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SUNMINARY .

Qualitative and quantitative effects of classical reactions on steroids observed
by gas-liquid chromatography (GLC) under standardized conditions. including the
double internal standard technique, are reported. Simple procedures. applicable to
nanogram amounts of reactants. that afford excellent yields of the major products are
described. Reactions studied include the Wolff-Kishner removal of keto groups
(WK). their conversion into hydroxyl groups with sodium borohvdride and into
dioxolone derivatives with ethylene glyvcol: the conversion of hydroxyl into keto
groups with chromium trioxide and into trimethylsilvl (TMS) ethers with hexa-
methyldisilazane: and the hvdrolysis of” dioxolone and TMS derivatives with H*.
Gas-liquid chromatograms of reaction mixtures of single- and multi-step reactions
readily provide ‘information on the effects on functional groups at positions 3. 11
and 17 in the androstane series, and the retention times of many steroids unavailable
from commercial or other sources. GLC data analysis provides relationships between
steroid structure and retention times, from which methods ftor the calculation of re-
tention times and for steroid identificailon are designed. The accuracy of the calcu-
lation methods is demonstrated and conditions for their efficient application are
discussed.

INTRODUCTION

For a number of vears. gas-liquid chromatograms of steroid hormones and
metabolites extracted. from animal tissues and body fluids have been routinely ob-
tained n this laboratory by the application of an improved thin-layer chromatogra-
phic—gas-liquid chromatographic (TLC-GLC) method! 3. The patterns and retention
times of the numerous peaks in chromatograms obtained after extensive TLC ftrac-
tionation were characteristic of’ the animal species and sex in a particular physio-
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togical situation. as well as the tissue from which the sample originated. For example.
the change in plasnm concentration of individual steroids in ewes at different stages
ot gestation could be readily followed from start to parturition. The method gave
access to data on the free and conjugated steroids of neutral and phenolic fractions
derived from the same sample: a simple modification of hydrolytic conditions af-
fordsd data on cither total conjugates or glucuronides only. and on sulphates by dif-
ference. As this information could be obtained in a relatively short time at low cost,
the micthod appeared to be potentially valuable to biochemical and physiological
studies refevant to animal reproduction as either a fact-finding or 2 monitoring device.
The detailed identification of the GLC peaks was. however, an absolute prerequisite
of such applications.

The choice of a peak identification procedure was largely dictated by the
following characteristics of the separation method and the resulting GLC data:
manipulations were fastest. most convenient and most effective at low sample levels:
peaks in gas-liquid chromatograms were clearly distinct and their retention times were
highly reproducible. However. partial overlap of peuks corresponding 1o the 0-3 ng
range of steroids was of frequent occurrence: thus the GLC-mass spectrometric
method of peak identification could not be used effectively. unless peak separations
and sample levels were increased to the point at which important characteristics of the
simpler separation method. viz.. speed and low cost. were no longer retained.

On the other hand. the remarkable consistency of peak retention times obtain-
¢d by the double internal standurd technique (¢f.. ret. 4: see also below). i.e.. - 0.01
min over a period of several yvears. strongly suggested that a method of identification
based on this reliable feature might be successtul. Many of the 1080-150 peaks in
neutral steroid fractions had retention times that matched that of one. and occasional-
Iy Lwo or three. commercially available standards. In general. multiple solutions could
be reduced to a single solution by making use of the TLC data. i.e.. the location of
the relevant fraction in the TLC plate’.

Undoubtedly. some 300 steroid standards availabie from commereial sources
included a large number of compounds relevant to animal tissue. However. the un-
availability of many presumably relevant steroids cast considerable doubt on the valid-
ity of identifications based on a comparison of retention times with those of available
standards.

In view of this problem. we have made an extensive investigation of structural
relationships whereby retention times, including those of unavailable steroids. could
be calculated. Earlier investigations® had suggested that steroid retention times could
be derived from the sum of logarithmic increments characteristic of functional groups.
Further studies showed. however. that this rule was not of general application. as
incremental values for groups such as e and 11g varied according to the other
groups that were present in the molecule (¢f.. ref. 4. Table X). However. GLC data on
a much larger number of steroids have provided the simple structural relationships
described in this paper: the general applicability of these rules and the accuracy of
calculations based upon them have been unequivocally demonstrated.

Although retention times of naturally occurring steroids could then be com-
pared with a set of retention times that included those of unavailable steroids. posi-
tive identification of any of the structures suggested by this comparison still required
independent data supplied by TLC and other discriminatory tests.
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Many of the steroids used in this investigation were synthesized in this labo-
ratory from available standards by using simplified procedures of classical reactions
standardized for amounts of steroid between 0 and 1 mg. and adapted to GLC anal-
vsis of reaction mixtures. The simple procedures afforded excellent yields of muyjor
products and gave access to GLC data on key steroids in a matter of hours. As such.
these procedures could be used efliciently not only to generate predictable steroids
from given structures. but also to identify structures from their reaction products.
Thus. effects readily observed by GLC of specific reactions on steroids under
investigation led to the unequivocal assianment of the correct structures from those
originally suggested by the retention time. '

A paper dealing with the svstematic use of these effects in steroid identification
wiil follow the publication of the present series. :

The present series of papers is concerned mainly with the establishment of
structural relationships of steroid retention times and the demonstration of simple
methods of calculation kased on them. As it is based to a large extent on the retention
times of synthesized steroids. the preparation of these compounds is described and their
authenticity demonstrated. For convenience in presenting and discussing data rele-
vant to hundreds of compounds. each paper in this series will be confined to groups
of steroids characterized by functional groups occupying specific positions.

This introductory paper is concerned with steroids of the androstane series.
which feature the following functional groups alone or in all possible combinations:
3. 3. 3-Keto: Tp, H-keto: 174 and [7-keto. In addition. it describes the preparative
procedures. GLC conditions. methods of data analvsis. nomenclature and abbrevi-
ations used throughout the present series.

METHODS

Steroid prepararion

Common steps. From 0 to 1 mg of steroid or steroid mixture was-introduced
into-a micro-flask either by weighing or by evaporating under nitrogen the required
volume of solution. Except in the case of TMS derivatization. the work-up of reaction
products involved neutralization tollowed by extraction with chloroform. The chloro-
form extract was washed with water and evaporated under a stream of nitrogen in
order to remove moisture. The residue. dried in vacwo over phosphorus pentoxide.
was taken up in chloroform and a portion of this solution was evaporated to dryness
and used tor GLC analysis.

Chloroform and aqueous phases were mixed with a vibrator. separated in a
clinical centrifuge and transterred or removed with syringes. Solvent evaporations
were carried out under a stream of nitrogen in a manifold evaporator described
elsewhere (ref. 1. Fig. 2). All solvents and liquid reagents were carefully redistilled.

Reducrion of carbonyl groups with sodium borohydride ( RD). Ten milligrams of
sodium borohydride and 150 #l of 809 aqueous rerr-butanol were added to the micro-
flask (ref. 5. Fig. 2) containing the steroid. The mixture was stirred until clear and al-
lowed to stand at room temperature for either 2 h (general methed) or 6.5 h (partial
reduction of | I-keto groups) and then transferred by rinsing with tour successive 230-
el volumes of chioroform into a 13-ml centrifuge tube: 1 ml of 0.25 A acetic acid was
added and the contents were stirred. The chloroform layer was removed after centrit-
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ugation, and the aqueous phase extracted twice with 250 ul of chloroform. The total
chloroform extract was washed with 250 gl of 1 N sodium carbonate solution, evap-
erated. and the residue placed for 2 h in a vacuum desiccator over phosphorus pent-
oxide.

Wolff—Kishner removal of carbonyl groups ( WK). The reagents used were (A)
3%, (viv) of 99-100%; hydrazine hydrate (J. T. Baker, Phillipsburgh. N_J.. US.A_:
N-3641) in absolute ethanol and (B) 7.2 g of sodium ethoxide in 35 g of absolute
ethanol. These reagents were kept in stoppered bottles at room temperature in the dark.

