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ABSTRACT

ELECTRON CAPTURE NEGATIVE IONIZATION MASS SPECTROMETRY OF
STEROIDS AND SIMILAR ELECTROPHILIC COMPOUNDS

By
Helen Kathe Mayer
Electron capture negative ionization mass sp y (ECNI-MS) is a
and selecti hni for highly halogenated compounds or those
b2 jugati E ded conjugation is particularly important for the high

ECNI responses of certain ketosteroids. Combinations of functional groups within the
steroid nucleus have been correlated to ECNI response. Because steroids often have
other potential electron-stabilizing substituents, monocyclic, bicyclic, and quinone

compounds also have been studied to evaluate individual structure-response effects.

ids that are ically to molecules with ded conjugation have

been successfully used assayed by ECNI-MS.

Combinations of double bonds, carbonyl groups, halogens, cyano groups, and
epoxides within the steroid nucleus have been studied. For enhanced ECNI response,
the following structural features are important: a cross-conjugated system with a
neighboring group, such as 1,4-dien-3,11-dione; a linearly-conjugated system, such as
4-en-3,6-dione; a fluorine atom alpha to a carbonyl group in a highly-conjugated
steroid; or an epoxide alpha to a carbonyl group.

Sensitivity of the ECNI-MS technique is dependent on instr 1p
as well as the el pture properties of the molecule. The choice of reagent gas,
source temp and source p are imp factors in ECNI response and

can differ for different types of compounds. To capture an electron, a compound must
have a positive electron affinity. Electron affinities for most compounds studied are

not known; estimates were obtained by measuring the reduction potential.




Some steroids, usually steroidal drugs, can be chemically oxidized to effective

electron-capturing species. Not only are chromatographic properties improved, but a

degree of selectivity is i d b these oxidized prod have a higher ECNI

P P

response than the oxidized product of dog id Pyridini
chlorochromate has been the oxidant of choice, but alternative methods, including
electrochemical synthesis, were studied.

Several assays for steroids were developed using the chemical oxidation

technique. These include the determination of d hasone in human plasma and

the determination of prednisolone in mouse plasma. Anabolic steroids do not oxidize

to highly electron-capturing species, except for fluoxy preliminary studies

show that conventional ECNI derivatives like heptafluorobutyrate may be the best

choice for activating this group of compounds.
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Chapter 1: Introduction
Detection of small amounts of analyte in complex matrices is an important

problem in analytical chemistry, especially with the current emphasis on

1 and biological les. In the biological and environmental sciences,

for le, the problem b dingly difficult be of the amount and

variety of interfering compounds which are often unknown to the investigator.

and selecti hodology for sample analysis needs to be further developed
to detect small amounts of analyte with a minimum of sample preparation.
Confirmation of the analyte of interest is another problem. Proving with certainty the

or of a is critical in many analyses in both the

and bi dical fields. In envirc 1 les, the ab of a

GIIV.
component may mean a costly and time-consuming clean-up of a ecosystem could be

H

ided. In the bi dical field, the ab orp ofa

may mean the
confirmation of a disease, the success of a treatment, or the detection of the use of
illicit drugs.

An example of an analysis problem in the biological sciences is the detection of

drugs in urine or plasma. High p liquid chre graphy (HPLC), gas

chromatography (GC), and i have been ly used. Although they

can confirm the absence or presence of a drug, specificity can suffer, especially for

1 q

str imilar p Often, all interfering compounds must be removed in

time-consuming extraction steps. Also, a chromatographic peak provides only

retention time data as a parameter for comparison to dards. Gas ch hy

mass spectroscopy (GC-MS) is a superior technique for trace analysis because it also
provides structurally-related information along the mass axis.

Electron-impact mass spectrometry (EI-MS) is the most popular identification
technique. For many classes of compounds, the molecular ion is small or absent.

Major fragmentation peaks within a class of compounds are often similar in m/z values

1
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and cannot be used for quantitation. Chemical ionization (CI) is often used to obtain

pl y frag ion patterns to those obtained by EI. CI spectra can provide

additional structural information in the form of a molecular ion or an adduct ion due to

adduct formation with the reagent gas (1).

For qualitati lysis, frag ion patterns provide a "fingerprint" for the
analyte of interest. For q analysis, frag ion is often more a burden
than a blessing. The most abundant ion in the spectrum may not be the one which

distinguishes the analyte from the matrix. Molecular ions of low abundance make
detection of small amounts of analyte difficult.
Electron-capture negative ionization mass sp y (ECNI-MS) has been

utilized in itative analysis b less fi ion is obtained. B

negative ions usually have low internal energies, they are unable to fragment (2). The
most abundant ion in the spectrum is usually the molecular anion. In the mass spectra
of steroids, the molecular ion is often the base peak in the spectrum, although losses of
radicals such as hydrogen and CH3 and small neutrals like HF have been observed. In

1 d ion itoring (SIM), ion at a few m/z values are transmitted to the

detector. By using the SIM mode in ECNI and selecting only the molecular anion,
small amounts of analyte can be detected. The sensitivity of ECNI is also impressive.
In fact, the formation of a molecular anion under ECNI conditions is about 400 times
more rapid than the formation of [M+H]* under positive chemical ionization (PCI)

conditions or the formation of M™ under negati hemical ionization (NCI)

conditions (3). The reaction rate for gas phase PCI and NCI reaction is about 10
cm3s'1. For electron capture, the rate constant is 4 x 10-7 cm3s-1, or about 400 times
greater.

Another problem plaguing the analysis of biological samples is the high
background from the matrix; for ple, the p of end: ids in the

s " aa

analysis of urine can cause interference in the d ion of sy
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Corti ids are substituted some of which occur naturally in the adrenal

cortex. ECNI is a selective technique that responds best to highly electrophilic

species, i.e., highly halog d or highly jugated (o,p- ion) D

Compounds which have negative el affinities will not respond, eliminating much
of the background and often simplifying sample clean-up.

Many electrophilic compounds have been analyzed via ECNI, especially in the

biological and envi 1 for itative analysis. Polychlorinated
p ds and pesticides (4), ics (5), derivatized amino acids (6), mycotoxins
in food (7), amines (8), p landins (9), phar icals (10), and ids (11)

have been analyzed using this technique.
Formation of Negative Ions in Mass Spectrometry
Types of Reactions
Negative ions can be formed in a mass spectrometer ion source by the
following mechanisms:
(1) AB+e (~0.1eV)—> [AB']* — AB™ Resonance capture
(2) AB+e (0-15eV) —» [AB']‘ — A+ B~ Dissociative resonance capture

(3) AB+e (>10eV) A +Bt +e” Ion-pair formation

4 AB+C - AB +C Negative ion-molecul

Resonance electron capture is the most useful of all these pathways because the

anion p capture requires a thermal el (an

electron of energy 0.1 eV or less). The anion is produced in the vibrationally excited
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state, [AB‘]*, which is dependent upon molecular structure and electron energy. If the
excess vibrational energy is not removed or delocalized, dissociation will occur. The
molecular anion can be stabilized by delocalization of charge via a conjugated system,
collisional stabilization, or emission of infrared photons.

Dissociative electron capture occurs when an electron of 0 to 15 eV is captured.

Direct rapid cl ge or molecular rear (12) can occur. This mode is not as

useful in quantitative analysis as the resonance capture mode. In resonance capture, all

of the ion current is in the anion. The ion current in

dissociative resonance capture is shared between two or more fragments, resulting in a
decrease in detectability.

Ion-pair formation occurs when the electron has over 10 eV of energy. Both a
positive and a negative ion are formed, with the electron carrying away the excess
energy. In an ion source operated under EI conditions, the ion-pair formation
mechanism predominates. The majority of negative ions formed are of low mass and
are not indicative of the parent molecule (e. g., OH", CN", NO;", etc.); consequently,
there is little molecular ion information unless the anion is unusually long-lived.

Negative ion formation under low p and high el energy conditions have

been reviewed by Bowie (2) and Budzikiewicz (13).

Negative i lecul i truly deserve the designation of negative
hemical ionization (NCI) b a negative ion in the source (e. g., H", OH", CH30")
reacts with the analyte. Many ions can occur, including charge transfer, proton

transfer, hydride transfer, oxygen exchange with either halogens or hydrogen, and
anion-molecule adduct formation (14).
Of most interest to this work are those reactions which occur under ECNI

namely and dissociative capture.




How are Thermal Electrons Formed?
In ECNI, a high-p hemical ionization (CI) source is used. A

nonreactive reagent gas (such as mett ia, isot etc.) is introduced into

the source at the pressure of 0.1 to 1 torr and bombarded by a beam of electrons,

generating positive ions and thermal el Using h as an le, the

following reactions can occur (15):

CHy + € primary — CH ' + € primary + € secondary
CH4*' +CHy — CHs"+CHy
e‘secondal'y +CHy — € thermal *+ CH,

The ionizing energy is about 200 eV to ensure good penetration of electrons

into the high p source. Ionization of meth removes about 30 eV from the

bombarding electron while more energy is removed from the electron by nonionizing

collisions with methane (14). One primary el can pc ially produce about six
to ten ion-electron pairs. The positive ions formed undergo other collisions, such as
those to form CHs*. The secondary electrons collide with methane, producing the
thermal electrons, which can be captured by high electron affinity analytes. The high
pressure gas also provides stabilization of the molecular anion.

A low-energy electron distribution is formed by the modulating gas. This
distribution varies from instrument to instrument and can cause differences in ECNI
spectra. In one particular experiment, it was shown that 48% of the low-energy
electrons had energies near thermal, 5% had energies less than 0.15 eV, and 12% had
energies ranging from 0.15 to 0.45 eV (16).



What Happens After Electron Capture?
Processes Directly Following Electron Capture. After the capture of a thermal

an anion [AB']* is formed. The processes that this

unstable anion can undergo are the following: stabilization by collisions with the

Py Sy Y e

gas or into A™ + B, or autodetachment of
the el After forming the negative anion, i which can neutralize or
change the anion can occur, including associative detach of the el
displ. of certain functional groups on the molecule, proton transfer, charge

exchange, and association (clustering) (17). In addition to these one-step reactions,
Sears and co-workers (8) have proposed four mechanisms to explain the formation of
unusual ions (see Figure 1.2).

Stabilization vs. Autodetachment vs. Dissociation. Stabilization of the anion,
di iation, and detach of the el are the three primary mechanisms by

which the unstable intermediate [AB‘]' forms stable products.
If excess internal and translational energy are present, the capture of an
electron can lead to the process depicted in Figure 1.1 (b). For dissociative capture

reactions, energy maxima are determined by energy difft p

orbitals, the potential energy of the molecule, and the Franck-Condon factors

describing the interaction between the molecule and the dissociating pair (18).
Electron capture can occur by two methods. If the electron affinity (EA) is

negative (Figure 1.1 (c)), then the extra electron on intermediate [AB']‘ may

or the i diate may dissociate to A" + B~ if the Franck-Condon

transition is above the dissociation limit. The autodetachment process is quite rapid;

PR 3

these

rarely form detectable negative ions. Rapid

autodetachment leaves little possibility for collisional stabilization unless the source

presure is very high. Stabilization by is also imp



Mx*
MX A &
M*ex mxy X
M+X X
MX™
MX™ _
L WXt iy X MK
M+X™ M+X ™

(c) (d)

Figure 1.1: Potential energy curves for negative ion formation. (a) Ion-pair
formation. (b) Dissociative electron capture. (c) Electron attachment, EA of MX <0.
(d) Electron attachment, EA of MX > 0. (from reference 17).
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When the electron affinity is positive (Figure 1.1 (d)), two types of electron
capture can occur. If the potential energy curve for AB" intersects the vertical Franck-
Condon region, the reactions are similar to those discussed for Figure 1.1 (c). If the
potential energy curve does not intersect the Franck-Condon region and the excess
energy of the unstable intermediate [AB']* can be distributed into vibrational modes,
the lifetime of the molecular anion may be such that collisional stabilization can occur
and it can be observed. This is a resonance process because no electron is produced to
carry away the excess energy.

If the unstable molecular anion has a positive electron affinity and an

letely filled molecular orbital of sufficiently low energy, three mechanisms are

stabilization, di iati or autod h If the bl lecul

anion is long-lived and has excess energy equal to the electron affinity of the molecule
itself, then either dissociation or stabilization may occur. Stabilization occurs both
collisionally with the reagent gas and by radiative emission. At gas pressures of about
one torr, the lifetime of the [AB']* intermediate must be above one microsecond for
effective collisional stabilization and for detection in a mass spectrometer.

Mechanisms Involving Negative Ions. After a negative ion is formed by either

or dissociative p several ions can be responsible for changing
or neutralizing the ion. These hani include iative detach
displ: i charge exch and proton

transfer reactions. Most of the extensive research in this field has been done in the
context of atmospheric chemistry rather than with species of interest to ECNI studies.
1. Associative Detachment Reactions
AB" +CD — ABCD +e¢”
In this case, the analyte reacts with a neutral (designated by CD) in the ion source or is
lost on the ion source walls. At times, the rate of this reaction could almost equal the

rate of formation of AB", resulting in the loss of signal (17).
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Another source of negative ion and el loss is in reactions

with positive ions (19). Because both negatively and positively charged species are

present, the gas in the chemical ionization volume can be considered a plasma. In a

plasma, ambipolar diffusion predomi ing that el and positive ions
diffuse at the same rate if their populations and energies are equal. Ambipolar
diffusion is responsible for much of the ion and electron loss on the walls of the
source.
2. Displacement Reactions
AB"+CD - ACD+D" or AB"+CD —5>AC +B+D
These reactions occur if the thermodynamics are favorable and proton transfer is
unfavorable. For example, the OH™ ion will displace the Cl™ in CH;Cl. However, in
the reaction of OH™ with CH3CN, proton abstraction is favorable and will occur rather
than the displacement of CN". These reactions are analogous to SN2 reactions in the
solution phase, and even result in inversion of configuration (17). Reaction
efficiencies can differ greatly depending on the nature of the nucleophile and the
leaving group.
3. Charge Exchange Reactions
AB™ +CD — AB +CD"
These reactions can occur if the electron affinity of CD is greater than the electron
affinity of AB. It is estimated that these reactions are 30 to 100% efficient (17).
4 A iation (Cl ing) Reacti
AB”" +R — ABR"

These ions are analogous to the ions with reagent gas observed in positive CI

spectra. Most of the kinetics for these reactions have been studied in the context of

atmospheric chemistry.




