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ABSTRACT 

A high-performance liquid chromatographic method for the determination of p-substituted N,N-dialkylaniline N-oxides [N,N- 

dimethylaniline N-oxide (DMANO), N,N-dimethyl-p-toluidine N-oxide, N,N-diethylaniline N-oxide, N-ethyl-N-methylaniline N-ox- 

ide (EMANO), p-cyano-N,N-dimethylaniline N-oxide (pCNDMANO), and N-phenylpyrrolidine N-oxide (PPNO)] has been devel- 

oped. It uses an octadecylsilica column, a mobile phase of methanol-phosphate buffer (pH 7.0, adjusted by triethylamine) and 

ultraviolet detection. N-Oxides were eluted in the order of hydrophilicity except for PPNO, which eluted between DMANO and 

EMANO. The number of theoretical plates and the detection limit under optimized conditions were between 2400 (DMANO) and 5400 

(pCNDMAN0) and between 2.3 pcM (pCNDMAN0) and 30 pM (PPNO), respectively. The concentration of N-oxides recovered from 

enzyme reaction mixtures by solid-phase extraction using Sep-Pak Cis (prior to chromatography) was also optimized with regard to the 

sensitivity and interference 

INTRODUCTION 

Amine oxidations are important in the metab- 
olism of both endogenous and xenobiotic chem- 
icals [l] and are mediated in the endoplasmic re- 
ticulum by two oxygenase systems: cytochrome 
P450 (P450) [2] and flavin-containing mono- 
amine oxygenase [3]. N-Oxides are recognized as 
one of the main products of tertiary amines [4]. 
N,N-Dimethylaniline (DMA) has been used as a 
diagnostic substrate for evaluating the metabo- 
lism of amines. Its N-oxygenation product, N,N- 
dimethylaniline N-oxide (DMANO), has often 
been quantitated using the calorimetric method 
developed by Ziegler and Pettit [5]. Sensitive 

* Corresponding author. Address for correspondence: 2nd 

Chemistry Section, National Research Institute of Police 

Science, 6, Sanban-cho, Chiyoda-ku, Tokyo 102, Japan. 

methods were developed using gas chromatogra- 
phy combined with solvent extraction and Tic13 
reduction by Gorrod et al. [6], and thin-layer 
chromatography (TLC) using 3H-labelled DMA 
by Cashman [7]. 

We have investigated the effects of substitution 
of the para-position and the N-alkyl chain on 
both N-dealkylation and N-oxygenation activ- 
ities of purified enzyme systems toward DMA 
substrates [8]. The calorimetric method [5] 
proved to be neither sensitive nor applicable to 
the para-substituted derivatives, and the substi- 
tuted materials were not available with radio-la- 
bels. In a previous paper [8], we briefly reported 
analytical methods for the quantitation of paru- 
substituted N,N-dialkylaniline N-oxides. This 
paper describes the high-performance liquid 
chromatographic (HPLC) methods and solid- 
phase extraction in detail. 
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EXPERIMENTAL 

Chemicals 
DMANO, N,N-dimethyl-p-toluidine N-oxide 

(DMpTNO), N,N-diethylaniline N-oxide (DEA- 
NO), N-ethyl-N-methylaniline N-oxide (EMA- 
NO), p-cyano-N,N-dimethylaniline N-oxide 
(pCNDMAN0) and N-phenylpyrrolidine N-ox- 
ide (PPNO) were prepared as previously de- 
scribed [8]. Sep-Pak Cis cartridges were pur- 
chased from Waters Assoc. (Milford, MA, USA). 
All other chemicals were analytical-reagent 
grade. 

Calorimetric method for N-oxides 
N-Oxides were quantitated by the calorimetric 

method of Ziegler and Pettit [5]. A l-ml volume 
of acidified supernatant of enzyme reaction mix- 
ture [P450 reconstituted system or rat liver mi- 
crosomes fortified with reduced /I-nicotinamide 
adenine dinucleotide phosphate (NADPH) gen- 
erating system (0.5 mM NADP+, 10 mM glu- 
cose-6-phosphate, 1 U/ml glucose-6-phosphate 
dehydrogenase, 5 mM MgC12, 50 mM potassium 
phosphate, pH 7.7)] was mixed with 0.16 ml of 5 
M sodium hydroxide solution and extracted 
three times with 3 ml of methylene chloride. An 
aliquot of the resulting aqueous phase was mixed 
with 3 M aqueous trichloroacetic acid (final pH 
2.5), mixed with sodium nitrite (final concentra- 
tion 9 mM) and heated for 5 min at 60°C. The 
absorbance was measured at 420 nm. 

