
STRUCTURE&AS CHROMAT0GRAPHIC ELECTRQN CAPTURE. SENSI- 
TIvI%y REEATI0NSHPS OF SOME SUBSTD-UTED 17a-ACBTOXYPROGES- 
TERONES 

SUMMARY 

Structure+electron capture sensitivity relationships were established for 
underivatized 17a-acetoxyprogesterones. While progesterone was very insensitive, 
17a-acetoxyprogesterone had a response of 4.8 x 1fF C/moIe. Methyl groups in the 
A or B ring of 17a-acetoxyprogesterone had no effect. A keto group at C-6 was 25 
times more sensitive (1.2 x 10J C/mole). A doubfe bond at C-5,7 enhanced the sen- 
sitivity sevenfold (3.5 x 103 C/moIe), but double bonds at C-l,2 or C-9, I1 had only 
slight effect. Substitution at C-16 was important. A methyl group at C-16 had two 
and three times the sensitivity in the 3-keto A4 and 3-keto LP series (1.1 x 1P and 
1.1 x IV C/mole), respectively. A methylene group at C-16, in contrast, showed a 
six- and hvofold greater sensitivity over the C-16 methyl in the two series (7 x 103 
and 2.2 x l@ C/mole), respectively. The most sensitive compound was 6-dehydrod- 
methyl-l6-methyfene-17cz-acetoxyprogesterone (mefengestrol a&ate). Its sensitivity 
was 2.2 x IO4 &l/mole, comparable to the most sensitive halo esters of steroid al- 
cohols reported in the literature. Its electron capture coefficient was 3-7.6 x lOLo 
I/mole. The coefficient was independent of the detector temperature, indicating low 
activation energy for electron absorption_ 

It is well known that relatively few organic compounds respond to detection 
by an electron capture detector @CD). Steroids generally are not considered to have 
any strong electron attachment properties. Lovelock ef aLL determined the electron 
absorption coefficients of some underivatized steroid hormones using a tritium de- 
tector in conjunction with a cross-section ionization detector. Unsaturated keto 
steroids were shown to have some aftlnity for electrons and the most sensitive com- 
pound in their series was I,4-androstadiene-3,11,17-trione. There are a large number 
of references on the analysis of steroids by e!ectron capture gas chromatography 
(GC-ECD) after their convertion to more sensitive derivatives. Steroid alcohols are 
analyzed by GC-ECD after having been converted to their halo esters. Perfluoro- 
butyrates are the most popular and sensitive among such derivatives. Recently, O- 



pentafluoro-benzyloximes were reported as very sensitive derivatives for several-.keto 
steroid?. 

The first report thaF has come to our attention on the practical utiIization of 
GC-ECD for the -analysis of underivatized steroids is on melengestrol acetate (6- 
dehydro-6-methyl-16-methylene-17a-acetoxyprogesterone, MGA@) in cattle feed 
supplements by Davis ef al. 3_ Krzeminski and Coti and Ryan and DuponP have 
reported procedures for the residual 1eveI (2.5-10 ppb) determination of MGA in 
several bovine tissues. Because of the unusually high sensitivity of MGA to ECD, 
We have in t-his study determined its response quantitatively and compared it with 
several underivatized 17a-acetoxyprogesterones to elucidate structur+ECD response 
relationships of this class of steroids. 

Steroid& 
All the steroids were obtained from the Biological Screening Of&e of The 

Upjohn Company. They were first tasted for purity by thin-layer and gas-liquid 
c’ilromatography using a game ionization detector (EID). Solutions for GC-ECD 
were prepared by dilution of a I m@Kl ml solution of each steroid in 10% benzene 
in cyclohexane. (The solvents were distilled in glass and of high purity). Dilutions 
were made with cyclohexane to obtain 4 and I00 pg/@ for the more sensitive com- 
pounds and I ng/pI for the less sensitive ones. 

GIassware 
AlI glassware was speck&y washed with chromic acid followed by cleaning in 

an ultrasonic cleaner. It was again rinsed with water and 3A alcohol, dried, and stored 
in a desiccator. 

