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Summary-34mine formation between primary amines and 3-oxo-4-ene-steroids, 
imines (either spontaneously during work up or induced by acid) has been shown to cause 

6-oxygenation tested (17/J-hydroxy-4-androsten-3-one, 4-androstene-3,17-dione, 
4-pregnene-3,20-dione and 4-cholesten-3-one). 
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3-one; androstendione, 4-androstene-3,17-dione, pro- 
gesterone, 4-pregnene-3,20-dione; 6-oxo-testosterone, 
17fi-hydroxy-4-androstene-3,6-dione, 6-oxo-androsten- 
dione, 4-androstene-3,6,1 ‘I-trione; 6-oxo-progesterone, 

Louis, MO, 

Radioactive compounds 

[4-‘4C]5-cholesten-3/?-ol (55-61 mCi/mmol), [4-‘4C]- 

17fi-hydroxy-4-androsten-3-one 
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(TLC), gas-liquid chromatog- 
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experiments. Yields of 6-oxygenated products were 
calculated based upon “C-recoveries from the start- 
ing amount of steroid added. 

Synthesis of imine derivatives qf steroids 

Authentic 3-hexyl-imines of steroids were syn- 
thesized as described previously [l]. For most quan- 
titative studies 10mg of a free primary amine was 
dissolved in 60 ml of chloroform-methanol 2: I (v/v) 
containing 100 pg of the respective steroid. The solu- 
tion was taken to dryness (at reduced pressure) at 
25 C. The residue was used for immediate analyses by 
TLC and/or GLC. 

Acid hydrolysis qf steroid-3-imines 

The imine was dissolved in 3 ml of H,O-acetic acid 
1: 1, by volume, refluxed for 30 min, allowed to cool 
and extracted with 15 ml of ethyl acetate. The organic 
layer was washed three times with 3 ml of distilled 
water and evaporated prior to analyses. 

Cofactors and enzymes 

Glucose-6-phosphate-dehydrogenase type V, 
o-glucose-6-phosphate disodium salt; hydrate, Sigma 
grade, nicotinamide adenine dinucleotide phosphate 
(NADP) tetrasodium salt type III, L-ascorbic acid 
(Vitamin C) and reduced glutathione, were purchased 
from Sigma. 

Liquid chromatography (LC) 

Lipidex-1000, Packard Instrument Co., (IL, 
U.S.A.) was used in methanol-water-n-butanol- 
chloroform, 60: 40: 7 : 3 (by vol). Column dimensions: 
0.75 cm’ x 13 cm. 

Thin layer chromatography (TLC) 

Precoated Silica Gel 60 plates (20 x 20cm, Merck) 
were used in the solvent systems presented in Table 
I. The solvent was allowed to rise 20 cm once. 
Separated compounds were detected by iodine va- 
pour or by radioautography. Compounds were ex- 
tracted with 5 ml of methanol/cm* of gel followed by 
5 ml chloroform-methanol 1: 1 (by vol)/cm* of gel. 

Gas-liquid chromatography 

A Pye gas chromatograph (Model 104) equipped 
with a hydrogen flame ionization detector was used. 
The steroids were analyzed using a column 
(2 m x 4 mm) containing Supelcoport, lo&l20 mesh, 
coated with 3% SE-30 (Supelco Inc. Bellefonte, PA, 
U.S.A.). Temperatures; flash heater, 270°C; column 
oven, 245 or 260°C; detector oven, 270°C. Carrier gas 
was nitrogen at a flow rate of 480 ml/cm2/min. Rela- 
tive retention times (tR) were calculated using 
Sr-cholestane as reference. 

Gas chromatography-mass spectrometry (CC-MS) 

An LKB 9000 instrument equipped with a 1.5% 
SE-30 column (1.5 x 3 mm) or a Finnigan instrument 
model 1020 equipped with a 25 m fused silica SE-30 

column were used. The LKB instrument used helium 

as carrier gas and the energy of bombarding electrons 
was 22.5 eV. Temperatures were: ion source, 290 C, 
flash heater, 270°C; column oven, 260 C; molecular 
separator, 280°C. The Finnigan instrument used he- 
lium as carrier gas (40 KPa) and the energy of 
bombarding electrons was 40 eV. The samples were 
dissolved in heptane and introduced split-less on the 
column which was temperature programmed between 
190 to 260X with an increase of 2 ‘Cimin. Molecular 
separator temperature was 280 C. 