Solid phase extraction of N-oxides 
A 2-ml volume of acidified supernatant of en- 

zyme reaction mixture was mixed with 0.32 ml of 
5 M aqueous NaOH and centrifugated at 3000 g 
for 5 min. The resulting supernatant was applied 
to a Sep-Pak Cls cartridge equilibrated with wa- 
ter. The cartridge was washed with 5 ml of water, 
and N-oxides were eluted with 5 ml of an aque- 
ous methanol solution (see composition below). 
N-Oxides could not be quantitatively recovered 
after solvent evaporation without the addition of 
acid. Therefore, the solid-phase extract was 
mixed with 100 ml of 1 M aqueous phosphoric 
acid and evaporated to dryness under a nitrogen 

stream at 40°C to prevent any loss of N-oxides. 
The resulting dried sample was dissolved in 100 
~1 of 1 M aqueous NaOH, and a part of this 
solution was injected into the HPLC column. 

Chromatography 
HPLC was carried out with either a Spectra- 

Physics 8700 pumping system (Spectra-Physics, 
Piscataway, NJ, USA) equipped with an Altex 
210A injector (Beckman Instruments, Berkeley, 
CA, USA) and a variable-wavelength detector 
(Spectromonitor 3 100, Milton Roy), or a JASCO 
800 series instrument (Japan Spectroscopic, To- 
kyo, Japan) equipped with a Rheodyne sample 
injector (Cotati, CA, USA), a 860-CO column 
oven and a 870 variable-wavelength detector. 
Quantitation was done by peak-height analysis. 
Various ODS columns were used, including: In- 
ertsil ODS-2 (5 ,um, 250 or 150 mm x 4.6 mm 
I.D., GL Science, Tokyo, Japan), YMC-PACK 
ODS AM302 S-5 (120 A, 150 mm x 4.6 mm 
I.D., Yamamura Chemical Labs., Kyoto, Japan), 
TSK-Gel ODS-80T and ODS-120T (150 mm x 
4.6 mm I.D., Tosoh, Tokyo, Japan), Ultracarb 5 
ODS (30) (150 mm x 4.6 mm I.D., Phenomenex, 
Torrance, CA, USA), Zorbax ODS (3 pm, 80 
mm x 6.2 mm I.D., Mac-Modd, Chadds Ford, 
PA, USA) and Ultremex 5 Cl8 (5 pm, 250 mm X 
10 mm I.D., Phenomenex). 

The mobile phase used was a mixture of meth- 
anol (HPLC grade) and aqueous buffer [25 mM 
phosphate, adjusted to pH 7.0 with triethylamine 
(TEA)]. TEA was distilled before use in HPLC 
solvents. The ratio of methanol to buffer was ad- 
justed so that the capacity factor of the N-oxide 
was cu. 3. The column temperature was ambient 
(Spectra-Physics 8700 pumping system) or main- 
tained at 40°C (JASCO 800 series instrument). 
The flow-rate was adjusted in the range 0.8-4.0 
ml/min, depending on the separation conditions. 
The UV wavelength used for detection was 276 
nm for pCNDMAN0 or 254 nm for the other 
N-oxides (UV maxima described previously [S]). 
For N-oxide analysis in enzyme reaction sam- 
ples, crude components were washed from ODS 
columns by increasing methanol concentrations 
to 90% of the mobile phase after elution of N- 
oxides. 
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RESULTS AND DISCUSSION 

