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ABSTRACT

In the electron ionization mass spectra of z-butyldimethylsilyl ether derivatives of
the eight 17&-methyl-5¢-androstane-38,17€-diols, there is 2 stereochemically controlled
elimination of HMe,SiOH from the [M - t-Bu]t and [M - +-Bu - H,OJ* ions. The main
part of this thesis describes double hydrogen rearrangement involved in this elimination
and also the single hydrogen transfer in elimination of HO from the [M - #-Bul]* ion.
Also described are formation of [(CHs),SiOH]* ions and elimination of Me,Si=0O from
t-butyldimethylsilyl ethers derivatives of the examined steroids.

The origin of the transferred hydrogens and interpretation of the fragmentation
mechanisms were assisted by synthesis of more than forty mono- or poly-deuterated
analogues of 17¢-methyl-5¢-androstane-3€,17€-diols, with the label at positions 1, 2, 3,
4, 5,6, 7, 8, 9, 11, 12, 16, and 20. These syntheses are described. The gas-
chromatographic properties of the 3&-TBDMSi ether derivatives of the eight 17&-
methyl-5&-androstane-3€,17&-diols on a DB-5 capillary column were used to monitor the
syntheses, the deuterium content being determined mass spectrometrically.

Positive-ion EI mass spectra (70 eV) of the 3&-TBDMSi-ether derivatives are
reported. Decompositions of metastable or collisionally-activated ions and exact mass
measurements were employed to support proposed fragmentation pathways.

A  mechanism for formation of the [CH3COOSi(CHsz),]* ion from
3§—OSiDMTB-11oc-acetyloxy-17[3-hydroxy-17a—mcthyl—5§-androstane is proposed. This
invokes transfer of the 11a-acetyloxy group to positively charged silicon after the ¢-butyl
radical has been eliminated.

A novel fragmentation mechanism, i.e. transfer of tertiary hydride to positively
charged silicon, and of a hydrogen radical to 3-oxygen, is the principal mode of the
double hydrogen transfer in HSiMe,OH elimination. The role of the newly formed

tertiary planar carbocation, its influence on the geometry (stereochemistry) of



intermediate ions and on the fragmentation pathways is discussed. To test the feasibility
of the hydrogen transfers, the interatomic distances in the transition states were
estimated from Dreiding models and molecular mechanics calculations.

A novel structure for the m/z 75 ion, [H(CH3)SiOCH3]* is proposed. A
fragmentation mechanism for Me,Si=O elimination from the [M - -Bu - H,0]* ion is
suggested.

Mechanisms for water elimination from the conformationally rigid ring D of [M -
t-Bul* and molecular ions are proposed. A significant correlation between the
abundance of the [M - #-Bu - H,Ol* fragment ion and the configuration at C-17 is
evident. The ratios of the abundance of the [M - +~-Bu - H,O1* ion to that of the [M -
-Bu]™ ion differentiate the 170-OH and 17B-OH epimers of mono-3£-OSiDMTB
derivatives, irrespective of C-3 and C-5 configurations, the extent of water elimination

being greater for the 17a-OH steroids.
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(1-I to 4-1).
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Scheme

XVII 3&-OSiDMTB-17B-hydroxy-17a-methyl-5¢-androstane-16,16-d, (1-J

to 4-J).

XVHI 3E-OSiDMTB-17B-hydroxy-170-methyl-d;-5€-androstane  (1-K  to

4-K).
Scheme (other)
1 Water elimination from an even-electron ion (direct inlet, 70 e V).
2  Proposed water elimination from the boat form of a 33-19-nor steroid.
3 El-induced elimination of H,O from cis-A/B fused steroids: (a,b)
3B-OH; (c,d) 30-OH.
4  El-induced elimination of HOD from (a) 3a-hydroxy-5B-androstan-11-
one-9,120-d, and (b) 58-androstan-3a,17B-diol-11-one-9,12¢.-d,.
5 El-induced elimination of dideuterium oxide, demonstrating dependency
on proximity of two hydroxy groups.
6 Water elimination (%TIC) from M*™ ion of diterpene epimers. (T =
270°C, direct inlet).
7 Proposed HSiMe,OH elimination from the [M - rBu]* ion of
30-OSiDMTB-583-androstane.
8 Proposed HSiMe,OH elimination from the [M - #Bu]* ion of
3B-OSiDMTB-53-androstane.
9 Proposed HSiMe,OH elimination from [M - rBul]* ion of 3-
-OSiDMTB-5a-androstane.
10 Selected fragmentation pathways of 3£-OSiDMTB-17p-hydroxy-
170-methyl-5E-androstanes (1-4).
11 Proposed mechansism of formation of the [M - CD; - H,O]* ion.
12 Proposed elimination mechanism of D,0O from ring D of

17a-methyl-d;-5&-androstane-3§€,178-diol (13-K).
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STEROIDS

(Structural, positional, and conformational terminology. Chemical abbreviations
and symbols)

A steroid molecule is characterized by a basic carbon skeleton consisting of three
six-membered rings and one five-membered ring, Scheme i-1. The rings are denoted as
A, B, C, and D. The particular carbon atoms, starting from ring A, are numbered as in

Scheme i-1.

Scheme i-1. Basic steroid structure with standard atomic numbering and ring

designations.

The steroid molecule is three dimensional. The space below and above the
steroid skeleton is denoted as the a or B face, respectively, Scheme i-2. Atoms or groups
are attached to a steroid skeleton by spatially directed bonds. The stereochemistry of
hydrogen atoms, or substituents, is shown as o (a broken line) or B (a full line) and
depends on their orientation, i.e. whether it is on face o or B. The stereochemistry of
rings A and B is specified by showing the orientation of the hydrogen atoms attached at
C-5 (5o or 5B). The unspecified orientation of a substituent is written as &- (xi), for
example, as at C-17, Scheme i-2 (b). The hydrogen atoms or substituents perpendicular
to the mean plane of a ring are denoted as axial (H,), those in the mean plane are denoted

as equatorial (H,).
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@) 5a

O-face

(b) 5B

Scheme i-2. Structural and positional assignment of hydrogen atoms in the steroid

skeleton. (The 5-H is axial to ring A and equatorial to ring B.)

A steroid molecule can be represented as flat or three dimensional in a structural
diagram. The four 17B-methyl-5§-androstane-3€,17B-diol isomers, as examples, are

represented in Scheme i-3.
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170-methyl-Sa-androstane-3c,178-diol (5a-A,3B-OH,17B-OH-17a-CHs)
(A = androstane; rings A, B, and C have chair conformations)

H O

H H

17B-methyl-5B-androstane-3a,17a-diol  (58-A,30-OH,170-OH-173-CH;) (rings A, B
and C have chair conformations)

CHy
g OH

HO™: A
H H

17B-methyl-5p-androstane-3p,17a-diol (5B-A,3B-OH,170-OH-17B-CHy)

Scheme i-3. Structures of steroid alcohols.



i-20

GLOSSARY

(Abbreviations, symbols, and definitions of terms)

The International Union of Pure and Applied Chemistry (IUPAC) (G. P. Moss,
Pure & Appl. Chem., 61, 1783 (1989)) and the Editorial Board of the Organic Mass
Spectrometry journals (A. Maccoll, Org. Mass Spectrom., 14, 1 (1979)) standardized the
symbols and nomenclature for mass spectrometry. The nomenclature used in this thesis

is based on their monographs.

(i) Abbreviations
TMS trimethylsilyl
TBDMSi tert-butyldimethylsilyl (sometimes written SiDMTB, if attached to

oxygen, i.e. OSIDMTB)

CIDMSi chlorodimethylsilyl
IPDMSi isopropyldimethyl
EDMSi ethyldimethylsilyl

. (ii) Symbol

l tert-butyl



Scheme i-4.

