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Preface

The metabolic N-oxidation of nitrogenous xenobiotics has been reported tc
occur in many biological systems, in addition to mammalian tissues, and the
mechanisms appear to differ in many respects from those involved in
oxidative attack at carbon centres. The extensive use of nitrogen-containing
compounds as pharmaceuticals and chemical intermediates can lead to
exposure to a large number of these agents under widely varying conditions.
Biotransformation of these xenobiotics by N-oxidative pathways can effect
detoxication, but equally well can induce formation of cytotoxic metabolites
or potential promutagens and procarcinogens. The substantial progress, in
recent years, in our understanding of the biochemistry and toxicology of N-
oxidation of nitrogenous structures has created a need for a synthesis of
current knowledge.

This book provides a wide-ranging review of the state-of-the-art in
nitrogen xenobiochemistry divided into four parts. The introductory
chapter discusses recent developments in trace analysis of radical
intermediates and other N-oxygenated products by physical and
immunochemical techniques. Special attention is given in Part Two to the
enzymology of N-oxidation. Thus, detailed account is given of the
mechanism and substrate specificity of the flavin-containing mono-
oxygenase and factors regulating its activity are addressed. A separate
chapter outlines the polymorphic expression of flavoprotein-dependent
reactions. Similarly, the mechanistic background and inducibility of
cytochrome P-450-catalysed turnover of specific types of nitrogenous
compounds is highlighted. Data are also compiled describing the role of
peroxidative N-oxidation of xenobiotics in extrahepatic tissues lacking
significant amounts of cytochrome P-450.

Part Three summarizes reductions and conjugations of N-oxygenated
compounds; some of these pathways are known to confer unusual reactivity
of the products formed towards cellular macromolecules. Reviews on
toxicological aspects of N-oxidation are grouped together in Part Four of
this book. These include accounts on food-derived mutagenic heterocycles,
selective destruction of nigrostriatal dopaminergic neurons in the CNS by
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MPTP metabolites, phototoxic effects associated with the intake of certain
nitrogenous xenobiotics, and drug hypersensitivity reactions.

Written by leading authorities in the area of N-oxidation, this book is
intended to serve as a reference for graduates and research workers in the
biochemical, biopharmaceutical and toxicological fields and for
professionals in the drug, food and chemical industries. Thus, this
compilation of data might contribute to focus attention on aspects of N-
oxidation that still require more intensive investigation.

P. Hlavica and L.A. Damani



PART ONE

Analysis of N-Oxidized
Products



1

Formation of aromatic amine free
radicals by prostaglandin
hydroperoxidase and peroxyl
radicals: analysis by ESR and

stable end products

T.E. Eling, J.F. Curtis, D.C. Thompson, J. Van der Zee
and R.P. Mason

Laboratory of Molecular Biophysics

National Institute of Environmental Health Sciences
National Institutes of Health

Research Triangle Park, North Carolina 27709

1. Aromatic amines are excellent substrates for peroxidases and are
metabolized to free radicals as detected by analysis of the stable end-
products and ESR.

2. N-substituted aromatic amines are oxidatively cleaved by peroxidases by
a mechanism that involves nitrogen centered free radicals, with carbon
centered free radicals being formed in certain cases.

3. For aromatic amines that are not good substrates for peroxidase,
metabolism appears to be mediated by peroxyl radicals which form
C-oxygenated metabolites.



4  Formation of aromatic amine free radicals

1.1 INTRODUCTION

Arachidonic acid (AA) is converted into a number of biologically active
metabolites, including prostaglandins, prostacyclin, thromboxane and
leukotrienes via either the cyclo-oxygenase or lipoxygenase pathways (Pace-
Asciak et al., 1983). Prostaglandin H synthase (PHS) is the initial enzyme
in the cyclo-oxygenase pathway which commits AA to the formation
of prostaglandins (Fig. 1.1). Two catalytic activities copurify with PHS,
cyclo-oxygenase and peroxidase (Miyamoto et al., 1976). The cyclo-
oxygenase catalyses the addition of two moles of oxygen to one mole of
AA forming a cyclic endoperoxide hydroperoxide, prostaglandin (PG)
G,. The peroxidase subsequently reduces the hydroperoxide to the corre-
sponding alcohol, PGH,. PGH, is then converted into a variety of other
prostanoid metabolites, including thromboxanes, prostacyclin, and PGs

E, and F,,,.
o COOH
Arachidonic acid m/

Cyclooxygenase 02

Qi “\\\‘\___/\/\ COOH
PGG | O\/\/\N
O"“"" F -
H
00 2XH

Peroxidase

2%
(o[- N P N COOH
[olll
H
V4

O

0
M / ¥ O\%\_/\/\/
OH OH  OH
PGD2 Prostacyclin
9 . .
SN ™" COOH (\*\_/\/\ COOH
v = 8 ¥
Y ¥ OH Y
OH  OH o~ COOM OH
PGE2 O\/:/\/\/ Thromboxane A,
OH  OH
PGF,,,

Figure 1.1 Metabolism of arachidonic acid by prostaglandin H synthase.
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A number of oxidizing species are generated during prostaglandin
biosynthesis. PHS peroxidase is in itself an oxidizing species as it can
metabolize many chemicals, including aromatic amines, by one-electron
oxidation. Peroxyl radicals are also significant oxidizing agents which are
generated as intermediates during PG biosynthesis. Existence of these
peroxyl radicals has been demonstrated in studies of the epoxidation of the
carcinogen benzo(a)pyrene 7,8-dihydrodiol.

Ruf and his colleagues (Karthein et al., 1988; Dietz et al., 1988) have
extensively investigated the higher oxidation states of PHS using rapid
spectroscopic methods and low temperature electron spin resonance (ESR).
Two intermediates were detected and characterized (Fig. 1.2). Intermediate
I was proposed as [(protoporphyrin IV)**Fe'VO] analogous to HRP
compound I. Intermediate II resembles compound II of HRP, but contains a
tyrosyl radical with the proposed structure [(protoporphyrin IX)Fe'VO]Tyr®
which is formed by an electron transfer from a tyrosine residue to the
porphyrin cation radical. Intermediate II resembles the ES complex of
cytochrome c peroxidase. Thus, intermediate II of PHS is different from
compound II of HRP. Intermediate II is reduced to compound II at the
expense of an electron donor (cosubstrate) which undergoes a one-electron
oxidation. Compound II is reduced to the resting enzyme (Fe(III)) at the
expense of a second electron donor molecule. In some cases, compound I
can directly transfer the oxygen atom to an acceptor molecule and is reduced

O, 0,
SN N [ 1Tyr
AA® ROO"
AA
ROOH  ROH PGG,
[ (PPIX) Fe'"] A_Z, [ (PPIX)* ‘Fe"O] __, P Fe"O) Tyr"
Intermediate | Intermediate |l
XH 7
x* . _ =<
XH X T e~
[ (PPIX) Fe"O]
Peroxidase Cyclooxygenase

Figure 1.2 A potential catalytic mechanism for PHS cyclo-oxygenase and peroxidase
adapted from the proposal by Dietz et al. (1988).
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to the resting enzyme. Thus, electron or oxygen transfer can occur. Since the
electron donor transfers a single electron to the peroxidase, a free radical
metabolite of the electron donor is generated.

One of the unique features of PHS is that two enzymatic activities, the
cyclo-oxygenase and the peroxidase, reside within a single protein. Ruf and
co-workers (Karthein et al., 1988; Dietz et al., 1988) have also proposed that
the tyrosyl radical of intermediate Il participates in the cyclo-oxygenase
reaction as shown in Fig. 1.2. By this proposed mechanism, the tyrosyl
radical initiates the cyclo-oxygenase by abstracting a hydrogen at C-13 of
AA to form a carbon-centered radical. This radical rearranges and reacts
with molecular oxygen to form a cyclic endoperoxide peroxyl radical which
reoxidizes the tyrosine yielding the tyrosyl radical and PGG,. Thus, the
haem Fe does not change oxidation state during the initiation of the cyclo-
oxygenase reaction, which is in contrast to previous proposals.

1.2 METABOLISM OF AROMATIC AMINES

Aromatic amines are metabolized by PHS peroxidase via one-electron
oxidation to nitrogen-centered free radicals. The ease of oxidation is altered
by substituents which affect the electron density on the nitrogen. For
example, benzidine is an excellent cosubstrate for PHS peroxidase, while
the less easily oxidized 2-aminofluorene (2-AF) (Bull, 1987) is a poorer
cosubstrate. Acetylation of the amine reduces the ease of oxidation by PHS
and other peroxidases. Acetylbenzidine, e.g., is a much poorer cosubstrate
than benzidine for PHS (Josephy er al., 1983a,b). The addition of electron
withdrawing groups to the aromatic ring of N-methyl anilines decreases the
metabolism of these compounds by PHS peroxidase (Sivarajah ez al., 1982).
Evidence for a one-electron oxidation of aromatic amines by PHS
peroxidase to free radical metabolites comes from a number of
investigations. The stable, isolated metabolites produced by PHS
peroxidase-catalysed co-oxidation of aromatic amines indicate free radical
formation, and the chemical nature of the free radical dictates the nature
of the stable metabolites. Tertiary and secondary aromatic amines undergo
N-dealkylation. For example, aminopyrine and N-methylaniline are
N-demethylated (Sivarajah et al., 1982). For primary aromatic amines, the
free radicals undergo nitrogen-to-nitrogen or nitrogen-to-carbon coupling
reactions. The carcinogen 2-AF is oxidized by PHS peroxidase and HRP
to 2,2’-azobisfluorene, 2-aminodifluorenyl amine and polymeric material
(Boyd and Eling, 1984) as shown in Fig. 1.3. Benzidine is also oxidized to
azobenzidine by peroxidases, but a complete characterization of the stable
metabolites that are formed by PHS peroxidase or HRP is not published.
Thus, indirect evidence obtained by analysis of the stable end products
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Figure 1.3 The oxidation of 2-aminofluorene by PHS.

suggests a free radical mechanism for the oxidation of aromatic amines
by PHS.

Direct evidence for the formation of aromatic amine free radicals is
obtained from studies using ESR to detect the free radical. The use of ESR
to detect amine free radicals is compromised by the sensitivity of the method
relative to the inherent instability of the aromatic amine free radicals. Spin
trapping techniques are not suitable since spin traps do not react with
amine free radicals. The stability problem can be overcome, in some cases,
by flowing the incubation mixture past the detector rather than by the
normal static detection technique.

Aminopyrine is oxidized by PHS peroxidase to an aminopyrine cation free
radical that was detected by ESR and characterized by UV/visible
spectroscopy (Lasker et al., 1981; Eling et al., 1985). Benzidine and
3,3’,5,5'-tetramethylbenzidine undergo a one-electron oxidation by PHS
peroxidase or HRP to cation radicals which can undergo a second one-
electron oxidation to the diimine (Josephy et al., 1982a, 1983a,b). The one-
electron oxidation products were detected by ESR techniques and the
diimine or other two-electron oxidation products were characterized by
spectroscopic methods. In addition, the formation of several free radicals
has been detected during the oxidative N-dealkylation of N-substituted
aromatic amines catalysed by horseradish peroxidase (HRP) which will be
discussed below. In this case the free radicals are relatively stable and can be
detected. However, we were unsuccessful in attempts to detect the free
radical formed during the oxidation of 2-AF, 2-NA, and the heterocyclic
aromatic amine carcinogens using both static and flow techniques.

Indirect ESR evidence was also used to support the hypothesis for a one-
electron oxidation of aromatic amines by PHS. Petry et al. (1986)
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investigated the metabolism of carcinogenic heterocyclic aromatic amines
derived from the pyrolysis of amino acids and proteins. Again, free radicals
were not observed by ESR, but the detection of a glutathionyl radical (GS)
formed by reduction of a free radical by glutathione indicated that these
amines are also undergoing a one-electron oxidation. Thus, characterization
of the stable isolated metabolites of aromatic amines and both direct and
indirect ESR data indicate that aromatic amines undergo one-electron
oxidation to free radical metabolites.

