostaglandins. in the EI mode®*-** with samples from 100 ng -
1o 400 pg and in the CI mode!* for PGF,,, TMS with a sensitivity limit below 200 pg'™:
steroids. catecholamines and amino acid derivatives®% in the El mode with analysis
in the nanogram range: dansylated amines®*-*7; and guanido-containing drugs®*
with analysis at the low nanogram level. :

Specific uses of mass fragmentography with man-made environmental agents
mclude: pesticides of the DDT type in presence of PCBs>* with detection limits
below 10 ng: DDT by SID using a Varian-Mat®® with a detection himit of about
10 pga: aldrin®! monitoring mje 263 with a sensitivity limit of about 500 pg: mercury
halides in fish®*? with usable limits below 5 ng (1 gg of mercury per kilogram ot fish):
tetraethvllead™? with detection limits in the low picogram range: and polychlorinated
biphenyls™* using specific ion sub-sets with sufficient sensitivity at least in the low
Nanogram range.
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Most of the above discussion concerning mass fragmentography has been
derived from EI analyses_ A further refinement of mass fragmentography includes the
use of this technique in the CI mode. As has been shown for many tvpes of compounds
in this discussion. the abundance of ion fragments of a polylunctional compound in
the molecular region is much greater in Cl spectra than in EIl spectra. Therefore.
analysis of these specific compounds by Cl mass fragmentography would further in-
crease the sensitivity of analvses. As described earlier®? for prostaglandins, propoxy-
phene and propoxypheneamide. the utilization of Cl mass fragmentography is very
advantageous. At least a 10-fold increase in sensitivity with reduction in interference
from naturally occurring contaminants was exhibited for the analysis of propoxy-
phene™ by Cl mass tragmentography over the EI mode.

This powerful quaniitative technique of mass fragmentography has been used
only 1o a very small degree with specific environmental agents. A further exploration
and expansion of applications of this mode of analysis in the area of both man-made
and natural product environmental agents is needed. Additional consideration should
be given to specific advantages of Cl- and EI-MS characteristics tor the quantitation
of many potentially hazardous environmental agents and their metabolites. A greater
utilization of CI mass tragmentography in the muliiple ion detection mode will val-
idate and generate & much more sensitive and specific analvsis of many polyfunctional
compounds in biological syvstems.

(d; Miscellunecus

Many very recent reports on the use of GC-MS which have not been included
in this discusston may be of interest. This subject matter includes: computer analysis
of MS data®*-**: double detector GC-MS intertfuce®?: GC-MS in clinical bio-
chemistry®*: and the GC-EI-MS analvses of normal urine constitutents™*. barbi-
turates™’, amphetamines®™! hvdroxy-steroids®=-*3_ catechols®™?. arvlglucuronic acitd
derivatives™ and triglycerides®™®. The reader is also referred to reports concerning
the use of GC-Ci-MS in the analysis of marihuana smoke condensates™ and biogenic
amines™s,

As illustrated in this review. Cl spectra may contiin too few fragments to
identify the compound conclusively. In numerous instances. only after cross-refer-
encing of the CI and EI data is the structural determination conclusive. On the con-
trary. we have found that even though the structural Cl data zlone may not be suflicient
for identification purposes. a large amount of useful information may be obtained
from CI mass spectra concerning the chemical reactivity of the molecule. An excellent
example of the use of CI-MS for investigation of chemical and functional groups
reactivity has been reported by Hunt and co-workers™*-#!_ By using various reagent
eases (methane. isobutane, helium. deuterium oxide. argon—water or ammonia) once
is able to study the types of chemical reactions that the compounds may undergo.

No mention has been given to the techniques of field tonization and field de-
sorption MS in this review. Field desorption MS has an enormous advantage in that
it is not necessary to volatilize the sample for the analyvsis®™™. The reader 1s referred
to reports by Beckev®!'!. Fales®™_ Schulien®* and Damico and Barron®'? for further
insight into the area of field ioniziation and field desorption MS.
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3. SUMDMARY AND CONCLUSIONS

We have attempted to describe the utilization of gas chromatography and gas
chromatography-mass spectrometry (GC-MS) as analvtical techniques for the chem-
ist concerned with the environmental health problems of man. Some of the more
important potentially hazardous environmental agents and their metabolites were
viewed through the eves of chemists with respect to the areas of analvsis. svnthesis.
chemical reactivity and metabolism in biological systems. Specific examples using
various tvpes of environmental agents were chosen to illusirate the advantages and/or
Iimitations of data tfrom GC and GC-MS. A detailed discussion was given of the
complementary utihization of electron impact and chemical ionization mass spectrom-
etry for the identification and quantitation of various types of compounds of envi-
ronmental significance.

In concluding this review. we have presented the views of chemists using the
valuable analytical technique of GC-MS to assist in solving problems associated with
man’s health as affected by the environment. Being able to obtain structural and
quantitative data on submicrogram amounts of potentially hazardous compounds is
the first prerequisite to fully understanding the problems produced by a compound.
Only after the chemist has integrated the GC-MS data with those from other analyt-
ical techniques and with other types of biological investigations. will one be able to
understand and control fully the undesirable health problems preduced by the specific
agent.
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