H

30-OSiDMTB-17B-hydroxy-17a-methyl-50-androstane
30-OSiDMTB-17B-hydroxy-17a-methyl-5B-androstane
3B-OSiDMTB-17p-hydroxy-17a-methyl-58-androstane
3B-OSiDMTB-17B-hydroxy-17a-methyl-50-androstane
3a-OSiDMTB-170-hydroxy-178-methyl-50-androstane
: 30-OSiDMTB-170-hydroxy-178-methyl-5B-androstane
: 3B-OSiDMTB-170-hydroxy-178-methyl-5B-androstane
: 3B-OSiDMTB-170-hydroxy-178-methyl-5¢-androstane

RN H LR

TBDMSi-ether derivatives of 17€-methyl-5&-androstane-3£,17€-diols.
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9: 3a-OSiDMTB-11a-acetyloxy-178-hydroxy-170-methyl-50-androstane
10: 3a-OSiDMTB-110¢-acetyloxy-178-hydroxy-17a-methyl-5B-androstane
11: 3B-OSiDMTB-110-acetyloxy-17-hydroxy-17o-methyl-58-androstane
12: 3B-OSiDMTB-11a-acetyloxy-17B-hydroxy-17o-methyl-5¢0-androstane
13: 170-methyl-5€-androstane-3§,17B-diol (one iosomer)

Scheme i-5. 36-TBDMSi-ether 1lo-acetyloxy derivatives of 178-hydroxy-17c-
methyl-5€-androstane (9-12) and a representative example of the four

isomers of 17f-methyl-5&-androstane-3€,17B-diols (13)

Denotation of labels:
1,58
18,58
2244

3%

58

68

7

6,6,8p
589011
16,16

17

L 9¢,12

OH

Qesrnstnaaanigg CI'I3
[ J
D

R Q™M EHT O >

Scheme i-6. Denotation of deuterium label(s) in sites of the steroid skeleton of the

examined compounds.



TBDMSi-0O

D 1-Ato 4-A

1-A: 30-OSiDMTB-178-hydroxy-17a-methyl-5a-androstane-1a,5a-d,
2-A: 3a-OSiDMTB-17B-hydroxy-17a-methyl-5B-androstane-10.,58-d,
3-A: 3B-OSiDMTB-17B-hydroxy-170-methyl-5B-androstane-1B,58-d,
4-A: 3B-OSiDMTB-17-hydroxy-170-methyl-5a-androstane-18,50-d,

TBDMSi-O

D 1-B to 4-B

1-B: 30-OSiDMTB-17B-hydroxy-17a-methyl-5a-androstane-1¢,5¢--d,
2-B: 3a-OSiDMTB—17B-hydroxy-17a—methy1—5B-androstane—loc,SB-dz
3-B: 3B-OSiDMI‘B-17B-hydroxy—17a—methyl-5[3-androstane-IB,SB-dZ
4-B: 3B-OSiDMTB-17-hydroxy-17a-methyl-50-androstane-18,50-d,

OH
QL] CH3

TBDMSi- 0O o
1)) 1-C to 4-C

1-C: Ba-OSiDMTB-17B-hydroxy—17oc-methyl—Soc-androstane—2,2,4,4-d4
2-C: 30-OSiDMTB-17B-hydroxy-17a-methyl-5B-androstane-2,2,4,4-d,
3-C: 3B-OSiDMTB-17B-hydroky—17oc-methyl-5B-androstane—2,2,4,4-d4
4-C: 3B-OSiDMTB-178-hydroxy-170-methyl-50-androstane-2,2,4,4-d,

Scheme i-7. Deuterium-labeled analogues of compounds 1-8 from Scheme i-4.
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OH
Qe CH3
D
TBDMSi-O
H 1-D to 4-D

1-D: 30-OSiDMTB-17B-hydroxy-17a-methyl-5a-androstane-3B-d,
2-D: 30-OSiDMTB-17-hydroxy-17o-methyl-5-androstane-38-d,
3-D: 3B-OSiDMTB-17p-hydroxy-17c-methyl-5B-androstane-30-d;
4-D: 3B-OSiDMTB-17B-hydroxy-17c-methyl-50-androstane-3ai-d;

ot CH3

TBDMSi- O
D 1-Eto4-E
1-E: 3a-OSiDMTB-178-hydroxy-17c-methyl-5a-androstane-50-d;
2-E: 3a-OSiDMTB-17B-hydroxy-17c-methyl-5B-androstane-58-d,
3-E: 3B-OSiDMTB-17B-hydroxy-17c-methyl-5-androstane-58-d;
4-E: 3B-OSiDMTB-17p-hydroxy-17a-methyl-5a-androstane-5a-d,

CH;3
i OH

TBDMSi-O
D 5-Eto8-E

5-E: 30-OSiDMTB-17¢-hydroxy-178-methyl-5a-androstane-Sai-d,
6-E: 30-OSiDMTB-170-hydroxy-178-methyl-58-androstane-58-d,
7-E: 3B-OSiDMTB-170a-hydroxy-17B-methyl-58-androstane-58-d,
8-E: SB~OSiDMTB-17a—hydroxy-17B—methy1—5cx-androstane—50c—d1

Scheme i-7. Deuterium-labeled analogues of compounds 1-8 from Scheme i-4.



TBDMSi-O

H D2 1 FtoaF

1-F: 3a-OSiDMTB-17B-hydroxy-17c-methyl-So-androstane-6,6-d,
2-F: 30-OSiDMTB-17B-hydroxy-17c-methyl-5B-androstane-6,6-d,
3-F: 3B-OSiDMTB-17B-hydroxy-170-methyl-5B-androstane-6,6-d,
4-F: 3B-OSiDMTB-17-hydroxy-170-methyl-5o-androstane-6,6-d,

OH
L CH3

TBDMSi-O
1-Gto 4-G

1-G: 30-OSiDMTB-178-hydroxy-17a-methyl-5c-androstane-7,7-d,
2-G: 30-OSiDMTB-178-hydroxy-17o-methyl-58-androstane-7,7-d,
3-G: 3B-OSiDMTB-17B-hydroxy-17a-methyl-58-androstane-7,7-d,
4-G: 3B-OSiDMTB-17p-hydroxy-17o-methyl-50-androstane-7,7-d,

OH
founs CH3

TBDMSi- O

H Dy 4-H

4-H: 3B-OSiDMTB-178-hydroxy-170-methyl-5a-androstane-6,6,83-d5

Scheme i-7. Deuterium-labeled analogues of compounds 1-8 from Scheme i-4.



TBDMSi-O

D 1-1to 4-1

1-I: 30-OSiDMTB-17B-hydroxy-170-methyl-5a-androstane-5c., 90, 110-ds

2-I: 3a~-OSiDMTB-17B-hydroxy-17c-methyl-5B-androstane-58,9a,110-ds

3-I: 3B-OSiDMTB-17B-hydroxy-170-methyl-53-androstane-58,9c,11c-d;

4-1: 3B-OSiDMTB-17B-hydroxy-17a-methyl-So-androstane-50.,9a,110-d4
OH

AL CH3
D,

TBDMSEO H 1-Jtod-]
1-J: 3a-OSiDMTB-178-hydroxy-17c-methyl-5a-androstane-16,16-d,
2-J: 30-OSiDMTB-178-hydroxy-170-methyl-5-androstane-16,16-d,
3-J: 3B-OSiDMTB-17B-hydroxy-17c-methyl-53-androstane-16,16-d,
4-J: 3B-OSiDMTB-17B-hydroxy-17c-methyl-So-androstane-16,16-d,

Lt CD3

TBDMSi- 0
H 1K to 4K

1-K: 30-OSiDMTB-178-hydroxy-17a-methyl-ds;-5a-androstane
2-K: 30-OSiDMTB-178-hydroxy-17a-methyl-d;-5B-androstane
3-K: 3B-OSiDMTB-178-hydroxy-170-methyl-d;-5B-androstane
4-K: 3B-OSiDMTB-17B-hydroxy-170-methyl-ds-5a-androstane