1.3 MECHANISM FOR THE N-DEALKYLATION
OF N-SUBSTITUTED AMINES

A study on the N-dealkylation of aromatic amines illustrates the use of ESR
and analysis of stable end products as a powerful approach to understanding
the mechanism of peroxidase-catalysed oxidations. It has been shown
(Lasker et al., 1981; Eling et al., 1985) that aminopyrine is oxidized to a
nitrogen-centered radical cation by peroxidases. This radical then reacts
with a second aminopyrine cation radical (disproportionates) to yield an
iminium cation and aminopyrine. The iminium cation reacts with water to
give formaldehyde and monomethyl amine (Fig. 1.4; pathway D). It was
proposed (Griffin, 1978; Griffin and Ting, 1978) that the nitrogen-centered
aromatic amine free radicals are enzymatically oxidized to form the iminium
cation (pathway C), whereas Galliani et al. (1978) proposed that the
nitrogen-centered free radical deprotonates to form a carbon-centered free
radical (pathway A/B). This carbon-centered free radical is either oxidized
to the iminium cation or reacts with molecular oxygen to form a peroxyl
radical which decomposes to formaldehyde and the monomethylamine
(pathway A and B). In contrast, other investigators (Kedderis and
Hollenberg, 1983, 1984; Kedderis et al., 1986; Miwa et al., 1983) proposed
an initial hydrogen abstraction to form a carbon-centered aromatic amine
free radical, which is subsequently oxidized to the iminium cation eventually
yielding formaldehyde (pathway E). We have studied the oxidation of
the following N-substituted aromatic amines: BAPTA, 5,5-methyl
BAPTA, N,N-dimethylaniline, half-dimethyl BAPTA, and N,N-dimethyl-
p-toluidine by HRP in an attempt to understand more clearly the mechanism
for N-dealkylation of aromatic amines (Van der Zee et al., 1989).

By using either static or flow conditions, we were able to detect directly by
ESR the nitrogen-centered free radicals formed by peroxidase-catalysed
oxidation of the N-methyl aromatic amines; N,N-dimethyl-p-toluidine,
N,N-dimethylaniline and the N-CH,-COOH-substituted aromatic amines
half-dimethyl BAPTA, and 5,5-dimethyl BAPTA the spectra of which are
shown in Fig. 1.5. Computer simulations using Fourier transformation
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Figure 1.5 The ESR spectra of nitrogen-centered free radicals formed during the
N-dealkylation of N-substituted aromatic amines.

confirmed the structure of the nitrogen-centered free radicals.
Furthermore, we used the spin traps DMPO and ¢-NB to trap any carbon-
centered free radicals also formed from these amines by the peroxidase.
Carbon-centered radicals were only observed with 5,5-dimethyl BAPTA
and halif-dimethyl BAPTA (Fig. 1.6), but not with N-methyl amines under a
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Figure 1.6 The ESR spectra of carbon-centered free radicals observed during the
N-dealkylation of 5,5'-dimethyl BAPTA.

variety of incubation conditions. These results suggest that the N-methyl
amines were oxidized by HRP to aromatically delocalized nitrogen-cation
free radicals with little or no formation of carbon-centered radicals.
Previous studies with N-methyl aromatic amines and dimethyl BAPTAs
indicated oxidative cleavage of the methyl group or N-CH,COOH groups.
Therefore, oxygen consumption and formaldehyde formation were
measured under conditions similar to those used for ESR studies. Carbon-
centered free radicals, but not the delocalized aromatic amine free radicals,
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Figure 1.7 The formation of formaldehyde and oxygen consumption during the
oxidation of 5,5'-dimethyl-BAPTA. O = formaldehyde formed (nmol/ml); oxygen
consumed: @ = nmol/ml; M = nmol/min.

react with molecular oxygen. Extensive formaldehyde formation and
oxygen consumption occurred with the oxidation of the dimethyl BAPTAs
(Fig. 1.7), while less formaldehyde and little or no oxygen consumption
occurred during the oxidation of the N-methylanmne derivatives or
aminopyrine as shown in Fig. 1.8. The addition of DMPO, which reacts with
carbon-centered but not delocalized free radicals, inhibited oxygen
consumption and formaldehyde formation from the dimethyl BAPTAs but
had little or no effect on formaldehyde formation from the N-methylanilines
or aminopyrine (data not shown).

These results clearly demonstrate that nitrogen-centered free radicals are
detected during the peroxidase oxidation of both N-methyl and CH,COOH-
substituted amines. Carbon-centered free radicals were detected only with
the CH,COOH-substituted amines. There was general agreement between
formation of the carbon-centered free radicals, oxygen consumption and
inhibition of formaldehyde production by spin traps. The data suggest that
aromatic amines are initially oxidized by HRP to a nitrogen-centered free
radical, not a carbon-centered free radical, and indicate that pathway E is an
unlikely mechanism for the oxidation of the amines. The results also indicate
that the mechanism greatly depends on the structure of the nitrogen-
centered free radical. For the CH,COOH-substituted amines, the nitrogen-
centered free radical undergoes bond breakage through a rearrangement. A
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Figure 1.8 Formaldehyde formation and oxygen consumption during the oxidation
of N-substituted aromatic amines. A/B = N,N’-dimethylaniline; C/D = N,N'-
dimethyl-p-toluidine; E/F = aminopyrine; O = 0.5ug/ml HRP; @ = 1.0ug/ml
HRP; B = 5.0ug/ml HRP.

carbon-centered free radical is formed due to the loss of CO, which reacts
with molecular oxygen to form a peroxyl radical as shown in Fig. 1.9. The
iminium cation is formed upon decomposition of the peroxyl radical with the
formation of superoxide anion radical, which was also detected. The
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Figure 1.9 A mechanism for the N-dealkylation of N-CH,-COOH-substituted
aromatic amines.

iminium cation is also unstable and hydrolyses to formaldehyde and
monomethyl amine. For monomethyl amines, rearrangement of the
nitrogen-centered free radical is unlikely since there is no good leaving
group. There are several possible pathways for the oxidation of the nitrogen-
centered free radical, two of which are outlined in Fig. 1.4. Further studies
are required to fully elucidate this mechanism.

1.4 A NEW MECHANISM FOR THE OXIDATION
OF AMINES

Many investigators studying the oxidation of chemicals by PHS used the
assumption, supported by data, that PHS and HRP operated by similar
mechanisms. Indeed, for many studies this assumption appears to be valid
and identical metabolites are formed by oxidations catalysed by HRP and
PHS. However, the ability of chemicals to serve as a reducing cosubstrate
is not identical for HRP and PHS, suggesting differences do exist (Markey
et al., 1987). Boyd and Eling (1987) investigated the metabolism of the
carcinogen 2-naphthylamine (2-NA) by HRP and PHS. HRP, under a
variety of incubation conditions, oxidizes 2-NA to exclusively nitrogen-to-
nitrogen and nitrogen-to-carbon coupling products, as expected from a
nitrogen-centered free radical. Figure 1.10 compares the HPLC profile
obtained from incubating 2-NA with HRP or PHS. The products from these
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Figure 1.11 Proposal for the oxidation of 2-NA by HRP and PHS.

incubations were isolated and characterized by UV-visible spectrometry and
mass spectrometry, the structures of which are shown in Fig. 1.11. With
PHS, the major metabolites were the oxygenated rather than the coupling
products observed with HRP. We have also investigated the metabolism of
the amines o- and p-anisidine. For p-anisidine, an apparent difference was
observed in the metabolic profile obtained from incubation of the aromatic
amine with HRP and PHS (data not shown). The data clearly indicate that
differences do exist between PHS and HRP and indicate that caution should
be used in using HRP as a model enzyme for PHS.

A possible explanation for this difference may be the presence of peroxyl
radicals in incubations with PHS, particularly in incubations using ram
seminal vesicle microsomes as the source of PHS. To investigate this further,
2-NA was incubated with a peroxyl radical-generating system (15-HPETE
and haematin). Under these incubation conditions, the oxygenated
metabolites of 2-NA were formed, as were seen with the PHS/arachidonic
acid system (data not shown). The nitrogen-to-nitrogen and nitrogen-to-
carbon-coupling products were also detected in small amounts in these
incubations, as also seen with the PHS system. These preliminary studies
suggest that PHS and HRP may operate by similar, but distinct mechanisms,
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and that with PHS the peroxyl radicals formed during arachidonic acid
oxidation may contribute to the oxidation of aromatic amines by PHS.
Clearly, further studies are required to understand fully the mechanism by
which PHS oxidizes chemicals.

1.5 CONCLUSIONS

Metabolism of aromatic amines by PHS is certainly not completely
understood. Recent data indicate that an additional mechanism exists with
PHS that results in the formation of oxygenated metabolites. Some data
suggest a role for peroxyl radicals in this process, but further studies are
clearly required. These investigators may require the use of ESR techniques
to detect and characterize unstable free radical intermediates. The use of
ESR coupled with analysis of the stable end-products illustrated by studies
on the N-dealkylation of N-substituted amines is a powerful approach that
can be used in investigations of the mechanisms responsible for the
oxidation of aromatic amines by peroxidases.
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The application of >’N-NMR in
the analysis of N-oxygenated

amidines and guanidines

B. Clement and Th. Kimpchen
Institut fiir Pharmazeutische Chemie, Philipps-Universitit, D-3550 Marburg, FRG

1. Nitrogen is considered with regard to the suitability of its isotopes for
nuclear magnetic resonance (NMR) spectroscopy.
2. Measurement conditions and the characteristics of '’N-NMR spectra are
described briefly.
3. N-NMR spectra of N-hydroxyguanidines, amidoximes and N-hydroxy-
amidines were used to demonstrate the suitability of >’N-NMR spectro-
scopy for structural analysis of N-oxygenated compounds.
4. N-hydroxyguanidines and amidoximes both exist in the oxime-type
tautomeric form. In any case, protonation occurs at the double-bonded
nitrogen atom. In the case of the N-oxygenated derivative of N-methyl-
benzamidine, the a-aminonitrone form clearly predominates over the
N-hydroxyamidine form.
5. In the cases of N-monosubstituted and N,N-disubstituted N-hydroxy-
guanidines, rapid isomerization takes place at room temperature,
whereas E/Z-isomers of N,N'-disubstituted derivatives can be detected
at room temperature. N,N-unsubstituted and N-monosubstituted
amidoximes exist exclusively in the Z-configuration, whereas in the
case of N,N-disubstituted amidoximes the FE-isomers are thermo-
dynamically more stable.
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2.1 INTRODUCTION

With regard to their magnetic moments, both nitrogen isotopes, **N and
N, would appear to be suitable for nuclear magnetic resonance
spectroscopy (NMR). Unfortunately, however, the N nucleus (natural
abundance 99.63%) with a nuclear spin quantum number of I = 1 possesses
a quadrupole moment (Table 2.1) and is thus not appropriate for high
resolution studies. As a result of quadrupole relaxation, the line widths of
the signals are very broad and relatively sharp resonance lines can be
observed only in special cases.

The stable isotope "N, like 'H and >C, has the nuclear spin quantum
number I = 1/2 (Table 2.1), so that this isotope is suitable for high-resolution
experiments. Unfortunately, N has a natural abundance of 0.37%
(Table 2.1) and is, therefore, not only a very rare isotope, but is also charac-
terized by a very small magnetogyric ratio (Table 2.1) as compared to 'Hand
13C and is negative in sign (for reviews on the properties of the nitrogen
NMR probe see Blomberg and Riiterjans, 1983; Kalinowski et al., 1984;
Levy and Lichter, 1979; Lichter, 1983; Breitmaier, 1983).