Measurement of radioucticit~~ 

A Packard 2009 liquid scintillation spectrometer 
were used. Six ml of a scintillation cocktail (Insta Gel, 
Packard) was added to an aliquot (50-250 ~1) of the 
sample. “‘C-Labeled spots on TLC were located by 
exposing a sheet of Agfa Gaevert Osray M3 film to 
the plate for l-14 days. GLC-radioactivity detection 
(GLGRD) was accomplished with a Packard 
instrument 893. 

SpectrometrJl 

A Beckman Model 08-GD double beam grating 
spectrometer was used. 

Derivatives prepared 

Trimethylsilylethers were prepared as described by 
Makita and Wells[3]. Methyloxime--trimethylsilyl- 
ethers and hydroxylamine-trimethylsilylethers were 
prepared as described by Axelsson and Sjiivall[4]. 

Animals 

Male Sprague-Dawley rats (200-220 g, Anticimex. 
Stockholm, Sweden) were kept for 2-3 days pre- 
ceding the experiments. They were fed a standard 
pellet food (Anticimex) and water ad lihitum. For 
each experiment, combined organs from 3-5 animals 
were used. The animals were sacrificed by a blow to 
the head at 8 a.m. 

Rat liver ,suhcellular fi-actions 

The livers were excised and rinsed in a 0.25 M 
sucrose solution. pH 7.4. To log of wet liver tissue 
was added 40ml of the sucrose solution and the 
mixture was homogenized utilizing a Potter 
Elvehjem homogenizer with a Teflon pestle (clearance 
0.15 mm). All steps were carried out at 4 C. 105.000 a 
sediments were prepared in 0.1 M phosphate buffer. 
pH 7.4 with a NADPH regenerating system as de- 
scribed by Mode et a1.[5]. The incubation were termi- 
nated and worked up as described previously [l]. 

RESULTS 

IdentiJications 

With the four different 4-‘“C-labelled 3-oxo-4-ene- 
steroids studied, a similar transformation product 
pattern emerged upon TLC analysis after conden- 
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sation with various primary amines (for synthesis, 
see the Experimental section). Thus, apart from the 

parent steroid two major compounds which migrated 
in the TLC-systems used (see Table 1) were formed. 
With the exception of experiments with testosterone 
a minor component which migrated between the two 
major ones was observed. In each experiment where 
acid hydrolysis of the steroid imines was omitted, a 
substantial amount (lO-30%) of 14C-activity re- 
mained at the starting position of the silica gel plate, 
as previously reported for the 3-hexylimine derivative 
of testosterone [I]. Extraction of the component 
at the starting position followed by repeated TLC 
analysis revealed the presence of the parent 
3-oxo-4-ene-steroid and the same migrating com- 
pounds as in the initial TLC analysis. 

With 4-cholesten-3-one imine condensation fol- 
lowed by TLC analysis (system 6, Table 1) revealed 
spots at R, = 0.10, 0.25 and 0.52. The same mobilities 
were found for authentic 6p-hydroxy-, 6/I-hydro- 
peroxy-4-cholesten-3-one and 4-cholestene-3,6-dione, 
respectively. These tentative identifications were next 
confirmed by GLC-RD (Table 1) and GC-MS. 

The mass spectrum of the trimethylsilylether of the 
tentatively identified 6b-hydroxy-4-cholesten-3-one 

was identical to that published previously [2]. The 
6-oxo-derivative fragmented like the authentic 

compound (Fig. 1). 
After extraction from the silica gel the 6fl-hydro- 

peroxy-derivative decomposed to yield mainly the 
6/I-hydroxy- and 6-oxo-derivatives according to TLC 
and GLC. 