Scheme i-7. Deuterium-labeled analogues of compounds 1-8 from Scheme i-4.
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(ii) Abbreviations

EIMS
CIMS
CAMS
GC/MS

RA, %RA

M,

(if) Symbols

B

E

M* or [M]+
F* or [F]*
F*or [F]*

m*

%

1-33

electron ionization mass spectrometry

chemical ionization mass spectrometry

collisional activation mass spectrometry

gas chromatography and mass spectrometry: the letters preceding MS
can also be used separately.

dalton or mass unit (12C = 12 daltons), formerly "amu"

magnitude of the electronic charge

the mass number of an ion

the charge number of an ion

the mass-to-charge ratio, formerly "m/e"

ionization energy, formerly "ionization potential"

appearance energy, formerly "appearance potential"

The relative abundance of a peak as a percentage of the abundance of
the base peak

Mol. mass relative molecular mass

magnetic field (or magnetic sector)
electric field (or electric sector)
molecular radical cation

positive even electron fragment ion
positive odd electron fragment ion

apparent m/z value of a metastable peak

indication of a two electron shift



i-34
-~ indication of a one electron shift

— process confirmed by the observation of a metastable peak

(iii) Definitions

Mass Spectrometer. An instrument used for the recording of separated ion beams by
means of dedicated electronic devices; more suited for the measurment of isotopic

abundance.

Molecular ion. The ion formed by removal of one electron from a molecule (positive)
or the addition of one electron to a molecule (negative). The molecular ion represents the

ionized molecule containing only the isotopes of greatest natural abundance.

Fragment ion. An ion formed by the cleavage of one or more bonds in the molecular
ion. It may be an even electron ion (ion produced by removing an electron from a

radical) or an odd electron ion (ion producing by removing an electron from a molecule).

Rearrangement ion. An ion formed by the rearrangement process of some ion species,

including the molecular ion.

Parent ion. The precursor to a given fragment ion, not necessarily the molecular ion.
Daughter ion. Any ion generated by fragmentations as opposed to direct ionization.
a-Cleavage. The cleavage of a bond adjacent to an electron deficient group.
B-Cleavage. The cleavage of a bond B (one bond removed) to a given atom.

Allylic cleavage. The cleavage of a bond one removed from a double bond.

Percentage Total Ionization. The abundance of an individual ion compared with the
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sum of the abundance of all the ions in a specified mass range or of a specified ion type.

Resolution: 10% valley definition. Let two peaks of equal height in a mass spectrum at
masses m and m+am be separated by a valley which at its lowest point is equal to 10 per
cent of the height of either peak. The resolution can then be described as m/am at a 10%
valley definition. For example, when two masses (100.000, 100.005) are separated by a
10 per cent valley, the resolution of the instrument is 100.000/0.005, i.e. 20,000.



L INTRODUCTTION

Mass spectrometry has found wide utility in identifying and elucidating the
structure of many classes of organic and biologically-active compounds!. Owing to their
role in biochemistry and medicine, steroids were among the first natural products to be
studied?*. Reed and coworkers? concentrated on the use of low-voltage EI spectra for
the determination of the molecular weight, and of the size of the side chain in sterol and
triterpene types. They also listed the most important fragments in the high voltage EI
spectra of a few members of these classes. Friedland et al® focused on the principal
fragmentation processes of steroid alcohols having heterogeneous substituent groups.
Mass spectrometry has been used for the determination of molecular weights and
fragmentation patterns of bile acids*>. A review of all the mass spectral studies reported
to date on steroids will not be attempted here. For a comprehensive study of the major
fragmentation routes and numerous types of fragmentation patterns found in different
steroids, the reader is referred to several reviews'6"l. Instead, discussion will focus
upon studies which are of direct concern to the stereochemistry of water elimination
from steroids having labile hydroxyl group(s) as well as to stereoselective silanol
eliminations from silyl derivatives of steroid alcohols.

Elimination of H,O from steroid alcohols.

Stereochemical reqﬁirements for water elimination from steroid alcohols have
received considerable attention. Biemann and Seibel'?, in their pioneering study,
reported that the orientation of the hydroxyl group in 3-hydroxy androstanes can be
determined by mass spectrometry. Thus, a 3-axial hydroxy group was lost as water more
readily than a 3-equatorial hydroxy group. The relative abundance ratio [M -
H,O]*/[M]* was the criterion chosen for differentiation between epimers. This ratio for
the epimer with an axial 3o-hydroxyl group was higher than for the epimer with an

equatorial 3B-hydroxyl group. This communication sparked attempts by others to use



mass spectra to define the stereochemistry of steroid alcohols.

Waulfson er al'3, Ananchenko et al'4, and Zaretskii er al'>-16 studied the effect of
the position of the hydroxyl group on fragmentation pathways in the mass spectra of
tertiary and secondary alcohols. Studies undertaken on two pairs of epimeric
3-methoxy-17&-alkyl-1,3,5(10),8-D-homoestratetraen-17E-ols!® and their 17&-CH;-d5-
analogues, supported Biemann and Seidel’s idea that the epimers with the axial
170-hydroxy group underwent dehydration upon electron impact more readily than did
their 17B-hydroxy epimers. Deuterium labeling established a contribution from 1,2
elimination of water!?, which normally occurs rarely upon electron impact, and was thus
strongly criticized by Pandit'¥, who suggested that it resulted from thermal
decomposition. 1In the case of 17B-CDj-analogues!S, the M* ions resulting from
dehydration of the epimer with the 17a-hydroxy group gave rise to fragment ions having
an endocyclic double bond. On the other hand, elimination of water from the epimer
with the 17B-hydroxy group resulted in ions with both endo- and exo-cyclic double
bonds. The presence of ions with an endo- or exo-cyclic double bond, in the mass
spectra of tertiary alcohols, was proposed for differentiation of the 17&-hydroxy epimers.
A similar mechanism of dehydration was proposed for 3-methoxy-17&-methyl-
-1,3,5(10)-estratrien-17€-01'?, in which the 170 and 17B-substituents possess
pseudoaxial and pseudoequatorial character in ring D. The elimination of a 17-hydroxy
group, together with one of the pseudoaxial hydrogens from ring D, was suggested by
these authors as additional proof of its axial configuration.

The studies of Wulfson er a®® on 14a- and 14B-hydroxy-D-homoestrones
labeled with deuterium, although with poor deuterium incorporation, demonstrated
greater loss of HOD when 14&-hydroxy and 9¢-H were spacially accessible, i.e.
cis-diaxial, with respect to each other. The same compounds, deuterated at C-8, showed
H,O rather than DOH elimination20.

The epimeric pairs of secondary steroid alcohols, 11&-hydroxy- and



16&-hydroxy-progesterone, provided other molecular sets demonstrating these proximity
effects'®. Both 11o-hydroxy- and 16B-hydroxy- progesterone show little loss of water;
the 1lo-oxygen cannot approach the secondary hydrogens at C-1, and the 1,4 related
hydrogen (14a-H) is not available. The 16B-hydroxy group may abstract hydrogen only
from the 18-methyl group. In contrast, for 11B-hydroxy- and 16c-hydroxy-progesterone
loss of water was significant, and eliminations of the C-8 and C-14 tertiary hydrogens,
respectively, were suggested?l.