The problem of the low natural abundance of N can be solved by
enrichment with this isotope of the samples to be investigated.
Unfortunately, the synthesis of '*N-labelled compounds are, in most cases,
laborious and expensive. On the other hand, measurement conditions have
recently been attained which permit recording of spectra of compounds
containing '°N in natural abundance within a relatively short period of time.
One prerequisite for this was the development of the pulse Fourier
transform technique (PFT). Commercial introduction of high-field
superconducting magnets, together with the existence of polarization
transfer pulse sequences (INEPT, DEPT), have resulted in a breakthrough
in ’N-NMR spectroscopy and allowed recording of spectra of non-enriched
samples within practicable time periods. As a result >N has effectively

Table 2.1 Comparison of nuclear properties

Isotope Nuclear Natural Magnetogyric Quadrupole
spin abundance ratioy moment Q
quantum (%) (10" rad. T"'S7Y) (x 107 m?)
numberl
'H Y 99.98 26.751 —
vc Vs 1.108 6.726

N 1 99.63 1.932 1.6 x 1072
5N Vs 0.37 -2.711 —
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supplanted '*N in most studies on molecular structure by high resolution
nitrogen NMR (Levy and Lichter, 1979; Lichter, 1983).

As an example, the characteristics of the '’ N-NMR spectra of N-hydroxy-
guanidines, amidoximes and N-hydroxyamidines are interpreted in detail.
The chemical shifts  (**N) and coupling constants *J (**N, "H) can be used
to elucidate the constitution, configuration, position of tautomeric equi-
librium, and the site of protonation. The present review summarizes the
results of ’N-NMR studies on the N-oxygenated compounds mentioned
above. Analogous data on the parent compounds (amidines, guanidines)
are notincluded (for relevant information see Clement, 1986a; Clement and
Kimpchen, 1986). However, it has to be noted that '’ N-NMR spectroscopy
cannot be readily applied to the identification of metabolites in biological
specimens without prior enrichment with "*N-nuclides, since, despite the
progress in experimental techniques described above, the substance
requirements for >N nuclear magnetic resonance spectroscopy with
material naturally abundant in N is still large. Hence, >N nuclear
magnetic resonance spectroscopy with material of natural abundance in >N
is usually only employed for the characterization of compounds prepared
synthetically in larger amounts for comparative purposes, and the precise
structures of metabolites analysed by other methods are deduced on the
basis of these NMR data.

2.2 TECHNICAL ASPECTS OF MEASURING
I5’N.NMR SPECTRA

2.2.1 Measurement conditions

Typical pulsed FT-NMR methods may be used for '*N-spectroscopy, with
some experimental modifications, to account for the small-valued and
negative '°N magnetogyric ratio (Levy and Lichter, 1979; Lichter, 1983).
Conventional 'H-noise-decoupled "*N-PFT-NMR spectra can be recor-
ded, but spectra obtained by polarization transfer pulse sequences, such
as the INEPT (‘insensitive nuclei enhanced by polarization transfer’) pulse
sequence, have certain advantages (Morris and Freeman, 1979; Morris,
1980). The increase in sensitivity for the detection of nitrogen nuclei bonded
to protons is considerable. As a consequence of the pulse sequence, which
forms the basis for INEPT processes, the zero intensity of the central line
of a multiplet, containing an odd number of lines and the inversion of one
half of each multiplet, is typical for simple INEPT-NMR spectra with
spin-spin coupling (multiplet patterns for NH: —1,+1; NH,: —1,0,+1;
NH,;: —1,-1,+1,+1). The integrated total intensity of a multiplet in an
INEPT spectrum is thus zero (Morris, 1980; Benn and Giinther, 1983).
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>N Chemical shifts are influenced by the solvent (Levy and Lichter,
1979). Thus, if possible, identical solvents should be used for measurements
with a series of analogous molecules. In this way, chemical shifts can be
easily compared. If some of the information on tautomeric forms is to be
used in the discussion of biotransformation studies, water would be an ideal
solvent. However, in some cases solubility of the substances in water is
limited. On the other hand, most of the substances (salts and free bases)
have a sufficient solubility in dimethyl sulphoxide (DMSO). Thus, DMSO
has been used in "N-NMR experiments with N-hydroxyguanidines,
amidoximes and N-hydroxyamidines (Clement, 1986a). In the case of water-
soluble compounds, additional spectra in aqueous solution can be recorded
for comparison. As can be expected, aberrations of a few ppm were indeed
observed, but a change in the preference for a particular tautomeric form
was not detected with N-hydroxyguanidines, amidoximes and N-
hydroxyamidines (Clement, 1986a).

2.2.2 Overview of the *N-spectral characteristics

'>N-Spectra are generally simple first order spectra as a result of the spin of
12 of the >N nucleus. Chemical shifts (ppm) are generally referred to the
NH; signal with d = 0ppm. Values of ppm then are usually positive in sign
as the nitrogen atoms are in a more deshielded environment when compared
with the ammonia nitrogen (Breitmaier, 1983). Chemical shifts, as reported
in this chapter, also refer to the ammonia standard. All literature data
referring to other standards have been appropriately corrected (Levy and
Lichter, 1979).

The chemical shift range is very large and covers more than 900 ppm.
Nitroso compounds contain the most highly deshielded nitrogen atoms
(900-800 ppm), followed by azo (550-500 ppm) and nitro (400-340 ppm)
groups. Imine or imine-type nitrogen atoms appear in a middle-deshielded
region (380-150 ppm), whereas amine nitrogen atoms are only slightly more
deshielded than the ammonia nitrogen (Breitmaier, 1983).

Protonation effects are of considerable importance. When a double-
bonded nitrogen atom is protonated it will become more shielded. For
example, protonation of trans-azobenzene or diphenylketimine decreases
the ppm values by 150 and 140 ppm, respectively (Levy and Lichter, 1979).
This striking difference allows identification of the site of protonation in
unclear cases. A reverse, but much smaller effect can be observed for
ammonia and amines. Thus, the ammonium ion is deshielded by + 25 ppm
as compared to ammonia (Levy and Lichter, 1979).

As regards the coupling constant, this chapter focuses on one-bond
couplings. There is a good correlation between the s proportion and the
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magnitude of the 'J(**N-'H) coupling constant. When the s proportion
increases, the coupling constant is expected to increase, too. For sp’
nitrogen atoms with a low s proportion the coupling constant is in the range
of 60 to 80 Hz; for sp® nitrogen atoms values between 80 and 100 Hz have
been found, and for protonated nitriles, i.e. sp nitrogen atoms, the values
range from 130 to 140 Hz (Breitmaier, 1983).

2.3 ANALYSIS OF VARIOUS CLASSES OF
N-OXIDIZED COMPOUNDS

2.3.1 N-Hydroxyguanidines*

N-Hydroxyguanidines have been synthesized in the course of studies on the
N-oxidative metabolism of guanidines (Clement, 1986b) and "N-NMR
analyses have been performed (Clement and Kédmpchen, 1985; Clement,
1986a). Hydroxyguanidines of the type (1) should exist in the oxime-type
structure I and not in the tautomeric hydroxylamine-type form II containing
an imine-type nitrogen atom (Fig. 2.1), as has been discussed on the basis of
IR- and "H-NMR spectroscopic data (Belzecki et al., 1970). **N-Nuclear
magnetic resonance spectroscopic investigations were able to shed more
light on this subject, since the spectra provided more information than the
'H-NMR spectra (Clement, 1986a).

The "*N chemical shifts and coupling constants 'J(**N"'H) of compounds
(1a-d) are summarized in Table 2.2. Unambiguous NH-coupled spectra
were obtained for all N-hydroxyguanidines in DMSO solution. Signal
broadening as a result of rapid proton exchange could not be detected, thus

R’ R’

2 / /

R‘— \ RZ—N /OH
[C=N~OH /) -\

R3—r\ R3—N H
H

Figure 2.1 Tautomerism of N-hydroxyguanidines (1) (for R see Table 2.2).

* Although not in complete accordance with the IUPAC rules, for better understanding primes
are used throughout to assign substitution at the nitrogen atom (see the Chemical Abstracts).
Thus, in guanidines and related compounds N and N’ refer to single-bonded and N” to double-
bonded nitrogen. Similarly, for amidines and related compounds N and N’ (for double-
bonded nitrogen) are used.
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Table 2.2 ’N-Chemical shifts* and coupling constants (Hz) of N"-hydroxyguanidines
(1) (solvent DMSO). For structure see Figure 2.1

No. R! rR® R 8(*°N, ppm) 'J(**N, 'H) (Hz)
N N N N-H N'-H N'-H
CH,
I
la CH,;-C- H H 8.1 57.6 2484 842 855 —
| (d) © ©
CH,
CH; CH,
|
Ib CH,C-CH,-C- H H 842 567 2467 842 867 —
| l (d) B ©
CH; CH,
CH; CH;,
| |
b CH,-CCH,C- H H 1009 77.1 136.8 91.6 928 989
HCI | | (d H (@)
CH; CH;,
1c  Tetrahydro- H 60.3 572 2544 — 83.1 —
isoquinoline (s) t) (s)
lc  Tetrahydro- H 77.4 825 1424 — 920 99.0
HCl  isoquinoline (s) (t) (d)
1d CeHs H CgHs 90.2° 84.6° 2735 89.7° 90.3* —

@ @

* Chemical shifts are given in ppm relative to NH;.
® Signals for two topomers.
From Clement and Kdmpchen (1985), with permission of VCH Verlagsgesellschaft.

demonstrating that the measured chemical shifts do not represent the
average values of two tautomeric forms (Clement, 1986a).

The spectrum of N-hydroxydebrisoquine (1c¢) (Fig. 2.2) can only be
interpreted in terms of an oxime-type structure. The spectrum of a
hydroxylamine-type tautomer with an imine-type nitrogen atom (see
general structure II, R®> = H, Fig. 2.1) would be expected to consist of two
doublets and one singlet.

The spectrum of the hydrochloride of (1¢) (Fig. 2.2b) is also as expected.
In the case of the unsaturated nitrogen atoms of oximes, it is known that
protonation of these structures results in the usual (see Section 2.2.2) high-
field shift of the **N resonances (Allen and Roberts, 1980). The difference in
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Figure 2.2 ’N-NMR spectra of N-hydroxydebrisoquine (l¢) in DMSO (gated
decoupling); (a) base; (b) 1c- HCL.

the chemical shift of N” in 1¢ amounts to 112.0 ppm, and is thus comparable
with the values found for oximes (Allen and Roberts, 1980). An analogous
result can be deduced from the spectrum of the hydrochloride of compound
1b (Fig. 2.3¢,d). The chemical shifts of N” in the hydrochlorides of 1b and 1¢
and the splitting of the signals into doublets provide unequivocal evidence
that the double-bonded nitrogen atom had been protonated, as can be
expected by assuming mesomerism.

The spectra of the N-monosubstituted derivatives 1a and 1b are very
similar to those of 1c (Figs 2.2 and 2.3). However, in these cases, the
tautomer II would possess the same signal multiplicities as the tautomer 1.

In addition to the analogies with the spectra of 1c, the chemical shifts are
also in favour of the tautomer I. If structure II were present, the resonances
at 84.2 or 85.1ppm, respectively, for a nitrogen atom bearing a proton
would have to be assigned to the hydroxylamine-type nitrogen atom of II.
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Figure 2.3 "’N-NMR spectra of 1bin DMSO; (a) base, proton-decoupled spectrum;
(b) base, proton-coupled spectrum (INEPT); (c) 1b-HCI, proton-decoupled
spectrum, (d) lb-HCI, proton-coupled spectrum (INEPT). (From Clement and
Kampchen (1985), with permission of VCH Verlagsgesellschaft.)