Gas-liquid chromatography amI detection system 
The @ts chromatograph used was a Tracer Model MT 220 (Tracer, Austin, 

Texas, U.S.A.) equipped with a dual hydrogen FID aud a %Ii (10&i) ECD. The 
operating parameters were: Column -1% OV-17 on Gas-Chrom Q NO-f20 mesh, 
packed in a 3 mm I.D. glass U tube. The glass tube was silanized with dichlorodimeth- 
ylsilane as described6 prior to packing. The length of the column packing was 14 in. 
Temperatures--column, 235”; inlet, 250”; FID, 2.55”; ECD, 290”. Gas tlow-rates 
-nitrogen for FID, 50 ml/mm; nitrogen for ECD, 52.3 ml/min with no purge; hy- 
drogen, 40 ml/mm; air, 400 ml/min_ Pulsed voltage parameters for ECD -applied 
voltage, 55 V; pulse rate, 27O*z~c; pulse width, 9psec. Attenuation -10 x 64 
(6.4 x lo-lo A.f.s.d.). 

Initially, I m&al solutions of the. steroids were subjected to GC using the 
FID (GC-FID) in order to establish cbromatographic conditions. The d&&d solu- 
tions (0.04-1.0 ng]pI) were then injected into_Fhe column connec’md to Fhe ECD. The 
steroids under observation fell into two groups, viz. Fhe highly sensitive ones, having a 
linear response for 40-500 pg injected onto~the column, and the second~group, hav- 
ing a lower sensitivity Urd-faZling in the linear range of 1-5 ng. Progesterone which 
was also included did not register any response for 5 ng. Of-the steroids in the-first 
group 40-500 pg were injected and the &reas under Fhe peak were measured using a 
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planimeier calibrated to rep*=sent 1 cm2 for every ten cxxmt.5. The areas were plotted 
against picomoles of the compound injected to find the Iinear dynamic range of re- 
sponse. The sec&d group ofsteroids was treated in a similar maimer except that the 
quantiti& injected into the GLC cohm3n were from L to 5 ng. 

AH the steroids gave good peaks on the OV-17 column with no indication of 
decomposition. Since the most important compound in the series was MGA, it was 
subjected to GLC-mass spectrometq (GLC-MS) (LKB 9000, LKB-Frodukter AB, 
Stockholm, Bromma, Sweden) and found to chromatograph intact. The chromato- 
graphic conditions were the same for aI1 and the retention times ranged from 2-6 
min. Chromatograms of a few typical compounds and the amounts of each injected 
on the colnmn are shown in Figs. 1 and 2. The structures of the steroids, their response 
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Fig 1. Chromatograms of underivatized 17a-acetoxyprogesterones by GLC-ECD. The amounts 
injected onto the cokmm are indicated for ezch steroid. For str~~cturzf identification, 5ee Table I. 
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Fig. 2 Chromatograms of underivatized t7a-acetoxyprogesterones by GLC-ECD. The amounts 
injected onto the coiumn are indicated for each sferoid. For structural identiff=tion. see Table I. 
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to ECD in C/mole and the relative responses compared to I%-acetoxyprogesterone 
(AP, II) are shown in Table I. The responses are the average of at least four points 
from the Iinear range of pIot.5 of concentrations versus response (peek areas). For 
MGA, the plot was linear from 40-300 pg injected onto the c&mm and the Y inter- 
cept was zero. For all the other compounds, the Y intercept was negative. This de- 
viation was minimal for those steroids which showed fair to good response in the 
picogram quantities and greater for those that had response only in the nanogram 
quantities. 