Early success in the observation of stereoisomeric dependence of the mass
spectra of steroid alcohols led to the conclusion that "The results obtained permit a new
approach to the determination of the configuration of steroid and possibly other cyclic
alcohols by means of mass spectrometry"13, It was also noticed that the abundance ratio
[M - H,OI*/M* was greater than unity for the axial, and lower than unity for the
equatorial, hydroxy isomers (ring A)222, This ratio has been suggested as a criterion for
the configurational assignment of the hydroxy group, even when only one isomer is
available. This criterion was used in the determination of the configuration of 140.- and
14B-hydroxy-homotestosterone as well as of 11-hydroxy- and 16-hydroxy-pro-
gesteronezo. This rule has also been extended to ring D, for which elimination of H,O
proceeds more easily from the 170-hydroxy isomer (considered to be axial) than from

the B-hydroxy isomer?% 22,

This generalization was shown to be unreliable and a
comparison of the ratio [M - H,O]*/M*: for the epimers rather than its ratio (>1 or <1)
was recommended?.

Karliner, Budzikiewicz, and Djerassi?* were the first to uncover the
stereospecificity of the EI induced elimination of water from C-3 epimers of
cholestan-3-ol. A deuterium-labeling study revealed that 3a-hydroxy-5a-cholestane lost
water from [M - CH;]* ions by abstraction of a lo- or S5o-hydrogen. An activated

tertiary Sa-hydrogen is sterically accessible in a 1,3 relationship to the 3a-hydroxyl

group. This case is noteworthy in that elimination of water occurs only affer loss of a



methyl radical from the molecular ion, i.e. from an even-electron ion. Hydrogen
elimination from the corresponding 383-hydroxy analog, in which the hydroxy group is in
the equatorial position, tended to be more random and appeared to involve ring cleavage
before loss of water. The percentages shown in Scheme 1 are the fraction of water loss
occurring as HOD. The ease of formation of cyclic transition states for H,O elimination

for axial alcohols appears to be the reason for the higher [M - H,O]* abundance in the

spectra of these isomers.

o

Scheme 1.  Water elimination from an even-electron ion (direct inlet, 70 eV)%4.

H H

(@) )

Scheme 2.  Proposed water elimination from the boat form of a 3B-19-nor steroid?>.

There is little difference between the abundances of [M - H,O]* ions in the mass

spectra of 3a- and 3B-hydroxysteroids that have 178-CgH,;, 178-hydroxy or 17-oxo



substituents!l. However, the difference in water elimination becomes pronounced for
their 19-nor analogues. Thus, Egger and Spiteller® reported that the tendency for
3-hydroxy steroids to eliminate water depends on their stereochemistry. In the mass
spectra of 3B- and 3o-hydroxy-19-nor steroids, they observed that the 3f-alcohol
underwent more facile dehydration than did the 3a-epimer, which suggested that a cis
1,4-elimination, in which the 3B-hydroxy group could be brought to within a short
distance of the 10B-H in the boat conformation, took place, (see Scheme 2).

Egger and Spiteller® also noticed that the geometry of the junction of rings A
and B has a strong effect on the dehydration of 3-hydroxy steroids. This process
occurred to a much greater extent for the cis-A/B fused steroid alcohols than for the
trans-isomers, and the preference was explained by the availabilty of the 9o-hydrogen
atom in the cyclic transition state of the appropriate conformation, which is only possible
for the cis-A/B fused isomer. The greater ease of water elimination from the 3a-hydroxy
steroid compared to the 3B-hydroxy steroid of the 5B-series can be explained by
conformational changes of ring A. Thus, as shown in Scheme 3, the chair conformation
(a) may be converted to the boat conformation (b), aﬁd the C-3 hydroxy group changes
from axial to equatorial with still poor proximity to the deuterium?. In the case of an
initially equatorial 3a-hydroxy group (c), the reverse is true, and when it becomes axial
(d), it is now closer to the 9a-D and C-7 hydrogens? 26, The same dehydration
mechanism was proposed by Elliot?” for facile water elimination from 58-H,3a-OH bile
acids. The adoption of a boat conformation of ring A, as suggested by Egger and
Spiteller?, has also been supported by deuteration of 5B-cholan-30-0128 at C-9.

Klein and Djerassi%6 found that the 3o-hydroxy group of 58-cholane abstracts the
9a-deuterium in the course of dehydration, after ring A has changed to the boat structure,
Scheme 3(c,d). A different mechanism must operate for the corresponding
decomposition of 5B-cholan-3B-0l-9a--d; because only H,O is ejected, Scheme 3(a,b).

They concluded that the spatial separation of the hydroxyl group from an active hydro-
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Scheme 3. El-induced elimination of H,O from cis-A/B fused steroids: (a,b),

3B-OH26 29; (¢,d) 30-OH?.

(8 — [M-HODI™

(b) —» [M-HODJ*

Scheme 4. El-induced elimination of HOD from (a) 3a-hydroxy-5B-androstan-11-
one-9,120.-d, and (b) 5B-androstan-3a,178-diol-1 1-0ne-9,12a—d230.



gen governs the extent of water elimination. A Dreiding model shows that the 90-H
atom may be brought to within 0.4 A of the 3a-oxygen atom in the boat conformation of
ring A.  Similarly, Ende and Spiteller?8, investigating water elimination reactions of
3o-hydroxy-5B-androstan-11-one-9,120-d,  and  5B-androstan-3c.,17f3-diol-11-one-
-9,12a-d,2, showed stereospecificity in abstraction of the 9a-D by the 3a-hydroxy group
(Scheme 4). For both compounds HOD, and not H,O, was eliminated from both
molecular and fragment ions (i.e. to give [M - HOD]* and [M - (HOD + C H)l*. Their
findings also imply that the secondary 173-OH group is able to abstract an activated
120-D (Scheme 4(b)).

An apt demonstration of this regioselectivity for the elimination of water was
found in studies of 3B,12c,17p-trihydroxy-5a-androstane and its 12B-hydroxy isomer?.
Although both isomers contained a pseudoaxial 17c-deuterium, the former sterol
eliminates DOH, while the 12f3-hydroxy epimer does not. This pseudoaxial, tertiary,
abstractable 17c-hydrogen with reduced bond energy®® is 1,3-related to the axial
120-hydroxy group (four-membered ring for H transfer). On the other hand, the mass
spectrum of the tertiary steroid alcohol, 170-hydroxyprogesterone-11,11,12,12-dg,
showed that its dehydration process is quite different>!. In this case, the pseudoaxial
tertiary 17o-hydroxy group was eliminated solely as HyO. Thus, all deuterium atoms at
C-11 and C-12 were retained in the ion.

Evidence for the El-induced steric sensitivity of 3-hydroxy steroids and related
fused ring compounds towards water elimination comes from findings of Fenselau and
Robinson2 that diols capable of internal H-bonding in solution, deuterium-labeled as in
Scheme 5, exhibit EI-induced loss of deuterium oxide. The direct interaction of two OD
groups was inferred for (a) 3B,5B-dihydroxy-5B-cholestane, (b) 3B,4B-dihydro-
xy-So-cholestane, and (c), and 160a,173-dihydroxy-4-androsten-3-one. The estimated
O-D...0 distances, for a, b, and ¢ within which D,0 loss occurred, were 2.0, 2.4, and 3.2

A, respectively.
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Scheme 5.  El-induced elimination of dideuterium oxide, demonstrating dependency

H H

on proximity of two hydroxy groups28.

Studies on bile acids?’ provide a useful test for prediction of the propensity for EI
induced elimination of water. Thus, Sjvall?? pointed out that molecular ions are of low
relative abundance for 3a-, 7a-, and 12a-hydroxy-5B-cholestanes; this is also true for
the 70, 78-, and 12a-ols of the So-series, but abundant molecular ions were noted for
the 3B- and 7B-ols of the 5B-series, and for the 30-ol of the 5o-series. Green?? indicated
that, for bile acids, the 6a-hydroxyl in the twist-boat configuration of ring B (with rings
A and C having chair conformations) is within 1.6 A of the C-1 and C-3 hydrogens.
Moreover, these hydrogens are 1,4 related (six-membered ring for H transfer) to the
hydroxyl group and they can be abstracted. The 1,4 relationship for the elimination of
70-OH and 40-H was considered to explain the loss of water from 5o-cholanic acid.