Nitrogen atoms bearing a hydroxy group in structures where the free
electron pair of the nitrogen is additionally in conjugation with a double
bond, should resonate at higher ppm values. The chemical shift values for
substituted hydroxylamines, for example, are all in excess of 100 ppm
(Gouesnard and Dorie, 1982). Furthermore, the values of 246.7 or
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248.4 ppm, respectively, for N” are larger than comparable data for imine-
type nitrogen atoms within a guanidine function (values of 193.2 and
204.3ppm have been recorded for pentamethyleneguanidine and
N,N,N' ,N'-tetramethyl-N"-phenylguanidine, respectively (Witanowski
et al., 1976; Naulet and Martin, 1979)).

The N-NMR spectra of la—c do not provide any evidence for the
presence of geometric isomers (E,Z) at the carbon-nitrogen double bond.
This observation can be explained either by assuming identity of the

| ",’ i ”wa
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O o o AN
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H
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N,/
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O
N
\
H
rT T 1T 1T 71 ) L) ¥ T T ' T T T T ' Al T v l T 17 v 7T 1 1 1 L] v r
300 250 200 150 100 50 0

ppm
Figure 2.4 '"’N-NMR spectra of 1d in DMSO; (a) proton-decoupled spectrum;
(b) proton-coupled spectrum (INEPT).
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Figure 2.5 Delocalization of electrons in N-hydroxyguanidines (1) (for R see Table
2.2).

chemical shifts, the existence of only one isomer, or rapid isomerization.
Investigations on N ,N’'-disubstituted and cyclic hydroxyguanidines
indicated that rapid interconversion is likely to be the most probable
explanation. The energy barriers determined are very low, and the possible
mechanisms of isomerization of this type have been discussed (Piotrowska
etal., 1973; Trojnar et al., 1975).

In the case of the N,N'-diphenyl derivative 1d, the chemical shift values
are again only in agreement with an oxime-type structure. However, two
doublets for NH protons are observed and attributed to the existence of
geometrical isomers (topomers) (Fig. 2.4). This has been demonstrated by
'H-NMR-spectroscopic investigations of structurally similar derivatives
such as N,N’-dibenzyl-N"-hydroxyguanidine (Piotrowska et al., 1973;
Trojnar et al., 1975). In contrast to la—c, rapid isomerization of 1d does not
occur at room temperature, instead coalescence of the NH-protons of 1d
was observed in the '"H-NMR spectrum recorded at 58°C (Clement, 1986a).

For all the investigated compounds (1) (Table 2.2), the >N chemical shifts
of the double-bonded nitrogen atoms N” are smaller than those of oximes
(values of about 340 ppm; Botto et al., 1978). On the other hand, the
chemical shifts of the nitrogen atoms N or N', respectively, are larger than
those of amines (Levy and Lichter, 1979). These facts are indicative of a
delocalization of the electrons with participation of the resonance structures
I' and I" (Fig. 2.5). A prerequisite for this state of affairs is the sp’
hybridization of all nitrogen atoms. The magnitudes of the measured
'J(**N, H) coupling constants (83-93 Hz, see Table 2.2) are in the range of
those for sp” nitrogen atoms (see section 2.2.2).

2.3.2 Amidoximes
The N-hydroxylated compounds (2) (Fig. 2.6) have been detected as

N-oxidative biotransformation products of amidines (Clement, 1983;
Clement and Zimmermann, 1987).
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Figure 2.6 Tautomerism of amidoximes (2) (for R see Table 2.3).

Amidines hydroxylated at N’ (2) were designated as amidoximes, since all
of them, including those capable to undergo tautomerism, should exist in the
oxime-type structure IIT and not in the hydroxylamine-type structure IV
(Fig. 2.6) (Dignam et al., 1980). These previous investigations (Dignam
et al., 1980) were further substantiated by '*N-NMR spectroscopic
studies (Clement and Kiampchen, 1985; Clement 1986a). In the case of
N-unsubstituted representatives, this is demonstrated not only by the
magnitudes of the chemical shifts, but also by the multiplicities of the signals
(see Table 2.3 and Fig. 2.7). In the case of N-monosubstituted derivatives,
the same splittings should be observed for the tautomers III and IV, but,

Table 2.3 '*N-chemical shifts* and coupling constants (Hz) of amidoximes (2)
(solvent DMSO). For structure see Figure 2.6

No. Configuration R! R? O(**N, ppm) 'J(**N, 'H) (Hz)
N N’ N-H N'-H

2a Z H H 63.2 287.7 87.0 —
(V) (s)

2aHCI H H 101.9  168.6 ND"

2b 4 H H 63.8 295.8 87.3 —

(p-Nitro) (t) (s)

2¢ 4 C¢Hs H 92.8 308.7 91.6 —
(d) (s)

2¢HClI C¢Hs H 118.0 188.0 ND®

2d 4 CH, H 579 2890  87.9 —
(d) (s)

2e E CH, CH, 556 3021 — —

2f Z —(CH,)s— 71.4  309.1 — —

2f E —(CH,)s- 787  305.0 — —

? Chemical shifts are given in ppm relative to NH;.
® ND = Not determined.
From Clement and Kdmpchen (1985), with permission of VCH Verlagsgesellschaft.
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Figure 2.7 "'N-NMR spectra of amidoximes (2) in DMSO; (a) 2a, proton-
decoupled spectrum; (b) 2a, proton-coupled spectrum (INEPT); (c) 2d, proton-

decoupled spectrum; (d) 2d, proton-coupled spectrum (INEPT); (e) 2e, proton-
with permission of

decoupled spectrum. (From Clement and Kampchen (1985),
VCH Verlagsgesellschaft.)
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Figure 2.8 Delocalization of electrons in amidoximes (2) (for R see Table 2.3).

again, the magnitudes of the chemical shifts, as discussed on a basis similar
to that for the spectra of N-monosubstituted hydroxyguanidines, can only
be accounted for by structure III. Furthermore, the chemical shifts of
tautomeric compounds are only slightly different from those, where the
possibility of tautomerization is blocked through replacement of the NH
protons by alkyl groups. This is especially well illustrated by comparison of
the shift values for the unsubstituted (2a) and mono-methyl-substituted
derivative (2d) with those for N,N-dimethylbenzamidoxime (2¢) (Fig. 2.7).

Although the magnitudes of the >N chemical shifts of the doubly bonded
nitrogen atoms in amidoximes are larger than those of the N"-hydroxy-
guanidines, they are still markedly smaller than those of oximes. This can
also be explained in terms of the resonance structure III’ (Fig. 2.8).

The magnitudes of the 'J(**N,"H) coupling constants (87-92 Hz, Table
2.3) in the amidoximes are again indicative of the sp> hybridization of the
nitrogen atoms which, in turn, makes electron delocalization possible.
Since, as a result of the absence of a nitrogen atom, delocalization is smaller
than that in N'-hydroxyguanidines the magnitudes of the chemical shifts of
the double-bonded nitrogens are between those for N'-hydroxyguanidines
and those for oximes.

In accordance with previously reported results (Dignam et al., 1980), the
>’N-NMR spectra of unsubstituted and N-monosubstituted derivatives
(Table 2.3 and Fig. 2.7) do not provide any evidence of the existence of
geometrical isomers (E,Z) at the carbon—nitrogen double bond. Unlike the
situation with some N"-hydroxyguanidines, this is not the result of rapid
isomerization, but rather arises from the presence of only one isomer,
namely the Z-isomer; the formation of intramolecular hydrogen bonds
contributes to increased stability of this Z-form. It has as yet not been
possible chemically to synthesize the E-isomer of any of these compounds
(Dignam et al., 1980).

However, in the case of the N,N-disubstituted representatives (2e, 2f) the
Z-isomers, prepared by the 1,3-dipolar addition of amines to nitrile oxides,
undergo complete conversion to the thermodynamically more stable
E-isomers on heating (Clement, 1986a). The influence of protonation on
the chemical shifts of nitrogen resonances is comparable to that observed
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for the N'-hydroxyguanidines, although with the hydrochlorides of 2a and
2c¢ clear NH-coupled spectra could not be obtained (Clement, 1986a).
This is indicative of a rapid proton exchange. On the other hand, the high-
field shifts of the resonances of the double-bonded nitrogen atoms in the
salts of 2a and 2c again suggest that this is the site of protonation (Table 2.3).

In summary, it may be concluded that the oxime-type structure is
preferred in amidoximes and N"-hydroxyguanidines. ThLis may be explained
by the fact that mesomeric stabilization of both systems (see I', I" and III',
respectively) is particularly favoured when the electron-withdrawing
hydroxy group is positioned at the double-bonded nitrogen atom.

2.3.3 N-Hydroxyamidines/a-aminonitrones

Compounds of the type 3 (Fig. 2.9) can also be formed from N-mono-
substituted benzamidines by metabolic N-oxidation (Clement, 1986a).
*N-NMR investigations on the structure of this class of compounds have
been undertaken with the N-methylderivative (3) (Clement and Kampchen,
1987). The *N-NMR spectra of 3 — both as the free base and the salt —
are shown in Fig. 2.9.

The spectrum of the hydrochloride of 3 in DMSO is quite usual (Fig.
2.9b). Two resonances occur at 163.4ppm and 110.1 ppm, and the latter
is split into a triplet ("J(**N,'H) = 91.6 Hz) in the 'H-coupled spectrum.

In all the compounds (free bases) discussed up to now, NH couplings were
observed in the *N-nuclear magnetic resonance spectra. However, in the
case of the free base of 3, it has not been possible to establish a coupling
constant (Clement, 1986a). This may be explained in terms of a rapid proton
exchange. A tautomeric equilibrium exists between the N-hydroxyamidine
structure V and the aminonitrone VI in which the positive charge is
stabilized through resonance (Fig. 2.9).

Protonation of either form results in the formation of the same cation. The
measured chemical shifts of the nitrogen atoms in the base represent average
values. Since the magnitudes of the chemical shifts (196.9 ppm vs.
85.5 ppm) of the base differ widely, the two tautomers cannot be present in
about the same proportion. The average value for the imine- or amine-type
nitrogen should be approximately 147 ppm (Clement and Kampchen, 1986)
and that for the hydroxylamine- or nitrone-type nitrogen should be of a
similar magnitude.

On the basis of the magnitudes of the chemical shifts of the base,
considering the unambiguously coupled spectrum and the influence of
protonation on chemical shift values, it may be assumed that the
aminonitrone IV clearly predominates. For a compound of type V, a shift
value higher than 196.9 ppm would be expected with respect to the imine
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Figure 2.9 '’N-NMR spectra of 3 in DMSO; (a) base, proton-decoupled spectrum;
(b) 3-HCI, proton-decoupled spectrum; (c) 3-HCI, proton-coupled spectrum
(INEPT). (From Clement and Kadmpchen (1987), with permission of VCH
Verlagsgesellschaft.)

nitrogen (Clement and Kdmpchen, 1986); the shift change of 33.5 ppm
resulting from the influence of protonation is too small (see section 2.2.2).
The chemical shift of 85.5 ppm is too small to account for the hydroxylamine-
type nitrogen in V, since all values for substituted hydroxylamines are in
excess of 100 ppm (Gouesnard and Dorie, 1982). On the other hand, the
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value of 196.9 ppm for a nitrone-nitrogen atom, being shifted by 33.5 ppm
after protonation at the oxygen, as well as the value of 85.5ppm for a
NH,-group in conjugation with a double bond are in good agreement with
structure VI.

2.4 CONCLUSIONS

In summary, ’N-NMR spectroscopy is highly suitable for elucidation of
the structural features of N-oxygenated compounds. Furthermore, N-
oxygenated products can be readily distinguished from the parent
compounds. Both in N-hydroxyguanidines and amidoximes the nitrogen
atom bonded to oxygen is deshielded by about 50-70 ppm as compared to
the corresponding nitrogen centre in guanidines and amidines (Clement,
1986a).