Reagent A (30 gl) and reagent B (20 ul) were added successively to a micro-
tube containing the steroid. For amounts of steroid over 300 ug. these volumes were
muitiplied by the number of carbony! groups in the molecule. Up to six micro-tubes
could Ee placed in a reaction vessel (see Appendix. Fig. 5) around a 5-mli flat-bottomed
tube contaiming 4 ml of absolute ethanol. With the cover screwed on about one tenth
of a turn only. the vessel was placed in a 160-mm diameter vacuum desiccator which
was filled with nitrogen (¢f.. Appendix). The cover was then tightened quickly by
hand and the vessel placed for 5.5 h in an oven kept at 190 and then on an aluminium
block to cool to room temperature. The reaction mixture was neutralized with0.33 .V
hydrochloric acid and extracted twice with 250 gl of chlorotorm. The extract was
processed as described under Comnion steps.

Dioxolone (keral) derivatives of carbonyl groups ( DOj. To a 1-ml tube contain-
ing the dry steroid were added in succession 10 ul of ethylene glveol. I mg of p-
toluenesulphonic acid and 750 g of toluene. The tube was placed in the heating block
of the evaporator (ref. 3. Fig. 2). which was mamtained at about 113 for 6 h. A fine
stream of nitrogen directed at the liquid surfiace was adjusted so as to evaporate about
500 «l of toluene per hour. At the end of each hour. 300 g1 of toluene was added to the
tube. During the sixth hour. the flow of nitrogen was increased in order to remove
as much toluene as possible. After cooling. 230 ul of 0.025 N sodium hvdroxide
solution and 230 sl of chloroform were stirred with the reaction mixture. The chloro-
form extract was processed as described under Conmnon steps.

Chromium rrioxide oxidation of hydroxyl groups (OX ). The reagent according
to Cornforth er al.® was prepared as follows. Five grams of chromium trioxide were
dissolved in 5 ml of water and the solution was poured into 50 ml of pvridine. which
was cooled by swirling in ice-water_ The reagent was kept in the dark at 2 and was
renewed monthly or whenever a dark precipitate started to form.

The oxidation procedure was as follows. Fifty microlitres of reagent were
added to a 1- to 2-ml tube containing the steroid : the mixture was stirred and allowed
to stand at room temperature. After 5 h, 3500 gl of chloroform and 250 ai of water
were added, and the mixture was stirred and centrifuged. The chloroform layer was
washed three times with 250 ¢l of water and further processed as described under
Common steps.

Trimethyisilyl (TMS) ethers'-?. To the steroid contained in a micro-flask
{ref. 5. Fig. 2) were added. in the following order. 25 u! of redistilled hexamethyl-

disilazane and 25 ¢l of freshly prepared 109 (v/v) redistilled trimethyichlorosilunc
in chloroform. The stoppered flask was allowed to stand overnight at room temper-
ature. The contents were evaporated to drvness (15 min) in a manifold evaporator
described elsewhere (ref. I, Fig. 2) and the required volume of internal standard
solution in carbon disulphide was added and the mixture stirred.
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Hydrolysis of DO and TMS derivarives (HY). The dry steroid was stirred with
100 #1 of absolute ethanol for 2 min, then 100 sl of 0.5 N hydrochloric acid was added
and the mixture was stirred. The mixture was allowed to stand overnight at room
temperature in the stoppered micro-tube. After ncutralization with 100 gl of 0.5 N
sodium hydroxide solution. it was extracted twice with 250 zd of chloroform. The
chloroform extract was washed three times with 230 ul of water and further processed
as described under Conmmon steps. Comparable results were obtained by hydrolysis
at 807 for 1 h with occasional stirring.
GLC techniques : -

A Perkin-Elmer 900 chromatograph equipped with dual flame ionization de-
tectors was used isothermaliy. The 9 fi. = 1/8 in. O.D. stainless-steel columns were
packed with 39 JXR (dimethylpolysiloxane) on 100-120 mesh Gas-Chrom Q and
conditioned as described previously?. ,

Derivatized or non-derivatized steroids or steroid mixtures were injected in
standard carbon disulphide solution containing the TMS derivatives of two internal
standards: S!. 3p-hydroxv-3c-androstane (A 2180)°. and S2. 3e-coprostanol (C
3050)7 in concentrations’ of 3.73 and 12.5 ng/nl. respectively. obtained by 40-fold
dilution of stock solutions in carbon disulphide. Standard and stock solutions were
stored as described previously (ref. 4. p. 444). 7

Normal conditions under which all measurements were made were established
as follows. With the oven temperature and the helium flow-rate set at approximately
230 and 60 mifmin. respectivelyv. 2 gl of standard solution was injected. and the rel-
ative retention time. R,. of S2 versus S1 was determined. The oven temperature was
then adjusted to bring R, between 6.700 and 6.648. as close as possible to R,y == 6.674.

i

i

Fig. 1. Preciston thermometer (T) (76 mm immersion, 200-250 | 157 division: Cat. No 3548, Brook-
Iyn Thermometer Co. Inc., Farmingdale. N.Y .. U.S.AL). inserted through a hole (A) drifled through
a 2-mm metal cover (B). 10 em from the centre of the oven door (C) of a PE 900 Chromatograph.
The thermometer crosses {oose fibre-glass insufation (D) and can be readily pliced or removed. A
PTFE ring (E) holds the thermometer at an adjusted level. A telescopic reading lens is used.

* Steraloids Inc., P.O. Box 127, Pawling, N_Y. 12561, U.S.A.
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This was achieved by trial and error. making use of the fact that R, increased by 0.006
for a decrease of 0.1 observed on a precision thermometer (Fig. 1). The carrier gas
flow-rate was then adjusted to bring the retention times of internal standards S1 and
S2 as close as possible to 4 = 190 2 1072 min and B = 1268:x 1072 min, respec-
tively, 4 and B being defined ideal normal conditions for which all retention times
were normalized by applving the following procedure.

Rerenzion time corrections. Following the injection of a sample. both the timer
and recorder chart drive were switched on by actuating a comnion switch at the precise
moment that the pen carriage moved up-scale: retention times being measured from
this moment were ““corrected retention times ™. r;". The first observable decrease
from the maximum peak height was taken to pinpoint the retention time.

QObserved 1" values were further corrected for deviation from normal condi-
tions indicated by differences from nominal 4 and B values of observed 4" and B’
values of standard retention times as follows. Let

A" = A'B'B ()
A4 =4 — 47 )

te” = Ig'BiB’ (3
Provided that
— 0.02¢ -2 Bf4" — 6.074 < 0.026 4

the corrected retention time. 7y, given by

) .- B — 1,
Ixg = Ig + . fq4-—— 5

B— A

e
th
-

is within +~ 1-1072> min of the retention time under ideal normal conditions.

The _14 term in eqn. 5 can be neglected when .14 is within = 0.5,

The oven thermometer served primarily te adjust R,. Its effectiveness was
greatest when effects of draughts and changes in room temperature on the emergent
stem (Fig. I) were minimized. Under these conditions. the oven temperature could
be accurately determined from thermonieter readings after /nz siru calibration described

in ref. 4 (p. 440).
‘ Qccasional interference of standard peaks Si or S2 with the peaks of other
steroids was encountered. Replacement of S1. S2. or both. by non-interfering steroids
required a careful determination of the corrected retention times of the new standards
under normal conditions: tke new A. B. and R,y values were then used both in ad-
justing normal conditions and in egns. 1-5.

All retention times were constant minimum retention times. CA/z. defined in
ref. 2. p_ 3. Sufficient amounts of steroids were injected to obtain CAfr. if necessary
by increasing the test solution concentration. by injecting larger volumes. or both.
Application of this procedure was particularly relevant to unsaturated compoinents
(ref. 2, p. 3).
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TABLE | .
M VALUES AND SOURCES OF M-STEROIDS OF THE ANDROSTANE SERIES
Steroid - Source
M Abbreviation My
1 sgA 1887 A 3000
i SeeA 1924 A 700
i1 SHA3G 2175 A 3400
v SeeA3ee 2175 A 2150
\Y SHA3) 2184 Prepared:; ¢f.. Diagrams 1 and 2
VI S5A 3 2193 Prepared: ¢f., Diagram 2
Vil SeeA(3) 2228 A 2650
Vit C14A3R 2256 Calculated: from Lg 14A3PITH — G, 1737
IX A5A3E ) 2269 A 8250
X SeeA3p 2279 A 2180
X1 CHAG) 2305 Calculated: from Ly HMALTH3) — G, 175" and

Ly 14AG317) ~- G A7)

- Cf. Table X.
*T Cf.. Table IX.