Enzell, Wahlberg, and Gunnarsson3* noted that, in a series of sixteen pairs of



diterpene epimers (Scheme 6), if an axial 2-OH group can approach within 1.6 A of the
C-5 tertiary hydrogen atom in the boat conformation of ring A of compounds or (a) and
(b), or, if any hydroxyl group of (c) is within 1.4 A of the tertiary benzylic hydrogen on
the pendant isopropyl group, then high stereospecificity for El-induced loss of water is
observed. In general, an increase in El-induced loss of water is observed when a tertiary

hydrogen is 1,3 related to a hydroxy group.

%TIC 1.5 0.16

7-OH

%TIC 160 185

Scheme 6. Water elimination (%TIC) from M* ion of diterpene epimers. (T = 270°C,

direct inlet)

Fragmentation patterns of stereoisomers are a function of their steric and
energetic differences. Because conformational energy differences are small, to detect

differences between stereoisomers, the internal energy of nascent ions should be
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minimized?2. Therefore mass spectrometry of positive ions or negative ions generated
by chemical ionization (CI) was suggested as a promising method for identification of
stereoisomers because CI is a softer ionization technique than is EI. By selecting the
appropriate reagent gas, temperature, and pressure, the internal energy of the molecular
ion can be altered. Simplification of mass spectra by CI is well established for many
compounds.

Michnowicz and Munson® examined the methane and H, positive CI mass
spectra of several hydroxy steroids. The major fragment ions were formed by loss of
water from [M + H]*. The S50- and 5B-androstan-3-one-178-ol epimers could be
distinguished by marked differences in the abundances of [M + H]*, [M + H - H,0]%,
and [M + H - 2H,0O]" ions in their CI spectra generated with the more energetic reactant
gas Hy. The Sa-epimer showed smaller losses of one and two molecules of water than
did the 5B-epimer. The difference was explained by chair-to-boat interconversion of ring
A, in which the distance between 3-OH and 9a-H was much shorter in the 5B than in
the So-epimer. The spectra of Sa-androstane-3a-ol and 3f-ol were essentially the same.

Beloeil et al?¢ studied the OH" negative chemical ionization (NCI) mass spectra
of 17&-R-5a-androstan-17&-ol (R = H, C,H or C,H;) and 17¢-R-5a,14B-androstan-
148,17&-diols (R = CH;, C,H, C;Hs or C,Hj3). All spectra contained abundant
characteristic deprotonated molecules [M - H], which underwent competitive loss of
water and either (i) an exocyclic hydrocarbon (RH) for tertiary alcohols, or (ii) molecular
hydrogen (H,) for secondary alcohols. No stereochemical effect for hydroxy groups in
the C-17 position was observed. On the other hand, the diols exhibit a very marked
difference between the spectra of their stereoisomers; only the trans 148,17c-diols
eliminate a hydrocarbon molecule to a significant extent. Deuterium labeling of the
alcohol groups revealed that intramolecular interactions between 143-OH and 178-OH
groups play a major role in stabilizing the resulting [M - H - RH]" fragment anion.

Prome et al*” examined the methane and ammonia positive CI and OH- negative
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CI mass spectra of a series of four stereoisomeric 5&-androstan-3-one-17&-diols and eight
5€&-androstan-3&,17&-diols using a reverse-geometry, double-focusing mass spectrometer.
When CH, was employed as the reactant gas, the spectra of the diols were dominated by
M + H - H,OJ* and [M + H - 2H,0]* ions. The abundances of these two species were
greatly dependent on the stereochemistry at C-17; the value of the [M + H - 2H,0]*/[ M
+ H - H,O]* abundance ratio was much larger for the 17c-epimers. Similar behavior
was observed when NH; was used as the reactant gas. The higher abundance of [M + H
- H,0]* ions for the 17c-hydroxy series was attributed to closer proximity of the axial
hydroxy group to other ring D hydrogen atoms as compared to the equatorial epimer.
The same stereochemical effect on dehydration (preferentially for the 17o-hydroxy
series) was observed in the mass-analyzed ion kinetic energy (MIKE) spectra of the [M +
NH,]* ions formed, under NH3/CI conditions, from the diols*’. Under OH/NCI
conditions, the abundant [M - H - H,O]" ions indicated that the loss of water was once
again favored in the 17a-series.

The conformational assignment of epimeric hydroxy steroids, differing in the
orientation of the hydroxy group, is very often obscured by thermal dehydration of
molecules prior to ionization. The occurrence of dehydration is supported by the
presence of an [M - 54]* ion, which was suggested to be formed by retro-Diels-Alder
(RDA) decomposition of the molecular ion, which has 2-unsaturation, of the molecule
formed by thermal dehydration of the hydroxy steroid®®. Therefore, fragmentations of
metastable M* ions of hydroxy steroids were proposed as more suitable for study of the
mechanism of water>® elimination. Measurements of translational energy released
during the loss of water, and collision-induced decomposition (CID) mass-analysed ion
kinetic energy (MIKE) spectrometry, were employed to determine the configuration of

the secondary steroid alcohols38-40,

In certain cases, namely, for o,B-unsaturated 3-keto
steroids with a hydroxy group in rings C or D, it was found that configurational

assignment is possible even if only one of the epimers is available3®. It was also found
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that the mechanism of water elimination from [M - CH3]* and [M - ring D]* ions of
epimeric 3-hydroxy 50- and 58 steroids differs from that of the molecular ion38.
Differences between the dehydration mechanisms of the metastable M* and [M - CHj]*
ions of the 5a-H,38-OH isomers were suggested to be connected with the flexibility of
ring A in M*™. As previously reported by Karliner e al?%, labeling data support the idea
that water elimination from the metastable [M - CHi]" ion occurs by 1,3 elimination of
the 30-OH group, together with the 5a-H atom (75%) and la-H atom (16%). On the
other hand, for the metastable M* ion, ~20% of the hydrogen participating in
dehydration came from the So-position. The metastable [M - ring D - H]* ion lost water
by 1,3 elimination of 3a-OH and 5o-H (40%), and of 30-OH and 1o-H (7%). In the
5B-series?’, elimination of water from metastable M*, [M - ring D - H]*, and [M - ring
DJ]* ions of the 3o-hydroxy steroid occurred as a loss of the 30-OH group together with
a hydrogen atom, about 40% of which came from the 9a-position. The observed
dehydration was explained by conformational changes of ring A from a chair to a boat
form. This mechanism is in agreement with the results reported earlier by Klein and

Dijerassi?S,

Elimination of alkylsilanol from silyl ether derivatives of steroids.

In certain cases, the formation of derivatives has been recommended in order to
permit stereochemical differentiation of steroid alcohols by mass spectrometry,
especially in combination with gas chromatography. It was shown that methyl ethers or
acetates of 3-hydroxy steroids exhibit behaviour similar to that of the corresponding
alcohols. Thus, methyl ethers and acetates eliminate CH;OH*! and CH;COOH%?,
respectively, preferentially from the axial isomer. Silyl ether derivatives are also
employed. Before dealing with the problem of stereochemical assignments with the aid

of silyl derivatives, a short introduction to generally used silyl ethers is necessary.



13

By modification of the silyl group, a number of substituted silyl derivatives have
been introduced for characterization of biological compounds by gas phase analytical
methods. Some examples of these silyl groups are : alkyldimethylsilyl, RMe,Si-,

457 ethyld8, n-propyl®8, isopropyl®d, tert-butyl®0-71 a11y166.72,

where R = hydrogen
vinyl”3, methoxy?>, ethoxy’>, chloromethyl’6-", bromomethyl77-8081 jodomethyl77:82:83,
trifluoropropyl’®, heptafluoropentyl’®, pentafluorophenyl’6®, phenyl®® or benzyl®;
trialkylsilyl, RsSi-, where R = ethyl, n-propyl, n-butyl, or n-hexyI®¥9,
alkoxyalkylsilyl®®>, RIOR?R3Si- , where R!= R%= CH; and R3= C,Hg; R!= CH; and
R2= R3= C,Hs; and sterically crowded trialkylsilyl®2% (SCATSi) represented by
cyclo-tetramethylene-zert-butyl- (TMTBSi) and cyclo-tetramethylene-iso-propylsilyl
(TMIPSi). All of these reagents have been synthesized for specific purposes.