In many cases, ’N-NMR spectra of nitrogen-containing compounds
provide additional information not available from 'H- or > C-NMR data.
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1. The difficulties encountered in the trace analysis of N-oxides and the
methods required for their intact analysis are discussed.

2. Emphasis in the discussion is focused on the tertiary aliphatic amines and
the tertiary arylalkylamines referred to here as the aliphatic tertiary
amines.

3. The techniques which fulfil the requirements necessary for the analysis of
intact N-oxides include high performance liquid chromatography
(HPLC), mass spectrometry (MS) (with soft ionization techniques) and
radioimmunoassay (RIA).

4. A thorough understanding of the difficulties encountered in the analysis
of N-oxides will enable the correct application of these modern methods
of analysis to determine better the metabolic importance of aliphatic
tertiary amine N-oxides.
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3.1 INTRODUCTION

When undertaking development of methodology to analyse a compound
containing an N-oxide, it is important to consider whether the compound is
the N-oxide of a tertiary aliphatic amine such as trimethylamine, or tertiary
arylalkylamine such as dimethylphenylamine, or heteroaromatic amine
such as pyridine or quinoline. The first two types are referred to here as
aliphatic tertiary amines. It is established that there are chemical and
metabolic differences between these two types of amine oxides. Generally
the N-oxides of heteroaromatic amines are more stable both chemically and
metabolically than the N-oxides of aliphatic amines (Ochiai, 1967; Bickel,
1969; Jenner, 1971; Lindsay, 1979; Damani, 1985). A comparison of the
stability of the two types of N-oxides to heat and some reducing agents is
given in Table 3.1.

In view of their greater lability, this chapter will essentially only discuss
methods of analysis for the aliphatic tertiary amine type of N-oxide in order
that the problems associated with the development of methods can be
brought into focus. Such lability has resulted in difficulties associated with
the development of suitable analytical techniques for the isolation,
identification and quantitation of the intact aliphatic tertiary amine N-oxide
compounds from biological media. The difficulties will be discussed later in
this chapter. In addition to these difficulties, the polarity of N-oxides makes
their isolation from biological fluids more difficult. The earlier reported

Table 3.1 Comparison of stability between aliphatic tertiary amine oxides and
aromatic heterocyclic N-oxides

Condition Aliphatic Aromatic
Reduction with Generally easily Generally easily
titanous chloride reduced at room reduced atroom
temperature temperature
Reduction with Generally easily Generally resistant
sulphurous acid or reduced at room toreduction at
sodium dithionite temperature room temperature
or sodium metabisulphite
Application of heat Tendency to undergo Tendency to undergo
decomposition deoxygenation to
by deoxygenation, tertiary amine
loss of aldehyde to
form secondary amine,

Cope elimination
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methods for the qualitative and quantitative analysis of aliphatic tertiary
amine N-oxides were often indirect methods because of difficulties
associated with their isolation. Consequently, their identification and
quantitation was often based on measurement of either reduced or
thermally decomposed products of the N-oxides (Beckett et al., 1971; Ames
and Powis, 1978; Gruenke et al., 1985; Jacob et al., 1986).

The current trend in method development is that the intact N-oxide
molecule is analysed directly. Thus the analytical techniques which have
met the challenges posed by the labile nature of the aliphatic tertiary
amine N-oxides include methods based on high performance liquid
chromatography (HPLC), mass spectrometry (MS) (with soft ionization
techniques) and radioimmunoassay (RIA). Two important features of
HPLC are its operation at ambient temperature and its suitability for the
chromatography of polar compounds. Both these features increase the
chances of successful application to the analysis of intact N-oxides. The
availability of soft modes of ionization in MS makes these techniques
suitable for the analysis of labile compounds. Moreover the use of combined
HPLC-MS by means of interfaces such as plasmaspray or thermospray has
been an important development. RIA, although initially involving a large
investment of time and effort, can reduce the complexity of sample
preparation and results in high sample turnover with an overall decrease
in analysis time. This chapter will focus on the use of these modern
techniques for the qualitative and quantitative analysis of aliphatic tertiary
amine N-oxides. The examples taken from the literature include some based
on the experience of this research group with the N-oxide metabolites of
various psychotropic drugs, drugs where the aliphatic tertiary amine group
is commonly encountered. The difficulties involved in the analysis of
N-oxide compounds will be discussed first. It is only through an under-
standing of these difficulties that the modern methods of analysis can be
correctly applied so that true understanding of the metabolic importance of
aliphatic tertiary amine N-oxides is fully realized.

3.2 DEFINING THE PROBLEM

Early literature on the N-oxides was reviewed authoritatively by Bickel
(1969), an author who has himself contributed to our understanding of these
compounds. In the pharmaceutical world, although there are few drugs
marketed as N-oxides per se, an enormous number of drugs are nitrogenous
compounds which can give rise to N-oxide metabolites. It is only in recent
years, however, that analytical techniques have advanced to the point where
it is possible to measure trace levels of intact N-oxides in biological matrices.
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As a result, the true significance of the pharmacokinetics and pharmaco-
dynamics of N-oxides as drug metabolites, drugs or prodrugs is only
beginning to be realized.

3.2.1 Problems which have created challenges in the analysis
of the aliphatic tertiary amine N-oxides

(a) Polarity of compounds

There are marked physicochemical differences between an aliphatic tertiary
amine and its corresponding N-oxide (Jenner, 1971). Formation of an
N-oxide generally leads to a marked increase in polarity (Beckett and
Triggs, 1967) and a decrease in pK, (Bickel, 1969). Solvents commonly used
for the extraction of lipophilic drugs from aqueous biological media
(hexane, pentane or diethyl ether, etc.) do not possess enough polar
character to extract aliphatic tertiary amine N-oxides. More polar solvents
such as dichloromethane, ethyl acetate, 2-propanol or acetone are required.
The use of these more polar solvents results in the extraction of extraneous
materials from the biological matrix resulting in chromatographic problems.
Clean up procedures required to avoid chromatographic problems often
lead to poor overall extraction recoveries.

(b) Thermal decomposition

There have been many cases reported in the literature where N-oxides have
been shown to undergo thermal decomposition in the injection port of the
gas chromatograph or in the mass spectrometer. Aliphatic tertiary amine
N-oxides which have an N-methyl group characteristically decompose
by loss of oxygen to yield the corresponding tertiary amine, loss of
formaldehyde to yield the corresponding secondary amine and Cope
elimination to yield an alkene. Among others these observations have been
reported for chlorpromazine N-oxide (Gudzinowicz et al., 1964),
doxylamine N-oxide (Ganes et al., 1986), meperidine N-oxide (Linberg and
Bogentoft, 1975) and tamoxifen N-oxide (Foster et al., 1980).

(c) Decomposition during biological sample preparation for analysis

A dramatic example of the decomposition of an N-oxide during sample
preparation causing major errors in analysis has been reported (Hubbard
et al., 1985). Plasma samples from patients medicated with chlorpromazine
appeared to contain much higher concentrations of chlorpromazine after
extraction from aliquots of plasma alkalinized with sodium hydroxide (pH
13.6), compared with aliquots of the same plasma alkalinized with sodium
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carbonate (pH 11.7). Krieglstein et al., (1979) had previously suggested the
possibility of chlorpromazine N-oxide being converted into chlor-
promazine and chlorpromazine sulphoxide during an extraction procedure
which involved adjustment of the biological sample to pH 14. Hubbard
et al. (1985) showed that reduction of the tertiary amine N-oxide occurred
as a result of chemical reaction between chlorpromazine N-oxide and
plasma constituents which were modified under strongly alkaline con-
ditions. It was postulated that reactive groups which were produced by, for
example, cleavage of the disulphide bonds of albumin (Field, 1977) to yield
thiolate anions, are capable of reducing susceptible functional groups such
as N-oxides. It was confirmed with further experiments that on addition
of chlorpromazine N-oxide to albumin solutions buffered at pH 14, the
presence of chlorpromazine was detected. When a similar experiment was
conducted where no albumin was added to a solution buffered at pH 14,
reduction of chlorpromazine N-oxide was not detected.

The significance of these observations to the measurement of chlor-
promazine and chlorpromazine N-oxide in plasma samples obtained from
patients is obvious. In fact, in an investigation of plasma samples (n = 10)
obtained from patients under chronic oral treatment with chlorpromazine,
it was shown that the apparent chlorpromazine concentrations were up to
343% higher when sodium hydroxide was used for alkalinization rather than
sodium carbonate. A survey of the extraction procedures reported in the
literature where measurements are made of plasma or serum concentrations
of chlorpromazine in patients indicated that almost invariably alkali is added
and that sodium hydroxide is a very frequent choice. However, it was also
shown that the extent of conversion of chlorpromazine N-oxide into chlor-
promazine depends not only on the number of added equivalents of sodium
hydroxide but also other aspects of the extraction procedure employed. For
example, when plasma samples that contain added chlorpromazine N-oxide
and sodium hydroxide were extracted by otherwise similar procedures of
either single (10 ml) or double aliquots (2 X Sml) of the same extraction
solvent, 1.4% and 23.9%, respectively, was recovered as chlorpromazine.
The reason for this vast difference in recovery of chlorpromazine was
probably the contact time between alkalinized plasma and the extraction
solvent in that the double-aliquot procedure took considerably longer to
perform (Hubbard et al., 1985).

In the case of the analysis of chlorpromazine in whole blood it is essential
that alkali should not be used at all in the extraction procedure since it was
found that both sodium carbonate and sodium hydroxide rapidly converted
chlorpromazine N-oxide into chlorpromazine, and-a portion (10-14%) of
chlorpromazine was converted into chlorpromazine sulphoxide (McKay
et al., 1985). Finally it is a paradox that chlorpromazine, chlorpromazine
sulphoxide and chlorpromazine N-oxide are stable under physiological
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conditions in whole blood, and they can be efficiently extracted at
physiological pH after the appropriate separation of plasma and red blood
cells (Hawes et al., 1986).

These observations regarding the stability of chlorpromazine N-oxide
under alkaline conditions probably apply to some extent to other N-oxides
of aliphatic tertiary amines. In fact, it was clearly shown that the N-oxides of
certain tricyclic antidepressant drugs, namely amitriptyline, doxepin and
imipramine were substantially N-deoxygenated when plasma was
alkalinized with sodium hydroxide, but not sodium carbonate (Hubbard
etal., 1986).

It should also be considered that the use of oxidizing or reducing agents at
any stage of analysis can potentially cause artifactual interconversion
between an N-oxide and the corresponding tertiary amine. For example,
it has been demonstrated that the addition of antioxidants to prevent
decomposition of plasma samples during storage is not wise when an
N-oxide is present. Thus the addition of sodium metabisulphite or ascorbic
acid before storage of plasma samples at 4°C or — 18°C led to the partial
formation of chlorpromazine from chlorpromazine N-oxide (Whelpton,
1978).

(d) Decomposition during chemical derivatization procedures

The chemical derivatization of organic compounds is generally carried out
to facilitate their chromatographic behaviour and/or to enhance their
sensitivity to detection. Acid chlorides and acid anhydrides are two
examples of agents which are commonly used for this purpose.
Unfortunately, aliphatic tertiary amine N-oxides have been shown to
decompose as a result of these derivatization procedures. For example, a
well-known reaction which occurs with aliphatic tertiary amine N-oxides
and acid anhydrides is the Polonovski reaction, which is illustrated in
Fig. 3.1. Because of the ease with which these reactions occur, it is best to
avoid acid anhydrides or acid chlorides at all times when working with
samples likely to contain N-oxides.