5. Proton Transfer Reactions
A"+YH->AH+Y
These reactions occur when using CI gases that are strong bases such as OH", F,

NHj", or OCHj3™. Anion-adduct formation may occur but, more commonly, [M-H]"

ions are formed. This process has been used advantag ly in analytical p s
for example, the OH" ion has been used in the negative ion detection of substituted
cholestanes and cholesteryl esters (20). The OH™ ion was formed in the ion source
using a 2:1 mixture of CHy and N5O. In the spectra of all but two of the 35 steroids
studied, [M-H]" ions were present, often as the base peak. For about one-third of the
compounds, additional ions are found at [M+43]", [M+25]", and [M+15]", which are
attributed to reactions of [M-H]~ with the N,O reagent gas. The [M-3]" ion was found
in compounds containing hydroxy groups or double bonds. This ion is due to Hj loss
following proton abstraction. The [M-5]" ion present in some compounds probably is
formed in the same way after loss of two H, molecules. Other, usually low abundance
ions, such as [M-19], [M-21]", and [M-37]", are attributed to proton abstraction
followed by losses of water, water and Hy, and two water molecules, respectively. Not
many fragment ions are noted because the fragmentation of Y~ is usually limited due to
the exothermicity of this reaction appearing as vibrational energy of the AH bond (21).

Often an oxygen-containing anion is not added on purpose; however, proton

4

abstraction can occur as a by-p of low-level ination of oxyg

species such as O7, Oy7, or OH" in the ion source. Some molecules undergo both

! apture and ion-molecul; i for ple, in the p of oxygen,

diazepam produces a [M-H]" ion as well as a M~ ion (22). The H' is lost from the
carbon adjacent to the amide carbonyl after M™ is formed, resulting in a more
conjugated anion in which the charge is delocalized. It is postulated that the same
bond is reduced in polarographic analysis. In a study that compared the ECNI spectra
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obtained on different instruments, diazepam was used to determine the presence of
oxygen in different ion sources (15).

The rate of the electron capture reaction vs. the rate of the deprotonation
reaction will determine whether M™ or [M-H]" is observed. For example, it has been
observed that the change in selectivity of polyaromatic hydrocarbons (PAHs) with
instrumental parameters is due to the competitive formation processes of [M-H]™ and
M (23). PAHs with electron affinities greater than 0.5 eV produce M~ while those
with electron affinities less than 0.5 eV produce [M-H]" as their base ion in methane
ECNI spectra. Another study with PAHs has confirmed that the [M-H]" ion is from a
reaction of the PAH molecule with OH" (24). In this study, water was added to the
nitrogen reagent gas to produce OH", (H,0)OH", and (H,0),0H" in the ion source,

" oy

and the ECNI mass spectra of fluorene, anth: and fl were

The production of [M-H]" from fluorene was enhanced, as was the production of [M-
H]" from anthracene. Fluoranthrene, however, produced only M™ ions because it
rapidly captures an electron.

The ECNI spectra of PAHs are not the only cases in which the electron affinity
of the compound contributes to the formation of [M-H]" ions. Crow and co-workers

(25) studied a series of b b and chlorob with one to six substituents.

Under methane ECNI conditions, only those with a significant amount of halogenation

CR RS i R PR, " .

( and

I

benzene) had M™ ions; the rest produced [M-H]" as their highest mass anion.

The parent structure may also have some role in the production of [M-H]" ions
over M™ ions. In the methane ECNI study of polychloroanisoles with three, four, or
five chlorine substitutions (26), ds with a hydrogen ortho to a methoxy group

P

produced [M-H]" ions, while the others, containing ortho chlorines, produced

molecular anions.
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The mass spectra of many other compounds display [M-H]" as their highest

mass ion, rather than M™". In these studies, the cleanliness of the source with respect to

oxygen content is not known. ECNI studies of brassi ids (27) and barbi
(28) show that the spectra of both have [M-H]™ ions. The ECNI spectra of many
derivatives have [M-H]" ions, including the trimethylsilyl derivatives of cytokinins

(29) and the pentafluorobenzyl derivative of 3-ketovalproic acid (but none of the other

P!

deri ic acid bolites studied) (30).

The presence of oxygen can result in unusual ions other than [M-H]". Many of
these have been reviewed by Budzikiewicz (13) and Stemmler and Buchanan (24).
Chlorinated compounds can give species such as [M+O-Cl]” and [M+O-Cl-H,]".
PAHs produce ions corresponding to [M+O-H]™ and [M+O,]” from ion-molecule
reactions with O,™. Ions corresponding to [M+O-2H]™ and [M+20-2H] are

attributed to the wall-catalyzed reactions discussed in the next section.

The Formation of "Unusual” Ions. Much of the fragmentation of negative ions
is simple; losses such as HF, CH3, and Cl are often observed. Many other fragment
and adduct ions are not so easily explained. Competitive processes in the source can
play a large role, and these processes can often involve multistep mechanisms if the
anion is sufficiently stable. Sears and co-workers have treated this subject in great
detail (8).

The basis of the Sears, et al. model is that there are many competing reactions
in a chemical ionization source. What is actually observed in the mass spectrum

depends on the rates of these reactions as shown by the following scheme:
B
M— M~
process Xl

Mo S
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In this case, the analyte molecule, M, can either capture an electron to form M~ or can
undergo process X to form M;, which potentially can capture an electron. If M; has a
similar or greater electron-capturing ability as M, M;” may appear in the spectrum or
could even be represented by the most abundant peak. If M; has a much greater
electron-capture capability than M, process X does not have to be efficient for M;™ to
dominate the spectrum.

Four possible mechanisms have been proposed for the production of unusual
negative ions (8) as illustrated in Figure 1.2.

Route A first involves electron capture to form M™. After electron capture,
neutralization by positive ions is possible. Alternately, wall reactions can occur,
forming the neutral species Z, which can potentially capture an electron. M~ must be
at least as intense as Z~ in the ECNI spectrum for this pathway to occur. All pathways
A through D have the potential of ending in neutralization.

Route B involves a reaction between the analyte molecule M and a positive ion
to form M*" (this ion does not necessarily have the same structure as M). After a
reaction with an electron, a neutral, X, is formed which could potentially capture an
electron.

Route B explains the formations of [M-O]™ ions observed in the mass spectrum

of the trifluoroacetyl derivative of aminoph h (8). Promi ions appear at

M~, [M-HF]™, [M-CH30H]", [M-H,0] ", [M-O]", and [M+CH,]"". The [M-O]" ion
is difficult to justify using conventional ideas about ECNI spectra. Route A is unlikely
because there is no precursor ion of sufficient intensity. Route C is also unlikely
because the [M-O]™ ion is fairly prominent. Route D does not occur in the other
fluorinated derivatives of aminophenanthrene, so it is unlikely it would occur here;
therefore, route B is the only other alternative. In this molecule, oxygen is present
only in a carbonyl group. It is expected that the positive ion formation of this

der by CHs* and CjHs* regent ions is at the usual fast
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Figure 1.2: Mechanisms of formation of unusual negative ions (from reference 8).

rate of ion-molecule reactions. To test this hypothesis, reagent gas is doped with a
substance which blocks the initial positive ion-molecule reaction while not disturbing
the electron reactions. In this experiment, triethylamine was used as the dopant. In the

P of triethylamine, a very low abund of [M-O]~" was observed; therefore,

the mechanism for the formation of [M-O]™ must first involve a positive-ion reaction

with the reagent gas. At this time, the identities of the species M* and X are not

known; not much is known about the prod d by the bination of large
positive ions and electrons or by the neutralization of positive ions on a metallic
source. The expected large energy release from these processes may make

uncon ional ibl

Route C involves a reaction of the analyte with a radical from the modulating

gas. The resulting species, MR, can capture an electron to form MR™. Compounds
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which can act as free radical traps include tetracy hylene (31), hthalene (23),
and PAH isomers (32). The base ion for tetracyanoethylene is at m/z 103 which
corresponds to [M+H-CN]™. Other prominent ions include those at [M+CH3-CN]™
and [M+C,Hs-CN]™". All these ions are from reactions with radicals formed from the
methane reagent gas before an electron is captured.

Wall reactions (route D) are very important pathways that can form unusual
ions. These reactions may have some analytical utility, as demonstrated by studies
using chlorine pretreatment of the source to detect such compounds as trimethylsilyl
derivatives of organic acids, fatty acid methyl esters, and trifluoroacetyl derivatives of
alcohols (33). Many wall-assisted reactions need some other species in the source in
order to occur. For example, the methane ECNI spectrum of both fluoranil and
chloranil contains the [M+H-Cl]™ ion, which occurs through a wall-assisted reaction.
This ion is not observed using CO, gas, suggesting an absence of gas-phase or surface-

bound free radicals under CO, conditions.

1.0
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Figure 1.3: Single ion reconstructed ch of the h ECNI-MS

analysis of floranil. The peak at m/z 180 is the molecular anion; m/z 162 corresponds
to [M+H-F]™'; m/z 142 corresponds to [M-HF] ™ (from reference 8).
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Tons formed from wall reactions tend to have non-Gaussian profiles. Single ion

ucted ch of the methane ECNI analysis of fluoranil are shown in

Figure 1.3. In this case, the non-Gaussian profiles of peaks at m/z 142 (corresponding
to [M-2F]™") and 162 (correponding to [M+H-F] ™) are characteristic of wall reactions
while Gaussian profile of ion current at m/z 180 corrcsponds to M™. Neutral species
that can form ions often stick to the source wall, and they move out of the ion source
more slowly, causing the non-Gaussian profile.

Other researchers have used the Sears models to postulate mechanisms for
unusual ions. For example, an unusual ion, MH", is observed in the ECNI spectrum of
chloroprothixene (34). Three mechanisms are possible for the formation of this ion:
(1) electron capture followed by H' transfer from the methane gas (route A in the Sears
model), (2) H' transfer followed by electron capture (route C), or (3) reaction on the
source wall (route D). To determine the mechanism, several experiments were

performed. When a gold-plated source is used, the MH" ion remains unchanged;

therefore, this ion does not result from a wall ion, disproving hanism 3. There
is also no change in the [M-H]/MH" ratio with a change in emission current,

suggesting that MH" is independent of radical concentration. Mechanism 2, which is

1, 1
3

re

on the ion of the Is from the reagent gas, is not the likely

mechanism in this case. Mechanism 1 is the most probable in this case.

Molecular Parameters Affecting Ion Formation

Ton formation is affected by the electron affinity of the analyte, the electron
attachment rate (also known as the electron-capture cross section), and the lifetime of
the ion.

Electron Affinity. In order to capture an electron, a compound must have low-
energy vacant orbital which correlates to a positive electron affinity (EA) (14).

Systems with extensive n-conjugation result in lower-energy unoccupied orbitals. For
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ple, the el affinity of b is negative and it will not form a stable
anion. On the other hand, pentacene has larger orbitals which can overlap more
effectively, resulting in low energy unoccupied orbitals. The electron affinity of

pentacene is positive (35).

F ion also is dependent on el affinity. To fra ABinto A",

the A-B bond dissociation energy and the total fragment energy must be less than the
EA of A. Thus, the formation of molecular anions is favored by high, positive electron
affinities, as shown for PAHs (23).

According to Field (35), molecular el affinities g lly are affected by

the same structural factors that increase the wavelength of light absorption. In light
absorption, the electron is usually promoted from an occupied to an unoccupied
orbital, the same lowest unoccupied orbital that captures an electron. Not all the
absolute energies are the same, but the trends should be similar for a series of
compounds.

Several methods have been used to experimentally determine electron affinity.
For example, gas-phase electron affinities may be derived from gas-phase electron

transfer equilibria with a pulsed electron high-p mass sp Using this

method, the electron affinity values for 21 quinones were determined (36).

Electron affinity is difficult to experi lly; theref imation or
approximation methods have been developed. Ab initio calculations have been used to
calculate electron affinity directly, but with great difficulty. Another method of

approximating the trends in electron affinities is by lating the lowest ied

molecular orbital (LUMO) energy. Laramee and co-workers (18) calculated the
LUMO energies for a series of polychlorodibenzofurans and polychlorodibenzo-p-
dioxins using the "Complete Neglect of Differential Overlap" method. No molecular

anion was observed for molecules with high LUMO energies, i. e., above 1.6 eV.
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Another electron affinity estimation method was proposed by Chen and
Wentworth (37). The half-wave reduction potential in aprotic solvents (Eyp) was

correlated to experimental values for a series of compounds. The relationship is

expressed by EA =E; +2.491+0.2eV.
The rate of electron attachment (cross section) can vary by orders of

magnitude, while the cross section for electron impact varies very little (17). Cross

sections are influenced by structural diffe between ; for

rate i as chlorine itution i The rate

constant also increases as the halogen changes from F to CI (38).

Ion Lifetimes. The lifetime of an anion before it undergoes autodissociation
can also vary greatly from 1015 to 104 s. In order to have significant collisional
stabilization under CI conditions, an anion must have a lifetime of at least 106s. The
ion lifetime is dependent on molecular structure and electron energy. At very long ion
lifetimes (>10 ps), molecular anions can be observed under low-pressure conditions.

Molecular anion lifetimes are listed in Table 1.1.

Table 1.1: Lifetimes of Molecular Anions (adapted from reference 17)

M- t (usec)
CeHsNOy™ ~40
Phthalic anhydride™ 313
0-CICgH4NO,™ 17
0-CeHy(NOy), 463
m-NO,CgH4COCH3™ 310
0-CH30CgH4NO," 16
CgHsF™ <1x 106
CeFe- 12
CgHg™ 1x 106
CeHsCN" 5
CgFsCN" 17

0y 2x106
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Long-lived ions have positive electron affinities, usually imparted by conjugation
and/or electron-withdrawing substituents like halogens, CN°, or NO,". These
molecules tend to be large, so that the excess energy can be stabilized through many
degrees of freedom; therefore, this can be called a "resonance” process. At ion
lifetimes above 10 ps, molecular anions are observed under EI conditions of low
pressure and high electron energy. Internal energies of a molecule increase the
fragmentation, as shown for a series of polychlorodibenzo-p-dioxins (18). The
branching ratio, log ([M-CI]")/(CI"), is linearly related to the energies of the low-lying
unoccupied orbitals (LUMO). The internal energy of [M-CI]" increases with

increasing degree of chlorination.

Eoneti IP ters Infl iasoldis Abel
ECNI ion abundances and overall sensitivity are affected greatly by the choice

of instrumental conditions. The following i 1p will be di din

more detail: source temperature, source pressure, reagent gas, sample concentration,
electron energy, emission current, and lens potential.
Source Temperature. In general, ECNI spectra are highly dependent on source

As the i dissociative el capture i

P

g ion lifeti and the forward rate of clustering reactions are

decreased. At low source temperatures (< 100 °C), the molecular anion formation is
enhanced for a variety of compounds including hexabromobiphenyl (39), diazepam
(22), and PAHs (24).

Sensitivity is also affected by source temperature; however, different

ds behave diffi ly to i in For

H P P

workers (23) studied the response of three PAHs, anthracene, fluorene, and

Low and co-

f at varying from 90°C to 230°C. The response of

anthracene and fluorene increased slightly with increasing temperature, but the
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of fluoranth fell off d ically. Thus, ds which exhibit

P

primarily deprotonation, such as fluorene, have best itivity at high p (64
150°C) while those favoring resonance capture, such as fluoranthrene, prefer low
temperatures (< 100°C) (23). Compounds that undergo primarily dissociative
resonance capture usually have a higher response at low source temperatures (39).