TLC rechniques

All steroids and steroid preparations were routinely submitted to TLC under
conditions already described?. However, only TLC data relevant to the determination
of GLC data are given in this paper (¢f.. Diagram 14 and Table XI).

GLC data analvsis

The data were organized in a manner designed to emphasize both structural
similarities and ditlerences. and to provide a GLC parameter for each aspect. This
concept led to the grouping of steroids found in Tables I-X_. GLC parameters were

TABLE I
A1 VALUES AND SOURCES OF M-STEROIDS OF THE PREGNANE SERIES

Steroid ) Source Calcrlared values”™
A7 Abbreviarion My
i P - 2113 P 5700 Mg 3pA - 226 == 2113
11 SeeP 2150 P 1800 : Al SeeA - 226 = 21350
i SpP3y 2402 Prepared: WK-35P35(20) Al 35A30 = 226 == 2402
IV 5eP3ee 2101 Calculated Mg 53¢A3¢ ~ 226 = 2101
\Y SHP(3) 2412 Calculated ) M SpA3) = 226 = 2412
Vi S5pP3ee 2421 P 7800 My 5pA3ec — 226 = 2419
vl 3eeP(3) 2453 P 4200 Al SeeA(3) - 226 = 2454
VI C14P3y 2483 Calculated Al 14A3f - 226 = 2483
IX 15P3; 2397 Q 3350 Al ASA3P - 226 == 2495
X SaP3ji 2506 P 3450 My SeeA3p - 2 2505

XL LH4P3) 2531 Calculated Al 4A(3) — = 2531

" Showing relationship between Al values of the androstane and pregnane series: see eqn. 17
and text.
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TABLE 111
Lg AND Gx VALUES AND SOURCES OF STEROQIDS OF GROUP (11)
Sreroid Source
A7 Abbreviation Ly Gy~
1 SHALLD 2033 146 Prepared: ¢f.. Diagram 13
11 SeeA(LD) 2076 152 Prepared: of., Diagram 7
11 SpA3LE(LD) 2325 150 Calculated: Al SPA3S - Ge(lly”
AY SeeA3e{11) 2327 151 Prepared: of., Diagrams 9 and 11
\Y SPAGULD 2308 124" Prepared: ¢f.. Diagram 14
Vi SPA3e(LD) 2326 33°° Prepared: of.. Diagram 13
Vil SezA(3.11) 2360 132°° Prepared: of.. Diagram 10
Vi 3A36D 2390 337 Calculated: Lg . IMA3ZITEUID) - 16"
IX CISAZSLD) 2420 151 Calculated: My  13A35 - Ge(l1)”
X SeeA3p) 2431 52 Prepared: ¢f., Diagram 10
X1 BEEYERA)) 2421 It6™" Calculated: Le. BA(LILITY . 1G™T

T Average Gr-normal o Gg(ll) - 15035,
°7 Gg-odd steroid.
*"7 For L value. see appropriate Table: for appropriate . 1G ¢ value, see Table XIL

then tested for fit in functions expressing simple relationships that provided the basis
for retention time calculations.

The basic concept considers two distinct sets of structural features in the steroid
molecule: M-features. which affect the structure of ring A. and G-features. which
affect the remainder of the moiecule. Steroids with identical G-features form distinct
groups. the members of which differ in respect of M-features only (/. Tables I-X).
Steroids devoid of G-features. the M-steroids of the androstane and the pregnane
series. are listed in Tables 1 and 1. respectively.

TABLE IV
Lx AND Gx VALUES AND SCURCES OF STEROIDS OF GROUP 11

Steroid ’ Source
Af Abbreviation Ly Gy
I SpAlLLy 2097 2107 Prepared: of.. Diagram 13
il SeeAllR 2145 221 Prepared: ¢f.. Diagram 7
i1 SPA3pE 2390 21577 Calculnted: Ly 55P35015 - 1G™
v SeeA3ecl 153 2385 210°° Prepared: of.. Diagrams 8 and 11
\Y SEALLE3) 2390 20677 Calculated: Li 55AT3.17) - 1Gg*
Vi S{HFA3ecl I 2392 199°° Prepared: ¢f., Diagram 13
Vil SeeALLE3) 2450 222 Calculated: Ly 5eAT1EG3.07) - . 1Gg#
A1 13A3S1E 2465 208°° Calculated: L, 14A353115175 16,
X ISA3F 2491 222 Calculated: L, ISA3IZLIENTE 1Ges
X SeeA3pl1 2504 225 Prepared: of.. Diagrams 9 and 10
X1 JAATLLEG) 2525 220 Calculated; L,  14ALIEGT) - 1Gg®

T Averige Ge-normal - Gy 15 - 222,
"7 G-odd steroid.
TUT Ly SEP3IFNIE . 26171 G, PLIEALLS - 227 (see text).
3 For Lg values, see appropriate Table: for appropriate . 1G, value, see Table XIH.
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TABLE V
L; AND Gx VALUES AND SOURCES OF STEROIDS OF GROUP (11,17}
Steroid Source
M Abbreviation Lg Gi*
1 SEALLLT) 2248 361 Prepared: ¢f., Diagram 16
H SeeA(11,17) 2287 363 Prepared: of.. Diagrams 7 and 12
1t SHEA3SLLT) 2535 361 Calculated: Al 5HA35 - GR(11,1T7)°
v SeeA3ect11.17) 2534 359 A 2280
\Y 58AL3.11.17) 2526 342°° A 4010
Vi SEA3(LL1T7) 2541 3a8°° A 3460 :
Vil 3ecA(3.11,17) 2578 350°° Prepared: of.:. Diagram 12
Vil CMAZGILITY 259y 3427 Calculated: L BAIPITEAD — 1G,""7
IX ASAZELT) 2627 ass SRC :
X SeeAJHLLT) 2643 364 Prepared: OX (1 h) SeA3LTIH(1T) 8
X1 RELEVERINYS 2629 324°° Calculated: L 14ALTTHGE11) - NG,

© Average Ge-normal value = G117 = 361,
°° (r-odd steroid.

“TTFor Lg value. see appropriate Table: for appropriate . 16, value, see Table XH.
£95%0 SeAIBULLT) - 5% SeeAd3 A1),

As

shown in Tablés I-X. M-features considered in the preseint study were

limited to the following series, where each feature corresponds to a figure in roman

numerals. and where (3) stands for 3-one:
1.3y V. 3p(3) IX. 1335
TE. See VI, 543 X. d3p
L. 5p3p V1L, 3e(3) XI. . 14(3)
1V, 3¢3ee VI 1438
TABLE VI -
L AND Gg VALUES AND SOURCES OF STEROIDS OF GROUP 115(17)
Srteroid Source
Al Abbreviation Ly Gg*
1 SHANIZIT) 2350 163°° Prepared: ¢f., Diagram 16
It SeeAllpH(17) 2399 375 Calculated: Ly SeeAllfs — 1G™""
111 SHAIGLIT) 2643 J168°° Calculated: L, 35P3S11H£(20) — 213 (see text)
v SeeA3eel 117y 2634 159°° A 1330 :
\Y SHALIP3.1T) 2644 160°" Prepared: ¢f.. Diagram 15
Vi SA3elIp(17)y 2615 452" A 3120
A2 1| SeA11f(3.17) 2704 476 A 2360 .
VI JBAZZLIANZ) 2720 463°° Calculated: Ly 13A3ZP1IH1T73 — 1G,F
IX JSA3ZN STy 2746 477 Calculated: L  ISAZFUIFZITE - 1G,*
X SeA3HBT) 0 2757 478 A 1500
X1 AATEEGLTY 27T 474 A 6630

© Average Ggr-normal value = G L1E(17) = 477,
°% G-0dd steroid.
T L SeeAlLf: of .. Table IV: 1G . ¢f.. Table XIL
¥ For Ly value, see appropriate Table: for appropritte . 1G, value, see Table X1
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TABLE VII -

Lix AND Gg VALUES AND SOURCES OF STEROIDS OF GROUP 175i(11)

Steroid Source

—;\-I : .—Il)breriall'bn L G e

C 1 SFAlTgUL 2395 508 Calculated: Ly SA(ILIT) + . 1G™""
13 SeeALTO(EL) 2432 508 Prepared; ¢f., Diagram 12
HI SEA3IPYIH(IL) 2682 507 Calculated: Af, 56A3f - G 175(11)°
v SeeA3eel 75(11) 2681 506 Prepared; ¢f-. Diagram 3

\Y SPALTR3,11) 2668 484°° Calculated: Le SPAGG.IL1T) = 1G,™""
Vi 53A3ecl75(11) 2671 478" Prepared: ¢f.. Diagram 4

Vil SeeAVTH3,11) 2721 493°° Calculated: Ly SeeAGILET) - 1G,™""
VI A3ZSITEL)Y 2746 489" Prepared: ¢f., Diagram 6
IX JSA3PL7ELY 2775 506 Prepared: 0.5 h RD of [ I1SA34(11.17)
X SeeAZPEIpIly 2787 508 Prepared: 0.5 h RD of 5:A36¢11.17)

X1 JIALTEG, D) 2776 471°° SRC
® Average Gg-normal value == G, 17g(11) = 507.