(o)
0 0 o
t 1} " ”
RaN—CH, + R-C-0-C-R —_— Ry;N—C——CH;,4

Figure 3.1 Polonovski reaction with aliphatic tertiary amine N-oxides.
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3.3 TECHNIQUES AVAILABLE FOR THE
QUALITATIVE AND QUANTITATIVE
ANALYSIS OF INTACT N-OXIDES

As mentioned previously, the earlier methods of quantitation almost
invariably involved the use of indirect methods of analysis because of the
instabilities associated with N-oxides. A widely applied method was based
on the use of a reducing agent to convert the N-oxide back into the tertiary
amine. Titanous chloride (Beckett et al., 1971), sodium metabisulphite
(Curry and Evans, 1976) and sodium dithionite (Aravagiri et al., 1990) are
examples of agents that have been used for this purpose. The latter two
reagents are preferred, since, unlike titanous chloride, they selectively
reduce the N-oxide group in the presence of the sulphoxide group (Curry
and Evans, 1976; Aravagiri et al., 1990).

New techniques which are suitable for the analysis of the intact N-oxides
include RIA, HPLC and MS with the aid of soft ionization modes. These
techniques will be illustrated below with a number of examples.

3.3.1 Qualitative analysis
(a) High performance liquid chromatography

HPLC has been used qualitatively to investigate the presence of N-oxide
metabolites in biological samples. For example, HPLC methods were used
in the investigation of the metabolites of chlorpromazine N-oxide in urine
and faeces of rat, dog and man after oral administration of the N-oxide to
each of the three species (Jaworski et al., 1988, 1990). The administered
compound and metabolites were isolated by collection of eluates from
HPLC and their identities confirmed with the aid of MS. The advantage of
this procedure was that it was able to isolate and identify the intact N-oxide
compounds from biological matrices. A sample chromatogram is shown in
Fig. 3.2.

(b) Mass spectrometry

Electron impact (EI) mass spectra generally provide insufficient evidence
for identification of most aliphatic tertiary amine N-oxides because of their
labile nature. Therefore, methods such as chemical ionization (CI) and fast
atom bombardment (FAB) have been used for the identification of intact
molecules present in samples of biological and non-biological origin since
these methods yield information about pseudomolecular ions.



44  Trace analysis of N-oxide compounds

IXg

0.1 AUFS

m

4|

\UU o
] ) ~
32 40 4

8

T T T T

0 8 16 24
Time (min)

Figure 3.2 HPLC chromatogram of an extract from urine from a dog dosed orally
with chlorpromazine N-oxide. I, chlorpromazine N-oxide; II, chlorpromazine;
111, chlorpromazine N,S-dioxide; [V, 7-hydroxychlorpromazine; V, chlorpromazine
sulphoxide; VI, N-desmethylchlorpromazine; VII, N-desmethylchlorpromazine
sulphoxide.

McKay et al. (1986) have examined the use of three different modes of
ionization, EI, CI and FAB. In the case of EI or CI, samples were analysed
via a solid direct probe inlet system, whereas with FAB samples these were
applied to a stainless-steel target. Samples which were run in EI mode either
gave no molecular ion or one of very weak intensity. On the other hand,
although the relative abundance varied from compound to compound CI
spectra invariably showed pseudomolecular ions. FAB analysis gave
abundant pseudomolecular ions which in many cases constituted the base
peak.

(c) Radioimmunoassay

Immunoassay techniques can provide a very simple method to carry out a
rapid qualitative screen for the presence of N-oxide metabolites in biological
fluids. Interaction of a ligand with the antibody may be taken as good
evidence for the presence of an N-oxide metabolite in the sample, which
should be investigated and confirmed by more rigorous methods.
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3.3.2 Quantitative analysis
(a) High performance liquid chromatography

Some advantages of using HPLC for the quantitation of aliphatic tertiary
amine N-oxides can be exemplified by an analytical method developed for
the measurement of chlorpromazine and metabolites, including the N-oxide
metabolite, in plasma (Midha et al., 1987). The development of this method
was a great challenge since chlorpromazine is extensively metabolized to
numerous products, many of which are very difficult to extract and separate
in a single chromatographic run. The method eventually developed was
able to separate chlorpromazine plus eight metabolites in a single
chromatographic run. In addition, the compounds were detected by UV
spectrophotometry which avoids much of the interference from endogenous
plasma constituents encountered with electrochemical detectors.
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Figure 3.3 HPLC chromatograms of (A) reference standards in organic solution,
(B) an extract of blank plasma, (C) an extract of plasma ‘spiked’ with reference
standards, and (D) an extract of plasma from a volunteer dosed with chlor-
promazine. I, chlorpromazine; II, 7-hydroxychlorpromazine; III, N,N-didesmethyl-
chlorpromazine; IV, N-desmethylchlorpromazine; V, 7-hydroxy-N-desmethyl-
chlorpromazine; VI, chlorpromazine sulphoxide; VII, chlorpromazine N-oxide;
VIII, N,N-didesmethylchlorpromazine sulphoxide; IX, mesoridazine (internal
standard); X, N-desmethylchlorpromazine sulphoxide.
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A further advantage of this method is the simple extraction procedure
which is much improved over a previously reported method (Gruenke
et al., 1985). The procedure involves a single extraction with an organic
solvent mixture consisting of dichloromethane : pentane : 2-propanol
(49:46:5 by vol.); the solvent mixture allows for extraction of analytes
with a wide range of polarities. One of the reasons that this method was able
to separate at least nine related components was due to a mixed cationic
buffer system (ammonium and sodium) contained in the mobile phase, since
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Figure 3.4 Plasma level-time profiles of volunteer C after the administration of a
single 100 mg oral dose of chlorpromazine hydrochloride. Plasma concentrations
were determined by an HPLC method. @, Chlorpromazine; O, 7-hydroxy-
chlorpromazine; <>, N-desmethylchlorpromazine; A, 7-hydroxy-N-desmethyl-
chlorpromazine; O, chlorpromazine sulphoxide; M, chlorpromazine N-oxide;
A, N-desmethylchlorpromazine sulphoxide.
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the addition of only one of the cations was insufficient for separation of all
nine components. The separation of chlorpromazine and its metabolites
from plasma is shown in Fig. 3.3. As mentioned earlier, the use of polar
extraction solvents can lead to chromatographic problems through the
co-extraction of endogenous constituents from the biological matrix.
Difficulties of this type were in fact encountered in the chromatography of
chlorpromazine in extracts of plasma from some individuals. The spuriously
high values for chlorpromazine were detected by analysis of aliquots of the
same plasma samples by RIA. Thisillustrates the fact that it is possible for an
immunoassay to be more specific than a chromatographic method in a
multicomponent analysis. No chromatographic problems of this type were
encountered, however, in the analysis of chlorpromazine N-oxide.

The method can quantitate chlorpromazine metabolites over a
concentration range of 2.5-50 ng/ml with an overall coefficient of variation
in the range 3.8-7.7%. The method has been successfully applied to the
analysis of plasma samples collected over 48 h from four healthy volunteers
each given 100 mg single oral doses of chlorpromazine. An example of a
plasma level-time profile is shown in Fig. 3.4.

(b) Mass spectrometry (fast atom bombardment)

Until recently, examination of intact N-oxides by MS has been restricted to
qualitative analysis. With the advances made in soft ionization techniques,
however, the development of quantitative methods for the intact N-oxides
has been made possible. One example of a method recently reported was the
use of FAB tandem MS for the analysis of a substituted benzazepine N-oxide
compound, SK&F 102102 shown in Fig. 3.5 (Straub and Levandoski, 1985).
The procedure was carried out on a Finnigan MAT triple stage quadrupole
MS with xenon as the primary ionizing beam for the FAB ionization process.

The method can be applied to both plasma or urine samples. After the
addition of a pentadeuterated internal standard, extraction of the N-oxide
from the biological fluid was accomplished rapidly with the aid of solid-
phase extraction cartridges. An aliquot of the crude extract eluted from the
cartridges was then applied to the FAB probe tip and inserted into the mass

o)
/
*N‘CHs

Cl
Figure 3.5 The structure of SK&F 102102.
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spectrometer. Quantitation was carried out with selected reaction
monitoring such that only the protonated molecular ion [M+H]"* of the
sample or internal standard was allowed to pass through quadrupole 1.
Quadrupole 2 was used as a collision cell for the generation of collision-
activated dissociation (CAD) daughter ions. Quadrupole 3 allowed the
passage of the daughter ion generated in quadrupole 2 for each specific
parent ion. Measurements of the daughter ion current of m/z 180 and 185
were then carried out and the ratio of the daughter ion signal intensities from
the sample and internal standard, respectively, were plotted versus
concentration to generate a standard curve. The method was validated by
using quality control samples of three different concentrations and standard
curves which contained 10 data points/curve. Cross validation was carried
out with the aid of an independent assay involving GC analysis of the
N-oxide after reduction to the tertiary amine. The advantage of this method
is its utility for the detection and quantitation of a labile compound within
a complex sample matrix. In addition, sample preparation is simple, and
assay time per sample is very rapid (usually less than 5 minutes).

(c) Radioimmunoassay

Over the past few years RIAs have been successfully developed and applied
to the measurement of N-oxide metabolites of some phenothiazine
antipsychotic agents. For example, chlorpromazine N-oxide has been shown
to be a major metabolite in patients medicated with chlorpromazine. In
order to develop an RIA procedure for chlorpromazine N-oxide, the first
step was the production of a suitable antiserum. Since compounds with low
molecular weight are not immunogenic, they must be linked covalently to
a macromolecule in order to stimulate an immunogenic response. A
commonly used macromolecule for this purpose is the protein bovine serum
albumin (BSA) which has a molecular weight of approximately 65000.
Yeung et al. (1987) showed that the most specific antibodies are formed
when the protein is attached to the molecule at a site most distal from the
most characteristic functional group. With the N-oxide of chlorpromazine,
for example, the most distinguishable functional group is the tertiary amine
N-oxide moiety located at the dimethylaminopropyl side chain. Therefore,
the best position for attachment to the protein would be on the
phenothiazine ring system. Since a reactive functional group is not available
on the ring system for direct coupling to a protein, a group must be attached
for this purpose. In this case a functional group was attached by means of a
Friedel-Crafts acylation reaction. The purity and integrity of this product,
commonly referred to as a hapten, was established by means of TLC, NMR,
UV and MS because impurities could result in the production of antibodies
for the impurities and, therefore, compromise specificity of a hapten for
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Figure 3.6 Synthesis of a hapten for chlorpromazine N-oxide and its bovine serum
albumin (BSA) conjugate. 1, Chlorpromazine; 2, 3-methoxycarbonylpropionyl
chloride; 3, 7-(3-methoxycarbonylpropionyl)-chlorpromazine; 4, 7-(3-carboxy-
propionyl) chlorpromazine; 5, 7-(3-carboxypropionyl) chlorpromazine N-oxide
(hapten for chlorpromazine N-oxide).

chlorpromazine N-oxide. The synthesis of the hapten for chlorpromazine
N-oxide is shown in Fig. 3.6.

After production of the antiserum it is essential to determine its cross-
reactivity profile. In the past, the method of Abraham (1969) has been
widely adopted and such data are shown for chlorpromazine N-oxide in
Table 3.2. (Yeung et al., 1987). Subsequent work, however, has shown that
the criteria of Abraham do not define the specificity of the antisera
adequately. A test which is more rigorous than Abraham’s method is the
cross-reactants challenge (Aravagiri et al., 1984). In this procedure, the
analyte is added to a blank biological matrix containing, in 2-5 times excess,
a number of potential cross-reactants which are likely to be present in test
samples. The apparent concentration of the test analyte is then determined
experimentally and compared with the measurements made in the absence
of cross-reactants. From the result of the cross-reactants challenge, it was
decided that direct RIA for chlorpromazine N-oxide gave inflated values.
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Table 3.2 Cross-reactions of the chlorpromazine N-oxide anti-

serum”
Compound Cross-reaction
(%)
Chlorpromazine N-oxide 100
Chlorpromazine <1
7-Hydroxychlorpromazine <1
Chlorpromazine sulphoxide <1
N-Desmethylchlorpromazine <1
N,N-Didesmethylchlorpromazine <1
Chlorpromazine N,S-dioxide <1
7-Hydroxychlorpromazine-O-glucuronide <1

? Values are expressed as percentage cross-reaction which was calculated
by the method of Abraham (1969).