Temperature also affects the formation of ions resulting from reactions other

than electron capture (8). Positive ion-el binati i d with

increasing temperature, while positive ion-negative ion recombination reactions

with i

In a study of fluorinated derivatives of chlorophenols (40), the effects of source
temperature were dependent on the type of derivative. Derivatives used included
pentafluorobenzyl,  pentafluorobenzoyl, and  3,5-bis(trifluoromethyl)benzoyl.
Temperature effects are minimal for compounds undergoing dissociative electron
capture, such as the 3,5-bis(trifluoromethyl)benzoyl derivative of chlorophenol, but are
important for those which can undergo resonance electron capture, such as the
pentafluorobenzyl and pentafluorobenzoyl derivatives.

Source Pressure. Control of the ion source pressure is thought to be the most

q

critical p for the rep ibility of ion abundances (14). As with source

the source p is dependent on the compound. In a study

P P

of PAHs (23), fluorene, which exhibits mainly [M-H]" ions, has an optimum sensitivity

at low source pressure (< 0.065 kPa). For fl h which prod mainly M™,
the source pressure was not as critical.
I ing the p i the number of ion-electron pairs formed until

the el beam is ped by gas moll

Also, an increase in pressure will

increase the collisional frequency, which affects the rate of electron thermalization and

collisional stabilization of the [AB]™ intermediate. Usually, i ing the p

increases the response until a maximum is hed. The initial i in resp is
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probably due to collisional stabilization (41). After the maximum, the loss in response
is probably from ion transmission losses (15). The pressure maximum is different for
different reagent gases (18).

Reagent Gas. The reagent gas can have three functions in negative chemical
ionization. The first is to convert primary electrons into thermal electrons. This
allows resonance and dissociative electron capture. The gas can also react with the
analyte. Charge transfer can occur if electron affinity of the reactant gas is less than
the electron affinity of the substance. True chemical ionization can also occur between
ions from the gas and analyte molecules.

In Table 1.2, the second-order electron thermalization rate constants and the
number of collisions (Z) required for vibrational quenching of photoexcited
bromobenzene positive ions are listed. In general, electron thermalization increases
with increasing complexity of the reagent gas, i. e., increasing molecular size, dipole

moment, and ®t character (42).

Table 1.2: Electron Thermalization rates (Kg), number of collisions required for
vibrational quenching (Z), and ionization potentials (IP) for various reagent gases
(adapted from reference 42).

Gas Ke(em’s1) Z IP

He 6.4 x 10712 150 24.59
Ar 1.3x 1013 77 15.76
0, 1.3x 1010 30 12.07
N, 22x 101! 70 15.58
CH, 8.6x 1010 40 12.51
CF, - - 16.25
Cco, 5.8x10° 18 13.77
NH,3 5.9x 109 -- 10.18
oS - 8 11.17

H,0 - 8 12.61
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In order to form stable molecular anions, the second-order rate constant for
collisional stabilization is important. This rate constant should be fast with respect to
the autodetachment rate constant. The collisional stabilization rate has not been
measured; however, an assessment of this rate can be determined using the Z number,
the number of collisions necessary for vibrational quenching. The lower the Z value,
the more efficiently excess internal energy is removed from the excited ion (43).
Quenching efficiency for gases not containing unsaturation or heavy atoms can be
correlated by the relation NM,1/2 where N is the number of atoms and M; is the
reduced mass. Gases containing heavy atoms and unsaturation have vastly improved
quenching efficiencies (42).

Many studies have been done comparing the effects of the type of reagent gas
on ion abundances. If the major ion is M™, as in the case of anthraquinone and bis
(N,N-diethyldithiocarbamato) nickel (II), only minor differences are noted in the mass
spectra with various reagent gases including He, Ne, Ny, CHy, Ar, Kr, Xe, i-C4H,,
and CO, (44). If the most abundant ion is not the molecular ion, changing the reagent
gas can have a more significant effect on the relative abundances of the ions. For
example, polybrominated biphenyls (PBB) and bromobenzenes were studied under
methane and nitrogen ECNI conditions (39). When nitrogen was used as the reagent
gas, the relative abundance of Br™ was enhanced as compared to M™". The ratio of Br~
to M™ was small under methane ECNI conditions.

In studies with polfchlorodibcnzo—p—dioxins (18, 41), six different reagent
gases were used: methane, hydrogen, helium, sulfur hexafluoride, xenon, and argon.
Pressures were varied between 0.1 and 1.0 torr and the relative abundances of the
major fragment ions were recorded. Only a weak signal for Cl- was observed when
using sulfur hexafluoride as the reagent gas during the analysis of 1,2,3,4-
tetrachlorodibenzo-p-dioxin because the reagent gas removed all of the thermal
electrons. When helium is used, the relative abundances of M™, [M-CIl]", and CI”
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remain constant over a pressure range of 0.1 to 0.8 mmHg. This can be used
advantageously in GC-MS work because helium is the carrier gas of choice. Also,
competing ion-molecule reactions are not observed with helium as they are with
hydrogen. Using hydrogen, M™ is the dominant ion at low pressures, but at high gas
pressures, Cl” predominates. Argon shows similar pressure-related behavior. Xenon
exhibits unique behavior with varying pressures. At low pressures, M~ dominates. As
the pressure increases, the relative abundance of M™ decreases at pressures from 0.02
to 0.29 mmHg at which point M™ again becomes the dominant ion.

The variation of ECNI response with type of reagent gas has also been studied.
One of the primary studies was performed by Gregor and Guilhaus (44) on
anthraquinone and bis (NV,N-diethyldithiocarbamato) nickel (II) using nine reagent
gases. The relative responses were in the following order: He < Ne ~ N, < CH,4 ~ Ar
~ Kr < Xe < i-C4H;g < CO,. Both analytes form mainly molecular anions. In order to
prove that the responses were from just the effect of the reagent gas, it was determined
that the sample did not in any way participate in the thermal electron formation or
collisional stabilization processes. The gas pressure for maximum sensitivity varies
with each reagent gas; in general, the gas pressure corresponding to the highest
sensitivity decreases with increasing atomic or molecular weight of the gas. When
monoatomic gases are used as the reagent gas, the sensitivity of the analyte increases
with increasing atomic number of the gas. When polyatomic gases are used, the
sensitivity of the analyte increases with the available degrees of freedom of the reagent
gas, with the exception of CO,. CO, is thought to be a very effective electron
thermalizer because it has a large quadrupole moment, a low-lying vibrational
threshold, and can thermalize sub-excitation electrons by resonance scattering
processes.

Other studies have confirmed the observations made by Gregor and Guilhaus
about reagent gas type. Laramee, et al. studied 1,2,3,4-tetrachlorodibenzo-p-dioxin
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using argon, xenon, sulfur hexafluoride, hydrogen, and helium (41). Heavier mass
gases, such as methane, argon, and xenon, have the best sensitivities at low source
pressure.

Sensitivities of fluoranil as well as nitrobenzene with fluorine, bromine,
chlorine, nitro, and CF5 substitutions were determined using six different reagent gases
(43). In general, the order of relative response was Xe < He < Ar ~ N < CHy ~ CO,.
The use of CO, and CH, as reagent gases increased the sensitivities of the analytes by
one to three orders of magnitude more than the other gases.

The relative response of fluorocarbons with seven different reagent gases has
been studied by Huang and co-workers (42). In general, the order of relative response
for hydrogen- or oxygen-containing compounds, such as perfluoro-t-butanol and
perfluorobis(isopropyl) ketone was He < CF4 ~ Ar < CH4 < CO9 ~ air ~ NH;. For M~
forming compounds that included perfluorohexane, perfluorobenzene, and perfluoro-
trans-decalin, the relative response was He < CF4 < Ar ~ air < CO, ~ NH; < CHy.
The actual order was very compound dependent. Carbon dioxide or ammonia is best
for the detection of hydrogen- and oxygen-containing fluorocarbons in which
dissociative resonance capture predominates. For compounds which exhibit resonance
capture, methane is the best reagent gas.

Certain reagent gases can also simplify ECNI mass spectra. For example, CO,
has been suggested as a model reagent gas for several reasons (43). The spectra are
simpler because only resonance and dissociative clectron capture processes are
observed for compounds that often undergo source reactions involving gas-phase and
surface-bond free radicals. The fluoranil and substituted nitrobenzene compounds
tested still had high sensitivity, comparable to that of methane ECNI. '

In a study of polychlorinated compounds, such as heptachloroepoxide, dieldrin,
and hexachlorobenzene, the response and spectra of several reagent gases, including

nitrogen, ethylene, and methane were compared (45). When using N5, no rhenium
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ions were observed, thus reducing the background. However, a lower ECNI response
for the compounds tested was obtained using nitrogen rather than methane. C;H,4 was
a poor reagent gas because there is more background, lowered response, and a chance
of ion-molecule adduct formation.

Concentration. Concentration of the analyte can affect the appearance of the
spectra as well as the response. For certain compounds, such as the amino acid
carboxy-n-butyl ester N-pentafluoropropionate, the ECNI mass spectrum is biased
towards high mass fragments at high concentrations (23). This may be due to
intermolecular reactions. This effect was not noted for compounds such as PAHs.
Radical incorporation reactions are enhanced by low sample concentration (15). At
high concentrations, the response becomes nonlinear and the chromatographic peak
shape becomes non-Gaussian (5). Often, saturation of the detector with analyte results
in flat-top chromatographic peaks.

Electron Energy. The electron energy will determine the penetration of
electrons into the reagent gas as well as the efficiency of ion pair production. The
electron energy has a very minor effect on the relative ion abundances of
decafluorotriphenylphosphine (DFTPP) and chlordane (S5).

Emission Current. The emission current determines the number of electrons
entering the ion source. As the emission current is increased, so is sensitivity because
the ion population is increased. The effects of emission current were studied using
DFTPP and chlordene (5). The relative abundance of ions from DFTPP does not
change with increasing emission current. Many of the chlordene ions, however, are
dependent on emission current. The types of ions most likely to change with
increasing ionization current result from radical reaction prior to ionization.

Lens Potentials. The lenses controlling the extraction and transmission of ions

can affect the relative ion abundances. The effects of lens potential on ion abundances
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is complex, often depending upon interactions between the lenses. The most complete
work on this topic was done on a HP 5985 quadrupole mass spectrometer (5).

The repeller potential has a minor effect on ion abundances, but can affect the
voltage profiles of the other lenses. The drawout lens accelerates ions to the ion focus
lenses. Higher mass ions are slightly affected by the drawout lens. The ion focus lens
collimates the ion beam and has the largest effect on relative ion abundances, which is
especially pronounced for low-mass fragment ions such as Cl1” or CgF5™. This lens has
an important effect on the comparison of ECNI mass spectra measured on different
instruments. To overcome the quadrupole fringing fields, the entrance lens is used

whose potential affects the abundance of the high-mass ions.

Applications of ECNI-MS
Selectivity

ECNI is more selective than positive CI because not all molecules have low-
lying vacant orbitals or virtual vacant orbitals. In conjugated systems, the n* orbital is
delocalized and electron-withdrawing groups (like F, Cl, CN) lower the energy of
these orbitals making them more accessible. Positive ions are generated by removing
valence-level electrons, as can be done for all compounds (14). In order to generate a
negative ion, a compound must have a positive electron affinity. Because many
organic compounds have negative electrons affinities, ECNI can be very selective for
certain classes of compounds.

Ionization efficiency is determined by the electron affinity and the electron-
capture cross section of the analyte, which can vary over a wide range such as a factor
of 106 between the values for hexane and carbon tetrachloride (16). After colliding
with a thermal electron, a molecule can lose this electron by collisions. For ;mall

molecules, the electron loss process can be very rapid (about 10-13 s), but for large
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molecules, the excess energy can be redistributed and the rate constant for electron loss

is about 106 s. Thus, the negative anion can be more readily observed.

Sensitivity

As with selectivity, the sensitivity of compounds to electron capture
techniques varies greatly. Sensitivity is dependent on the electron-capture cross
section which can vary greatly. In contrast, the cross section only varies by one or two
orders of magnitude in the positive ion mode (46). Therefore, one can expect widely
varying and unpredictable responses under ECNI conditions. For compounds
exhibiting electron-capture properties, less than 10 ng of sample can give a discernible
spectrum. For highly electrophilic compounds, saturation of the detector signal can
occur with as little as 100 ng. To saturate the detector with positive ion current,
micrograms of sample are needed. The reaction rate for gas phase positive and
negative ion reactions (PCI and NCI) is about 10-? cm3s-1. For electron capture, the
rate constant is 4 x 10-7 cm3s-! or about 400 times greater (3). Thus, sensitivity should
be 400 times greater by ECNI than by PCI or NCI.

For selected compounds with high electron-capture cross sections, ECNI can
be 100 to 1000 times more sensitive than positive EI (3). Detection limits for highly
fluorinated compounds like perfluoromethylcyclohexane and perfluoro-1,3-
dimethylcyclohexane are 2 to 3 fg (47). This is a three to four times better detection
limit than that obtained by CC-ECD. In theory, the detection limit of the GC-ECD is
on the order of 330 attomoles (48). Because ECNI-MS measures ion abundances
rather than a decrease in standing current, Hunt and Crow have estimated that ECNI
could be 10 to 100 times more sensitive than ECD (49). It has been noted (47) that
noise rather than signal determines the detection limit in ECNI. This noise is thought

to be general chemical background.
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Types of Compounds

ECNI-MS has found utility in the analysis of many electrophilic compounds,
mainly highly halogenated ones (5). Highly conjugated compounds also have been
effectively analyzed (10). For compounds without electrophilic groups, halogenated
derivatives have been prepared prior to analysis (50). For a review of halogenated
derivatives, please refer to Chapter 3.

Compounds that have been analyzed by ECNI-MS with no further
derivatization include s-triazines (51), trichothecenes (7), aflatoxins (52), polycyclic
aromatic hydrocarbons (53), dihydropyridine calcium-channel blockers (54),
lorazepam (55), and steryl fatty acid acyl esters (56).

Many biological compounds can be analyzed by ECNI-MS only after
derivatization. Derivatization is necessary because the molecule is thermally labile
and/or has poor electron capture response. Corticosteroids have been analyzed after
MO-TMS derivatization (57). Valproic acid (30) and histamine (58) have been
analyzed as their pentafluorobenzyl derivatives. A heterocyclic amine thought to be a
carcinogen, 2-amino-3,8-dimethylimidazo [4,5-f] quinoxaline, has been analyzed as its
3,5-bis-trifluoromethylbenzyl derivative (59).