*" Gr-odd steroid.
“"7 For Lg value, see appropriate Table: for appropriate . 16 value. see Table X111

The logarithmic expression. Lg. of retention time. 7,,-1072 min. is defined

by*

Lg = 16315, (6)
For the retention time. ¢}, ,. of M-steroids. this expression is

My = 10°-1,, ' (7N

L, may be considered to result from a modification of 1/, by G-features. Let
Gy be the G-feature contribution: then.

Lg = Ay =~ Gy (%)

TABLE VilIl
Ly AND G VALUES AND SOURCES OF STEROIDS OF GROUP 11517

Steroid Source
M Abbreviation Ly G~
1 SpAVIITH 2432 54577 Prepared: ¢f.. Diagram 16
I SeeAllpl75 2487 563 Prepared: ¢f.. Diagram 7
11 SpA3pLIpTE 2728 543°° Calculated: Ly 5HP3;71152054 — 214 (sce text)
v SeeAZec 151745 2729 554" A 2780

vV SPALIBITEG) 2735 55177 Calculated: Ly SPALIF3.17) — 1Ge™ ™"
VI 5pA3elIglIg 2714 52177 A 3940

VII SeALIBITE3) 2795 567 Calculated: L, 5¢AlI53.17) - 1G"""
Vil CKAZBLIBgLITE 2811 554°" Prepared: of.. Diagram 6
IX ASA3B1IPYTG 2837 560 Prepared: 0.5 h RD of . I5A3/(11.17)
X SeA3LBHIEEVIE - 2850 571 A 2800: also SRC
X1 JMBALIEITE3) 2870 365 Calculated; Ly I4ATIF3,11) - 1Ge™ ™"

" Average Ge-normal value == G, 11g173 == 568.
"% Gx-odd steroid.
“"° For Ly value, see appropriate Table; for appropriate . 1G, value, see Table XII.



GLC STUDIES OF STEROIDS. 1. 57

TABLE IX
Ly AND G VALUES AND SOURCES OF STEROIDS OF GROUP (17)
Sfcmizl V ' 7 : . ' . Source
A Abbreviution Ly Gr™
1 5{?.4'\(17) - 2148 261 Prepared: OX 58A17f
1§ S5u«A(17) 2187 263 SRC
131 SEA3RAT) 2441 266 A 3670
v SeeA3ee(17) 2439 264 A 2420
\Y SEA.1T) 2445 261 A 3270
vl SpA3e(17) 2460 267 A 3610
Vil 50A3.17) 2489 261 A 1630 .
Vill J4A380T) 2520 263 Calculated: A, 13A3f - G (1T
X ASA3B(1T) 2528 239 A 8500
X R ITETHEN)] 2542 263 A 2490
Xi 13AGLT) 2566 261 A 8020

° Average Ge-normal value = Gg(17) = 263.

This expression implics that Mg is the same for all steroids with the same M-
teatures. Thus My and Gy are GLC parameters for similarity and dissimilarity. re-
spectively.

As egn. 8 can be written as

GR e LR - 5‘11\‘ ) (9)

the G value of a steroid can be calculated from its Ly value and the A/ value corre-
sponding to its Nl-features taken from Tables 1 or 1L
From egns. 6 and 7. eqn. 9 can be written as

Gp — msmg(%&;) ' (10)
Uour

TABLE X
Ly AND G, VALUES AND SOURCES OF STEROIDS OF GROUP 173
Sreraid . k Source
Az Abbreviation Ly Gy”
i SpALTH 2230 343 A 3430
11 SeeAL7H 2270 316 A 2250
Ht SFAIPTE 2521 336 A 3060
1Y SeeA3el T 2520 345 All70
v SPALT(3) 2523 339°° A 373
\Yi 5iA3alTp 2328 333°° A 303
vl SaAlT(H(3) 2573 345 A 2570
Vil JIBA3HL TS 2603 347 A 5600
I~ ASAZPTR 2618 . 349 A 7830
X SeA3pLTH 2629 350 A 1220
Xi 3ALNTHG) 2652 347 A 6930

 Average Gr-normal value = G 17 = 346.5.
*° Gr-odd steroid.
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Hence, the G value of a steroid can also be obtained as 10° times the logarithm of
its relative retention time rersus the corresponding M-steroid.

Eqgn. 8 suggests a simple test for G, values of steroids of the same group. A
plot of Ly versus My values. the LAf plot, yields a straight line of 45" slope for all
steroids of a group with the same G, value: the intercept with the Lg axis (4, == 0)
gives the Gy value of the group. Some groups yield LA/ lines fitted by all members. In
gencril, however, a group includes members that fit. the Gg-normal steroids. and the
G «-odd steroids which have a variable G, value considerably below the G value of
the group.

It follows from the above that the G value of a group can also be obtained
through eqn. 9 or 10 as the G, value of any G-normal steroid of the group. Conversce-
Iy. the Ly value of any G-normal steroid can be calculated from the Gy value of the
group.

Given steroids a and b in different groups.

1Gab) - Gel) — Ge(b) ' (1)
For M-corresponding members of two groups:

M) = Mg(b) (12)
Hence. from egns. S_. 11 and 12

NG elab) - Lp(a) — Lp(b) (13)
or. from egn. 6

: R CIR
NG glab) - 105 -log ([~ 14
1G(ab) -~ 10°-log ( 7 b) ) b

Also. from eqn. 13
La(a) - Lg(b) - . 1Gglab) (15

When . 1G4(a.b) detined by eqn. 13 is the same for all pairs of M-corresponding
members of two groups. the groups are related and the unique . 1G(a.b) value is the
MGy value of the groups. In this instance a plot of Lg(a) versus £,(b). the LL plot.
vields a straight line of 45 slope fitted by both Ge-normal and Gg-odd steroids. The
intercept of the L£ plot is the . 1Gy value of the groups. Three other ways of obtaining
-1G,, are suggested: from eqn. 11. as the difference between the Ggi values of the
groups: from eqn. 13, as the difference between the Ly values of two M-corresponding
members of the groups: and from eqn. 14, as 10° times the logarithm of the relative
retention time of a member of one group versus the M-corresponding member in the
other group. Conversely, the :1Gg value of two related groups affords several ways in
which the L, value of members of such groups can be calculated.
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Abbreviations for steroids

The abbreviations used in this series of papers begin with Se¢. 57, .14 or <15
followed by A (androstane) or P (pregnane). Next come the hydroxyl groups followed
by the carbonyl groups in parentheses. For example:

SuA3p designates  3p- n)droxy-au—.mdrostane

SpA3plip designates  3f.1'lp-dihydroxy-3f-androstane
AAALE(3.17) designates 11 p-hydroxyandrost-4-ene-3.17-dione
I3P3p17(20) designites 3p.17«-dihydroxypregn-3-ene-20-one
SeeP17¢21(3.11.20)  designates 17« 21-dihydroxy-3«-pregnane-3,11.20-

trione.

In the figures. M-features of steroids are indicated by the corresponding roman
numerals.

THE DATA -

Diagrams 1-16 describe preparations of steroids starting tfrom available
standards. The reaction used on the whole mixture of products from the preceding
step is indicated on the left by two capital letters. such as RD or OX (¢f.. Steroid
preparation). Percentages of all compounds in the reaction mixture are indicated in
bold tvpe: component derivation from products of the preceding step. and retention
times in 1077 min. are also indicated. Retention times correspond to derivatized
mixtures. D. Ima few instances. e.g.. in Diagrams i. 2, 7, 13 and 16. retention times
tor the non-derivatized mixtures: N, are given also in order to illustrate a point in the
Discussion. For similar reasons, retention times are occasionally tollowed by the
~ corresponding L, value in paréntheses, e.g., in Diagram 16.