Therefore, a procedure was developed to extract the N-oxide from plasma
and RIA was then carried out on the extracts (Table 3.3). The extraction
RIA was shown to be useful over the concentration range 0.25-250 ng/ml
and was capable of monitoring chlorpromazine N-oxide levels in plasma for
up to 48 h after administration of a single oral dose of 50 mg chlorpromazine
hydrochloride. An example of a plasma level-time profile is shown in
Fig. 3.7 (Yeung et al., 1987).

An RIA procedure was also developed for the measurement of
trifluoperazine N-*-oxide concentrations in plasma (Aravagiri et al., 1986).

Table 3.3 Determination of plasma chlorpromazine N-oxide concentrations in
the absence and presence of chlorpromazine and other major metabolites

Concentration Concentration Difference
addedas CPZNO, added as CPZNO of means
I ng/iml (CPZ + CPZSO + (ttest)
7-OHCPZ), 1 ngiml;
5 ng/mleach

Direct RIA® 1.03 £0.12° 1.33+0.05 P <0.05
(n=3)

Extraction RIA® 0.97 £ 0.09 0.98 +0.04 P>0.05
(n=16)

* CPZNO was measured directly in plasma without prior extraction.

® CPZNO was measured after selective extraction from plasma, as described in Yeung et al.
(1987).

¢ Mean + SD of the assayed plasma concentration. CPZ, chlorpromazine; CPZNO, chlor-
promazine N-oxide; CPZSO, chlorpromazine sulphoxide; 7-OHCPZ, 7-hydroxychlor-
promazine.
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Figure 3.7 Plasma concentrations of chlorpromazine and metabolites in a healthy
volunteer after a single 50 mg oral dose of chlorpromazine hydrochloride. Plasma
concentrations were determined by RIA subsequent to extraction. A, Chlor-
promazine; A, chlorpromazine N-oxide; @, conjugated 7-hydroxychlorpromazine;
O, free 7-hydroxychlorpromazine; M, chlorpromazine sulphoxide.

Until this procedure was developed, the levels of the N-oxide metabolite in
plasma were largely unknown. As in the development of the RIA procedure
for chlorpromazine N-oxide it was necessary to prepare a hapten. The
Friedel-Crafts acylation failed, however, probably because of the presence
of the strongly electronegative 2-trifluoromethyl group of the phenothiazine

Table 3.4 Cross-reactions of the antiserum for the
-oxide metabolites of piperazine type of
phenothiazine antipsychotic agents

Compound Cross-reaction
(%)
Trifluoperazine N‘ "oxide 100
Fluphenazine N* -oxide 67
Prochlorperazine N*-oxide 100
Trifluoperazine <1
Fluphenazine <1
Prochlorperazine <1

Values are expressed as percentage cross-reaction which
was calculated by the method of Abraham (1969).
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ring. Fortunately, an antiserum generated to a particular phenothiazine
derivative will generally cross-react with an analogue differing in structure
only at the ring 2-position. Thus a hapten was prepared by Friedel-Crafts
acylation of the 2-chloro analogue (prochlorperazine). The antiserum
subsequently raised to the hapten-BSA conjugate cross-reacted 100% with
trifluoperazine N* oxide and cross-reacted significantly with fluphenazine
N*-oxide (Table 3.4). It was then decided to use this antisera for the
development of RIA procedures for trifluoperazine N*-oxide and
fluphenazine N*-oxide.

The assay is capable of quantitating trifluoperazine N*-oxide from
0.1-10ng/ml of plasma and, therefore, can measure trifluoperazine
N*-oxide in plasma samples collected as late as 72 h after administration
of a single oral dose of trifluoperazine dihydrochloride (5 mg). Flgure 3.8
shows the mean plasma concentrations of trifluoperazine N*-oxide in
the plasma of six healthy volunteers after each had received a single oral
dose (5 mg) of trifluoperazine dihydrochloride.

An RIA has also been developed for the N*-oxide of fluphenazine
(Aravagiri et al., 1990). This method was also based on an antiserum raised
to the prochlorperazme N*-oxide immunogen. The antiserum displayed an
insignificant cross-reactivity with other major metabolites of fluphenazine
such as 7-hydroxyfluphenazine, fluphenazine sulphoxide or N-deshydroxy-
ethylfluphenazine. Moreover, the cross-reactants challenge test showed
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Figure 3.8 Mean plasma concentrations of trifluoperazine (O) and trifluoperazine
N-oxide (@). Concentrations in six healthy volunteers after a single 5 mg oral dose of
trifluoperazine dihydrochloride were determined by RIA procedures. Each point
represents the mean £ SD.
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Table 3.5 Plasma concentrations (mean + SD) of FLU and FLUNO
in patients (n = 29) under chronic treatment with biweekly intra-
muscular doses of 5 mg of FLU decanoate

Length of n Plasma concentrations (ng/ml)
treatment

(weeks) FLU FLUNO

4 26 0.32+0.16 (26) 0.28 £0.46 (10)
8 26 0.32+0.18 (26) 0.25+0.31 (11)
26 17 0.31+0.32 (16) 0.29+0.26 (7)

Both FLU (McKay et al., 1989) and FLUNO (Aravagiri et al., 1990) were
determined by the respective extraction RIA procedure. The numbers in
parentheses are the number of patient samples where the analytes could be
qu4z;ntitated (=0.05ng/ml). FLU, fluphenazine; FLUNO, fluphenazine
N7 -oxide.

that extraction was necessary prior to quantitation of the N*-oxide. The
RIA was capable of quantitating 0.1-5 ng/ml of fluphenazine N*-oxide in
plasma. It could accurately determine fluphenazine N*-oxide in most
patients receiving daily oral doses of 5-20mg of fluphenazine dihydro-
chloride in whom the levels of the N*-oxide ranged from 13-378% of the
observed fluphenazine concentrations. The method has also been applied to
measurement of fluphenazine N*-oxide in plasma samples of some patients
under chronic treatment with biweekly intramuscular injections of 5 mg of
fluphenazine decanoate (Table 3.5).

3.4 CONCLUSIONS

The measurement of intact N-oxide metabolites has been promoted and
enhanced by a number of developments. The advent of HPLC has permitted
the separation of trace levels of intact N-oxides from other components of
various biological matrices. Moreover, the development of soft ionization
techniques in MS has greatly assisted in the identification and measurement
of numerous polar and unstable analytes including N-oxides. The
combination of HPLC with MS by modern interface devices such as
plasmaspray or thermospray will become widely used techniques in the
analysis of N-oxides in the next decade. Greater understanding of the
physicochemical properties of N-oxides and their behaviour during
manipulation of biological samples has also contributed to their successful
analysis. It has also been demonstrated that immunoassay techniques can be
developed and applied successfully to the analysis of N-oxides or to provide
a rapid qualitative screen for their detection.
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Mechanism, multiple forms and
substrate specificities of flavin-

containing mono-oxygenases
D.M. Ziegler

Clayton Foundation Biochemical Institute and Department of Chemistry,
The University of Texas at Austin, Austin, TX 78712, USA

Muitisubstrate flavin-containing mono-oxygenases (FMOs) with similar
catalytic mechanisms have been isolated from both eukaryotes and
prokaryotes.

. These enzymes differ from all other mono-oxygenases requiring an

external reductant in that an oxygenatable substrate is not required for
formation of the enzyme-bound oxygenating intermediate.

Any soft nucleophile gaining access to this intermediate is oxidized and
substrate specificity is largely determined by steric factors that limit
access.

FMO'’s apparently discriminate between different nucleophiles by
excluding non-substrates rather than selectively binding substrates.
Evidence collected with different nucleophilic amines suggest that
differences in dimensions of enzyme substrate channels may be
responsible for many of the differences in substrate specificities exhibited
by tissue specific forms of FMO.
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4.1 INTRODUCTION

Enzymes bearing flavin prosthetic groups are quite common in all
eukaryotic and prokaryotic organisms. The tricyclic ring of isoalloxizine is
an exceptionally versatile molecule that in different microenvironments
carries out a variety of different biological redox functions. Most of these are
well known and the present discussion will be restricted to a subgroup of
flavin-dependent mono-oxygenases that catalyse the oxidation of an
exceptionally broad range of substrates via a mechanism distinctly different
from all other mono-oxygenases or oxidases.

In vertebrates these flavoproteins have apparently evolved to catalyse the
detoxication of soft nucleophiles such as alkaloids and other nutritionally
useless compounds so abundant in our plant foods (Liener, 1980). These
flavoproteins are ideally adapted for this function and unique steps in their
catalytic mechanism that permit such exceptionally loose specificity without
seriously compromising catalytic efficiency will be the principal focus of this
chapter.

However, before taking up this and a few other properties of these
flavoproteins, some comments on nomenclature appear in order.
Systematic nomenclature of multisubstrate enzymes with distinct but
overlapping specificities is a recurring problem in the field of drug
metabolism and the flavin-dependent drug oxygenases are no exception. It
has become common practice to refer to enzymes similar in composition and
mechanism to the extensively studied porcine liver microsomal enzyme as
flavin-containing mono-oxygenases — often abbreviated simply as FMO.
This designation, although useful, fails to address species and tissue variants
and both should be specified for accuracy. The following discussions will
follow the current practice of referring to this type of flavoprotein from
vertebrates as FMO but, as necessary for clarity, the abbreviation will be
preceded by the species and tissue.

4.2 MULTIPLE FORMS

Flavoprotein catalysing N-oxygenation of N,N-dimethylaniline and a
variety of other amines have been isolated from eukaryotes and prokaryotes
as indicated by representative examples listed in Table 4.1. The enzymes
present in mammalian liver microsomes are quite similar in composition and
catalytic properties although some qualitative species differences have been
described (Ziegler, 1980, 1988a,b). Indirect evidence based on differences
in thermal stability and optimal pH also suggest that some rodents may
express at least two structurally different forms of FMO in liver (Dixit and
Roche, 1984). Whether the observed differences in rodent liver are due to
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Table 4.1 Multisubstrate flavin-containing mono-oxygenases purified
to homogeneity

Species (tissue) Reference

Porcine (liver) Ziegler and Mitchell (1972)

Mouse (liver) Sabourin et al. (1984)

Mouse (lung) Tynesetal. (1985)

Rat (liver) Kimura ezal. (1983)

Rabbit (lung) Williams ez al. (1984a, b)
Tynes et al. (1985)

Trypanosomi cruzi (cytosol) Kuwahara et al. (1985)

Acinetobacter (cytosol) Ryersonetal. (1982)

Beneckea harvieyi (cytosol) Hastings and Balny (1975)

different gene products or to post-translation modification of a single
protein are not known. Either possibility (or even localization in different
phospholipid environments) could account for most, if not all, the apparent
structural differences in rodent liver FMO.

In addition to liver, immunochemical analysis of microsomal proteins
(Tynes and Philpot, 1987), suggests that an enzyme quite similar to the liver
enzyme is also expressed in kidney and lung of all species examined except
rabbit (Williams et al., 1984b; Tynes and Philpot, 1987). Lung tissue from
the latter species (and perhaps from sheep, Williams, personal
communication) contain a form of FMO catalytically and immunologically
distinct from the rabbit liver enzyme.