Calorimetric assays 
The calorimetric N-oxide assay [5] is based on 

the conversion of DMANO into p-nitroso- 
DMA, which shows strong absorbance in the vis- 
ible region (&,aX = 420 nm, E x lo4 M-i cm-‘). 
Nitric acid reduces the N-oxide to the corre- 
sponding parent amine, and nitrosation then oc- 
curs at the para-position. Standard curves were 
linear over the DMANO concentration range 5- 
100 PM. Under the same conditions, DEAN0 
and EMANO gave similar colour reactions, with 

a A,,, of 425 nm for EMANO and 430 nm for 
DEAN0 (E x lo4 M-l cm-’ in both cases). 
However, conversion of DEAN0 into p-nitroso- 
N,N-diethylaniline was not complete, even with 
further nitric acid addition or prolonged incuba- 
tion at 60°C. DMpTNO showed a weak colour 
reaction (E < lo3 M-l cm-‘, A,,,,, = 442 nm). 
pCNDMAN0 did not show any colour reaction. 

In this method, it is also necessary first to per- 
form organic solvent extraction to remove parent 
amines, which obviously show severe positive in- 
terference. As shown in Table I, part of the N- 
oxide fraction was extracted in the organic phase. 
Hydrophilic pCNDMAN0, DMANO and 
EMANO showed more than 90% retention in 
the aqueous phase. In contrast, in the case of 

DMpTNO, PPNO and DEANO, ca. 20-30% of 
the N-oxide originally added to the aqueous 

phase was extracted into the organic phase. 
Therefore, the calorimetric method was judged 
not to be generally applicable to the N-oxide as- 
say. 

Solid-phase extraction 
In the enzyme reaction mixture analysed for 

N-oxide, compounds were observed that inter- 
fered with direct HPLC. In addition, the detec- 
tion sensitivity was very low (see below). There- 
fore, appropriate clean-up and concentration 
procedures are necessary prior to HPLC analysis. 
Solid-phase extraction has been widely used for 
the analysis of drugs and other chemicals, and 
this technique was used as a pretreatment. 

The elution profiles of N-oxides from Sep-Pak 
Cl8 solid phase are shown in Table Il. Except for 
pCNDMAN0, N-oxides were completely re- 
tained on the Sep-Pak Cis cartridge when the 
sample solution was applied as an aqueous alka- 
line solution. pCNDMAN0 was adsorbed weak- 
ly on the solid phase, and some was eluted during 
sample application. The percentage recovery de- 
creased as the sample volume increased (data not 
shown). By adjusting the methanol concentration 
for washing and elution, N-oxides could be quan- 
titatively recovered except for pCNDMAN0 
(Table III). At least twenty-fold concentration 
and clean-up of N-oxide samples could be 
achieved by this procedure. 

TABLE I 

PARTITION RATIOS OF N-OXIDES BETWEEN AQUEOUS AND ORGANIC PHASES 

Known amounts of N-oxides were dissolved in 1 ml of 50 mM potassium phosphate buffer (pH 10) and extracted three times with 3 ml 

of methylene chloride. The organic and aqueous phases were evaporated to dryness in the presence of 100 ~1 of 0.1 M phosphoric acid 

under a nitrogen stream at 40°C and dissolved in 100 ~1 of 0.1 A4 aqueous NaOH. N-Oxides were quantitated by the HPLC method. 

Each value represents the percentage of N-oxide recovered in the aqueous and organic phases (mean of duplicate determinations). 

DMANO DMpTNO pCNDMAN0 DEAN0 EMANO PPNO 

N-Oxide concentration G&f) 31 310 39 395 45 446 59 592 67 665 192 1919 

Aqueous phase content (%) 94 97 73 68 91 90 78 76 92 92 89 86 

Organic phase content (%) 6 3 27 32 9 10 22 24 8 8 11 14 
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TABLE II 

DISTRIBUTION OF N-OXIDES IN ELUATES FROM SEP-PAK C 1 8 CARTRIDGES 

Known amounts of N-oxides (0.79-1.33 mM) were dissolved in 1 ml of 50 mM potassium phosphate buffer (pH 10) and applied to 

Sep-Pak C,, cartridges previously equilibrated with water. Elution was sequentially conducted with 2 ml of aqueous methanol. Each 

fraction was evaporated to dryness under a nitrogen stream at 40°C in the presence of 0.1 ml of 0.1 M phosphoric acid, dissolved in 100 

~1 of 0.1 M aqueous NaOH. N-Oxides were quantitated by HPLC. Each value represents the percentage of N-oxide recovered in each 

fraction. 