The three principal conversion products of 
4-cholesten-3-one (e.g. the 6/I-hydroxy-, 6/i’-hydro- 
peroxy- and 6-oxo-derivatives) were also obtained 
with progesterone and cl-androsten-3,17-dione. The 
pertinent chromatography data are shown in Table 1. 
The mass spectra of the TMS ethers of the respective 
6/I-hydroxy steroid were the same as previously 
published [6, 7,8]. The spectra of the 6-oxo-steroids 

are displayed in Fig. 1. The fragmentation pattern 
for the tentatively identified 6-oxo-testosterone was 
dissimilar to those of the other 6-oxo-derivatives, 
possibly due to the 17/I-trimethylsilylether group but 
the characteristic peaks at m/z = 137 and at 
m/z = 243 are present in the spectrum (Fig. 1). The 
methyloxime-trimethylsilyl (MO-TMS) derivatives 
of the tentatively identified 4-pregnene-3,6-20-trione, 
4-cholestene-3,6-dione, and 4-androstene-3,6,17- 
trione, afforded GLC (Table 1) and GC-MS data 

Table Chromatographic of 6-oxygenated 3-oxo-4-ene-steroids, synthesized by 3-imine formation 

TLC” GLC? 

I 

4 4 
2 3 4 5 6 I I 2 3 4 

17/I-Hydroxy-4-androstene-3,6-dione 0.26 0.23 

6/?,17fl-Dihydroxy-4-androsten-3-one 0.12 

17B-Hydroxy-68-hydroperoxy-4-androsten-3-one 0.26 

0.07 0.26 0.11 

0.23 

4-Androstene-3,6,17-trione 

6P-Hydroxy-4-androstene-3,17-dione 

6B-Hydroperoxy-4.androstene-3,17-dione 

0.55 

0.2 I 
0.37 

0.37 

0.14 

0.53 0.32 

0.30 0.10 

0.22 

4-Pregnene-3,6,20-trione 0.52 

6P-Hydroxy-4-pregnene-3,20-dione 

6a-Hydroxyperoxy-4-pregnene-3,20-dione 

0.14 

0.34 0.35 

0.10 

0.25 

0.47 

0.16 

0.38 

4.Cholestene-3,6-dione 0.52 

6p-Hydroxy-4-cholesten-3-one 0.10 
6/Y-Hydroperoxy-4-cholesten-3-one 0.25 

0.86 

I.41 

1.00 
0.94 I.05 (1.35) 

1.20 1.55 
1.30 

0.80 

0.85 
0.90 (1.55) 
I .05 I .75 
I.10 

0.66 

I .45 
1.55 (2.65) 
1.80 3.05 
I .90 

1.49 

3.35 
0.70 

3.17 3.55 (4.00) 
4.15 4.60 
4.40 

2.72 
0.53 

Thin layer chromatography (TLC). (a) Silica Gel 60 plates (20 x 201x1, Merck) were used in the solvents (1). chloroform-ethyl acetate, 
2: I (v/v); (2) chloroform-ethyl acetate, 4: I (v/v); (3) benzene-ethanol, 9: I (v/v); (4) toluene-ethyl acetate, 4: I (v/v. developed 20 cm, 
twice); (5) chloroform-ethyl acetate, 6: I (v/v); (6) benzene-ethyl acetate, 7: I (v/v); (7) diethyl ether-cyclohexane, 12: I (v/v). The solvent 
was allowed to rise once, unless otherwise stated. Separated compounds were detected by iodine vapour and/or by radioautography. 

(b) A Pye gas chromatograph (Model 104) equipped with a flame ionization detector (FID) was used. The column (3 m x 4 mm) contained 
Supelcoport, 80-100 mesh, (Supelco) coated with 3% SP-2100 (Sup&o). Carrier gas was nitrogen at a flow rate of 480 ml/cmz/min. 
The derivatives were analyzed unprotected = I, after conversion to trimethylsilylethers = 2, after conversion to methyloxime- 
trimethylsilylethers = 3 (this yielded four peaks all of which with identical mass spectra when analyzed by GC-MS), after conversion 
to hydroxylamine-trimethylsilylethers = 4 (this yielded one major and one minor peak with identical mass spectra. The figure within 
parentheses refers to the minor peak). 
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Fig. 1. Mass spectra obtained after gas chromatography mass spectrometry of (A) the trimethyisilylether 
of Goxo-testosterone (B) 6-oxo-androstenedione (C) 6-oxo-progesterone (D) 6-oxo-cholestenone. The 
steroids were synthesized via 3-imine formation and analyzed with a Finnegan Model 1020 instrument. 