However, tissue-specific forms of FMO cannot be detected in all species.
For instance, analysis of liver genomic DNA (Gassner et al., 1990) suggests
that in the pig, a single gene encodes for FMO and the same protein is also
expressed in lung and kidney in this species. Thus it would appear that, at
least in the pig, the loose substrate specificity of FMO in liver, lung and
kidney is due to activity of a single protein and not to a family of
flavoproteins almost identical in physical properties. Although the existence
of different forms of FMO in other tissues cannot be ruled out, the evidence
currently available suggests that in the major organs of entry in the pig only
a single gene encodes for FMO. But as indicated above this is certainly not
true for all mammalian species and expression of tissue-specific forms of
FMO may well be species dependent.

In addition to major organs of entry, activities characteristic of FMO have
been detected in virtually all nucleated mammalian cells examined (Ziegler,
1988a). Although amounts of enzyme estimated from activity or
immunochemical measurements are usually much lower, activity in some
tissues can reach levels present in liver. For example Heinze et al. (1970)
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described a dramatic increase in N,N-dimethylaniline N-oxygenation in
microsomes isolated from corpus lutea during the latter stages of the oestrus
cycle in pigs. Fivefold induction of FMO in the placenta of mice has also
been reported (Omitz and Kulkarni, 1982) and the concentration of FMO in
rabbit lung increases at least fivefold and becomes the major microsomal
protein in lung tissue from pregnant rabbits (Williams et al., 1984a). The
available evidence suggests that FMO is widely distributed in tissues from
vertebrates but tissue distribution and presence of tissue-specific forms
appears to vary with species.

Flavoproteins similar in catalytic properties to the mammalian enzymes
have also been isolated from protozoa and bacteria and the more thoroughly
characterized are listed in Table 4.1. The flavoprotein isolated from T. cruzi
by Kuwakara et al. (1985) appears similar in composition and substrate
specificity to liver FMO. The enzyme is apparently overexpressed in
antihelmintic tolerant organisms and Agosin and Ankley (1987) suggest that
the increased concentration of FMO may be related to drug resistance.

The prokaryotic mono-oxygenases listed in Table 4.1 possess the loose
specificity characteristic of FMO, but each catalyses reactions not shared by
the mammalian enzymes. For instance Baeyer-Villiger reactions carried out
by cyclohexanone oxygenase (Ryerson et al., 1982) cannot be demonstrated
with the pig liver enzyme (unpublished observations, this laboratory). The
oxygenation of long-chain aldehydes by luciferases from luminescent
marine bacteria also yields a photon of blue—green light in addition to the
acid, but emission of light by the mammalian enzymes has not been
reported. The luciferases from marine organisms also differ from the other
mono-oxygenases listed in Table 4.1 in composition and subunit structure.
Active preparations of luciferase require separate reductases for electron
transfer from NADH or NADPH to the flavin-dependent mono-oxygenase
and the latter specifically requires FMN for activity (Hastings ez al., 1985).

The preceding summary indicates that flavoproteins similar in mechanism
to the liver microsomal enzyme are widely distributed in nature. While
species and tissue-specific forms exhibit distinct substrate specificities, each
flavoprotein in this category catalyses NAD(P)H- and oxygen-dependent
oxygenation of an exceptionally broad range of different compounds. Steps
in the catalytic cycle, common to all these enzymes, responsible for such
loose specificity are summarized in the following section.

4.3 MECHANISM

Unlike all other oxidases or mono-oxygenases, oxygenatable substrate is not
required for flavin reduction or its reoxidation by molecular oxygen in
FMO. This property distinguishes FMOs from all other flavin, haem, or
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other metalloprotein oxygenases. This difference is largely responsible for
the exceptionally loose substrate specificities of this class of flavoproteins
and the following discussion focuses on advantages and disadvantages of this
unusual mechanism on reactions catalysed by these enzymes. Since most of
the past studies on biological N-oxygenations have focused on mammalian
systems, the mechanism of the porcine liver FMO will be used to illustrate
the major steps in the catalytic cycle.

The studies on mechanism (Poulsen and Ziegler, 1979; Beaty and Ballou,
1981a,b) demonstrated unequivocally that FMO exists within the hepato-
cyte in the 4a-hydroperoxyflavin form. The catalytic cycle illustrated in
Fig. 4.1, although similar to ones depicted previously (Ziegler, 1980,
1988), emphasizes this aspect by starting with the oxygenation of substrate
as the first step in the cycle. Any nucleophile susceptible to oxidation by an
organic peroxide is a potential substrate if it can gain access to the enzyme-
bound flavin hydroperoxide.

Nitrogen compounds that penetrate to this oxidant apparently react via a
nucleophilic displacement of the nitrogen atom on the terminal oxygen of
the hydroperoxide. This, followed by heterolytic cleavage of the peroxide
produces the oxygenated product and the flavin pseudobase. The nature of
the products formed appear identical to those produced by chemical
oxidation of the substrates with an organic peroxide. Without exception

S SO

(1)
FAD-OOH FAD-OH
(NADP+) (NADP+)
O2—i5) @ —H20
FADH, FAD
(NADP+) (NADP+)
(4) )
H+ + NADPH NADP+
S~ a0

Figure 4.1 Major steps in the catalytic cycle of mammalian microsomal flavin-
containing mono-oxygenases. The cycle is based on data taken from Poulsen and
Ziegler (1979), Ballou (1981a, b) and Williams ez al. (1984 a, b).
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tertiary amines are oxidized to N-oxides, whereas primary and secondary
amines are oxidized to oximes and nitrones respectively through
intermediate hydroxylamines (see previous reviews for references to the
original literature, Ziegler, 1980, 1988). The oxygenated product diffuses
from the active site and apparently does not interact with any of the
subsequent steps in the cycle. Steps 2-5 (Fig. 4.1) simply regenerate, with
endogenous substrates (i.e. NADPH, H* and O,), the oxygenating form of
the enzyme from the flavin psuedobase.

There is no evidence that binding of substrate to the enzyme lowers the
energy of activation. As a result, precise fit of substrate to the active site
does not appear essential. As stated earlier, any compound readily oxidized
by an organic hydroperoxide that can gain access to the flavin-
hydroperoxide will be oxidized. It is this feature that is primarily responsible
for the exceptionally loose substrate specificity of these flavoproteins.

On the other hand, lack of substrate activation to facilitate oxygen transfer
from the hydroperoxide to substrate severely limits the types of compounds
that can be oxygenated by FMO. Although substrates for FMO have
essentially no structural features in common, all are soft nucleophiles
(Ziegler, 1988), and only compounds bearing a polarizable, electron rich
centre are potential substrates. However, the disadvantages due to lack of
tight substrate binding are more than offset by the exceptionally loose
specificity of FMO for such compounds. Furthermore, the nature of the
enzyme-bound oxidant is ideally suited to the oxidation of soft nucleophiles.
Pearson’s principle (Pearson and Songstad, 1967; also Anders, 1988) states
that soft nucleophiles preferentially react with soft electrophiles and the
hydroperoxyflavin is a relatively soft electrophile. Thus it would appear that
functional groups bearing nitrogen classified as soft nucleophiles would be
oxidized primarily by FMO. Among different functional groups bearing
nitrogen only amines, hydroxylamines and hydrazines would fall into this
class and N-oxygenations catalysed by FMO are, for the most part restricted
to these types of organic compounds bearing nitrogen.

However, not even all these are substrates since steric elements around
the active site prevent entry of nucleophiles that resemble physiologically
essential cellular metabolites. Liver FMO and other flavoproteins of this
type appear to discriminate between essential and foreign nucleophiles by
excluding the former rather than selectively binding the latter. These
enzymes are unusual in that specificity is determined by exclusion rather
than binding and differences in specificity among different forms of FMO
must be due to variations in functional groups around the active site that
prevent entry of potential substrates. Although essentially nothing is known
about the tertiary structure of the flavoproteins from vertebrates, some
empirically determined differences in specificities of the porcine liver and
rabbit lung FMOs are summarized in the following section.
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4.4 SPECIFICITY

While only amines and hydrazines are sufficiently nucleophilic to be readily
oxidized by FMO, the number of xenobiotic amines and hydrazines that fit
the substrate requirements is extensive and lists of both synthetic and
naturally occurring xenobiotics oxygenated by liver FMO have been
described in detail (Ziegler, 1980, 1985, 1988a,b; Ziegler et al., 1980). The
present discussion will, therefore, be limited to some unexpected anomalies
and differences between the substrate specificities of two well-characterized
mammalian FMOs - porcine liver and rabbit lung FMO.

The distinct substrate specificities of FMO from rabbit lung and liver, first
detected with microsomal preparations (Ohmiya and Mehendale, 1982,
1983, 1984) have been confirmed and extended on studies with the purified
flavoproteins (Williams et al., 1984a; Tynes et al., 1985; Poulsen et al., 1986).
Although the catalytic cycles of both the rabbit lung and porcine liver FMOs
are similar, some striking differences in the N-oxidation of amines have been
described. For instance, in all species tested, hepatic FMO will not catalyse
the oxidation of primary alkylamines, whereas the lung flavoprotein readily
catalyses their oxidation. Although both enzymes share common substrates
in N,N-dimethylaniline and trifluoperazine, the pulmonary FMO does not
catalyse the oxidation of many of the better tertiary amine substrates for the
liver enzyme (Williams et al., 1984a; Poulsen et al., 1986).

These differences are undoubtedly due to subtle differences in structural
elements that control access of nucleophiles into the active sites of the
respective enzymes. While as mentioned earlier nothing is known about the
tertiary structure of these enzymes, elements on substrates known to
prevent activity with either or both are summarized in Table 4.2.

Despite a mechanism designed for loose specificity these enzymes must
possess some methods for discriminating between essential and xenobiotic
nucleophiles. The number and position of ionic groups appears to be the
principal method used to discriminate among different nucleophiles as
suggested from the representative examples listed in Table 4.2. Almost
without exception, essential metabolites bearing nucleophilic sulphur,
nitrogen, or selenium atoms contain one or more charged groups that
prevent entry of the metabolite into the active site. However, differences in
charge are not the only consideration since unlike lung FMO, the liver
enzyme has some mechanism that permits it to exclude lipophilic primary
alkylamines. This is apparently related to the fact that liver FMO will not
accept nucleophiles bearing two hydrogen atoms covalently linked to the
heteroatom. How the hepatic FMO can discriminate between amine groups
bearing one or two hydrogen atoms is not known.

A recent report (Nagata et al., 1990) suggests that many of the other
differences in specificities between rabbit lung and porcine liver FMO can be
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Table 4.2 Steric factors that exclude nucleophilic amines from liver and lung FMO:
similarities and differences

Parameter Examples Lung  Liver
Charge
Two or more cationic groups Putrescine NA? NA
Cadaverine NA NA
One or more anionic groups Lysine NA NA
Taurine NA NA

No. of hydrogen atoms
covalently linked to nitrogen

None N,N-Dimethylaniline + +
N,N-Dimethyloctylamine + +
One N-Methyloctylamine + +
Octylhydroxylamine + +
Two Octylamine + NA
Dodecylamine + NA
Position of large substituents
relative to the amine group
Within0.3-0.4 nm Benzphetamine NA +
Imipramine NA +
Chlorpromazine NA +
. Chlorcyclizine NA +
More distal than 0.6 nm Prochlorperazine + +

* NA: No detectable activity.
Summary based on data from Williams et al. (1984), Tynes et al. (1985), Poulsen er al. (1986).

attributed to differences in the dimensions of their respective substrate
channels. Data collected with tricyclics bearing alkylamine side chains
varying in length from C, to C, suggest that compounds bearing substituents
much larger than a six membered ring within 0.3-0.4 nm of the terminal
amine group are completely excluded from the enzyme-bound oxidant in the
rabbit lung enzyme. The channel leading the 4a-flavin hydroperoxide in
hepatic FMO is considerably more ope