Electron Capture Response Studies
Electron Capture Negative Ionization Mass Spectrometry Response Studies

The effect on halogen substitution on ECNI-MS response has been studied for
a series of brominated dibenzodioxins and dibenzofurans (60). The presence of at least
two bromines or a bromine with at least one other chlorine is required for high
response. In the ECNI mass spectra of these compounds, Br~ ions usually
predominate; in fact, an assay was developed for brominated compounds based on

monitoring only the ion current corresponding to the Br".
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Crow and co-workers (25) compared the methane positive CI, methane ECNI,
methane/CH,Cl, chloride attachment NCI, and methane/O, NCI source conditions
using chlorobenzenes and bromobenzenes with one to six substitutions. The
compounds all have fairly similar positive CI responses, except for tetrabromo- and
hexabromobenzene which had low responses. In the ECNI mode, bromobenzene,
chlorobenzene, and dichlorobenzene cannot be detected. The tri- and
tetrachlorobenzenes have fairly low responses. In these cases, the major ion is CI7;
minor ions include [M-H]" at about 10% relative abundance. No molecular anion is
observed. The di- and tribromobenzenes have responses in ECNI similar to that
obtained during positive CI. Their spectra consist of mainly Br", with [M-H]" as a very
minor ion (< 0.5%). The only compounds that have molecular anions at significantly
higher responses than under positive CI conditions were pentachlorobenzene,
hexachlorobenzene, and tetrabromobenzene. Hexabromobenzene had a molecular
anion and about the same response as in positive CI. Interestingly, hexabromobenzene
has a lower response than tetrabromobenzene.

The methane/CH;Cl, chloride attachment NCI spectra generally are not very
abundant. The monochlorides and dichlorides were not detected; the trichlorides have
molecular anions, but very poor sensitivity, worse than positive CI or ECNL. Only
pentachlorobenzene and hexachlorobenzene have sensitivities comparable to that
achieved with ECNL

The methane/O5 NCI technique is the best choice for many of the compounds.
For all brominated benzenes except monobromobenzene, it is the most sensitive
detection method. This detection method is also superior for the chlorinated benzenes
containing more than three compounds.

In a study of the responses of chlorinated phenols, biphenyls, and aliphatic
bicyclics, the trends in response for ECD and ECNI were compared (63). In the

phenol and biphenyl systems, molar response increases with increasing chlorine
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number for both ECD and ECNI. In each case, the ECNI response falls slightly for the
fully chlorinated species. However, for the chlorinated bicyclics, the increase of molar
response with increasing chlorine number is observed only in ECNI; the ECD response
does not vary.

Monochlorinated and dichlorinated ethyl acetates have recently been studied by
ECNI-MS and ECD (62). The position of the chlorine substitution is vitally important;
the highest ECD response monochloride is CH,CICOOCH,CH3 while the highest
response dichloride is CH,CICOOCH,CH,Cl. The presence of two chlorine
substituents on the same carbon increases the response slightly, but not significantly.
The standard deviations for this ECD work were quite high (ranging from 10 to 16%).
The standard deviations for the ECNI work were not even reported; this is probably
because typically ECNI-MS standard deviations are higher than ECD standard
deviations. The trends in ECD and ECNI response are the same.

In a study of fluorinated the pentafluorobenzyl, pentafluorobenzoyl, and 3,5-
bis(trifluoromethyl)benzoyl derivatives of phenol (40), it was noticed that the relative
ECNI molar response showed the same trend regardless of source temperature. Each
of these derivatives have spectra consisting of essentially one peak. The relative trends

are the same when compared to the trends in the ECD response.

GC-ECD Response Studies

ECD differs from ECNI in the method of detection. In ECNI, thermal
electrons formed from a reagent gas are captured by the analyte and the resulting
negative ions are detected. In contrast, a standing current in ECD is formed from the
63Ni foil in the ECD detector. The decrease in standing current when an analyte
captures an electron is measured.

Many more response studies for steroids have been done using ECD rather than

ECNI-MS. In studies with haloacyl derivatives of testosterone and diethylstilbesterol
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(63), monochloroacetyl and chlorodifluoroacetyl derivatives capture electrons more
efﬁcienﬂy than trifluoroacetyl (see Table 1.3). Pentafluoropropionyl and
heptafluorobutyryl derivatives capture electrons more efficiently than trifluoroacetyl,
but not quite as well as chlorodifluoroacetyl. However, the features impart by the
heptafluorobutryl derivatives are considered the best compromise between sensitivity
and volatility.

Unsaturated steroids have been studied using ECD. The earliest study was
done by Lovelock and co-workers (64), the person who invented the ECD detector. As
shown in Table 1.4, the 4-ene-3-one system is thought to be the basis for enhanced
response. A steroid with three isolated ketones has the same response as a steroid with
only one ketone. A 1-ene-3-one does not have an appreciable increase in response;
however, a 4-ene-3-one increased the response as in 4-androsten-3,17-dione. The 17-
position seems significant to the authors because 4-cholesten-3-one and testosterone
(4-androsten-3-one-17-ol) have lower responses than compounds with a 17-one. The

4-cholesten-3-one response is lower than that of 4-androsten-3-one by a factor of two.

Table 1.3: Relative Response of the Electron-Capture Detector to some Haloacyl
Derivatives (adapted from reference 63)

Compound

Derivative Testosterone Diethylstilbesterol
Acetyl 1.0 -
Monochloroacetyl 40 2.7
Chlorodifluoroacetyl 340 --
Dichloroacetyl -- 2.6
Trichloroacetyl -- 2.1
Trifluoroacetyl 4 1.7
Pentafluoropropionyl 50 -
Heptafluorobutyryl 190 -

Perfluorooctonyl 600 -
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Since the authors admit that from a single test the reproducibility of 4-androsten-3,17-
dione was within 17%, a difference of a factor of two may not be very significant.
Comparing the response for testosterone to the response for 4-androsten-3,17-dione is
unfair because testosterone has a hydroxy group which is more likely to remain on the
injector or column. Then the authors stated that the location of the carbonyl group in
the D-ring is not important because progesterone, 4-androsten-3,17-dione, and 4-
androsten-3,16-dione have the same response. Perhaps this is true because the 17-
position is not important for enhanced response.

The 1,4-diene-3-one system is interesting. 1,4-Androstadien-3,17-dione has
one fifth the response of 4-androsten-3,17-dione. However, when an 11-ketone is
added to the 1,4-androstadien-3,17-dione, the response increases by a factor of 100.

The other ECD response study for steroids used substituted 17a-
acetoxyprogesterones (65). Methyl groups in the A or B ring have no effect, but
substitution at the C-16 position are important. A methyl group at C-16 increases the
response by a factor of two to three, while a methylene group has two to six times the
response of a methyl group. The 1,4-diene-3-one group has a very small increase in
response over that of a 4-ene-3-one group. Much more significant are the responses of
the linearly conjugated 4,6-diene-3-one system. The addition of a 6-methyl group to
this system increases the response by six. The most sensitive compound in this study
is 4,6-pregnadien-3-one-68-methyl-16-methylene-17a-hydroxy acetate (melengestrol
acetate), which. combines all the important features for enhanced response--linear

conjugation, a 6-methyl group, and a 16-methylene group.
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Table 1.4:  Electron Absorption CoefTicients of Steroids

(adapted from reference 64)

Compound Absorption Coefficient
Androstane 0.01
Cholestane 0.01
Cholesterol 0.03
Androstane-3,17-dione 0.10
Allopregnane-3,11,17-trione 0.50
4-Cholestene-3-one 11.3
Testosterone 84
19-Nortestosterone 9.1
3,5-Cholestadiene-7-one 96.5
17B-hydroxy-1,4,6-androstatrien-3,17-dione 85.0
1-Androsten-3,17-dione 0.21
1,4-Androstadiene-3,17-dione 4.5
4-Androsten-3,17-dione 23.5
4-Androsten-3,16-dione 19.2
Progesterone 22.2
4-Androsten-11-0l-3,17-dione 76.0
1,4,6-Androstatriene-3,17-dione 167
6-Ketoprogesterone 143
4-Androsten-3,11,17-trione 248
4-Pregnene-3,11,20-trione 250
1,4-Androstadien-3,11,17-trione 535
4,4-Dimethyl-5-cholestene-3-one 0.03
Estrone 0.03

All values are relative to the absoption coefficient of chlorobenzene, which is taken as
unity, and are for electrons with thermal energy.
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The Analysis of Steroids Using ECNI-MS
ECNI-MS has been shown to be a sensitive and selective technique for the
analysis of compounds that are either highly halogenated or highly conjugated.
Steroids are typically neither highly halogenated nor highly conjugated nor do they
survive the GC intact; therefore, steroids usually are derivatized before ECNI analysis.
Previous work in this laboratory (10, 66-70) has shown the feasibility of using
chemical oxidation before ECNI analysis for the analysis of selected corticosteroids,
namely dexamethasone in plasma and 6B-hydroxycortisol in urine.
A steroid is a fused four-ring system composed of three cyclohexane rings and
one cyclopentane ring. In the [UPAC system, the parent name of a steroid results from
the number of carbons in its skeleton; for example, a nineteen carbon steroid is an

androstane. The numbering of the carbon atoms is shown in Figure 1.4.

Analytical Techniques for Steroid Analysis

Radioimmunoassay (RIA) has been widely used in the analysis of steroids. In
general, radioimmunoassays provide a precise, low-cost, easy, and sensitive analysis
with minimal or no sample extraction. Very small amounts of sample are needed; this
makes RIA a valuable technique in cases were very little sample is available, as in the
analysis of dexamethasone in newborns (71). A problem with the RIA analysis is
precision; coefficients of variance are usually not better than 5%. Contributions to this
error include specific activity of the label, incorrect optimization of assay conditions,
non-specific binding effects, sample contamination, incomplete phase separation, and
errors in counting of the radioactivity (72). The most significant disadvantage of the
RIA assay is the cross-reactivity with structurally-similar steroids. Also, RIA can
evaluate only one steroid at a time; another assay must be performed to quantitate

another steroid.
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Key for Abbreviations

A = Androstane Cg structure
P = Pregnane C,; structure
C = Cholestane C,7 structure

a or B before a letter refers to the configuration at C-5 of steroids; e. g. @A for Sa-
androstane

Superscripted number after a letter denotes a souble bond; for example, A4 = 4-
androstene

Figure 1.4: Steroid numbering system.
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RIA analyses have been developed for all classes of steroids. For
dexamethasone, RIA analysis (73-77) is the technique of choice for clinical analysis.
RIA is fairly sensitive with a limit of detection (LOD) of 20 pg with a coefficient of
variation on the order of 8%. Known interferences include cortisol (2% as active as
dexamethasone), 9a-fluoroprednisolone (5%), paramethasone acetate (19%), and
flumethasone (11%). For the analysis of 6B-hydroxycortisol, the cross-reactivity with
cortisol is so high (17%) that an extraction step is necessary (78-79). The limit of
detection is 25 pg with a coefficient of variance of 5% using 1 puL of urine or 50 pL of
plasma (80).

Immunoassays based on enzymes have the same advantages of sensitivity and
selectivity as their RIA counterparts, but do not have the problems associated with the
handling and disposing of radioactive materials. An enzyme-linked immunosorbent
assay (ELISA) for urinary 6B-hydroxycortisol (86) has been developed. Like
radioimmunoassays, ELISA methods are quite sensitive, with a detection limit of 10
pg and quite good precision. The major problem with ELISA is the same as with RIA;
that is, cross-reactivity with other steroids. In this case, there was a 1.2% cross-
reactivity with cortisol and 6% with 6B-hydroxycortisone.

Thin-layer chromatography (TLC) is used in the quick screening of drug
formulations (81). To confirm the results of the assay, CI-MS using a direct-probe
inlet was used. Detection limits of this hour-long TLC assay were on the order of 25
ng. TLC is not a useful technique for determining steroids in biological fluids where
the concentration is much lower. On the other hand, a complementary high
performance liquid chromatography (HPLC) method had a detection limit of 2 ng.

HPLC techniques have been used in the analysis of corticosteroids (82-85),
often analyzing more than one steroid at a time. The major advantage of the HPLC
method is there is no need for derivatization; however, HPLC methods suffer ﬁom

problems with sensitivity and selectivity. The most common detector used is
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ultraviolet (UV). Almost all steroids absorb at the same UV frequencies which makes
the extraction steps before analysis critical. In fact, some researchers will knowingly
sacrifice analyte to be sure that the interferences are removed. The best limit of
detection is 0.5 ng/mL for a HPLC method for the analysis of dexamethasone in
plasma. More typical detection limits range from 4-10 ng/mL for a variety of steroids,
including the simultaneous detection of prednisolone and prednisone.

HPLC-MS has been used to make liquid chromatography a more specific
detector for corticosteroids (88-90). Although the HPLC inlet offers the advantage of
direct analysis without derivatization, the sensitivity is not as good as comparable GC-
EI-MS methods. In one study comparing LC-MS with GC-MS (90) for the analysis of
serum cortisol, the LC-MS technique was half as sensitive as the GC-EI-MS technique
employing methoxyamine-trimethylsilyl (MO-TMS) derivatives.

Gas chromatographic methods have long been used in steroid analysis. The
hydroxy group on steroids accounts for their low volatility because of hydrogen
bonding and thermal lability. In order to improve thermal stability and
chromatographic properties, derivatives have been used (50). In the past, various
detectors, such as flame ionization (FID) and electron capture (ECD) detectors have
been used. At the present time, GC-MS is the detector of choice because of the
specificity imparted by the mass axis.

Derivatization reagents should have the following desirable characteristics
(87): |

(1) Only one derivative must be made from the parent compound. More than
one derivative complicates the GC chromatogram and also makes quantization
difficult.

(2) The reaction must be complete. Often an internal standard is reaction

simultaneously in order to compensate for incomplete reactions.
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(3) The by-products should not interfere with the separation or mask peaks
which represent the analyte. Ideally, one or two peaks are obtained, one for the
reaction product and the other for the unreacted moiety. For example, a by-product
such as the leftover derivatization agent should be removed.

(4) The derivative should be stable so that it does not degrade before GC
analysis.

(5) The derivatives must not interfere with the separation of the parent
compounds; i. ¢., the derivatives of two different compounds should be different.

(6) Other important advantages derivatization may have is the improvement of
chromatography and the incorporation of a clean-up step.

(7) For GC-MS, the majors ions should be dependent on the parent molecule,

not the derivatizing moiety.

The Analysis of Corticosteroids Using Mass Spectral Techniques

The synthetic corticosteroid dexamethasone has been successfully detected
using GC-EI-MS techniques. One of these techniques, based on the trimethylsilyl-
enol-trimethylsilyl-ether (tetra-TMS) derivative of dexamethasone was used in the
determination of dexamethasone in human plasma (66). The detection limit was
approximately 0.15 ng/mL. Replicate injections of sample were not possible; the
extract was dissolved in 5 pL of hexane and 3-4 pL of this extract was injected into the
GC-MS. The injection of such a large fraction of the sample resulted in the
accumulation of cqntaminants on the GC column, requiring frequent removal of short
sections of the column. The other method (91) used the tetra-TMS derivative to
confirm the presence of dexamethasone in bovine tissues after analysis by normal-
phase HPLC. The sample extraction was complex: after a three-phase liquid-liquid
extraction, the sample was injected onto a coupled-column HPLC system. The

detection limit of this method was 6 ppb. Problems with the EI analyses include
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choice of ions to monitor. The molecular ion has a relative abundance of less than
10%. The ions monitored, [M-335]* and [M-375]%, are not particularly diagnostic. In
order to overcome this difficulty, high resolution selected ion monitoring (HR-SIM)
was used.