As first introduced, chloromethyldimethylsilyl ethers (CICH,DMSi) were used
for electron capture detection gas chromatography’’#0, The mass spectra of the
XCH,Me,Si-ethers®!  of steroids (X = halogen) have a weak molecular ion and a
characteristic, abundant ion at [M - CH,X]*. As the halogen decreases in
electronegativity, the silicon-CH,X bond becomes stronger, and loss of CH,X from M*
becomes less likely®!. For mono-hydroxy steroids, elimination of XCH,Si(CH;),0OH
from the molecular ion is a characteristic fragmentation. The elimination of
dimethylsilanol, HSiMe,OH, from [M - CICH,]" ions also occurred but, at that time, was
not recognized®!.

Trimethylsilyl ether derivatives (TMSi) were the first to find wide application,
not only in gas phase studies*, but also in organic chemistry* 45, They were introduced
to separate complex biological mixtures on low-resolution packed GC columns*: 45 8%
94,95 TMSi-ethers of steroid alcohols, and their use in gas phase analytical studies, were
first reported by Luukkainen at al*}. TMSi-ethers have excellent volatility and thermal

stability for GC/MS analysis, and are easily prepared* 45. However, they suffer from

the disadvantage of being very sensitive to protic media, and this limits their use in
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analytical and synthetic chemistry; TMS ethers are 10* times less stable to hydrolysis
than z-butyldimethylsilyl (TBDMSi) ethers*®. Furthermore, resolution of isomers as
TMSi-ether derivatives on a GC column is difficult. Their mass spectra have abundant
[M - TMSiOH]J*, [M - CHi]*, and molecular ions.

To improve resolution, homologous trialkylsilyl ethers, such as triethylsilyl-
(TESi), tri-n-propylsilyl- (TnPSi), and tri-n-butylsilyl- (TnBSi), were used to increase
retention increment shifts for compounds containing two or more hydroxy groups so that
they could be separated from monohydroxy compounds®92 9, In general, molecular
ions were weak or absent in their mass spectra, which showed a prominent ion due to
cleavage of a silicon-alkyl group bond. The higher mass region of the spectra contained a
series of relatively abundant ions produced by elimination of C H,, fragments from the
silyl groups. Elimination of dialkylsilanol, HSiR',OH (R! = alkyl), from the [M - R]*
ions was observed to be the major mode of fragmentation, which parallels loss of
trimethylsilanol (TMSiOH) observed for the TMS derivatives. Samples containing two
silyl substituents had abundant doubly charged ions due to cleavage of an alkyl group
from both silicon centers® 96,

Searching for more hydrolytically stable silyl derivatives, Corey er al*’4
proposed the isopropyldimethylsilyl (IPDMSi) and TBDMSI ethers as useful protecting
groups in prostaglandin synthesis. In general, the TBDMSi ethers were found to be
stable to aqueous or alcoholic base under the normal conditions for acetate
saponification, hydrogenolysis (H,/Pd), mild chemical reductions (Zn/CH;COOH), and
chromium trioxide/pyridine oxidation techniques®-3,  The alkyldimethylsilyl
substituents, zert-butyldimethylsilyl (TBDMSi)¢0-71, isopropyldimethylsilyl (IPDMSi)>9,
ethyldimethylsilyl (EDMSi)8, and n-propyldimethylsilyl (PDMSi)’8 were introduced as
protecting groups for steroid analysis.

The allyldimethylsilyl (ADMSi)%: 72 derivatives were synthesized to provide
derivatives more hydrolytically stable than TMS ethers but more volatile than TBDMSi
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ethers. A further useful feature of ADMSi derivatives is the ability of the allyl
substituent to stabilize the molecular ion”’.

The mass spectra of organodimethylsilyl derivatives of steroids showed intense,
weak, or absent, molecular ions, with an abundant [M - R]* ion (R = ethyl, propyl,
t-butyl, allyl). The relative abundance of the [M - R]* ion increased in the order: EDMSi
< PDMSIi << TBDMS], and ADMSi < TBDMSi. The [M - r-Bu]* and [M - allyl]* ions
were recommended for single ion monitoring®% 66 9, due to their high abundance.
Further decomposition of the [M - R]* ions gave characteristic, very abundant [M - R -
HSi(CH3),0OH]* ions.

In contrast to most alkyldimethylsilyl derivatives, vinyldimethylsilyl’3 74
(VDMSi) and dimethoxymethylsilyl’® derivatives combined the stability of the
TBDMSi-ethers with the fragmentation behavior of the TMS-ethers. Loss of VDMSIOH
(102 u) from M* and the formation of diagnostic silicon-containing ions were dominant
in the VDMSi spectra, paralleling the fragmentation behavior of the TMS derivatives.
The vinyl group was not lost, unlike the large alkyl groups of alkylsilyl derivatives.
This was attributed to the stability of the Si-vinyl bond, enhanced by donation of the
n-electrons to the d orbitals of silicon’. However, the vinyl group was eliminated to a
small extent as ethylene’™ (28 u) by hydrogen migration from the steroid skeleton in a
manner analogous to the loss of ethane®® (30 u) and propene (42 u) from triethylsilyl and
allyldimethylsilyl®® derivatives, respectively. For all cases, the origin of the migrating
hydrogens was not determined. Fragmentation of the [M - CH,]* ion of the VDMSi
derivatives by loss of methylvinylsilanol (102 u) was slightly more important than the
corresponding loss of dimethylsilanol (76 u) in the spectra of the TMS derivatives” 74,

The sterically crowded trialkylsily1®% 85 (SCATSi) derivatives were found to be
resistant to hydrolysis. Their mass spectra show an abundant [M - R]* ion while
molecular ions were weak or absent. This ion was often the base peak and the precursor

for the remaining silicon-containing fragments6”- 93,
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In general, the fragmentation patterns of silyl ethers have been classified into two
types®® 1%, In the first type, exemplified by TMS derivatives, abundant, diagnostic M*
and [M - CHi]* ions, are formed; additionally TMS groups are eliminated from the
molecular ion as trimethylsilanol, to give [M - TMSiOH]J* ions. These fragmentations
are greatly favoured and structurally informative. For steroid alcohol derivatives the
expelled CHj group can originate either from the TMSi group or from one of the angular
positions. Thus, both M* and [M - CHs]" ions are potential precursors for loss of
TMSiOH. However, the [M - CHs]* ion, in which the methyl group has been lost from
the TMS substituent, can solely be a precursor of [M - CH; - HSi(CH3),OH]* ions
observed in some spectra®® 66 67,73, 101, 102 Their abundance was very sensitive to the
structure of the examined steroid. The type of fragmentation leading to [M -
RSiMe,OH]* (R = alkyl) is given by the following ether derivatives: TMSi, VDMSI,
methoxydimethylsilyl, and dimethoxymethylsilyl.

The second type of fragmentation leading to [M - R - HSiMe,OH]J* (R = alkyl) is
shown by most derivatives containing alkyl groups larger than methyl attached to the
silicon atom. The major fragmentation route is initiated by elimination of the alkyl
group, to form [M - R]* ions, followed by loss of dimethylsilanol (HMe,SiOH), formed
by a double hydrogen rearrangement, rather than by loss of trialkylsilanol (RMe,SiOH)
from M*™. This fragmentation pattern results in simple spectra containing abundant [M -
R]" ions suitable for single ion monitoring®? 3 66, This class is represented by the
following ether derivatives: TBDMSi, trialkylsilyl, ethyldimethylsilyl, tri-isopropylsilyl,
di-isopropylmethylsilyl, cyclotetramethylene-isopropylsilyl, cyclotetramethylene-
t-butylsilyl, methoxydiethylsilyl, methoxydimethylsilyl, and allydimethylsilyl.