DISCUSSION 

The theories on the fundamental processes taking place in an ECD operated 
in the pulsed mode are well documented_ Wentworth et aL7*s proposed a series of re- 
actions taking place in the detector on the basis of kinetic derivations using steady- 
state approximations. They derived the following expression relating the concentra- 
tion of capturing species and changes in plasma current 

where 
I6 = maximlum initial current before addition of capturing species 
I= = current remaining after the introduction of a capturing s-p&es 
K = capture coefhcient 
a = mstantaneous concentration of capturing species 

The capture coefficient K can be obtained by integration of eqrr. 1 with respect to the 
volume of gas passing through the detector ceh during the residence time of the peak 
and the following equation was derived8 

(2) 

where 
H’I/Z = peak width at half-height (in.) 
I=r = flow-rate in *he detector in I/mm - 
s = sample size (ccl) 
M = molar concentration 
CS = chart speed (in&in). 

Even though the capture coefhcient is a useful figure to determine the temperature 
dependence of electron capture, activation energ& and other thermodynamic 
properties, the sensitivities of steroid derivatives to ECD are more commonly express- 
ed in C/mole. In order to compare the response of LMGA and the other steroids in 
this study with the reported values of steroid.derivatives, the responses in C/mofe 
were calculated knowing the electrometer specifications for the amount of current 
required for full scale deflection, the chart speed, the area of the peak, and the con- 
centration of the sample. 

Effeci of I7e-ester.9 
Progesterone showed no response when 5 ng were injected onto the column. 
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17a-Acetoxyprogesterone (AP, El) on the other hand, showed fair response and had 
a sensitiviq of 4.S x LW C/mole (SO mm peak for 4 ng). C-17 a-propionates (IIf 
and EV) showed the same response as the acetate. Introduction of a methyl group at 
C-2 or C-6 of AP did not have any e&ct (V and VI). 

Lovelock et &_I in their study on the a&&y of steroids for eIectrons with 
thermal energies had observed that only those steroids possessing the structure 
-CO--CK=CRIR, had any marked electron absorption and that this structure con- 
ferred electron absorption provided that there was in the molecub an opportunity 
for further electronic interaction. In view of the above observations, one would ex- 
pect a greater response for 6-dehydro AP (VII) than for Al?. 6-Dehydro AP and 6- 
dehydrod-methyl AP (VIII) indeed were seven times more sensitive (3.5 x I@ 
C/mole) than AP. 17p-Acetoxy-17-isoprogesterone (LX) had a response of 2.7 x I@ 
C/mole, not significantly Lower than its 17 epimer (VII). A comparison of .& AP (X, 
9.3 x I@ Cimole) and dr-6a-methyl AP (XI, 9.0 x 10’ C/mole) with the 3-keto 
d4m6-ones (VII-IX) having otherwise identical substituents on the D ring showed the 
4”~~ compounds had a more than threefold greater afiinity for electrons than the 
d’s0 compounds. The l&dien-3-ones were only about twice as sensitive as the 3-keto 
d’ compounds (i&VI) in their afhnity for electrons. This result is in agreement with 
the observations of LoveIock ef al.‘. The UV spectra of these two classes of steroids 
show greater conjugation in the 3-keto dJs6 systems than in the 3-keto dfmJ ones. The 
former have absorption maxima at ~285 nm with an extinction coefficient of 27,000- 
29,MlO; the latter have absorption maxima at m24.5 nm and an extinction coefiicient 
of = Z 5,0(K). Therefore, the greater electron affinity by the 3-keto LF steroids may be 
explained on “the basis that the absorbed electron may be delocalized more readily 
in this system than in the 3-keto dLvs system. 

There were two 3-keto Bg-lr compounds in the series, one with a methyl 
group at C-2 (XII) and the other with methyl at C-6 (XLH). These were included to 
determine the effect of an isolated double bond. The response values for these two 
compounds were intermediate between the AP type (F&VI) and the LIE AP type of 
compounds (X and XI). Obviously, the electronic interaction in the 3-keto Dg-” 
compounds is more than in the 4-en-3-one systems, but less than the l&lien-3-one 
systems. 