Ly values in Tables 1-X were obtained trom compounds w lmh. as such. or as
components of a reaction mixture. had been submitted to TMS derivatization. Ex-
cept-tor g (¢f. Discussion). all hvdroxyl groups were derivatized in the process.

G, values indicated for cach steroid in Tables 1II-X were obtained from the
L, values by subtracting the corresponding A, value (eqn. 9) taken from Table .
The origin of each compound is indicated under source(s): a capital letter followed by
four digits indicates the catalogue number of Steraloids Inc.. from whom the steroid
was purchased : SRC indicates a gift from the Steroid Reference Collection: prepared
indicates a compound prepared in this laboratory. and in this case reference to the
method of preparation is given: calculated indicates an L, value computed by one
of the methods described under GLC dara analyvsis (the method is identified).

Table XI gives a list of standard compounds from which the Ly values of 88
steroids listed in Tables HI-X can be derived. Table X1 gives the retention times. Ly
“values. source(s) and TLC R, values of the standard compounds.

In Table X11. experimental G, and :1G,, vilues are shown in parentheses above
the corresponding G, and . 1Gg values from the standards listed in Table X1, The
derived G and 1G values were used in order to calculate L vitlues for the steroids
listed in Tables IHI-X. A comparison of the calculated and experimental Ly values
indicated errors: Table XIII shows these errors expressed in seconds of retention
time.
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Reaction
WK

(6).4

Diagram 1. Synthesis of 3§A38 and 55A(3).

Reaction
WK

Diagram 2. Svnthesis of 58A3« and 572A(3).

Reaction

RD
(0.5 h)

90
SBA3S
D 149.5

90
SPA3)
D.N 153

91
55A3ee
D 156

88
5i7A(3)
D,N I53

35
SeeAIeel 7it1 1)
D 480

Diagram 3. Synthesis of SecA3e17p(1L).

Reaction

RD
(0.5 h)

1
SHA3et1117)
D 342

Diagram 4. Synthesis of SPA3«l7p(11).

SPA3ST)
D 276

55A3(17)
D 290

SeeA3e(11,17)
D 342

SEA3el 7p(11)
D 168

F. A. VANDENHEUVEL

10

SEA3SLTS
D 331

10
SHA(3.1T)
DN 280

9
5pA3el7y
D 337

12

SPA(3,LT)
DN 280

SeeA Il 151750
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SEA3«l1pO17)
Reaction D 442
RD - - .
(2 h) 99
SEA3d 11T
D 517
Diagram 5. Synthesis of A3« 1p17f.
14A(3,11,17)
Reaction N,D 431
RD - '
(0.5h) L7 5.1 45 6.7 36 5.6
JA3BAOLLT) SEA3cI T CTSASBITALL) ScA3RITHIY 1AL LIBITE SeA3IBLIELTE
D 404 D 467 D 558 D612 D 647 D 709

Diagram 6. Svnthesis of . IA3#17p(11) and _13A3G118175.

SeeAT3,17)

Reaction D 506
WK
914 5 1
SeAllf SeAlIE1TE SeAIPLIFLTS
D 13935 D 307 -D 708
N 1395 N 268 N 612
OX
91 3 0s
SeeA(ll) SeeA(11,17) SceA(3,11.17)
D119 D 164 - D319
N i1y N 194 N 379

Diagram 7. Synthesis of SeeA(LD). S AR, 3eeA(1117) and SeABLTE.
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TABLE X1

RETENTION TIMES (k). Lg, Geg AND R, VALUES, AND SOURCES OF STANDARD
STEROIDS

Mixture Ahh}cviminu 'xr Ly - G, R R, - ‘Soilrce*' i
(min
2 1073)
A SeeA3fI(11) 270 2431.3 152.6 0.693 Prepared: OX-WK-5¢A381168017); cf.,
Diagram 10

SeA3B1IE 318 25024 2237 0.512 Prepared: WK-SeA3SIB(IT): cf..
Diagram 10

SeA3MT) 348 2541.5 262.8 0.720 A 2490

AdA3pLTf 401 2603.1 347.1 0480 A 5600

SeAB11T) 440 2643.4 365.0 0.615 Prepared: OX (1 h) ScA3fIFAIT) "

SeeA3PLIELT) 571 2756.6 4779 04G5 A 1500
SeeA3FITH(1T) 612 2786.7 508.0 0.190 Prepared: 0.5 h RD-5«A3F(11.17)
IA3PIIPTTE 688 2837.5 568.5 0.090 Prepared: 2 h RD-15A3§(11.17)
B SpALLg 125 2097.0 0975 Prepared: WK-5HFAG11,17): o/,
Diagram 13
SpPA3ILITY 336 2526.1 0.875 A 4010
SeeA(3,11,17) 378 25780 0918 Prepared: OX-5¢A3e(11.17)3: also
Diagram 12
SeeA3ecl 15(17) 431 26344 - 0485 A 1330
JA4AL7H(3,1) 597 2776.0 0437 SRC
AR 647 2811.0 0.092 Prepared: 0.5 h RD-.14A(3,11.17): cf..
. Diagram 6
C ©OSPAZ(1l) 202 2326.3 0.745 Prepared: WK-58A3c(11,17); ¢f.,
- Diagram 13
SBA3ellp 247 23920 0.650 Prepared: WK-SHA3«H IS0 of.,
) Diagram I4
SPA3el T3 337 25270 0405 A 3030
SHAZAIBLTE 517 2713.5 0.093 A 3940
SEBAL174(3) 333 25224 07334 A 3730

© All compounds obtained through preparations were purified by TLC: all preparations were
completed in 8 working davs. Concentrations of mixture components were adjusted proportionally
to retention time so as to obtain approximately uniform peak heights. Amount injected was such as to
obtain CAf1 (sec GLC rechniques) of unsaturated steroids. '
°“ For source of starting material in preparations. see. Table V or VI,
"7 959 SeAZSILLT), 5397 SaA(3.11.17). '
$95% S A3 HL1T). 37, 3A3IPALLIET).

DISCUSSION

Steroid preparation

The simplicity of the preparative procedures described under Methods allows
a number of samples to be handled serially: identification by GLC of products ob-
tainable in a few hours is tacilitated by their high yields and predictability.

Most of the observations recorded below on effects of the classical reactions
upon functional groups at positions 3, 11 and 17 were made in the course of a pre-
liminary standardization of the preparative procedures with the help of structurally
simple steroids. Application of the standardized procedures to the more complex



63 F. A. VANDENHEUVEL

TABLE XII
G AND :1Gx VALUES

Gy~ Group G
(11 (FII7)  I78(R1) 11 HBOIT)  1IB175  XGg°*°
(150.5) A
152.6
(361.0) - (1117 (2105) 0 4132
365.0 ' i 2135 :
(507.0)  FIE(EL) 0 (356.5)  (146.0) : 198.6
508.0 3554 1430 ¢
2220) lip (7L.5)  (139.0)  (285.0)
2237 71.1 1413 284.3
(177.0)  116(17)  (326.5) (116.0) (30.0) 1(254.2) ' 4817
4779 3253 1129 30.1 ! 2550 :
(568.0) 1igl7g (418.5) (207.0)  (61.0) (346.0) (91L.0) 567.5
568.5 415.9 203.5 605 | 3448 906
262.7) (17) (112.2)  (99.3) (244.3) (40.7) -~ (215.3)  (305.3)
262.8 i10.2 103.2 2452 39.1 215.1 3057
(336.5) 175 (196.0) (14.5) (160.5) (124.5)  (130.5)  (221.5)
347.1 194.5 139 160.9 1254 1309 2214

© Gg values in parentheses, column 1, are averages of Gg-normil values for each group indicated
in column 2_as shown in footnote ™ in Tables 111-X: G values just below these were derived from
standard compounds in Mixture A (cf., Table XI. column 4 and text).
°7 _1Gy values were obtained for all possible group pairs by using the Gy values from column |
tef.. footnote 7): the . 1G, vaiues in parentheses correspond 1o the Gy values in parentheses. Each of
the two framed sets of . 1G values correspond to related groups: the (11)-featuring and 11-featuring
groups. respectively.
*"7 For definition of X see text.