From the point of view of reactivity of a silyl reagent, it was found that steric
factors were very important in controlling the rate and extent of the silylation reaction.
For example, for the hydroxy group, the order of reaction rate of the silyl reagents is

primary > secondary > tertiary*® 4. For unhindered hydroxyl groups the approximate
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order of reactivity of the organodimethylsilyl reagents is: TMSi > ADMSi > EDMSi >
PDMSi >> TBDMSi. Futhermore, the TMS group has similar geometry to the ¢-butyl
group, but the TBDMSi group is larger. Trialkylsilyl and alkyldimethylsilyl groups are
also bulkier than the TMS group so that the steric effect is magnified®®. For example, to
derivatize the tertiary 17a-OH group of 5B-pregnan-3a,170,200-triol, heating for 10 hr at
100°C with ethyldimethylsilylimidazole was required for complete reaction, compared to
heating for 2 hr at 100°C with trimethylsilylimidazole (TMSIm®7). The allyldime-
thylchlorosilyl reagent®? was not so subject to a steric effect and reacted readily even
with hindered hydroxyl groups under mild conditions. TBDMSiCl was unreactive even
under forcing conditions®?. Ballhom ez al?® reported successful derivatization of the
tertiary 17B-hydroxy group of 17a-methyl-17-hydroxy-So-androstan-3-one by the
bulky TBDMSICI reagent at elevated temperature (40° for 2hr), but the reported partial
mass spectrum implies silylation of the 3-enol rather than the 178-hydroxy group. The
presence of the molecular ion (25% of base peak) is suspicious. There is no reason for
stabilization of M*, unless a double bond is present in the vicinity of the derivatized
group.)

A survey of the reported spectra of TBDMSi ethers of saturated keto-steroids
having a secondary hydroxyl at C-3 or C-176263.67.69 showed the absence of M*. In
contrast, abundant molecular ions were observed for TBDMSi ethers of enolized

63, methyltestosterone®3, 20B-hydroxy-4-pregnen-3-one®3, progesterone®?,

testosterone
4.androsten-3-one%’,  and 3-0OSiDMTB-1,3,5,(10)estratrien-17-one®2.  These data
provide evidence that 2- or 3-unsaturation (i.e. next to the 3-OSiDMTB substituent) is
required to stabilize M*. Therefore, the formation of 173-OSiDMTB-17a-methyl-50.-
androstan-3-one postulated above ?® must be considered unreliable.

The application of mass spectrometry to structure elucidation of steroid alcohols

as their chlorodimethylsilyl (CIDMSi) derivatives was noted over 18 years ago®!, i.e. to

identify the stereochemistry of the 3-hydroxy group and of the A/B ring junction. For
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example, formation and elimination of CICH,Me,SiOH from the molecular ion of
epietiocholanone was ascribed to the presence of the 58-hydrogen. Similarly, formation
of the m/z 271 ion (M - CICH,Me,SiOH - H]*, now known to be [M - CICH, -
HSiMe,OH]") is favoured in epimers with an axial substituent.

Attempts have been made to utilize trimethylsilyl (TMS) etherification for
differentiation of stereoisomeric steroid alcohols!?3-105, Low energy electron ionization
measurements have been found to give rise to sufficient differences between the mass
spectra of TMS ethers of epimeric estratriols to allow their differentation by mass
spectrometry coupled with gas chromatographyl®. Detailed studies with
specifically-labeled TMS!®0-ethers of several 50-H steroidal diols show that the
elimination of trimethylsilanol (90 u) takes place more readily from 3ca-ethers than from
3B-epimers!®. This leads to more abundant [M - 907+ and [M - 2x907* ions in the mass
spectrum of the di-TMS ether of Sa-androstane-3c,178-diol than in that of the
3pB-isomeric di-TMS ether. For the 58-H,35-OTMS pair of isomers, however, identical
abundances of the two relevant ions were reported!® 106,  The elucidation of
stereochemistry of substituents can often be determined from rearrangement processes
occurring, for example, in the mass spectra of TMS-ethers of steroidal phosphates!®’,
diols!%% 197 and triols%: 199 and other hydroxy steroids®> 107. 110-118 ' The presence of
two or more trimethylsilyl groups formed from di- or poly-hydroxy compounds often
results in the formation of ions of m/z 147, containing two silicon atoms, formed by

rearangement, to give the structure:

(CH,)Si-O-Si*(CHy), <> (CH,)5Si-O%=S8i(CHy),

Its formation is sensitive to the stereospecificity of trimethylsilyl group interactions!%:
119120, Tt has been established as a progenitor of the [(CH3);Si]* ion 95121,

tert-Butyldimethylsilyl ethers were found to be very useful derivatives for steroid
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3€-alcohol differentiationS”> 6371101 A general fragmentation was loss of 76 u
(HSiMe,OH) from the [M - #-Bu]* ions, with the steroid skeleton remaining intact62 67
101 1t is interesting to note that only one proposal has been offered as a rationalization
for this characteristic fragmentation®” 191, This is presented in Schemes 7-9 for three of
the isomers of 3&-OSiDMTB-5&-androstanes. Multicentre transition states were
proposed to explain the double hydrogen migration required in the elimination of
dimethylsilanol. Conformation and stereochemistry, as well as the position of the
silyloxy substituent, were suggested to be important for the stereospecific HSiMe,OH
elimination.

This mechanism was based on a desire to involve rearrangement of two hydrogen
atoms when one of them originated from the C-5 position, as accepted by independent
considerations’?. In the first mechanism, Scheme 7(a), the axial C-5 hydrogen migrates
to oxygen and the equatorial C-4 hydrogen to silicon, while ring A remains in a chair
form, to generate an allylic cation. The second mechanism, Scheme 7(b), involves
simultaneous transfer of hydrogens from C-1 (axial) and C-2 (equatorial) to the Me,Si-O
charged site to give, again, an allylic cation.

Similarly, multicentre transition states (a) and (b), Scheme 8, were proposed to
explain the abundant [M - ¢-Bu - HSi(CH;),0OH]" ions from TBDMSi-ethers of steroids
having the 3B-OTBDMSi-5B-H structure. These implied simultaneous rearrangement of
a pair of hydrogen atoms, in which an axial hydrogen (58-H or 1B-H) was transferred to
oxygen and an equatorial hydrogen (48-H or 283-H) to silicon. Ring A was assumed to
retain the chair conformation.

To explain the formation of the [M - -Bu - HSi(CH;3),OH]" ions in mass spectra
of 3B-silyloxy-5a-steroids, Quilliam and Westmore®’ assumed the chair — boat
transformation of ring A, in which the 1B-H migrates to oxygen and the 2B-H to silicon,
Scheme 9. Deuterium labeling!?? of 3£-OSiDMTB-50-androstanes at C-2 and C-4

showed dimethylsilanol elimination solely as HSiMe,OH. Even though this result does
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- HSiMeoOH

5BH-—>0
do-H —> si

Scheme 7.  Proposed HSiMe,OH elimination from the [M - fBu]* ion of
3a-OSiDMTB-5B-androstane$7: 101,

Scheme 8.  Proposed HSiMe,OH elimination from the [M - #Bu]* ion of
3B-OSiDMTB-5B-androstanet7-101,
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Scheme 9. Proposed HSiMe,OH elimination from [M - #Bu]* ion of 3B-
-OSiDMTB-5a-androstane87101,

not confirm the proposed rearrangement mechanisms®”10! involvement of H-5 remains
anopen question.

