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1. Abstract
In  this  thesis  it  was  shown  that  Isoallopregnanolone  can  be  synthesized  from 
Allopregnanolone by the Mitsunobu reaction as well as by oxidation with o-iodoxybenzoic 
acid (IBX) with subsequent  reduction with NaBH4.  It  was shown that  the oxidation with 
subsequent reduction was a better method for synthesis in microgram scale. The oxidation-
reduction method was carried out in microgram scale on tritium labeled Allopregnanolone 
(Pregnane-3α-ol-20one,  5α[9,11,12-3H(N)]  to  produce  the  corresponding  tritium  labeled 
Isoallopregnanolone.  The  possibility  of  synthesizing  Tetrahydrodeoxycorticosterone 
(THDOC)  from  Allopregnanolone  in  microgram  scale  was  examined.   Formation  of  a 
silylenol  ether  analog  of  Allopregnanolone  and  subsequent  oxidation  with  m-CPBA was 
examined as a method to synthesizing THDOC. The synthesis of THDOC by this procedure 
was found not to be efficient enough to be used in microgram scale.
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2. Abbreviations and definitions
3α-steroid 3α-hydroxysteroid  configuration  of  reduced  A-ring  pregnane 

steroid

3β-HSD 3β-hydroxysteroid  dehydrogenase-isomerase  enzyme  located  in 
the endoplasmic reticulum

3β-steroid 3β-hydroxysteroid  configuration  of  reduced  A-ring  pregnane 
steroid

5αR-3αHSD 5α-reductase-3α-hydroxysteroid dehydrogenase enzymatic system

5αDHP 5α-dihydroprogesterone

5βDHP 5β-dihydroprogesterone

Allo allopregnanolone (3α,5α-tetrahydroprogesterone)

Androstanes steroids has methyl groups at C-10 and C-13 but no side chain at 
C-17

Biphasic effect when a substance gives different responses dependent on one or 
more  of  the  following  conditions:  concentration,  tolerance 
development and withdrawal effect

CNS Central Nervous System 

DEAD diethyl azodicarboxylate

Epi-Allo Epi-allopregnanolone (3α,5β-tetrahydroprogesterone)

Epi-Isoallo Epi-isoallopregnanolone (3β,5β-tetrahydroprogesterone)

GABA gamma-aminobutyric acid

GABAA gamma-aminobutyric acid type A receptor

GABA-steroids steroids which are interacting with the GABAA receptor

HMPA hexamethylphosphoramide

HRT hormone replacement therapy

IBX ortho-iodoxybenzoic acid

Isoallo isoallopregnanolone (3β,5α-tetrahydroprogesterone)

m-CPBA meta-Chloroperoxybenzoic acid
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neuroactive steroids steroids which are active in the nervous system either by genomic 
or non-genomic effect 

neurosteroids steroids which are synthesized de novo in the nervous system

NMDA N-methyl-D-aspartic acid

OC oral contraceptives

Paradoxal effect when a substance which is known to give a physiological response 
gives  a  diametrically  opposite  response  or  otherwise  strange 
response in some individuals.

P450scc a mitochondrial-specific hydroxylase involved in cholesterol side-
chain cleavage (SCC)

PMDD premenstrual dysphoric disorder

PMS premenstrual syndrome

PR progesterone receptor

PREG pregnanolone

pregnanes steroids which have a  methyl groups at C-10 and C-13 and an 
ethyl chain at C-17

PROG progesterone

RIA radioimmunoassay

SCC side-chain cleavage

TBPS t-butylbicyclophosphorothionate

TBDMSCl tert-butyldimethylsiyl chloride

TBDMSTf tert-butyldimethylsiyl triflate

THDOC tetrahydrodeoxycorticosterone

TPP Triphenylphosphine
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3. Introduction

3.1 Neuroactive steroids
Neuroactive steroids are steroids which act on the nervous system and include those that are 
synthesized in the brain, those which are metabolized locally from circulatory precursors, and 
synthetic  steroids.1,2 The  neuroactive  steroids  exert  their  action  through  genomic  steroid 
receptors such as the progesterone receptor (PR) as well as through non-genomic receptors 
such as those that belong to the ligand-gated ion channel superfamily, e.g. the GABAA and 
NMDA receptors.3 

Sex and stress steroids are metabolized to 3α-hydroxy-pregnane-steroid metabolites such as 
allopregnanolone (Allo) and tetrahydrodeoxycorticosterone (THDOC). Allo and THDOC are 
neuroactive steroids which are metabolized in the brain. Allo and THDOC act in the brain as 
potent  positive  GABAA receptor  function  modulators.  Allo  and  THDOC  levels  increase 
during stress. Allo has been connected to a number of symptoms such as impaired memory 
function and negative  mood symptoms in a  subgroup of  individuals  both in  animals  and 
humans.  Pregnane  steroids  with  3β-hydroxy  configuration  (3β-steroids),  e.g. 
Isoallopregnanolone (Isoallo), have been shown to reduce the Allo enhanced GABA effect.4