TABLE X1

ERRORS IN SECONDS OF RETENTION TIME OBSERVED IN L, VALUES CALCULATED
FROM GLC DATA OBTAINED WITH STANDARD STEROIDS LISTED IN TABLE X1
Differences observed between calculated L values and Ly vitlues listed in Tables HI-X were obtained
it L units. One L unit corresponds to 0.233 % of the retention time. 7 vg, or 014 - r'ypesecwhen
I'spisexpressed in minutes. No error is given for nineteen compounds used as standards, indicated
by S. nor for six 55A3j-steroids not calculated tfrom the G data in Table XI (see text).

M Abbreviurion ¢ 11 })-Fearuring groups ! 15-Featuring groups Poxsition 17
1 (11,075 1786000 Mg 13007 NIRI7E (170 178
I 5iA -09 0 4] St 067 3 02 -08
Il SeA -0.2 - 035 (V] - 0.5 - 1.0 - 25 0 .02
HL 5235 * - ° 06 -04
v Sec3ec (M) - 035 -0.7 19" S* 24° -0.2 --08
\' S5iHA3) 0° S* --2.0° —~ 14" --2.537 -3.5° - 0.6 S”
Vi SpA3e s* - 1.0° +3.0° ST 1A S 2.0 S°
VIL - 5eeA(3) -14° Ly 0* - 0.5 :24 <14 -08 - 08
Vil _14A30 + .57 - 3.0 :29° - 047 0.3 s* [}] S
IX .I3A35 -0.5 - 3.5 =135 = 0.8 - 08 S - 1.6 1.0
X S5eA3p S S S S S —25 S 15
X1 .13A(3) 0" - 2.0 Ss® - 1.6 = 3.0 --29 - 1.0 0

® Indicates Gg-odd steroid.
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cases described in Diagrams 1-16 confirmed and completed these observations,
which can be summarized as follows.
RD_ The reduction with sodium borohydride of (3) and (17) to hydroxyl
groups was completed in 0.5 h: the complete reduction of (11) required 2 h. This
unique peculiarity of (11) was uvsed to synthesize (11)-containing steroids: it was also
useful in the identification of these steroids®. RD reduction favoured almost ex-
clusively the formation of one stereoisomer. as follows: 5¢«(3) -~ 5¢3p: 58(3) —- 5p3ec:
AN3) —- A4 35 (1) —- Hp: (17) — 175
With the sole exception of (3) in 38(3). all carbony! groups were reduced to
f-hydroxyl groups. The proportion of 17-« isomer formed was very small. being 0.8.
1.5 and 0.8%, for 3pA3c(17). 3¢¢A3¢(17) and 15A38(17). respectively. In the reduction
of (3) and (11). the proportion of minor isomer was even smaller. A significant frac-
tion of conjugated -14(3) was usually reduced to 5¢3p and 5p3¢. as exemplified in Dia-
gram 6: netther _14A34 nor (13A34 were aflected.
WK. In the one-step procedure used for the Wolft-Kishner reaction®='°, the
hydrazone was formed and decomposed in a single operation. The usual side-reaction
leading from the carbonyl to the hydroxyl group was limited by the use of excess of
hydrazine''. While over 90%; removal of (3) and (17) was observed. that fraction of
(11) which reacted did so entirely through the side-reaction. which in all instances
tollowed the pattern of the RD reduction. as follows: 3e(3) —- 3¢33: 3p(3) —- 583¢c:
(I — 11 A7) - 175,
Double bonds in. 14A3p and . 15A3p were unaffected: the dbnorm.ll behaviour
of . 14A(3) is not discussed in this paper.
DO. Conversion of carbonyl groups to dioxolone (ketal) dt_l’l\dll\ es prou.edc_d
smoothly in excellent yield for (3) and (17). A small proportion of (11) reacted (cf-.
Diagram 16). The abnormal conversion of - 14(3) into . 15 ketal derivatives was not
used in the present preparations. Replacement of p-toluenesulphonic acid by 1 mg
of adipic acid'? led to poor vields in all instances. although a maximum \u.ld of 75
was obtained with 10 mg of adipic acid.
DO derivatives that are unaflected in RD. WK_ OX and TMS reactions were
used to protect carbonyl groups in reaction sequences. Their usefulness in steroid
identification is briefly discussed below.
, OX. Oxidation of hydroxyl groups at positions 3. 11 and 17 with chromium

trioxide usually proceeded smoothly to completion in 3 h: occasionally, 3¢ and 3p
hydroxyl groups were not completely oxidized (Diagrams 10. 13. 14 and 16). The
extent of oxidation was readily adjustable by modification of the reiction tme (cf..
footnotes. Table V. and footnote ~°. Table XI).

TMS. The formation of TMS derivatives was complete under the present con-
ditions for all hydroxyl groups except tlg. which remained unaflfected (¢f.. D/N
retention time data in Diagrams 1-16). '

While the retention time shift duc to TMS derivatization was positive in all
instances relevant to this paper. the extent of this shift was not precisely predictable
even for closely related compounds. This is undoubtedly due to the fact that complex
intramolecular interactions in non-derivatized hydroxylated steroids lead to subtle
structural changes that affect retention times. Complex steroid—polar column inter-
actions similarly explain why steroid retention times on polar columns cannot be
predicted accurately. :
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The favourable effect of TMS derivatization on the thermal stability of steroids
has been repeatedly confirmed throughout this work. Many non-derivatized steroids
were altered or decomposed to a variable extent en both polar and non-polar columns.

HY. Hydrolysis of TMS and DO derivatives always proceceded smoothly to
complection.

Praduct identification

Diagrams I-16 demonstrate the general effectiveness of simple procedures in
generating predictable steroids from compounds of known structure. Most important,
they also indicate many possible ways in which these procedures can produce struc-
tural evidence complementary to that afforded by direct GLC analysis of natural
steroids in fractions obtained by preliminary TLC separation. Indeed. the strategy
adopted in this case parallels that used in identifving products in preparations de-
scribed by Diagrams 1-16.

In one-step preparations, the major and minor products could be presumed
from the above observations on the reaction course. Each of the presumed structures
had corresponding A, and Gy values from which L, values could be calculated through
eqn. 8. A comparison of calculated and observed values readily confirmed the pre-
sumed identity. Additional evidence could often be obtained from a comparison with
L values calculated through eqn. 13:in this case. L values of M-corresponding mem-
bers in related groups and . 1G, values of the relevant groups were used.

In multi-step preparations. positively identitied products of the first reaction
cach led to similarly predictable and identifiable products in the second step. and so
on to the last step. Corresponding percentages in consccutive reaction mixtures were
important clues to the correct derivation of products from those in the preceding re-
action. In addition. the fact that many minor products in a given sequence had re-
tention times identical with those of steroid standards or those of positively identified
major preducts in one-siep preparations provided further evidence of identity.

Further information was derived from a number of tests. including a compari-
son of retention times in non-derivatized (N) mixtures with those in derivatized (D)
mixtures: for instance, a retention time shift following TMS derivatization always
characterized the presence of hydroxyl groups other than 1ig. A comparison of TMS-
derivatized with DO-derivatized material revealed large retention time shifts. the
magnitude of which indicated specific structures: the (17) — DO(17) conversion. tor
nstance. corresponded to an increase of about 230 L units when (1) was preseng
in the molecule. but only 210 Ly units with [ig (Diagrams [2 and [6).

L. Mg and Gg values

Table I gives My values of the androstane series. all but two of which were
derived from authentic specimens. Values for (14A3p and . 14A(3) were calculated
from the Lg values of . 14A35(17) and (14A(3.17). respectively. using the G, value
of group (17) and a variant of eqgn. §. namely.

Al =Ly — Gy (16)

Table {I demonstrates the perfect correspondance of 4/, values in the andros-
tane and pregnane series. expressed by

AP = M A = 226 (17)
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In fact. the two groups can be regarded as related. with :1Gp = 226: in the present
system, 226 is also the L, increment for two additional methylene groups.

Each of the groups in Tables 111-X features a number of G .-odd steroids charac-
terized by a Gy value considerably below that of Gg-normal compounds. This fact is
clearly apparent in LAf plots (Fig. 2).