Methanol 

(%) 

N-Oxide (%) 

DMANO DMpTNO pCNDMAN0 DEAN0 EMANO PPNO 

0 0.2 N.D. I 2 0.7 0.3 

5 14 N.D. 68 0.1 0.5 4.9 

10 59 N.D. 23 0.5 30 32 

20 15 56 2 29 41 52 

30 9 40 N.D. 47 20 11 

50 0.4 4 N.D. 19 1 0.7 

100 N.D. N.D. N.D. 3 1 N.D. 

a Not detected (< 0.1). 

Elution projile of N-oxides from ODS columns 
Chromatographic separation of p-substituted 

N,N-dialkylaniline N-oxides has been reported 
by Damani et al. [9], who described the TLC sep- 
aration and detection of N,N-dialkylaniline N- 

oxides, and by Murray and Sligar [lo], who de- 
scribed the HPLC separation of p-cyano-N,N-di- 
methylaniline products (substrate, p-cyano-N- 
methylaniline and pCNDMAN0). However, ex- 
tensive HPLC study of N-oxides has not previ- 
ously been reported. 

TABLE III 

RECOVERY OF N-OXIDES IN SOLID-PHASE EXTRACTION 

Known amounts of N-oxide (ca. 100 @f) were added to the final reaction mixtures of rat liver microsomes (0.67 mg protein per ml) or 

cytochrome P450 (0.3 PM) reconstituted systems fortified with an NADPH-generating system, and the mixtures were made alkaline 

with NaOH and applied to Sep-Pak C,, cartridges. After washing the cartridges with 5 ml of washing solution, N-oxides were eluted 

with 5 ml ofeluting solution. Eluted N-oxide fractions were evaporated to dryness in the presence of 100 ~1 of 0.1 M phosphoric acid 

under a nitrogen stream at 40°C and dissolved in 100 ~1 of 0.1 M aqueous NaOH. N-Oxides were quantitated by HPLC. Each value 

represents the percentage of originally applied N-oxide recovered [mean of triplicate (indicated with f S.D.) or duplicate determina- 

tions]. 

Compound Methanol (%) 

Washing 

DMANO 0 

DMpTNO 0 

pCNDMAN0 0 (2 ml’) 

DEAN0 5 

EMANO 0 

PPNO 0 

n Washing with 2 ml of water. 

b Duplicate determination. 

Elution 

30 

60 

20 

60 

50 

50 

Recovery (%) 

Microsomes 

95.4* 

96.2b 

69.0 f 6.4 

99.6 f 3.7 

92.6 f 9.0 

94.0b 

P450 system 

96.7 f 1.2 

98.0 f 5.2 

70.9 f 16.6 

100.7 f 6.9 

105.7 f 9.8 

97.8 f 9.5 
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Fig. 1. Typical chromatograms of psubstituted N,N-dialkylani- 
line N-oxides. (A) Mixture of DMANO (1, 124 PM) and 
DMpTNO (2, 148 @f), (B) mixture of PPNO (3, 818 PCM), 
EMANO (4, 308 PM) and DEAN0 (5, 181 @4) and (C) 
pCNDMAN0 (6, 221 PCM) were analysed by HPLC. Elution 
conditions: column, Inertsil ODS-2 (250 mm x 4.6 mm I.D.); 
mobile phase and flow-rate, methanol-buffer (25:75, v/v) and 0.8 
ml/min; column temperature, 40°C; wavelength for UV detec- 
tion, 254 nm (A, B) and 276 nm (C); injection volume, 10 ,ul. The 
vertical bars indicate the absorbance scale. 