Chemical ionization methods have found limited use in the analysis of
corticosteroids. Both MO-TMS and tetra-TMS derivatives were used for a GC-CI-MS
study of dexamethasone (92). The [M+1]" ion of the tetra-TMS derivative had a
higher relative abundance than for MO-TMS (80% vs. S0%), so the tetra-TMS was
used for the development of an assay for the determination of dexamethasone in
human plasma. The detection limit of pure sample was about 100 pg; however, the
limit of detection in plasma was not determined. An estimate of the detection limit can

be obtained by noting that the lowest value on the calibration curve was 500 pg.

Electron Capture Negative Ionization Mass Spectrometry

ECNI-MS has been shown to be a very sensitive technique for compounds with
electrophilic substitutions. Not many steroids are inherently electron capturing;
therefore, a derivatization step is needed to improve sensitivity. Many conventional
electron-capturing derivatives have been used for this purpose. For example, the
pentafluorobenzyloxime derivative of testosterone has been analyzed by isobutane
ECNI (93), but its base peak was [CgFgCH,]™ and another prominent ion was [M-HF]™
(see Figure 1.5); The former ion could be found in any such derivative of a steroids
and thus lacks selectivity. Selected ion monitoring (SIM) of the [M-HF]™" ion gave a
detection limit of about 20 pg.

Having a large propértion of the ion current carried by the reagent-specific ion
causes many difficulties in the specificity of the analysis. In order to overcome this
problem, researchers have developed MO-TMS methods for steroids with substitution

in the form of double bonds, carbonyl, and hydroxyl groups (57, 88, 94).
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Figure 1.5: ECNI mass spectrum of pentafluorobenzyloxime, TMS-ether derivative
of testosterone. The base peak at m/z 181 represents the pentafluorobenzyl anion
(from reference 93).
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Corticosteroids such as prednisone, prednisolone, dexamethasone, and betamethasone
fall into this category. The MO-TMS derivative does not confer any electron-
capturing properties to the steroid; however, the derivatization process enables the
compound to survive the GC intact. In the case of the MO-TMS derivative of
prednisolone acetate, the M~ ion was formed and fragmentation was minimal. The
limit of detection was 80 pg. The spectra are very different for prednisolone,
dexamethasone, and betamethasone. M™ or [M-H]™ is very small, less than 10%
abundance. The base peak often is [M-2(NOMe)-TMS]", which does correspond to
the parent molecule. Fragmentation is much more prevalent. Even so, quantitation of
0.1 to 10 ng of corticosteroids in human aqueous humor are possible by this method.
Along with problems associated with fragmentation, other problems with the MO-
TMS derivative include the possibility of forming chromatographically-separable
isomers, which makes quantitation difficult. Also, the derivatization procedure occurs
in two steps; this may be less efficient than a one-step procedure.

A recent method for the analysis of dexamethasone in plasma and synovial
fluid is based on the use of a tri-TMS derivative followed by GC-ECNI-MS analysis
(95). The ion monitored corresponds to the [M-TMSOH-TMS]"; very little other
fragmentation is noted. The limit of detection is 0.1 ng/mL with a coefficient of

variance of 6%.

Use of the Oxidation Methodology

When using conventional derivatization procedures to improve the vapor-phase
characteristics and the electron-capture properties of the analyte for further analysis by
ECNI-MS, there are two significant disadvantages. One is that any compound with the
derivatizable functional group (such as hydroxy or amino group) will react with the
derivatizing agent, thus forming species which can be detected by ECNI-MS and

which may interfere with the detection of the analyte. Another disadvantage often
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observed is that the major ions are indicative of the derivatization moiety rather than
the parent molecule.

In order to overcome these disadvantages, an approach to derivatization using
chemical oxidation has been used in this laboratory (10, 66-70). Using a mild
oxidizing agent such as pyridinium chlorochromate (PCC), hydroxysteroids are
converted to ketosteroids. Under ECNI conditions, these ketosteroids either form a
molecular anion or undergo simple dissociation such as losing hydrogen, a methyl
group, or HF. With little or no fragmentation, sensitivity is improved.

The real advantage of the oxidation methodology is the selectivity against
background. Steroids amenable to this technique are oxidized to highly electrophilic
species; other endogenous steroids form species which do not efficiently capture
electrons. The decrease in background is best illustrated in Figure 1.6. In this
experiment, a urine sample was spiked with 6B-hydroxycortisol. The oxidized product
of 6B-hydroxycortisol, 4-androsten-3,6,11,17-tetrone, has an enhanced ECNI response
due to the linearly conjugated 4-ene-3,6-dione system. The EI-MS reconstructed total
ion chromatogram (Figure 1.6(a)) illustrates the response from a non-selective
detector. All of the steroids in urine elicit a response. The spiked 6B-hydroxycortisol
has a small response compared to the other steroids. If the selective ECNI-MS
detector is used instead, the background virtually drops off (Figure 1.6(b)), and the
signal due to the oxidized 6B-hydroxycortisol is significantly enhanced. Most of the
trouble in developing sensitfve ECNI methods is not in the response of the compound
of interest but in the presence of background. The described oxidation methodology
can help overcome this background problem.

Assays developed for steroids using the oxidation methodology are relatively
sensitive.  Steroids which can be successfully assayed include dexamethasone,
betamethasone, prednisolone, prednisone, and 6B-hydroxycortisol. The limit of
detection for the analysis of dexamethasone in plasma is 0.25 ng/mL (66). This is
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Figure 1.6: The oxidized product of 6B-hydroxycortisol is 4-androsten-3,6,11,17-
tetraone. A sample of urine was spike with 6B-hydroxycortisol, extracted, and
oxidized using PCC. (a) TIC from GC-EI-MS analysis (about 56 ng of analyte on-
column). (b) TIC from GC-ECNI-MS analysis (about 44 ng of analyte on-column).
Note the improvement in selectivity and sensitivity (adapted from reference 69).
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much higher than the detection limit of the instrument which is 160 fg pure standard.
One of the reasons for this disparity is the high value of the blank because the internal
standard used, 13Cg,2H;-dexamethasone, had a significant amount of unlabeled
dexamethasone present.

In comparison to the ideal derivative described previously, the oxidation
methodology fares well. Only one derivative is made from each compound using the
PCC reaction. Reaction efficiencies have been estimated at 50-95% (96) depending on
the analyte. An isotopically-labelled or structurally-similar internal standard can
compensate for the inefficiency of the reaction or losses during the clean-up
procedures. By-products from the reaction itself are rare, but if the do exist, they are
usually not as electron-capturing as the analyte. Because the derivatives are extremely
stable, they can be stored for months in the freezer. After oxidation, chromatography
of the steroids is improved over parent compounds. Interferences are minimized
because the analyte oxidizes to a higher-response compound than the matrix; therefore,
stringent clean-up procedures before GC-MS analysis are not needed. The major ion
in the ECNI mass spectrum of oxidized steroids is always dependent on the parent
molecule as either the molecular anion or an ion based on a simple loss from the parent
molecule is formed.

The major problem with the oxidation methodology is that the derivatives of
two different compounds are not necessarily different. For example, the steroidal
drugs prednisone or prednisolone differ only by the substituent at C-11, which is either
a hydroxy or carbonyl group. Upon oxidation with PCC, both prednisone and
prednisolone form the identical product, 1,4-androstadien-3,11,17-trione (see Figure
1.7). One method of analyzing prednisone in the presence of prednisolone is by
careful choice of the oxidizing agent. If sodium bismuthate is used, the 11-hydroxy
group will not react; thus, prednisone can be analyzed without interferences.
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Figure 1.7: Prednisolone and prednisone are oxidized to the same product, 1,4-
androstadien-3,11,17-trione.

In an attempt to improve the selectivity and sensitivity of the oxidation
methodology, ECNI-MS-MS was tried (68). Oxidized dexamethasone was analyzed
using selected reaction monitoring (SRM) of the ion currents corresponding to the
reactions m/z 330 (M™") = m/z 310 ((M-HF]™"). When the GC inlet was used, there
was no noticeable difference between the samples analyzed by SRM and those
analyzed by conventional SIM. The major advantage to SRM is that the direct inlet
probe can be used, which significantly simplifies and shortens the analysis.

Objectives of This Study

The analysis of steroids in biological matrices, such as urine or plasma, is a
complex problem. One possible way to solve this problem involves the use of
chemical oxidation followed by GC-ECNI-MS analysis. The chemical oxidation step
converts the hydroxysteroids into ketosteroids, thus improving their chromatographic
properties. Also, this step imparts a degree of selectivity because the oxidized product
of the steroid of interest, usually a steroidal drug or 6B3-hydroxycortisol, will have a

higher ECNI response than endogenous steroids.
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In this study, three aspects of the chemical oxidation methodology were further
developed: (1) the oxidation of steroids by alternative methods, (2) the study of the
relationship of structure to ECNI response of steroids and other cyclic compounds, and
(3) the development of specific assays for dexamethasone, prednisolone, and anabolic
steroids.

Pyridinium chlorochromate (PCC) has been the oxidizing agent of choice for
the conversion of hydroxysteroids into ketosteroids. Virtually no selectivity is
imparted by this technique; all hydroxy groups within the steroid nucleus are converted
into carbonyl groups. The efficiency of conversion ranged from 50 to 95% depending
on the parent compound. Optimum reaction times are in the six to eight hour range. If
this method is to be used in a clinical setting, the oxidation and clean-up procedure
must be on the order of eight hours, a typical work day. In an attempt to improve
selectivity, efficiency, and reaction time, other oxidation methods were investigated.
Electrochemical oxidation was primarily studied because of its potential to solve
problems inherent in the PCC methodology.

The success of the chemical oxidation methodology is dependent on the
suppression of the interfering compounds. This occur because these compounds do not
oxidize to highly electron-capturing species. In the investigation of the effects of
structure on the ECNI response of steroids, different combinations of double bonds,
carbonyl groups, halogens, and epoxides were studied. Smaller cyclic systems, such as
cyclohexanes, quinones, and terpenes, were studied to compare the effect of molecule
size on the ECNI response. In order to further understand the structure-response
correlation, the ECNI response will be compared to the electrochemical reduction
potential which can be considered the ability to capture an electron in the solution
phase. The results from the structure-response study will be used as a guide for
choosing steroids and other biological compounds amenabl¢ to ECNI assay

development.
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Finally, this project also involved the use of chemical oxidation for assay
development. One particularly exciting area is in the development of assays for
anabolic steroids. Because many anabolics have low responses under ECNI
conditions, other electron-capturing derivatives such as trifluoroacetyl and
pentafluorobenzyl, were investigated.

Two collaborative projects involving the analysis of steroids were done using
the chemical oxidation methodology. The analysis of dexamethasone in human
plasma was done in collaboration with Dr. Clinton Kilts of Duke University. The
other, involving the determination of prednisolone in mouse plasma, was done in
collaboration with Dr. Pamela Fraker of Michigan State University.

The results of these studies will further the understanding of the process behind
the ECNI response of ketosteroids as well as provide further examples of the utility of
the chemical oxidation methodology.
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Chapter 2: Electrochemical Studies of Steroids

The oxidation of hydroxysteroids to ketosteroids is the first step in the chemical
oxidation assay for steroids in urine or plasma. In previous work in this laboratory (1),
pyridinium chlorochromate (PCC) was chosen as the best reagent for the oxidation
step. Several problems are encountered with the use of PCC. Depending on the
compound, the yields range from 50 to 100%; therefore, complete oxidation is not
available for all compounds. In order to achieve high yields, long oxidation times (5-
10 hours) are necessary (1). Because this assay is designed to be done in a typical
eight-hour work day in a clinical setting, a sufficient shortening of the PCC oxidation
step could mean that the extraction from plasma and the oxidation steps could be
accomplished in the same day rather than the two days now needed. Under PCC
conditions, all hydroxysteroids are oxidized to ketosteroids; often a greater degree of
selectivity is needed. For example, using PCC, both prednisone and prednisolone are
oxidized to the same compound, 1,4-androstadien-3,11,17-trione. A methodology that
could distinguish the two steroidal drugs would be useful.

Electrochemical oxidation has been proposed to overcome some of the
problems with PCC oxidations. If the oxidation potentials of two steroids are
different, electrochemistry could selectively oxidize the one with the less positive
potential.  Electrochemical oxidation also has the potential for more efficient
conversions than by chcmichl means in a shorter period of time.

Steroid reduction potentials have been determined in order to compare the
capture of an electron in the condensed phase to the capture of an electron in the gas
phase. The electrochemical reduction potential in aprotic solution can be correlated

with the electron affinity of the compound as done by Chen and Wentworth (2).
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Electrochemical Synthesis of Ketosteroids

Very few examples of direct oxidative conversion of alcohols to ketones exist
in the literature; this is due to the high oxidative potentials required (3). However,
many examples of the use of oxidation for the detection of steroids exists, especially
with HPLC-EC (electrochemical detection).

Several researchers have used electrooxidation for organic synthesis. Shono
and co-workers (4) used the anodic oxidation of the dienol acetates of steroids to
mimic liver microsomal y-hydroxylation of 4-en-3-ketosteroids. A constant potential
of 2.0 V (vs. SCE) with a platinum electrode was used. Electrochemical oxidation also
was used to synthesize 9-substituted products of 1,3,5(10)-estratrien-3-methoxy-17-
one (5). The oxidation was performed in an undivided cell with two platinum
electrodes at a constant current of 800 mA for 40 min. Substitution at the 9-position
depends on the solvent system used; for example, the use of methanol resulted in 9-
methoxy products. When methanolic sodium cyanide is used as the solvent, three
major products were formed with the cyano group at either the 2-, 3-, or 10B-positions
(6).

Some electrosynthetic procedures used modified electrodes. The oxidation of
cholesteryl acetate dibromide (7) using a lead dioxide electrode resulted in an 85 to
93% yield of products. After debromination, the major products were 15-
hydroxycholesteryl acetate, 24-dehydrocholesteryl acetate, and 25-dehydrocholesteryl
acetate. The selective oxidation of 3-hydroxysteroids has been accomplished using a
nickel oxide hydroxide electrode (8). The yields for this selective oxidation are
generally low, ranging from 22 to 78%.

Electrochemical detection of steroids after HPLC separation has been
accomplished by oxidation.  Ethynylestradiol (1,3,5(10)-estradien-17a-ethynyl-
3B,17B-diol) can be oxidized with a mercury electrode (9). When the potential is held

for some time at the switching potential of the cyclic voltammagram, sharp reduction
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waves are noted. These data suggest that the oxidation process produces an insoluble
mercury compound. Ethynylestradiol is not oxidized when either gold, platinum, or
glassy carbon electrodes are used. Phenolic steroids can be easily oxidized
electrochemically, but the oxidation is more difficult for saturated steroids. A HPLC
method (10) with electrochemical detection was devéloped using acetonitrile
containing sodium perchlorate as the mobile phase. The oxidation potentials (vs. SCE)
ranged from 1.08 V for ergosterol to 1.78 V for campesterol. The detection limits
varied between 10 and 100 ng. In some cases, this was an improvement in sensitivity
over that of UV detection by a factor of ten.