For conditions, see the Experimental section. 

(Table 2) which were identical to the corresponding The identification of the h/I-hydroperoxy deriva- 
derivatives of the reference compounds. The simi- tives of 4-androstene-3,17-dione, progesterone and 
larities between the fragmentation patterns of these testosterone was based on analogies with the proper- 
and that of the MO-TMS derivative of 6-0x0- ties of authentic 6P-hydroperoxy-4-cholesten-3-one. 
testosterone (Table 2) supported the tentative This latter compound after extraction from the silica 
identification of the latter compound. gel upon repeated TLC analysis and/or N-MS 

Table 2. Fragmentation pattern of methyloxime-trimethylsilyl (MO-TMS) derivatives of some 
3.6-dioxo-4-ene-steroids. synthesized by 3-imine formation and analyzed by gas- 

chromatoeraohwnass soectromnetrv 

Ionh 
17p-Hydroxy-4- 

androstene-3,6-dione 

Parent steroid” 
m/z (“,’ relative intensity) ” _~ 
4-Androstene- 4.Pregnene- 
3,6.17-trione 3.6,20-trione 

4.Cholestene- 
3,6-dione 

M 432 (100) 387 (100) 415 (100) 456 (100) 
M-15 417 (20) 372(15) 400(15) 441(20) 
M-31 401 (60) 356 (45) 384 (45) 425 (80) 
M-47 385 (20) 340 (20) 368 (20) 409 (45) 
M-63 369 (20) 324(15) 352(15) 393 (30) 

168 (65) 168 (45) 168 (40) I68 (90) 

“The steroids were converted to methyloxime-trimethylsilylethers prior to analysis. 
bMajor fragments are listed. A Finn&an instrument was used. For conditions see Experimental 

section. 
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analysis gave rise to the 6fl-hydroxy and the 
6-oxo-derivatives. The corresponding results were 
obtained with the tentatively identified 6/?-hydro- 
peroxy-derivatives of 4-androstene-3,17-dione and 
progesterone (for chromatographic properties see 
Table 1). A suspect 6p-hydroperoxide of testosterone 
was found to migrate like 6-oxo-testosterone in the 
TLC-systems used, since extraction of the 6-0x0- 
testosterone region followed by trimethylsilylation 
and GCMS led to the identification of 6P-hydroxy- 
testosterone as well as 6-oxo-testosterone. 

Factors aflecting formation of 6-oxygenated 
3-oso-4-ene-steroids 

Amine structure. Several primary amines were 
tried, and the highest yields of 6-oxygenated steroids 
were found after reaction with aliphatic di- and 
polyamines (i.e. those amines reported [l] to be most 
reactive towards oxo-steroids) and subsequent work 
up by LC or TLC. Spnrmine and cadaverine were 
found to be the most potent amines in this respect 
and yielded 30_5o’j/, of 6-oxygenated steroids when a 
lOO-fold molar excess of amine was evaporated at 
room temperature together with the steroid in 
chloroform-methanol, 2: I (v/v). In 

progesterone-6j-hydroperoxy-progesterone, 6:4: I. 
When diaminopyridine replaced ca- 
daverine amounts of 
6-oxygenated steroids could be seen (less than 1%). 

low yields were obtained 

mixture taken to 

at 25°C. 
Temperature. Mixtures of 100 /*g testosterone 

1 (v/v) were taken to dryness at 0,30,50 and 100°C 
respectively. The residues were analyzed by TLC. 
This gave rise to 6-oxygenated derivatives in yields of 
23, 26, 27 and 30%, respectively. In similar experi- 
ments where the residues were submitted to acid 
hydrolysis (acetic acid-H,O, 1 :l, 110°C for 30min) 
and extracted with diethyl ether prior to analysis by 
TLC, the yields were 13, 18, 28 and 32x, respectively. 
In control experiments without amine, less than 1% 
of 6-oxygenated testosterone derivatives were found. 