Elution of N-oxides from ODS columns was 
performed with mobile phases consisting of 
aqueous solution containing low methanol con- 
centrations. In the case of mixtures of methanol 
and water, N-oxide peaks were abnormally 
broad and showed strong tailing patterns, which 
may be the result of binding of N-oxides to the 
remaining silanol functions on silica stationary 
phase. In order to overcome the poor peak reso- 
lution, neutral buffer solutions containing TEA 
(25 mM phosphate adjusted to pH 7.0 by TEA) 
were examined. Because N-oxides have acidic 
pK, values [I I], all N-oxides are deprotonated at 
pH 7 and adsorb well on ODS, so TEA should 
suppress the non-specific binding of N-oxide. 
Therefore, a mobile phase containing the buffer 
was found to sharpen the peak shape. A typical 
chromatogram is shown in Fig. 1. All N-oxides 
were separated from each other. p-Cyano-substi- 
tution weakened and p-methyl or N-ethyl sub- 
stitution strengthened the retention of N-oxides. 
In general, column retention was correlated with 
the hydrophobicity of N-oxides except for 
PPNO, which eluted between DMANO and 
EMANO, in contrast to the retention behaviour 
of the corresponding parent amine, N-phenylpyr- 
rolidine, which showed the strongest retention 
among the parent amines. Some steric factor may 
contribute to the weakening of the interaction be- 
tween PPNO and the ODS column. 

The resolution of N-oxides varied considera- 
bly, mainly depending on the ODS columns used, 
as shown in Table IV. In contrast, that of the 

TABLE IV 

COMPARISON OF N-OXIDE SEPARATION EFFICIENCIES AMONG HPLC COLUMNS 

Each value represents the number of theoretical plates (N) calculated as 5.55 x (retention time/t,,,)* (t,,, shows peak width equivalent 
to half of peak height). Elution conditions were adjusted so that the capacity factor of the N-oxide was ca. 3. 

HPLC column DMANO DMpTNO pCNDMAN0 DEAN0 EMANO 

Inertsil ODS-2 1400 1400 2700 1300 1200 
TSK ODS-8OT 390 720 550 1200 750 
TSK ODS-12OT 180 290 710 400 230 
Ultracarb 5 ODS (30) 220 350 120 510 360 
Ultremex 5 ODS 880 1500 2100 1700 1300 
YMC ODS AM302 210 260 560 380 300 
Zorbax ODS, 3 pm 230 100 1000 41 79 
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corresponding parent amines was fairly constant, 
irrespective of the ODS column used. Although 
the exact reason is not clear, a characteristic of 
ODS columns other than the reversed-phase sep- 
aration mechanism may contribute to the separa- 
tion efficiency of N-oxides. Therefore, the selec- 
tion of an appropriate ODS column is very im- 
portant in working with these compounds. 

2.7% for 68 ,uM (n = 6), respectively. Similar 
C.V. values and linearities were obtained for oth- 
er N-oxides (data not shown). 

Interference 

Analytical parameters of N-oxide quantitation in 
HPLC 

Peak resolution is presented as the number of 
theoretical plates (N) and detection limit, at a sig- 
nal-to-noise ratio (S/N) of 5, of N-oxides under 
the optimized HPLC conditions using Inertsil 
ODS-2 column and a temperature of 40°C (Table 
V). Although S/N = 2 has been generally used 
for indicating the detection limit, we adopted S/N 
= 5 because of the poor peak resolution. These 
two parameters were lower for N-oxides than 
those of the corresponding parent amines, owing 
to their low UV absorbance (E < lo3 AK ’ cm- ‘) 
[S]. A calibration curve was linear for DMpTNO 
concentrations from 10 PM to 100 mM. The 
coefficients of variation (C.V.) of DMpTNO de- 
termination were 0.67% for 0.68 mM (n = 6) and 

Low levels (< 100 @Q of DMANO were not 
detected in HPLC analysis of the final enzyme 
reaction mixture because of severe interfering 
peaks eluting close to the DMANO peak. Fortu- 
nately, radioisotope-labelled DMA is commer- 
cially available, and it is possible to quantitate 
sub-micromolar levels of metabolized DMANO 
by using labelled DMA and by solid-phase ex- 

0.001 
A254 

0 

0 5 10 
0 

0 5 10 

TABLE V Retention Time (min) 

DETECTION LIMITS AND PEAK RESOLUTION OF N- 

OXIDE PEAKS 

Elution conditions: column, Inertsil ODS-2 (250 mm x 4.6 mm 

I.D.); flow-rate, 0.8 ml/mm; column temperature, 40°C; wave- 

length, 254 nm except for pCNDMAN0 (276 nm); injection vol- 

ume, 10 ml. The ratio of methanol to buffer in the mobile phase 

was adjusted so that the capacity factor for each N-oxide was cu. 