It was pointed out earher that a methyl group in the A or B ring did not affect 
the sensitivity, but when an Q methyl was substituted at C-16 in AP (XIV), a twofold 

diEerence in sensitivity was observed (1.1 x l@ C/mole). In the 4,6-dien-3-one series, 
the elect of C-16 methyl substitution was even more pronounced. Thus, 6-dehydro- 
16&-methyl! AP (XV) was thrice as sensitive (1.1 x lo4 C/mole) as 6-dehydro AP 
(VII) and other similar compounds (VIII and LX). It is diEcuLt to explain that while 
a methyl group at C-2 was immaterial, a methyl group at C-16 was so influential in 
the absorption of electrons. 

The effect of C-16 methylene substitution was much greater than that of methyl 
substitution. The three 16methylene AP tested (XVI-XVIII) were fourteen times 
as sensitive as the i6-nonsubstituted ones (U-VI) and about seven times as -. 
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sensitive as 16a-methyl AP @IV). Among the 4,6-dien-3-one steroids, the C-16 
metbylene steroid (XIX, MGA) was twice as sensitive as the corresponding C-16 
methyl one (XV’) and about seven times more sensitive as the 16-nonsubstituted ones 
(VII-IX). Its iesponse in C/mole was 2.2 x l@, a very high Ggure for an underiv- 
atizecl steroid. 

Efleect of additional keto groups 
Lovelock et al.’ had repot-tea that the presence of even three isolated keto 

groups in a saturated steroid conferred little more electron absorption than the slight 
amount expected of a simpIe ketone. He had also pointed out that in a 4en-3-one 
system, a keto group in the 11 position was important and the most active compound 
in his series was 4androstene-3,11,17-trione (XX). Our results showed this com- 
pound to be fairly active, giving a response of 8.1 x l@ C/mole. This was only slightly 
better than the 16-methylene 17a-acetoxyprogestcrones (XVI-XViII). 6-l(eto AP 
@Xi), however, was more sensitive than 4androstene-3,11,17-trione. Its response 
of 1.2 x 10J C/mole can be attributed to the good electronic interaction of the C-6 
keto group with the orbitals of the 4en-3-one system. 

The tbree steroids that had the highest responses were 6-dehydro-6/?,16a- 
dimethyl AP (XV, 1.1 x 10’ C/mole), 6-keto AP (XXI, 1.2 x lv C/mole), and 6- 
dehydro-6-methyl-16-methylene _4P (XIX, MGA, 2.2 x 10: C/mole). The responses 
for these underivatized steroids were very high: 10-20 pg were easily detectable. For 
comparison, the responses for these three steroids are shown in Table 11 alongside 

TABLE II 

COMPARlSON OF ELEmON CAPTURE RESPONSES OF UNDERIVATIZED MELEN- 
GESTROL ACETATE AND RELATED STEROIDS _4ND LITERATURE VALUES FOR 
STEROID HEPT_AFLUOROBUTYRATES AND 0-PENTAFLUOROBENZMES 

Steroid Electron captzzre response (C/n&e) 

Underivatized 
steroids 

HepfaJizmrobzftyrates 0-Penzajhoro- 

Ref. 9 Re_f IO 
bet&oxime 

(Ref. 2) 

MGA (XIX) 2.2 x l@ 
fi-Dehydro-@,l6a- 

dimethyl- 7a- 
acetoxy- 
progesterone m 1.1 x 101 

6-Keto-17cc_acetoxy- 
progesterone (XXI) 1.2 x l(r 

Testosterone 

Testosteene 

Androstenedione 

Androsterone 

3eno1, mono 
0.96 x 103 
3-enol,17-di 
4.5 x 103 
3enol 
4.0 x 103 
3+X01 

2.9 x 103 
Ehydroxy. mano 
l-7 x IV 
3-hyf%o_xy, mono 
0.87 x loz 

3eno1, 17-di 4.7 x l(r 
3.9 x 101 
3unol 9-o x lo’ 
3.1 x lcf 
3enol 9.6 x lo’ 
2.6 x l@ 
- 1.5 x l(r 