Gaskell er al® investigated the mass spectrometric fragmentation of TBDMSi
ethers of eight 5&-androstan-3&,17&-diols, with particular reference to the influence of
stereochemistry on competing fragmentation pathways. They observed four competing
pathways, each characterized by losses of alkylsilanols [H(CH;),SiOH, (CH3)4Si0OH,
H(C4Hg)CH;Si0H or C4Hy(CH;),SiOH] from a common [M - C4Hg]* precursor. The
reported fragmentations involved losses of z-butylmethylsilanol [H(C4Hy)CH;SiOH] and
trimethylsilanol [(CH;3);SiOH]. However, they did not attempt to confirm which
hydrogens or methyl groups rearranged to the silicenium residue. Similarly, losses of 90
u from the [M - #-Bu]* ion of 200-OSiDMTB-4-pregnen-3-one were reported, but not
discussed, by Quilliam and Westmore$’. Pronounced differences in the daughter and
parent ion spectra obtained by linked scanning complemented the conventional mass
spectra in the differentiation of the isomeric structures®®. Gaskell er al®® concluded that,

for bis-TBDMSi ether derivatives of 5o-androstane-diols, HSiMe,OH elimination is
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favored by 383- and 17B-OSiDMTB stereoisomers. Moreover, among TBDMSi-ethers of
5B-androstanediols, 17a-OTBDMSi stereochemistry appeared to promote loss of
(CH3)3Si0H and H(C4Hg)CH3SiOH from [M - #-Bu]* ions.

Gaskell and Pike’® also examined bis-TBDMSi-ether derivatives of eight
isomeric 5&-androstane-3€,17&-diols. Fragmentation was strongly directed by the
derivatized functional groups. For derivatives of 3-hydroxy-androstanolones loss of
dimethylsilanol, HSiMe,OH, from the [M - #-Bu]* ion was evidently favoured by the
proximity of the 3-alkylsilyl function and the 5-hydrogen. Thus, the (M - r-Bu -
HSiMe,OH]* ions were abundant in the spectra of compounds having the
50-H,30-OSiDMTB, and 58-H,33-OSiDMTB structures. Additionally, for compounds
having a secondary 17-OSiDMTB substituent, losses of trimethylsilanol (TMSiOH)
were observed.

Harvey and Vouros!? investigated the fragmentation patterns of some TMS
ether derivatives of 6-hydroxy and 3,6-dihydroxy steroids, together with deuterium and
180.labeled analogs. They noticed that the presence of axial OTMS groups gave
prominent ions produced by loss of TMSiOH, attributed to greater hydrogen accessibility
to oxygen, while molecular ions were of low abundance. However, no correlation was
found between the abundance of the characteristic ions, [M - 2x90 - CH3]* and [M -
131]%, and the stereochemistry at Cs, Cs, or Cg.

Harvey’#, examining the mass spectra of alkoxyethylmethyl-(R!OSiEtMe-) and
alkoxydiethyl- (RIOSiEtz-) ethers of 3&-OH-5E-androstan-17-ones, found that
elimination of the ethyl radical, to form very abundant [M - C,Hs]* ions, was strongly
favoured. Fragmentation of these ions paralleled that of the [M - alkyl]* ions in the
spectra of other alkylsilyl derivatives with alkyl groups larger than methyl. Loss of
alkoxyalkylsilanol (HR!OSiMeOH or HR'OSiEtOH) from [M - C,Hs]* ions of the four
isomeric 3&-hydroxy-5&-androstan-17-ones was again favoured. The abundances of [M -

C,Hs - HRISiMeOH]* or [M - C,Hs - HRISiEtOH]* ions were dependent on the
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stereochemistry of the steroid derivatives, i.e. they were much higher in the spectra of
steroids containing an axial silyloxy substituent.

All spectra of TBDMSi-ether derivatives of 3-hydroxy-17-one and
17-hydroxy-3-one androstanes, and 20-hydroxy-3-one pregnanes, showed the presence of
characteristic [M - 149]* ions. Similarly, CICH,DMSi-®! and i-PrDMSi-ether>
derivatives of monohydroxy- or dihydroxy-keto-58-steroids, with the keto group at C-3,
C-17 or C-20, gave abundant [M - 141]* and [M - 135]* ion analogues respectively.
Chapman and Bailey®! assigned the [M - 141]* ion for CICH,DMSi-ethers specifically
as [M - OH - CICH,DMSiOH]*. Lisboa and Ganchow’! described the [M - 149]*
fragment ion as [M - (134 + 15)*] for mono-TBDMSI ethers, while Phillipou et al.%2,
assigned it as [M - 57 - 92]%, reporting it to be characteristic of steroids possessing a
saturated ring carbonyl. Thus, it is a prominent ion for the silyl derivatives of the
following hydroxyketo-58-steroids: 30-OR-58-androstan-17-one where R = TBDMSi’!
(80% RA), CICH,DMSi®! (68% RA), and i-PrDMSi*® (69% RA); 170-OSiDMTB-5p-
androstan-3-one (25% RA) and 178-OSiDMTB-53-androstan-3-one (15% RA).

The fragmentation patterns of TBDMSi ethers seem to be similar to those of
CICH,DMSi or i-PIDMSi ethers, as judged from the spectra of 3o-hydroxy-5B-
androstan-17-one as TBDMSi-, CICH,DMSi”®, and i-PrDMSi°® ethers. The [M - 133]*
and [M - 149]* jons in the spectra of TBDMSi-ethers’! correspond, respectively, to [M -
125]* and [M - 141]* ions in the spectra of the analogous CICH,DMSi-ethers’ or to [M
- 11971* and [M - 135]* ions in the spectra of the i-PrDMSi® ethers. The formation
mechanisms of the [M - 135]%, [M - 1417*, and [M - 149]* ions were neither explained
nor suggested. Similarly, a survey of the available spectra showed this ion to be
abundant for the following hydroxyketo- or keto-50-steroids, with or without
unsaturation in the steroid skeleton; 3a-OSiDMTB-5a-androstan-11,17-dione®! (100%
RA), 30-OSiDMCH,CI-17-hydroxy-5a-androstan-11-one3! (19% RA), 3B-OSiDMTB-
5-pregn-16-en-20-one”™ (14.5% RA), 3B-OSiDMCH,CI-5-androstened! (23% RA),
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3B-OSiDMTB-5-androstene!?! (20% RA).

In this thesis I have examined EI mass spectra of the z-butyldimethylsilyl
derivatives of the eight 17&-methyl-5&-androstane-3€,17€-diols, shown in Scheme i-4,
with the following objectives:

(a) to investigate the origin of the hydrogens transferred in HSiMe,OH elimination
from the [M - ¢-Bu]* and [M - r-Bu - H,O]* ions,

(b) to clarify the nature of the dependence of HSiMe,OH and water elimination from
the [M - -Bu]™ ions on stereochemistry of intermediate ions,

(c) to determine the origin, structure, and mechanism of formation of the [Me,SiOH]*
ion,

(d) to clarify the mode of formation of the [M - 149]* ion.

The results of these studies should lead to useful generalizations in structural,
stereochemical, and conformational investigations of steroids. For these studies of
reactions involving single or double hydrogen rearrangement, it was necessary to
synthesize steroid alcohols labeled with deuterium at many sites of the steroid skeleton,
as shown in Scheme i-6.

The reasons for concentration on the #-butyldimethylsilyl derivatives of 17&-
methyl-5&-androstane-3€,17¢-diols were as follows: (a) a set of eight 17E-methyl-5&-
androstane-3,178-diols was available; (b) fragmentaton of r-butyldimethylsilyl
derivatives of the 3-hydroxy steroids was expected to be directed by z-butyl radical
elimination from M™ to produce abundant ions corresponding to [M - #-Bul*,
[Me,SiOH]", an