Some ketosteroids are more effectively detected if they are derivatized before
HPLC-EC. Because reduction of a ketone group occurs at fairly negative potentials, it
is imperative that oxygen be removed before analysis, which is difficult to do when
using HPLC. In order to efficiently oxidize ketosteroids, derivatization is necessary
(11,12), usually with phenylhydrazine. Détcction limits are on the order of 5 ng.

Because the electrochemical oxidation of alcohols occurs at fairly high
oxidation potentials, some researchers have designed ingenious methods of
overcoming this problem. One such method involves the use of iodonium ion as the
catalytic electron carrier (13). The low anode potentials used (0.6-0.8 V vs. SCE) are
sufficient for the oxidation of the iodine, which serves as both a catalyst and an
electron carrier. Secondary aliphatic linear and cyclic alcohols have been converted to

their corresponding ketones in yields typically ranging from 72 to 100%.

Electrosynthesis on Planar Electrodes
In these experiments, steroids were directly oxidized using platinum electrodes.
After problems with extracting the products from the supporting electrolyte were

solved, bulk electrolysis was used for synthesis. Because the oxidization product



56
adhered to the electrode, direct desorption off an electrode in a mass spectrometer
source was an interesting possibility.
Experimental

Chemicals. All solvents used for electrochemistry were HPLC grade and
purified before use. All solvents were transferred under vacuum to ensure they were
pure and oxygen-free. The supporting electrolyte, tetrabutylammonium fluoroborate
(TBAPF), (n-C4Hg)4NBF,, was purchased from Southwestern Chemicals (Austin, TX)
or Aldrich (Milwaukee, WI). Steroids were purchased from Sigma (St. Louis, MO) or
Steraloids (Wilton, NH).

Electrochemical Cell. For cyclic voltammetry studies, a specially designed
one-compartment cell was used (see Figure 2.1). The cell is designed for use with
three electrodes: a platinum wire auxiliary electrode, a silver wire reference electrode,
and either a platinum, glassy carbon, or gold disk working electrode (BAS, W.
Lafayette, IN). The design of the cell allows solvent transfer under vacuum. A
"dumpster” side arm of the cell holds the compound of interest; this allows a blank
analysis before the sample is added.

The silver wire reference electrode is really a quasi-reference electrode (QRE).
If the silver wire is placed in nitric acid, it undergoes the following reaction:

AgNOj+¢” = Ag®+NOj-.
Because nitric acid will not be used in these analyses, no equilibrium will be
established. Also, the silvcf wire electrode potential will change with time. To
determine a reference point, an internal standard that has a well-known reduction
potential should be added to the cell. Ferrocene has been used for this purpose. All
the other peaks in the cyclic voltammagram (CV) then can be compared to the
reference peak.

Electrochemical synthesis was performed in the three-compartment cell shown

in Figuré¢ 2.2. These three compartments are separated by frits, but all three
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Figure 2.1: One-compartment electrochemical cell used for cyclic voltammetry. All
solvent transfer is done under vacuum; the connection to vacuum is not shown. (a)
Silver wire reference electrode, (b) Platinum working electrode, (c) Platinum counter
electrode, (d) Sample reservior (adapted from reference 14).
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Figure 2.2: Electrochemical cell used for bulk electrolysis. All solvent transfer is
done under vacuum; the connection to vacuum is not shown. (a) Platinum counter
electrode, (b) Silver wire reference electrode, (c) Platinum working electrode, (d)
Platinum gauze electrode, (¢) Sample reservoir (adapted from reference 14).
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compartments contain supporting electrolyte and solvent. The actual conversion of
analyte using a platinum gauze electrode occurs in compartment 3. The silver wire
reference electrode, which is encased in glass with a small frit on the bottom, is also in
this chamber. The platinum auxiliary electrode is located in compartment 1 to prevent
any undesired side reactions. The auxiliary electrode in compartment 3 is used only
for the preliminary CV before beginning the electrolysis. All solvent transfer is done
under vacuum.

Cyclic Voltammetry (CV). In CV, the potential of a stationary working
~ clectrode is increased linearly to a point and then decreased back to its starting point.
After scanning to a potential where one or more electrode reactions take place, the
direction of the scan is reversed and the reactions of the intermediates and products
formed during the forward scan can sometimes be detected. CV is not a routine
quantitative analysis technique, but has been used to study rates and mechanisms of
oxidation-reduction processes (15, 16). In a reversible reaction, the equilibrium
conditions between the oxidized and reduced material are maintained even with a
rapidly changing potential. To be a reversible reaction, the difference in peak
potentials between the anodic and cathodic peaks must be AEp = Ep(anode) -
Ep(cathode) = 57/n mV where n equals the number of electrons involved in the
electrochemical process. Reversibility is dependent on the scan rate used. The
forward and reverse rate constants for the expression

O+e¢ =R
are finite; therefore at high scan rates the equilibrium will not be maintained as the
potential changes. Quasi-reversible refers to reaction where the forward and reverse
rate constants are of the same magnitude. Irreversible refers to reactions where ky>>k¢
for the anodic peak. In this case, AEp > 57/n mV. Often only the anodic peak is seen

because the material is not rereduced at a sufficient rate.
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In this work, cyclic voltammetry was done using a one-compartment cell with
about 2-5 mg of steroid, 0.2 M TBAF, and 3-4 mL solvent. The potential was scanned
from 0 to 2.5 V at 100 mV/s and then reversed. All analyses were run on a BAS 100-
A Electrochemical Analyzer (W. Lafayette, IN).

Bulk Coulometry. Coulometry is a constant potential technique; the current
changes to keep the potential constant relative to a reference electrode. Bulk
coulometry was used for the oxidation of steroids on a synthetic scale. About 20 mg of
steroid were placed in compartment 3 of a three-compartment electrolysis cell
(illustrated in Figure 2.2). The solvent and 0.2 M TBAF were placed in all three
compartments. An EG&G Princeton Applied Research Potentiostat/Galvanostat
Model 273 (Princdon, NJ) was used in the potentiostat mode. Synthetic oxidation was
accomplished at a constant potential 200 mV above the anodic peak in the CV because
at the peak potential only 50% of the sample can be converted.

Thin-Layer Bulk Electrolysis (TBLE). Thin-layer bulk electrolysis is an option
on the BAS-100A Electrochemical Analyzer system. It differs from bulk coulometry
in the way data are gathered and displayed. In bulk electrolysis, at minute-long
intervals, the ratio of the average current of that minute to that of the first minute is
computed. The charge ratio is also computed at one-minute intervals. In TLBE, the
current and charge ratios are computed every second; therefore, a decision about the
fate of the electrolysis can be made every second, rather than every minute. TLBE is
useful for electrolysis of short duration; that is, only a few minutes.

Preliminary Cyclic Voltammetry

Choice of Solvent and Electrolyte. The solvent for oxidation must be capable
of dissolving the analyte as well as having the appropriate potential range. The
accessible potential ranges for several solvents are listed in Table 2.1. Note that these

figures can only be taken as a guide because the actual potential limit is dependent on
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Table 2.1: Accessible Potential Range for Some Solvents

(Adapted from reference 10)
Solvent Cathodic Limit Anodic Limit
V vs. SCE V vs. SCE
Water 2.7 1.5
Methanol 2.2 ' 1.8
Acetonitrile -3.5 24
Dimethylformamide -35 1.5
Tetrahydrofuran -3.6 1.8
Methylene chloride -1.7 1.8

Table 2.2: Accessible Potential Ranges in Dimethylsulfoxide Containing Different
Supporting Electrolytes (0.1 M) (Adapted from reference 10)

Electrolyte Cathodic Limit Anodic Limit
V vs. SCE V vs. SCE
LiClO4 -2.68 2.10
KClO4 -2.33 2.10
NaClO4 -2.08 2.10
KNO; -2.33 2.10
KBF, -2.33 2.10
K5»S,04 -2.33 2.10
LiCl -2.68 1.52
MeyNCl1 -2.40 1.52
Et4,BClO,4 -2.30 2.10

BuyNBr -2.40 1.45
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solvent purity, electrode material, and electrolyte. The potential range of some of the
common electrolytes is listed in Table 2.2.

In this work, methylene chloride, acetonitrile and tetrahydrofuran were used as
solvents for cyclic voltammetry because steroids are soluble in these solvents. TBAF
was the supporting electrolyte because tetrabutylammonium salts have a high anodic
limit. Prednisolone, prednisone, and 4-androsten-173-ol-3-one were used as the test
compounds.

Results from Preliminary Oxidation Studies. Of all the commonly used
electrochemical solvents, steroids are generally more soluble in methylene chloride.
Using methylene chloride, both prednisolone and 4-androsten-17B-ol-3-one were
oxidized, and the oxidation was not reversible. However, the CV was not reproducible
on a day-to-day scale; the next time the experiment was attempted, no oxidative peak
was seen for either compound.

Table 2.3: Oxidation Potentials of Various Steroids in Acetonitrile
N. B.: All oxidation potentials were obtained using a quasi-reference electrode.

Because these data were obtained on different days and no internal standard was used,
the values cannot be directly compared.

Compound Oxidation Potential
(V vs. QRE)

Prednisolone 24
Prednisone Did not work
Cortisol : 2.1
Cholesterol 2.1
Dexamethasone 23
6B-Hydroxycortisone 2.4
4-Androsten-6p-ol-3,17-dione 2.1

Acetonitrile has a larger potential window than methylene chloride, which

allows more steroids to be oxidized. As shown in Table 2.3, many steroids were
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oxidized using acetonitrile with TBAF as the supporting electrolyte. Prednisolone has
prominent oxidative peaks (see Figure 2.3), and the oxidation reaction was not
reversible so that the products will not be reconverted into starting material.

Prednisolone was chosen as the model compound for the bulk coulometry studies.
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Figure 2.3: Cyclic voltammagram showing that electrochemical oxidation of

prednisolone is irreversible. The oxidation potential of prednisolone is 2.3 V vs. QRE
(quasi-reference electrode).

Steroids with 6PB-hydroxy groups have large oxidative peaks. 6f-
Hydroxycortisone had a very large oxidative peak, but because it was very expensive
(about $8000 per gram), all further work was done using the much less expensive 4-
androsten-6B-ol-3,17-dione.

Electrosynthesis
Removal of the Supporting Electrolyte. In order to determine the efficiency

and the products of the oxidation using GC-MS, first the supporting electrolyte must
be removed. About 99% (w/w) of the solute is supporting electrolyte. Many methods
were developed to remove the TBAF.
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The steroids are soluble in benzene, but not in water. TBAF is insoluble in
benzene and slightly soluble in water. A trial solution containing prednisolone, 1,4-
androstadien-3,11,17-trione, TBAF, and acetonitrile was evaporated under nitrogen,
then redissolved in benzene. A cloudy solution resulted. Then, the salt was extracted
with water, because the salt is more easily dissolved in water than the steroid. After
five to six extractions, the benzene is evaporated and the residue is dissolved in ethyl
acetate. Using ECD-GC, the extraction efficiency was calculated to be 2.1% for
prednisolone and 14% for the expected oxidized product, 1,4-androstadien-3,11,17-
trione. Another extraction that works just as well as benzene/water is ethyl
acetate/water. This extraction follows the same procedure as benzene/water with about
the same yield. Many other methods of separation of salt and steroid were tried, most
unsuccessfully. One reason for the limited success is that TBAF and the steroids used
have approximately the same solubility in a variety of organic compounds.

C18 solid-phase extraction columns have been used for desalting matrices
because salts pass through unretained (17). A C18 column was conditioned with
methanol and then water. Then 1 mL of trial solution containing TBAF, 1,4-
androstadien-3,11,17-trione, and acetonitrile was placed on column. After washing.
with water and then hexane, ethanol was used as the eluent. Less than 0.5% of the
steroid was recovered, and a great deal of noise was present in the GC chromatogram.
This desalting procedure is probably most effective with salts that are more water-
soluble then TBAF.

Because the methods of salt separation have very poor efficiency, "benzene
recrystallization” was used to separate out the salt. The electrochemical solution,
dissolved in acetonitrile, is evaporated under nitrogen. A small amount of benzene is
added, and the solution is cooled in an ice bath. After several hours of cooling,
crystals of salt form and are filtered. The filtrate, containing the steroid, is evaporated

and reconstituted in ethyl acetate for further analysis. A trial electrochemistry solution
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containing the supporting electrolyte tetrabutylammonium tetrafluoroborate (TBAF)
and 1,4-androstadien-3,11,17-trione went through this procedure. £ TBAF was
recovered with an 85% yield and the steroid was recovered with a 90% yield.

The benzene recrystallization method was also tried with a real sample, a
prednisolone electrochemical oxidation. The approximate recovery of TBAF was
93%. The recovery of the oxidized product (1,4-androstadien-3,11,17-trione) was less
than 1%. The recovery of starting material, prednisolone, was 25%. This suggests that
the extraction procedure works, and the low yield of product is due to something other
than poor extraction efficiency.

UV Studies of Steroids. Ultraviolet spectroscopy (UV) studies were
undertaken for two reasons. One was to determine the maximum wavelength of
selected steroids for use with HPLC-UV detection. The other was to see if the
differences between the unextracted and the salt-extracted electrooxidation products of
prednisolone were observable by UV spectroscopy.

All studies were done using a Varian DMS 200 UV-Vis Spectrophotometer.
The maximum wavelengths for a series of steroids in methanol are shown in Table 2.4.
Most steroids have a maximum wavelength between 235-250 nm, which justifies the
use of 240 nm for the HPLC detector. Cholesterol, with a wavelength below 220 nm,
is one exception. The supporting electrolyte, TBAF, also has a maximum wavelength
under 220 nm.

The actual electrochemical reaction products, all dissolved in acetonitrile, were
also studied. The maximum wavelengths for the standards in acetonitrile were less
than those in methanol. Prednisolone had a maximum wavelength of 233 nm, while
1,4-androstadien-3,11,17-trione had one of 240 nm. The unextracted electrooxidation
of prednisolone had two maxima, one at 236 nm and the other at less than 200 nm.
The maximum wavelength of the benzene recrystallized product is 236 nm, just the

same as one of the unextracted peaks. The extra peak in the unextracted sample is
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probably not due to TBAF. An almost saturated solution of TBAF in acetonitrile was
analyzed and no response was noted in the 190-300 nm range.