*s20 2303 23123
MR ;
Fig. 2. Examples of LA plots. | Gg-normal steroids: @. G-odd steroids. Radius of circles is ap-
proximately 2 L units. Group (11), plot a. includes five Gg-odd steroids: of.. Table 1. Group (17).
plot b, includes Ge-normal steroids only: ¢f., Table IX. Group 17j5, plot ¢, includes two Gg-odd
steroids: ¢f.. Table X.

The number of Gy-odd steroids varies from group to group. While group (17)
has none. group 173 includes two: each of the three (11)-featuring groups includes
five. and cach of the l1pg-featuring groups includes six Gi-odd steroids. As shown in
Table X111, Gg-odd steroids in all three (11)-featuring groups correspond to the same
M-features: similarly. the Gg-odd steroids in the three 11p-featuring groups corre-
spond to the same M-features: 58(3), 53« and -14A3p4 are the only M-features that
correspond to Gg-odd steroids in both sets of groups. The only M-features that corre-
spond to Gg-normal steroids in all groups are 3e¢A. . I5A3p and S5¢A3p.

G, values of multi-functional steroids (Table X1, first and last columns) do
not necessarily equal the sum., Y'Gg. of Gy values of the component functions when
present alone. Only G,l13178 equals XGgl1p175 = Ggllp-+Gglp: Ggl1p(17) is
smaller and Gx17p(11) larger than the corresponding XG,, value: Gx(11.17) is much
smaller than XG(11,17).

Ignorance of the above complexities. which is understandable in view of the



72 F.A . VANDENHEUVEL

paucity of steroid standards. made the prediction of retention times on the basis of
structure very hazardous prior to the present study. The finding of group-specific
Gg-normal and Gg-odd steroid patterns immediately afforded a simple procedure for
the accurate calculation of Ly values for Gg-normal steroids. Because the G, value of
all Gg-normal steroids in a group is very close to the G, value of the group, the G
value of a single Gg-normal steroid in the group could be used in egn. 8 with A/,
values taken from Table 1 in order to calculate the G, value of all Gz-normal steroids
in the group. One way to obtain quickly G, values for all groups was to chromato-
graph simultancously the TMS derivatives of Gg-normal steroids representative of
all groups, e.g.. Mixture A in Table XI. As the internal standard S1. 5¢A3p. is in-
cluded in all test solutions (¢f-. GLC rechniques). it was convenient to include in Mix-
ture A as many 3¢A3f compounds as possible so as to find the corresponding Gy
values through eqn. 10. by the method of relative retention time (¢f. GLC dara anal-
rsis). The G values of components - 14A3p175 and . I5A3p115175 were determined
through eqn. 9. using 1/, values taken from Table I. The calculated G, values are
given in Table XIL. column 1. under the corresponding experimentally determined
G values of the groups shown in parentheses.

Application of eqn. 8 using the calculated G, values and Al values taken
from Table I afforded calculated L, values for 45 Gg-normal steroids. The calculated
values were compared with the experimental values listed in Tables 111-X. Differences
or calculation errors expressed in seconds of retention time are listed in Table XI1I.

The 1Gy value of related groups

L1 plots (Fig. 3) clearly indicated a close relationship between groups featuring
(11), and similarly. between groups featuring 115 such relationships were. moreover.
suggested by the two sets of groups cach having a characteristic pattern of Gg-odd
and Gg-normal steroids (Table XI11). The key to such relationships and the basis for
accurate calculations of L, values is the . 1G, value of related groups. Eqns. 11. 13
and 14.as well as L/ plots (see GLC dara analysis) afforded several ways of calculating
-1Gy values: eqn. 15 enabled accurate calculations of L, values to be made for both
Gi-odd and Gg-normal steroids.

The first column in Table XII shows G, values derived from Mixture A as
described above. The values in parentheses are the G, values of groups shown in
Tables 1H-X. The two sets of . 1G, values shown in Table XII were obtained by using
eqn. 1 and pairs of G values in all possible combinations: -1G, values in parentheses
are derived from experimential Gy values. As seen from Table XIL. discrepancies be-
tween the two sets of . 1Gg values are generally small. The reason for this is that de-
partures from strict normalcy such as oddity and. in the case of Gg-normal steroids.
small deviations from the G, value of the group. are similar for M-corresponding
members of related groups: as .1G, values are obtained as differences between Lg
values (eqn. 13) of M-corresponding steroids or. as in the present case. as differences
between Gy values (eqn. 11). deviations that affect Ly and Gy values are cancelled to
a large extent in :1G, values of related groups.

Although a single chromatogram of Mixture A gives all G, and .1G, values
required for the calculations. calculation of Lp values through eqn. 15 still requires
the L, values of M-corresponding steroids. The six compounds in Mixture B, Table
XI, and the first two com pounds listed in Mixture C served this purpose. Lg values
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Fig. 3. Examples of L;L plots. Plot d: Groups (11) and (11.17), ¢f.. Tables. [H and V., are related.
Plot e, Groups 117 and 11#5#1757: of.. Tables I'V and VI, are also refated. However, point VI (arrow)
tits poorly owing to the unigque oddness of SEA3«l 151747 (¢f.. Discussion).

for 3eA3el 15 and 3¢A3el 17174, for example. were obtained from Ly 5¢A3el 15(17)
= 2634.2 (Table XI) with . 1G, LIg(17) 11 - 2535 and Gy LIp(17Y1IE175 - 90.6
(Table XI1I). as follows:

L 5eA3ed 1 = Ly 3¢A3elipg(17) — MG Vip(17)illp
= 2634.2 — 255
) - 2379 (found 2385. Table 1V)
and

L SeA3el 1B170 = Ly 5eA3el 18(17) = G 1117/ 1173
= 2634.2 = 90.6
x> 2725 (found 2729_ Table VIII).

Usually. one Gg-odd steroid will give the L, value of two others. In some in-
stances, which are readily discovered from LL plots. M-corresponding steroids that
do not belong to related groups have approximately the sume degree of oddity. This
occurs for the S5gA(3)-compounds featuring (11) or 11p and the . [4A3p-compounds
of the same six groups. In ¢ach instance, a single M-corresponding steroid suffices io
calculate the L, values of five others. In all. the L, values of 21 Gi-0dd steroids were
calculated by the above method. The differences with L, values listed in Tables I11-
VI, expressed in seconds of retention time. were entered in Table XI1I.
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The Ly value of three compounds could not be calculated by the above meth-
ods: Gg-odd steroids 55A3«l 78 and 53A17g(3). which have no correspondence in
other groups. must be available as standards (Table X!I). The case of 5§A3«1 151753
1s unique: as shown by LL plots (e.g.. plot ¢. Fig. 3). the oddity of this compound far
exceeds that of parent compounds in related groups. Consequently. it also must be
available as a standard (Table XI).

The unavailability of standards for 3gA3p-steroids featuring either (11) or
117 did not prevent a reliable calculation of L values to be made for these compounds.
As will be described in a later paper, the following sets of groups in the pregnane (P)
and androstane (A) series

P {11): (11.20): 20p3(11) P Lig: 115(20): 115205
A (1D (LT 176(11) A llg: Hp(IT): 11178

are closely related (¢f.. Fig. 4). As in all comparable instances the patterns of odd-
steroids and the degree of oddity were identical. it was possible to establish that
SPA3g-steroids featuring (11) in the androstane serites were G-normal. and those
featuring 11p were Gg-odd steroids (Table X1i1). Calculations of L, values for the
SpA3g-steroids of the androstane series could then be made through eqn. 15 using
the L, vaiues of the pregnane counterparts and appropriate . 1G, values (Tables 11—

L ()
2z20C 235C0 R 2 2800
LR(O) ;
pi-1.1.19 :
2ac0}
2502}
2acol.
/lt
\ Ly(@) = Ly(b)+ AG,
2!‘00 2;;)0 25'00
Lab)

Fig. 4. Plot f illustrates relatedness of groups of the androstane and pregnane series containing (11).
Groups featuring 11 are also related, of.. plot £ and Discussion.
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VLI). Thus, given a single Gg-normal steroid standard for each of the six groups in
the pregnane series, <Gy values relating corresponding groups of the androstane and
pregnane serics can be derived; hence, all L, values for 66 compounds of the pregnane
groups can be calculated through eqn. 15 from the L, values of M-corresponding an-
drostane steroids. As other groups. in both the androstane and the pregnane series.
are related to the above. the relatively small number of standards listed in Table XI
will give calculated L values for a very large number of steroids.