Addition of antioxidants. Cadaverine (10 ~1) and 
1OOpg steroid were dissolved in 60ml methanol- 
chloroform and taken to dryness at 100°C. The 
residue was dissolved in 5 ml aqueous acetic acid 
(SO~J containing 500mg ascorbic acid and refluxed 
in air for 30 min. The mixture was allowed to cool 
and then extracted twice with 30 ml diethyl ether. The 
aqueous layer was discarded and the organic phase 
was washed with water until neutral and then taken 
to dryness. This yielded 1.0-3.6x 6-oxygenated 

derivatives with testosterone as substrate and 8-10% 
with 4-cholesten-3-one. Controls without ascorbic 
acid yielded more than 30% 6-oxygenated derivatives 
with both steroids. When 500mg of reduced 
glutathione was used instead of ascorbic acid the 
yields of 6-oxygenated steroids were less than 2% 
with the two test steroids. In two similar experiments 
where ethanolamine replaced cadaverine, addition of 
reduced glutathione (500 mg) to the aqueous acetic 
acid yielded 1.0 and 1.3% of 6-oxygenated testos- 
terone, respectively. Experiments without glutathione 
yielded 20.3 and 22.9% of 6-oxygenated derivatives 
respectively. When authentic testosterone-3- 
hexylimine was refluxed in the aqueous acetic acid the 
extent of 6-oxygenation was 42% but when reduced 
glutathione was included yields dropped to less 
than 275. 

Testosterone-3-hexylimine hydrolysis. When auth- 
entic (GC-MS-verified) testosterone-3-hexylimine 
was dissolved in chloroform a maximum u.v.- 
absorption was noted at 245 nm (t = 16,500). When 
20 p I of concentrated HCL was added to this solution 
a shift in the absorption was noted (max = 265 nm, 
t = 20500). 

Reaction qf the 6-oxygenated-derivatives qf 
3-0x0-4-ene steroids with primary amines. [4-‘4C]6/l- 
Hydroxy-4-cholesten-3-one or [4-‘4C]6/?-hydroxy- 
progesterone was reacted with 10~1 of spermine or 
IO ~1 of hexylamine in 60 ml chloroform-methanol, 
2: I, v/v, evaporated to dryness and subsequently 
analyzed by LC and/or TLC. No polar or non-polar 
derivatives were seen except 6-0x0- (60%) or 
6p-hydroxylated (40%) derivatives of the respective 
steroid. When the 6-oxo-derivatives of the respective 
steroid were reacted in the same way, more than 990/, 
was found in a highly polar fraction (spermine) or 
a non-polar fraction (hexylamine) as based upon 
the chromatographic mobilities on LH-20 gel in 
the solvent system. 2.2.4-Trimethylpentane-benzene- 
methanol, 90:5: 5 (by vol, progesterone), or on 
Lipidex- 1000 in the system methanol-water-n - 
butanol-chloroform, 70 : 30 : 7 : 3 (by vol, 4-cholesten- 

3-one). 
Experiments in vitro with rat liver microsomal 

preparations. 4-‘4C-Labelled and 100~500 pg 
unlabelled 4-androstene-3,17-dione, 4-pregnene- 
3,20-dione, 178-hydroxy-4-androsten-3-one and 4- 
cholesten-3-one, respectively were each added to a 

chloroform-methanol, 2:1 (by vol) extract of the 
standard rat liver microsomal preparation (0.5 ml, 
4-6mg of proteins) where the aqueous layer had 
been discarded. The organic layer was subsequently 
taken to dryness and the residue was analyzed by LC, 
TLC and GLC-RD. Control experiments consisted 
of organic extracts of the incubation buffer. This 
revealed that the biological extracts contained com- 
pounds that reacted with the 3-oxo-4-ene-steroids 
yielding derivatives with chromatographic properties 
(TLC, GLC-RD) identical to the 6-oxygenated ste- 
roids shown in Table 1. These compounds could not 
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be found in the buffer controls (less than 0.05%). The 
artefactual transformation of 3-oxo-4-ene-steroids to 
6-oxygenated derivatives was not completely abol- 
ished with the steroid amounts tested. For instance 
when 1 pmol of 4-androstene-3,17-dione was added 
to the organic extract of the rat liver microsomal 
preparation, the yields of 6-oxygenated derivatives 
ranged between 1.2-2.0x (n = 5). 