3. Detection limit indicates the N-oxide concentration needed to 

yield S/N = 5. Peak resolution is presented as N. 

Compound Detection N 

limit &M) 

pCNDMAN0 2.3 5400 

DMANO 15 2400 

PPNO 30 2600 

EMANO 11 3200 

DMpTNO 12 4200 

DEAN0 12 5100 

Fig. 2. Chromatograms of solid-phase extracts of the microso- 

ma1 reaction mixture. A 2-ml volume of acidified enzyme reac- 

tion mixture (final 0.75 mg of rat liver microsomal protein per ml 

with an NADPH-generating system and 12.75% perchloric acid 

in the absence (A) or presence (B) of DMpTNO (14.4 PM)) was 

mixed with 0.32 ml of 5 M NaOH. The resulting supernatant (2 

ml) was applied to a Sep-Pak C,, cartridge, which was washed 

with 5 ml of water. The DMpTNO fraction was eluted with 5 ml 

of 60% aqueous methanol, evaporated to dryness in the presence 

of 100 ~1 of 1 M phosphoric acid and dissolved in 100 ~1 of 1 M 

aqueous NaOH; a IO-$ aliquot was applied to the HPLC col- 

umn. Elution conditions: column, Inertsil ODS-2 (150 mm x 4.6 

mm I.D.); mobile phase and flow-rate: methanol-buffer (25:75, 

v/v) and 1.5 ml/mm; column temperature, ambient; wavelength 

for UV detection, 254 nm. The vertical bars and arrows indicate 

the absorbance scale and the position at which DMpTNO elut- 

ed, respectively. The large peaks eluting near 10 min were crude 

components washed from the column with a mobile phase con- 

sisting of 90% methanol (v/v). The level of DMpTNO was deter- 

mined to be 263 pM in the concentrated solution, and the per- 

cent recovery was 91.3%. 
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traction and HPLC fractionation followed by 
liquid scintillation counting. 

Because PPNO, EMANO, DMpTNO and 
DEAN0 are rather hydrophobic, no severe inter- 
ference was observed for HPLC detection (com- 
pared with DMANO). DMpTNO was readily 
detected at a 10 pA4 level, even in the presence of 
a microsomal extract (Fig. 2). Therefore, low lev- 
els (> 1 Q4) of these N-oxides from enzyme reac- 
tion mixtures could be detected by HPLC com- 
bined with solid-phase extraction. 

Below the 10 ,uLM level there was severe inter- 
ference in the HPLC detection of the polar 
pCNDMAN0, even with the use of high UV de- 
tection wavelength. In addition, it was not quan- 
titatively recovered by solid-phase extraction 
(Table III). Therefore, it is recommended that 
low levels of pCNDMAN0 are quantitated using 
solvent extraction combined with TiC13 reduc- 
tion, followed by HPLC analysis of the resulting 
pCNDMA, which shows considerably enlarged 
UV absorbance and is free from interference. 

Application 
It is possible to quantitate an appropriate level 

of N-oxide (> 1 PM) by HPLC analysis com- 
bined with solid-phase extraction. The overall 
analysis time for HPLC determination is rather 
short (within 20 min); elution of N-oxide (ca. 8 
min), column washing (ca. 4 min) and column 

II 

initialization (ca. 10 min), by adopting a shorter 
column and larger flow-rate (1.5 ml/min). 

However, for more sensitive determinations, it 
is recommended to use this procedure (solid- 
phase extraction combined with HPLC) as a pre- 
parative method and treat the resulting N-oxide 
fraction by TiC13 reduction to form the corre- 
sponding parent amine to allow more sensitive 
HPLC analysis. A representative example was re- 
ported in the previous paper, describing the N- 
oxygenation of p-substituted N,N-dialkylaniline 
by purified rat liver cytochrome P450 2Bl [8]. 
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