A multiplicity of related groups implies a multiplicity of M-corresponding
members. Given the appropriate .G, values. any M-corresponding steroid will lead
to the Ly values of all others. In this flexible system. one can use whatever available
standard is suitable. check the result of a calculation by using a different approach.
and obtain a refined value from the average of two or three solutions. In this regard.
it should be noted that the L value of a Gg-normal steroid can be calculated not only
by the G, method (eqns. 9 and 10). but also by the . 1G, method when the L, value
of an M-corresponding member of a related group is available.

Conditions for effectiveness

The number of steroid hormones and metabolites in extracts from animal tis-
sues and body fluids is very large. Gas-liquid chromatograms of plasma neutral ste-
roids. for example, contain so many peaks that most of them overlap to tform a heavy
background from which a few emerge. This situation obtains regardless of the type
of column used. However. a detailed. precise measurement of peak retention times
becomes possible when a preliminary fractionation. by TLC for instance. is perform-
ed'->. '

Non-polar columns vield predictabie retention times (see above). Optimal
separition on such columns is achieved when the preliminary TLC fractionation is
carried out on the basis of differences in polarity?~>. Under these conditions, a suffi-
cient degree of peak separation is reached for the effective application of the present
mcthod when thin-layer chromatograms of neutral steroids are divided in 8-10 zones
and the corresponding extracts are chromatographed on high-efficiency non-polar
columns of 4.500-6.000 theoretical plates®-?.

With few exceptions. sieroid concentrations in plasma are low., yet many have
important biological signiticance. Therefore. it is necessary that fractionation steps
be designed in order to avoid interfering contamination by non-steroidal material
originating from plasma as well as from solvents, reagents, glassware, ete.. and by
steroidal and other material derived from the experimenter’s skin. Blank assays carried
through the complete procedure used in this laboratory have shown that interfering
contamination can be reduced to insignificant proportions by the application of simple
precautionary measures, and this will be described in 4 later paper.

Understandably. when the number of structures that may possibly correspond
to a given peak is small. subsequent peak identilication is faster and simpler. On the
other hand. this number increases with increasing uncertainty as regards the accuracy
of calculated L, values. Low calculation errors and a knowledge of the limits of error
are therefore desirable.

Of the 63 errors observed for calculations (Table X11) based on data listed in
Table X1, 80Y, were =X 2sec. 97%, were =< 3 sec: the two largest errors, 3.5 sec.
were approximately 1% of the retention time in each instance.
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The relatively large errors corresponding to 3gA(3)-compounds of 11p-
featuring groups. and to.14A3p-compounds of (11)-featuring groups. should te noted
in Table X11L. In cach instance. the L value of a single standard steroid was used to
calculate Ly values in both sets of groups. Because the two sets of steroids have oddi-
ties which differ by about 3 L, units. errors were larger in the set not related to the
standard : indeed. the accuracy of calculations by the .1G; method depends on the
reference steroids being closely related to those for which L, values are sought. Note
also the large error corresponding to Gg-normal 15A35(11.17): the G value of this
steroid. 358. is 6 L, units smaller than that of 3«¢A3p(11.17) which was used as a stan-
dard (¢f.. Table V). 1t is evident that a bias can be introduced in calculations made
through the G, method by the standard selected for this purpose. In this example.
the preferred standard would be SpA(11.17). as the G, value of this steroid. 361. is
also the average Gg-normal value of the group.

Calculations by the present method amount essentially to simple algebraic
summations of experimental L, values. Errors on these values will affect the ac-
curacy of calculations: they can be minimized by a strict adherence to normal con-
ditions and the application of retention time corrections described under GLC tech-
niques.

It is possible to apply the present method of calculation to data obtained with
different internal standards. temperatures and flow-rates. Internal standards St and
S2 used in the present study were selected because peaks of most naturally occurring
steroids appeared between those of SI and S2: the TMS derivatives of these standards
were chromatographically very stable: their solutions in carbon disulphide had ex-
cellent keeping properties (ref. 4. p. 436). and the ratio R,y was sensitive to changes
in temperature. By bringing the retention times of’ S1 and 82 to 1.60 and 12.68 min.
respectively. most chromatograms were completed within 13 min. However. modili-
cations to the above conditions which did bring changes to M. L. G, and . 1Gy,
values did not alter the patterns of Gg-odd steroids and related groups. Hence the
basic equations and calculation methods still applied.

Data obtained with other methylpolysiloxane stationary phases on Gas-
Chrom Q. such as SE-30 and OV-1. displayed the same patterns. Although £, and
G values were numerically different. the present cilculation methads remained valid.

Pracrical aspects of GLC rechniques

Normal conditions are readily maintained within hmits defined under GLC
tecimiques with GLC equipment featuring precision control of oven temperatures and
carrier gas flow-rates. In this laboratory. temperature and tlow-rate re-adjustments
were seldom required for periods of up to 2 weeks of uninterrupted operation with
only the detector turned ofl overnight.

On the other hand. a few hours were usually required in order to esiablish
normal conditions from the moment the chromatograph was switched on: first. to
allow the system to reach complete thermal equilibrium, then to make appropriate
adjustments.

To bring the R,y value within the required limits. changes as small as 0.2°
corresponding to very small angular displacements of the temperature adjustment knob.
were necessary. This was best accomplished by tapping the knob tangentizlly on the
appropriate side while observing the thermometer. The proposed retention time correc-
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tions were valid only within the prescribed R,y limits (eqn. 4). i.e., within a small
temperature interval. because the retention times of different steroids varied dif-
ferently with the temperature (cf-, ref. 2, p. 6).

The maintenance of normal conditions within the prescribed limits, and the
application of retention time corrections designed to compensate for small fluctu-
ations of temperature and flow-rate within these limits, afforded the reproduction of
retention times of all steroids within <+ 1-10~2 min for the last 8 years. After 4 vears
of continuous use. the first column pair still yielded the same Lz values although the
number of theoretical plates, and the temperature corresponding to normal condi-
tions, had decreased slowly by 309/ and 2°. respectively. :

Columns packed with 2-6Y/ stationary phase on Gas-Chrom Q yielded iden-
tical L, values when used under the same normal conditions.

The above observations clearly suggest that the adoption by laboratories of
a common combination of normal conditions and column type would make possible
the production and general use of GLC data of unprecedented precision.
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Fig. 5. Stainless-steel pressure vessel. Section, dimensions in millimetres. Lid A screws on to body
(C): tightness is ensured by ring B, machined from a PTFE bar, seated in groove D and pressed by
ridge H when the lid is tightened. The sides (F) of the lid and (G) of the body are knurled for a better
grip when tightening. which must be done by hand. The thread (E) (1.5 mm per turn, 2 mm deep)
must be worked-in with dry Molykote. Type Z (Alpha Molykote Corp.. Stamford. Conn., U.S.A))
0 as to ensure smooth, seizure-free operation. :
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APPENDIX

Pressure vessel for Wolff-Kishner reduction

The small stainless-steel vessel shown in Fig. 5 allowed the heating at 190~
for several hours, under nitrogen. of very small volumes of reaction mixture without
appreciable loss of ethanol. The system was found to be much more convenient than
the use of sealed tubes. The micro-reaction tubes were simply filled with the required
amounts of reagents (¢f.. Sreroid prepararion) and placed in the vessel around a
tube containing 4 ml of ethanol. which maintained a solvent-saturated atmosphere
at ali times during the heating period. During the cooling pertod, most of this ethanol
condensed on the vessel walls and was found at the bottom. No significant loss of
solvent occurred from reaction mixtures either from heating or during the prelim-
inary filling with nitrogen. This was done by connecting the desiccator in which the
metal vessel was placed (¢f.. Sreroid prepararion). through a three-way vacuum valve
alternately to a rotary vacuum pump (protected by a dry ice-ethanol-cooled trap). and
toa nitrogenline under 30 Ib. pressure. The desiccator was directly connected to a 800-
mm long. miercury-filled. U-tube manometer whereby cither vacuum (:: 3 mm)or pres-
sure (=< I aim) could be monitored at all times. Each cycle of evacuating and filling
took about 4 min: two consecutive cycles were applied.
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