- 4.2 x 101 
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reported values for steroidal heptafluorobutyrates and O-pentafluorobenzyloximes. 
Tkese three underivatized steroids have higher sensitivity than the values reported by 
Exley and Chamberlain9 for keptafluorobutyrates and close to the values reported 
by Dekennin and Sckolleti”. The extremely high sensitivity of MGA to ECD was, as 
reported earlier, made use of in the analysis of cattle feed supplements and residual 
level determination in bovine tissues. 

hfechzism of electron capture by MGA 
It was of interest to calculate the value of the electron capture coefEcient, K, 

for MGA and to determine tke mechanism of electron capture, i.e. wketker it was 

of tke dissociative or nondissociative type. The values of K were calculated from eqn. 
2. A plot of (1~-i,)/(r,) versus S was not Iinear even though other plots of response 
factors (peak heigkts, peak areas or C/mole) versus concentrations were linear up to 
1.6 pmoles injected onto the column. Because of this deviation, the values for the 
electron capture coefficient were not constant; they varied from 3-7.6 x lOLo l/mole. 
In a recent paper on the theory and practice of the ECD, Lovelo&’ has stated that 
the well-known Wentworth equation, which served so well in the early days when 

less efticient ionization sources were used, does not apply when nearly all of the sample 
input is ionized. He has also shown that small changes in either the flow-rate of the 
carrier gas or the ionization current can siguiiicantly a&ct the proportion of molecules 
ionized and, ken&, the detector response facto5. These factors may explain the reason 
for ‘Jze variation in the value of K. 

T’ke electron capture coefficient for MGA was independent of the detector 
temperature from 260-360”. The mechanism of electron capture is usually determined 
from a plot of In KT3’? verszls 1/T. For MGA, such a plot had a zero sIope and there- 
fore the mechanism of electron capture did not clearly fall in the catego,y of the nons 
dissociative or the dissociative type. This temperature independency also suggest- 
low activation eneru for MGA-electron reaction in the detector cell. 

CONCLUSIONS 

A number of biologically active substituted 17o;-acetoxyprogesterones were 
found to respond to a 63Ni GC-ECD in their underivatized forms. The response was 
fair for 17a-acetoxyprogesterone (II) and excellent for 6-dekydro-6-methyl-16- 
methylene-17a-acetoxyprogesterone (XIX). The following structure*lectron capture 
response relationskips were established : 

(1) 17a-acetate was an important functionality as progesterone showed prac- 
tically no response to ECD (5 ng on-column). 

(2) (I- or &methyl substituents in the A and I3 rings (2, 6, and 7 positions) 
had no e&ct in 4en-3-one and 4,6-dien-3-one systems. 

(3) 1,4-dien-3-one and 4,9-l 1-dienS-one systems were better electron absorbers 

than 4-en-3-one systems, but 4,6-dien-3-one compounds were definitely more sen- 
sitive to ECD. 

(4) ‘C-16 a-methyl substitution doubled and tripled the sensitivity of the 4- 
en-3-one and 4,6-dien-3-one acetoxyprogesterones. respectively. 

(5) C-16 methylene substitution gave the greatest increment in sensitivity df 
alI groupb tested. It increased the sensitivity of 17a-acetoxyprogesterone fourteen 
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times 2nd that of 4417a-acetoxyprogesterone 

K. T. KOSHY 

seven times. C-16 methylene-l’la- 
acetoxyprogesterone was twice as sensitive as C-16 methyi-17a-acetoxyprogesteronc. 
Similarly, C-16 methylene-46-17cr-acetoxyprogesterone was twice as sensitive as C-16 
methyl-46-17a-acetoxyprogesterone. The most sensitive compound in the series was 
6-dehydro-6-methyl-I6-methyIene- 17a-acetoxyprogesterone (melengestrof acetate). fts 
sensitivity was about the same as the steroid heptailuorobutyrates reported in the 
Literature. 

(6) A keto group at C-5 was an effeestive contributor to a 4-en-3-one system. 
Its sensitivity was 25 times greater than 17a-acetoxyprogesterone. 
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