DISCUSSION 

Our results show that steroid-3-imine formation 
enhances 6-oxygenation of 3-oxo-4-ene-steroids. The 
identification made of the compounds formed rests 
primarily on GC-MS data, as well as TLC and GLC 
results which agree with reference compounds and 
previously published results [2,6, 7,8]. 

It appears that a 6p-hydroperoxide-steroid is 
formed along with the 6b-hydroxy- and 
6-oxo-derivatives and the former compound might be 
the precursor of the other two. With the reference 
available (i.e. 6/I-hydroperoxy-4-cholesten-3-one) we 
could establish the identity of this compound which 
was formed from imine derivatives. The imine deriv- 
atives of the other steroids gave rise to compounds 
analogous to 6/l-hydroperoxy-4-cholesten-3-one in 
that they decomposed to mainly the 68-hydroxy- and 
6-oxo-derivatives. This is in accordance with the 
findings of Yu and Tan[9] on the 6/I-hydroperoxy- 
derivatives of androstendione and progesterone. 

From the present study it is clear that artefactual 
formation of 6-oxygenated derivatives of 3-0x0-4- 
ene-steroids may occur in evaporated organic solvent 
extracts of biological samples due to imine formation. 
Subsequent 6-oxygenation is of a magnitude that may 
easily be mistaken for enzymatic activity. Tan et 
a1.[9, lo] have reported high degrees of 6-oxygenation 
of 4-androstene-3,17-dione and 4-progesterone- 
3,20-dione even in boiled controls of bovine adrenal 
mitochondria. Since these authors terminated their 
experiments with solvent extraction and evaporation 
it is conceivable that these results were due to imine 
formation and subsequent rearrangement. The data 
presented in the present investigation may cast some 
doubt on the specificity of previous studies on the 
6/?-hydroxylation of 3-oxo-4-ene steroids in vitro 

when the results rest primarily on the quantitation 
of these compounds after solvent extraction and 
evaporation. 

The introduction of oxygen at C-6 in 3-oxo-4-ene- 
steroids has been suggested to be facilitated via an 
enolization leading to a 3,5-diene structure [l 11. 
Reaction of 3-oxo-4-ene-steroids and secondary ami- 
nes has been shown to yield a 3,5-diene structure [ 121. 
It thus seems conceivable that our steroid-imine 
derivatives during the protonation of the imine 
structure-believed to be the rate limiting step in 
imine hydrolysis [ 13]-undergo a rearrangement to 
form a 3,5-diene intermediate suitable for attack by 
oxygen. This interpretation was also supported by 

our U.V. absorbtion data on the testosterone- 
hexylimine[l4]. Our results also show that base 
catalysis per se (known to facilitate enolization of 
3-oxo-4-ene-steroids [ 151) does not give rise to 
6-oxygenated products to the same extent as with 
organic primary amines. 

That the 6-oxygenation of conjugated steroid-3- 

imines takes place via a direct oxidation by oxygen is 
indicated by the results with two “antioxidants”, e.g. 
ascorbic acid and reduced glutathione, which both 
quenched the reaction. However our experiments do 
not exclude the possibility that ascorbic acid (or 
dihydroascorbic acid) and reduced glutathione acted 
through a reaction with the steroid-3-imine thus 
blocking 6-oxygenation. 

The proposed reaction scheme for the introduction 

of oxygen at C-6 is in close agreement with that 
proposed for the enzymatic 6/3-hydroxylation of 
3-oxo-4-ene-steroids [ 151 where molecular oxygen is 
introduced via a 3,5-dienol structure. In a study on 
the microbial 6b-hydroxylation of 4-androstene- 
3,17-dione, Holland and Diahow [ 1 l] showed a rate 
determining step prior to enolization and proposed 
that this step might be the initial substrate-enzyme 
binding. Interestingly oxo-steroids have been shown 
to form Schiffs bases with lysine residues in proteins 
in aqueous solutions [16, 171. Our results demonstrate 
that 6/I-hydroxy-testosterone does not easily form 
3-imine derivatives. It is therefore tempting to 
speculate that an enzyme-bound 6P-hydroxy-4- 
ene-steroid-3-imine is easily hydrolyzed, thus 
favouring the overall reaction. 
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