Table 2.4: UV Data for Selected Steroids in Methanol

Maximum " Molar absorptivity
Sample Wavelength (nm) (L mol-lcm-!)
1,4-Androstadien-3,11,17-trione 237.8 14500
Prednisolone 2424 9770
Cortisol 2410 13400
4-Androsten-3,11,17-trione 236.3 13800
Cholesterol <220 ---
4-Cholesten-3,6-dione 250.1 7870
TBAF <220 ----

High Performance Liquid Chromatography. In order to identify and quantitate
both the starting material and the oxidized products from the electrochemical

oxidation, a reverse phase HPLC method was developed. A Waters 600 multisolvent
delivery system coupled with a Waters 712 WISP autosampler, a Waters 740 data
module, and a Kratos Spectroflow 783 absorbance detector set at a wavelength of 240
nm with a range of 0.2 AUFS. Either 20 puL of the steroid standard or 10 pL of the
real reaction solution was injected into a 150 x 4 mm Biorad ODS-55 C18 column.
The flow rate was 1 mL/min.

The major objective of the HPLC method development was to separate TBAF
from prednisolone and 1,4-androstadien-3,11,17-trione. Isocratic systems consisting
of varying amounts of water/methanol and water/methanol/acetic acid were not
successful. A gradient system which varied the methanol concentration from 100% to

80% in 20 minutes also did not work. An acetonitrile/water solvent system seemed
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most promising. The results from this study are shown in Table 2.5. The solvent
system used for the analysis of the real electrochemical samples was 70% water/30%

acetonitrile.

Table 2.5: Reverse Phase HPLC of Electrochemical Solution

% Water % Acetonitrile Results
40 60 TBAF and prednisolone were not separated
60 40 TBAF and prednisolone were not separated
70 30 TBAF and prednisolone separated
80 20 Did not work

Bulk Coulometry of Prednisolone

Experimental. About 35 mg of prednisolone was placed in the third
compartment of a three-compartment cell (see Figure 2.2) with acetonitrile as the
solvent and TBAF as the supporting electrolyte. Controlled potential coulometry was
run at 2.1 V. The decay of current was monitored. After two and a half hours, it did
not quite reach zero, but this may be due to impurities. During the experiment, 7.06
coulombs were passed.

Results. The oxidized solution was analyzed using HPLC with the 70%
water/30% acetonitrile solvent system. The chromatogram is shown in Figure 2.4(a).
From a comparison with .standards, the apparent formation of 1,4-androstadien-
3,11,17-trione is 0.9%, and the recovery of the starting material (prednisolone) is 56%.
However, if the electrochemical sample is spiked with an authentic sample of 1,4-
androstadien-3,11,17-trione, the peaks are separated as shown in Figure 2.4(b).
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Figure 2.4: HPLC of electrochemically oxidized prednisolone (not extracted).
Suspected identity of peaks: (1) TBAF, (2) prednisolone, and (3) oxidized product.
(a) Electrochemical oxidation product. (b) Electrochemical oxidation product spiked
with 1,4-androstadien-3,11,17-trione. Peak 4 is the spiked compound.

0 9 17
Time (minutes)

Figure 2.5: Fractions collected from the HPLC analysis of the electrooxidation
product of prednisolone.
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Table 2.6: Suspected Identity of HPLC Fractions

HPLC Fraction GC Peak Identity
1 1 nothing (perhaps solvent front)
2 1 plasticizer
2 unknown
3 1 unknown
2 plasticizer
4 1 unknown
2 plasticizer
3 mj/z 282 (corresponds to prednisolone —
substituents at C—17 — water)
4 1,4-androstadien-3,11,17-trione
5 1 nothing
6 1 1,4-androstadien-3,11,17-trione
2 prednisolone

In order to determine the identity of the compounds represented by these peaks,
fractions were collected (see Figure 2.5). Six injections of S0 pL each were made.
The fractions were lyopholized, then reconstituted for further analysis by GC-MS. The
GC-EI-MS results are summarized in Table 2.6. Note that the supporting electrolyte
produced no GC peaks other than baseline noise because it breaks down in the injector.
Some fractions may have contained substantial amounts of supporting electrolyte.

The peak previously assigned to the supporting electrolyte was incorrect
because a sample of this compound at the concentration in the electrooxidation product
did not give a response. Further UV analysis shows that TBAF does not have a
response at 240 nm, the wavelength used for all HPLC analyses. This peak, at 4.3
minutes, disappears after the sample has had the supporting electrolyte removed, so
somehow whatever is eluting must have some relation to the supporting electrolyte or

is just extracted along with the supporting electrolyte.
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The other problem is the peak correponding to the suspected oxidation product.
This retention time is shifted for all the electrooxidations, whether or not they have had
the salt extracted. If prednisolone is oxidized using PCC oxidation, the peak retention
times for oxidized product and 1,4-androstadien-3,11,17-trione coincide.

The results from the quantitation of the peaks again show the inefficiency of
the electrooxidation. By PCC oxidation, there was a 50% recovery of the oxidized
product. When the electrochemical product was run unextracted, 14% of the
prednisolone and 11% of what is thought to be the oxidized product were recovered.
The prednisolone peak is overlapped by several peaks; therefore, it is hard to
quantitate. After the electrochemical oxidation product has had the salt removed by
benzene recrystallization, 6% of the prednisolone and 5% of what is thought to be the
oxidized product is recovered. This shows that some steroid is lost in the extraction
procedure.

Electrochemistry of Steroids Other than Prednisolone

Prednisolone was the first steroid to exhibit any type of electrochemical
response. In the search for more steroids that might exhibit an electrochemical
response, prednisone was thought to be promising because it has an 11-carbonyl rather
than a 11-hydroxy group, thus having one less functionality to oxidize than
prednisolone. Prednisone, however, did not give an electrochemical response. This
may be because its oxidation potential is greater than that of the solvent (acetonitrile).

Cortisol (4-pregnen-11p,17c,21-triol-3,20-dione) seemed to be a logical next
choice because it is structurally similar to prednisolone, lacking only one double bond.
Cortisol did display an oxidative response (potential at 2.1 V vs. QRE). For the bulk
electrolysis, about 23 coulombs should have been passed if all the steroid had been
oxidized; only about 11 coulombs were passed. The resulting solution was yellow, but
the color may have been due to an impurity. Analysis by GC-MS showed that the
product has two components. One is 4-androsten-3,11,17-trione, the expected
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oxidation product. The other was not identified, but could be the breakdown of
cortisol in the gas chromatograph. The starting concentration of cortisol was not
available because more was added during the course of the reaction; therefore, the
percentage oxidized is not known. Pyridinium chlorochromate oxidation (PCC)
oxidation of cortisol gave a 30% yield. '

Cholesterol was chosen as the next steroid to oxidize because it is relatively
inexpensive and has been used for oxidative electrochemical detection in HPLC.
Cholesterol has many oxidation products, even when oxidized chemically. For
example, chemical oxidization using PCC resulted in the formation of two products.
The major product is possibly 4-cholesten-3,6-dione. The minor product did not result
in an interpretable spectra and was not identified.

Cholesterol was electrolyzed at a voltage of 2.2 V. After an hour, five
coulombs had been passed. About seven coulombs should have been passed if all the
substrate had been oxidized. The changes in color during the experiment were
interesting. The solution first turned a pink, then a dusty rose, and ended as a forest
green solution. Not all of the cholesterol had dissolved, so the resulting solution was
filtered to get rid of the remaining crystals of cholesterol. Six products were formed,
three of which have been identified as 4-cholesten-3,6-dione, 4-cholesten-3-one, and
5-cholesten-3-one.

6B-Hydroxycortisone had an oxidation potential of 2.3 V vs. QRE, but also had
a larger current response (8.4 x 107 A) than even prednisolone (5.6 x 10°3 A). This
larger response may be due to the ease of oxidation of the 6-hydroxy group. Bulk
coulometry studies were not performed on 6B-hydroxycortisone because it is a very
expensive steroid. Instead, 4-androsten-6f-ol-3,17-dione was used, which gave the
same magnitude of response and was much less expensive. Almost no charge was

passed (0.8 coulombs) and, not surprisingly, no product was converted.
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Why is the Electrosynthesis of Steroids So Inefficient?

As has been stated before, the recovery of oxidized steroids has been very low,
ranging from less than 1 to 10% depending on the analysis method used. One reason
for the inefficiency may be that the oxidized material is adsorbed to the electrode after
it is formed, thus rendering the electrode useless for the oxidation of the rest of the
material in solution. This conclusion was reached because the current decreased on
each successive cyclic voltammetric cycle when the voltage is scanned from0to 2.5 V
(vs. QRE). If the voltage is scanned to -1.5 V, the current stays almost constant (see
Figure 2.6). If, after oxidation, the voltage is scanned to -2.0 V, the electrode "cleans"
itself; i. e., this procedure reduces the oxidized product back to prednisolone and then
the cyclic voltammagram appears normal. This shows that the product of the oxidation
appears to remain on the surface of the electrode (see Figure 2.6).

Probable Methods to Overcome Fouling

Fouling of the clectrode may depend on the nature of the analyte, the
characteristics of the solvent, and the material used for the working electrode. The
solvent and working electrode were varied next, using prednisolone as the analyte.
When acetonitrile was used as the solvent, prednisolone stuck to the glassy carbon
clectrode. Benzonitrile has the same potential window as acetonitrile, but different
solvent properties. When dissolved in benzonitrile, prednisolone adhered to both the
platinum and glassy carbon electrodes. No oxidative peak was present when using the
gold electrode. |
Desorption Off an Electrode--Direct Probe

After discovering that the electrooxidized products from steroids adhered to the
electrode, procedures were developed to advantageously use this phenomenon. If the
oxidized product absorbed on a metal surface is placed in a mass spectrometer, the
surface compounds may be desorbed and analyzed.
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Figure 2.6: Cyclic voltammagrams of prednisolone. (a) The current stays
approximately the same if the potential is scanned from -1.5 V to + 2.5 V. (b)
However, if the potential is scanned from 0 to -2.2 V repeatably, the amount of current
decreases, proving that material is adhering on the surface.
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An electrode that can fit into either the probe assembly of a HP5985 or a JEOL
AXS505 mass spectrometer was designed (see Figure 2.7). A thin sheet of platinum foil
was cut into a 2 x 11 mm rectangle and attached to a platinum wire. The wire was
attached to the gold nest in the case of the HP5985 assembly with a series of electrical
connectors. For the JEOL assembly, the electrical connectors were placed into the
direct probe and held by an allen screw. It is estimated that the electrode, with a
surface area of 44 mm?2, can possibly hold up to 454 ng of oxidized steroid, which

should be more than enough to detect.

- i

platinum foil

electrical connector (fits inside conventional El probe)

Figure 2.7: A platinum electrode that fits into the direct probe of either a HP598S or
JEOL 505 mass spectrometer.

In order to deposit steroids on the platinum surface, 3-4 mg of steroid were
dissolved in acetonitrile with 0.2 M TBAF in a one-compartment cell. The TLBE
program on the BAS Electrochemical Analyzer was used to deposit the thin films.

If a steroid solution is deposited directly on a platinum electrode using a
syringe, the low mass end of the spectrum is the same as if the steroid had been
introduced via direct probe (DIP); however, the high mass end is of lower abundance.
A quadrupole instrument such as the HP5985 forms steroid molecular ions in low
relative intensities; therefore, the JEOL AXS50S, a magnetic sector instrument, was
used for all subsequent experiments.

Several studies were undertaken to determine the optimum probe position in

the JEOL. Not surprisingly, it was better to have the sample face the filament than be
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opposite the filament. The best reconstructed total ion chromatogram (TIC) and
spectrum was obtained when the electrode was perpendicular to the filament. In this
case, the TIC and spectrum looked just like the results obtained using a DIP.

From the area under the curve of a cyclic voltammagram, it was determined
that approximately 300 ng of material, possibly 1,4-androstadien-3,11,17-trione, the
oxidized product of prednisolone, had been deposited on the electrode. From the
analysis of the area under the oxidation curve, the oxidation of testosterone on an
electrode deposited about 100 ng of material. Only about 50 ng are necessary to detect
the oxidized compound by EI-MS if the steroid is placed on the platinum probe
directly (no electrochemistry involved). Therefore, enough compound should have
been electrochemically oxidized on the probe for detection by mass spectrometry. The
supporting electrolyte can also be detected by mass spectrometry. The electrode was
usually dipped in acetonitrile before analysis, although sometimes this step was
omitted. When this step was omitted, there were a few more ions from the supporting
electrolyte, which desorbs at a later time than the steriod, but no other differences were
noted.

Two very careful studies were undertaken to determine the feasibility of
placing the electrode directly in the source. One experiment used EI as the ionization
technique; the other, ECNIL.

The contributions to the direct probe EI profile of the electrode from
background ions in the source, from the clean electrode, from the supporting
clectrolyte and from unoxidized material were each determined in separate
experiments. No contribution to the background was observed from either the
connectors used to hold the electrode in the direct probe apparatus or from the
platinum itself. Placed directly on the probe, the spectrum of both 1,4-androstadien-
3,11,17-trione (oxidized prednisolone) and 4-androsten-3,17-dione (oxidized

testosterone), looked like the spectrum obtained from a normal direct probe experiment
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except for a diminished molecular ion. After prednisolone and testosterone were
oxidized with the TBLE program, each electrode was dipped in acetonitrile and then
placed inside the JEOL 505 ion source. In the case of both the "oxidized testosterone"”
and the "oxidized prednisolone," no ions indicative of these oxidized products were
seen. In fact, the spectra looked surprisingly similar to spectra taken when the
electrode is merely dipped in the electrolysis solution (that is, the solution containing
just testosterone or prednisolone and supporting electrolyte). Perhaps, the amount of
oxidized material on the electrode is below the detection limit of electron impact
ionization.

The oxidized material electrochemically adsorbed on a platinum electrode was
also analyzed by ECNI. ECNI has less fragmentation, so if the steroid were present,
the molecular anion would be detected, thus simplifying the spectrum. Also, if the
material on the electrode was an intermediate, such measurements would provide
molecular weight information about this intermediate. Samples larger than 50 ng of
material can be detected.

In previous studies, an unusual ion isotope pattern was noted. Distinct patterns
were repeated at 305/307/309, 339/341/343/345, and 358/360/362/364. These are also
observed for clean electrodes when ammonia is used as the reagent gas. What these
ions represent is a mystery.

When prednisolone oxidized on a platinum surface is analyzed, only
background ions are present. The most intense peaks at m/z 233/235 represent
rhenium oxides and are present in all backgrounds. Again, if there is material oxidized
on the clectrode, the amounts are too small to detect. In conclusion, neither EI nor
ECNI is a viable technique for detection of electrochemically oxidized steroids on a

platinum surface.
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Electrochemical Deposition on a Surface--FAB
Although the EI/JECNI desorption studies were not successful, it was thought
that fast atom bombardment (FAB) could possibly desorb a steroid that had been
electrochemically oxidized on a platinum surface. A FD-FAB probe (see Figure 2.8)
was modified, replacing the metal originally used with platinum. The only problem
was that the repeller contact was not notched into the ceramic used; therefore, the

repeller has to be adjusted in a previous analysis.

2 x 6 mm platinum foil

/

~gf——— ceramic

l_J | | -— platinum wire

Figure 2.8: A platinum electrode that fits into the FD-FAB probe of the JEOL HX-
110 mass spectrometer.

In preliminary studies using a regular FAB probe and the JEOL HX110 double
focussing mass spectrometer, 1,4-androstadien-3,11,17-trione was used to determine
the best matrix for steroid analysis. Glycerol, thioglycerol, nitrobenzyl alcohol, and
5:1 dithiothreitol:dithioerythritol did not work. With glycero/HCl (0.1 M), a
substantial [M+H]* peak was observed at m/z 299, but m/z 299 also corresponds to
(3G+Na]*. The test compound then was changed to 4-androsten-3,17-dione, which
does not have any interferences with glycerol ion. In the positive ion FAB spectrum
with glycerol/HCI as the matrix, a substantial [M+H]* peak was observed at m/z 287.
The addition of 20% TBAF does not diminish the analyte peak. The detection limit is
150 ng for 4-androsten-3,17-dione. In a study of ketosteroids, DiDonato and Busch

had to use derivatization to obtain FAB spectra of 1 pug of steroid (18).
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Negative FAB matrices such as glycerol, hexamethylphosphoramide, and
tricthanolamine were used for some more electrophilic steroids such as 1,4-
androstadien-3,11,17-trione and 1,4-androstadien-9a-fluorine-16a-methyl-3,11,17-
trione. No response was obtained for 1,4-androstadien-3,11,17-trione, but 1,4-
androstadien-9a-fluorine-16a-methyl-3,11,17-trione had a spectrum with major
contributions from peaks at m/z 329 (30%) corresponding to [M-H]" and m/z 310
corresponding to [M-HF]".

To test the FAB probe under real electrochemical desorption conditions,
testosterone and dexamethasone were each separately oxidized onto the electrode.
Neither gave any signal from the analyte, oxidized or unoxidized, but the supporting
electrolyte was observed. The amount of dexamethasone oxidized on the electrode
was obtained using the electrochemical data. From analyzing the area under the curve,
there were 230 ng of material on the electrode. Because this is a two-sided electrode
and only one side faces the fast atom beam in the source, effectively only 115 ng of
material are available for analysis. Because 115 ng is less than the detection limit of
steroids by FAB, no signal could be observed. Therefore, desorption by FAB is not a

viable technique.

Modified Nickel Electrodes: An Alternative Synthesis Method

A modified nickel oxide hydroxide electrode has been reported to convert
primary alcohols, o,m-diols, and secondary alcohols into their respcctivg carboxylic
acids, dicarboxylic acids, or ketones (8). Because the oxidation rate decreases with
increasing steric hindrance, 3-hydroxysteroids can be selectively oxidized. For
example, 4-androsten-3p,17B-diol was selectively oxidized to 4-androsten-3-one-173-
ol in a 50% yield. Other products included a 38% yield of 4-androsten-3,17-dione and
a 7% yield of unconsumed starting material. Long reaction times (about 24 hours)

resulted in a 80% formation of 4-androsten-3,17-dione.
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(1) ‘Ni(OH)z + OH- &==NiOOH + H20 + e-

(2) | NiOOH + R2CHOHgps — Ni(CiH)z + R2COH

(8) R2COH —= R2C=0

overall R2CHOH + 20H- = R2C=0 + 2H20 + 2e-

Figure 2.9: Mechanism for the electrochemically regenerated nickel oxide hydroxide
" electrode.

In this method of oxidation, nickel hydroxide is coated on a nickel foil
electrode. The nickel hydroxide reacts with hydroxide ion from the supporting
electrolyte KOH in order to form nickel oxide hydroxide on the surface of the
electrode (see Figure 2.9 for the appropriate equations). The nickel oxide hydroxide
reacts with the absorbed alcohol in the rate-determining step with the transfer of the
proton to the surface, thus regenerating the nickel hydroxide on the surface of the
clectrode. The steroid radical intermediate is easily oxidized to a ketone.

Experimental

Preparation of the Electrode. The nickel (II) hydroxide is deposited according
to published methods (19). A 2.3 cm x 3.0 cm nickel foil was placed in a 0.1 N
NiSO4°6H,0, 0.1 N sodium acetate, and 0.005 N sodium hydroxide solution. A silver
wire reference and a platinum gauze auxiliary electrode were connected to the nickel
foil with a PAR Potentiostat/Galvanostat Model 273 used in the galvanostat mode. A

current density of 0.5 mA/cm?2 was applied in the following manner:
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a.) Step to -9 mA

b.) Hold for 60 s

c.) Step to +9 mA

d.) Hold for 60 s

¢.) Repeat
This cycle was repeated for 8 to 10 minutes to ensure an even, black coating of the
electrode. To clean the electrode after use, it was immersed in a 20% HCl solution for
a few seconds.

Electrolysis. About 10-20 mg of steroid were placed in a 30 mL TLC bottle
with 20-25 mL 50% r-butanol/50% 0.1 M KOH. The steroid is sparingly soluble in
this mixture, so rapid mixing during the entire electrolysis procedure is necessary. A
silver wire reference electrode and platinum gauze auxiliary electrode are used. The
PAR Model 273 is used in the galvanostat mode; that is, the current is held constant
while the potential changes in order to keep a constant current. Therefore, everything
in the solution that can be oxidized will be in order to keep the current constant. A
current density of 1.2 mA/cm? was maintained. The reaction time was on the order of
24-28 hours.

Isolation procedures. The authors (8) recommended the following isolation
procedure. About 0.2 g of NaCl is added. Ether extraction (3 x 25 mL) was followed
by drying the ether fraction. The ether was removed, and a solution of the solute
reconstituted in ethyl acetate. A practice extraction of 1 mg of pure 4-androsten-3,17-
dione proved that the extraction efficiency was only 20%.

A second attempt at isolation was based on the assumption that KOH did not
dissolve in ethyl acetate. The 50% t-butanol/50% 0.1 M KOH solution was evaporated
to dryness and then dissolved in ethyl acetate. The KOH crystals did not precipitate as

expected, even after hours of cooling in an ice bath. Even so, the ethyl acetate solution
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was analyzed by GC. The extraction efficiency was 60%, and no problems due to the
KOH were noted.
Results

Prednisolone (1,4-pregnadien-11PB,17a,21-triol-3,20-dione) was oxidized using
the nickel hydroxide electrode for twelve hours. The solution turned yellow green
during the electrolysis in which 7.928 coulombs were passed. About one-fourth of the
electrode surface had degraded. Only prednisolone itself was recovered after
electrolysis. After all, 3-hydroxy groups are especially amenable to this procedure and
prednisolone does not have any 3-hydroxy groups. Also, the substitution at the 17-
position may be difficult to oxidize.

In the literature study, 4-androsten-3pB,17B-diol was easily oxidized; therefore,
it was chosen as a test compound. The current was kept constant at -21 mA. After 24
hours, 1387 Q of charge had been passed. The working electrode had lost all of its
coating, and some black material was floating in the green solution. The auxiliary
electrode was coated with a green layer, much like the color of the nickel sulfate

solution. The yields were:

4-androsten-3p,17B-diol (starting material) 1.3%
4-androsten-3-one-17f-ol 32%
4-androsten-3,17-dione 10%

The extraction procedure has a 60% extraction efficiency for 4-androsten-3,17-dione.

Another attempt at oxidation was conducted with a constant current of -18 mA.
After 26 hours, 1881 coulombs were passed. The nickel oxide surface on one side of
the electrode degraded, but the other side remained intact. The yields were:

4-androsten-3p,17B-diol (starting material) 85%
4-androsten-3-one-17p-ol 13%
4-androsten-3,17-dione 3%

All the starting material is accounted for this time.
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The nickel oxide hydroxide electrode is not a good method to prepare oxidized
steroids. The reaction times are long, there is no selectivity (everything in solution is
oxidized, including supporting electrolyte and solvent, in order to keep the current
constant), and too many side products are formed. The diketone (4-androsten-3,17-
dione) is very difficult to obtain; it is perhaps obtainable if a high current density is
maintained, the electrode surface is redeposited many times during the reaction, and
the reaction is run for several days.
Conclusions

Electrochemical oxidation had been proposed as a more selective and more
efficient method of preparing ketosteroids. Synthetic oxidation on a planar electrode
had a low yield as the electrode was fouled by the reaction. If the fouled electrode was
placed directly inside a mass spectrometer source, the material on the electrode could
not be detected by either EI, ECNI, or FAB. A modified electrode, the nickel oxide
hydroxide electrode, was used to oxidize steroids. This electrode has found use in
preparing 3-keto steroids but, even under harsh conditions, synthesizing fully oxidized
steroids was very inefficient. Pyridinium chlorochromate oxidation, even with its
problems of low yield and lack of selectivity, is still the best choice for preparing

ketosteroids.

The Determination of Reduction Potentials

Reduction potentials were determined for the comparison with ECNI studies
described in Chapter 4. In this section, the electrochemical aspects of the reduction
pbtential study will be undertaken.

Reduction potentials of selected ketosteroids have been obtained by various
researchers using polarographic techniques. Reduction potentials obtained in different
labs cannot be directly compared, even if the solvent and the supporting electrolyte are

the same. Small differences in the purity of solvents used, the amount of moisture in a
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system, or the difference in the liquid junction potentials can result in large differences
in reduction potential. As a basis for comparison between two sets of data, at least one
(and preferably more) of the compounds must be repeated in each set. This criterion
was not observed in previous work on ketosteroids in the literature; therefore,
reduction potentials had to be obtained in this laboratory. Table 2.7 summarizes the
findings of the literature survey.

The effect of functional groups on the reduction potentials of steroids has been
extensively studied (25). It had been generally accepted that substitution in a position
remote from the electrophilic group has little effect on the half-wave potential.
However, in the case of steroid compounds, substituent effects can be transmitted from
other rings and from remote positions. It was assumed that in most cases a potential
difference of 0.01 V is significant, but in all cases, reduction potentials measured by
only one research group were compared.

Substitutents at C-17 on the steroid nucleus affect a carbonyl group at C-3. For
example, in the comparison of the last three compounds in Table 2.7, Sa-androstan-
3,17-dione is much more difficult to reduce than Sa-cholestan-3-one. The influence of
the 17-substituent depends on the solvent system; in 50% ethanol at pH 10.5, the effect
of substitution at the 17-position on 4-en-3-one steroids is minimal.

Substitution at C-11 had much less effect on the carbonyl group at C-3;
however, the author was comparing the half-wave potentials of two steroids that
differed by the presence or absence of an 11-hydroxy group. However, if the
substitution at C-11 is a carbonyl group, the steroid is more easily reduced than if a
hydroxyl group at C-11 is present. A carbonyl substitution at C-11 is more easily
reduced than a double bond at the same position, but the reduction potentials differ by
only 0.1 V.
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The effect of a substituted methyl group in the 6-position of 3-keto-a,f-
unsaturated steroids is again very minimal. Only occasionally do methyl substituents
have a significant effect on half-wave potentials.

A linearly-conjugated system is much easier to reduce than a cross-conjugated
system. 1,4-Pregnadien-3,20-dione-17a-ol acetate has a half-wave potential of -1.22
V (vs. SCE) in 50% ethanol at pH 6. 4,6-Pregnadien-3,20-dione-17a-ol acetate in the
same solvent has a potential of -1.06 V. The position of the linearly conjugated system
within the steroid is important. In 90% ethanol at pH 8.5, 4,6-cholestadien-3-one has a
half-wave potential 0.06 V more positive thén that of 3,5-cholestadien-7-one.

The dependence of reduction potentials on the number of carbonyl groups is
slight. Both androstan-3,17-dione and androstan-3,11,17-trione have the same
reduction potential.

Halogen subsitutions have been studied within the steroid nucleus. The
reduction potentials become more negative in the sequence I < Br < Cl < F. In rigid
systems, such as the B and C rings of steroids, it is possible to distinguish the epimers

of a-halo ketones from polarographic data.

Cyclic Voltammetry
Experimental

A one-compartment cell (illustrated in Figure 2.1) was used with a platinum
wire auxiliary electrode, a silver wire reference electrode, and a platinum disk working
electrode. The purified solvent was transferred under vacuum. TBAF (0.2 M) was
used as the supporting electrolyte. Reduction potentials were obtained on a BAS
Electrochemical Analyzer. Typical conditions were the following:

3-4 mg of steroid dissolved in about 7 mL of solvent

Potential range =0.0t0 -2.0 V

Scan rate = 200 mV/s.
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Results

Acetonitrile should be a good solvent for the reduction of steroids because it
has a large potential window. The CV obtained has no forward or reverse peaks. The
cell was open to atmosphere, and more steroid was added because it was thought that
the concentration was too low. Now, both forward and reverse waves were noted for
the test compounds, 1,4-androstadien-3,11,17-trione and Sa-androstane-3-one.

Silver wire is a QRE. In order to obtain reproducible values for oxidation-
reduction potentials, a compound with a known reduction potential must be added and
the CV reanalyzed. A good choice for the internal standard is ferrocene, which is
soluble in a variety of organic solvents and has well-characterized electrochemical

properties. Ferrocene has the following equilibrium (20):

Fe(CsHg)y + ¢ & Fe(CsHs) Ejp =+0.190 £ 0.007 V vs. SHE in acetonitrile

After adding more sample, the data obtained for reduction potentials are in Table 2.8.

Table 2.8: Reduction Potentials of Steroids in Acetonitrile

Sample Ey/, Sample E/, Ferrocene Eq/; Sample
vs. QRE Vvs. QRE vs. SHE

1,4-A-3,11,17-trione” -1.35 +0.75 -1.91

Androstane-3-one -1.48 +0.72 -2.01

*A = androstadien |

In a second attempt, about 10-15 mg of steroid was used. Only after the cell
was opened and more steroid was added did a reductive peak appear.

Methylene chloride was also tried as a solvent. With 1,4-androstadien-3,11,17-
trione, a small peak appeared at -1.82 V (vs. QRE). After the cell was opened and
more steroid was added, it took about four reductive-oxidative cycles to get a

reproducible peak that by then had shifted to -1.60 V (vs. QRE).
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1,4-Androstadien-3,17-dione in methylene chloride was also analyzed. A very
small reductive peak that shifted its potential with successive cycles was observed, but
this could have been a contaminant. After the cell was opened and more steroid was
added, the reduction potential was at -1.6 V.
After the electrochemical cell was opened to air, the peak potential always
changed and grew larger. This is due to the oxygen wave. None of the steroids could

be analyzed by cyclic voltammetry using a platinum electrode.

Differential Pulse Polarography

As shown in the previous section, cyclic voltammetry does not work for the
determination of reduction potentials for steroids. Almost all of the reduction
potentials in the literature were determined using polarographic techniques.

Classical polarography involves measuring current as a function of potential at
a dropping mercury electrode. The electrode continually regenerates, with each drop
corresponding to a new experiment. Therefore, there are no problems with
contamination or with electrode fouling.

Because classical polarography involves recording the current continuously
over the lifetime of a drop, current<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>