3.2 GABAA-receptors
The GABAA receptor is a member of the ligand-gated ion channel superfamily, and consists of 
five subunits which are arranged together to form an ion channel.  5,6 Each subunit has four 
transmembrane  domains.6 The  ion  channel  is  constructed  in  such  a  way that  the  second 
transmembrane domains of the subunit form the wall of the channel pore. Sixteen different 
subunits of the GABAA receptor have been discovered: α1-6, β1-3, γ1-3, δ, ε, θ, π. 7-9 In addition 
three ρ subunits have been discovered, however these do not coassemble with the classical 
GABAA units  listed above.  These subunits  do rather  homooligomerize to form GABAA-ρ 
receptors (formerly designated as GABAC receptors).  8,10 Despite the marked heterogenecity 
of the GABAA-receptor, only a limited number of receptors have been found. 11-13

3.3 Neuroactive substance’s action on GABAA receptors
Neurotransmitters may be the single most important group of chemicals acting in the nervous 
system.  There  are  several  criteria  that  a  chemical  has  to  fulfill  to  be  called  a 
neurotransmitter.14,15

1. The chemical has to exist and be synthesized in the presynaptic cell.

2. The chemical has to be released by the presynaptic cell as a response to a 
specific stimulus.

3. The postsynaptic cell response upon external application of the chemical 
must be the same as that produced by stimulation of the presynaptic cell 
under normal physiological conditions.
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4. The effects of presynaptic stimulation and the external application of the 
substance should be similarly affected by drugs.

5. After  release in  the  synaptic  cleft,  the neurotransmitter  must  undergo 
deactivation.  The mechanisms of deactivation are through reuptake or 
through deactivation by enzymes.

When GABA binds to a GABA-receptor it results in a chloride ion flux into the cell. The 
increased  chloride  ion  influx  results  in  a  membrane  hyperpolarization,  which  leads  to  a 
reduction in neuronal excitability.11 However, the GABA activity can also inhibit inhibitory 
neurons, so called disinhibition, leading to an excitation. GABAA receptors are also activated 
by structural analogues of GABA, e.g.  muscimol.6 The GABAA receptor is also affected by 
agonist and antagonists who does not fall under the neurotransmitter definition. Among the 
antagonists  we  can  find  bicucullin  which  reduces  the  GABAA receptor  activity  in  a 
competitive  way  while  picotoxin  blocks  non-competitively.16 The  convulsant,  t-
butylbicyclophosphorothionate (TBPS), is thought to bind to the closed GABAA receptor, and 
that  this  binding  is  inhibited  by  GABAA receptor  agonists  such  as  GABA,  muscimol, 
benzodiazepines and Allo. Among the agonists we can find the two common drug classes’ 
barbiturates  and  benzodiazepines  that  have  an  allosteric  effect  on  GABA-binding.6 

Barbiturates can also directly activate  chloride ion influx.6,17 Some steroids  are  classed as 
neurosteroids (when synthesized  de novo in the nervous system) or as neuroactive steroids 
(which can be synthesized in peripheral organs). Certain steroids interact with the GABAA 

receptor (GABA-steroids), either alosteric agonists or antagonists. Allo, Isoallo and THDOC 
are GABA-steroids which will be addressed specifically in this thesis. 3α-androstanediol is 
also  a  powerful  GABAA receptor-binding  steroid,  with  properties  similar  to  that  of 
allopregnanolone.18-20 These three steroids are GABAA receptor agonists and all have a 3α-
hydroxy  group.  3β-Pregnane  steroids  are  noncompetitive  GABA  antagonists.21,22 The 
glucocorticoid  effects  on  the  GABAergic  neurons  in  the  CNS  have  been  reported  with 
different  results.23,24 It  has  been  shown  that  corticosterone,  cortisol,  cortisone  and  their 
reduced metabolites at low nanomolar concentrations potentiate TBPS binding at the GABAA 

receptor as well as slightly reduce it at high nanomolar and micromolar concentrations.25,26

3.3.1 Biphasic effect and paradoxical effect
If a substance has a different physiological response in low concentrations compared to the 
response in higher concentrations it is said to have a biphasic effect. If the substance is known 
to  give  a  physiological  response,  but  in  a  subgroup  of  individuals  give  a  diametrically 
opposite response it is said to have a paradoxical effect. These effects will be addressed when 
we  look  on  the  physiological  effects  of  allopregnanolone.  Paradoxical  effects  have  been 
shown to  occur  in  several  GABAA receptor  antagonists.  Such  effects  has  been  shown in 
humans  for  barbiturates,27-29 ethanol,30-32 benzodiazepines  and  Allo.32,33 These  paradoxical 
effects are more common for short half life benzodiazepines. This is a rapid withdrawal effect 
that  is  more  pronounced for  drugs  that  has  effect  over  a  shorter  period of  time,  such as 
Triazolam.34,35
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3.4 Physiological properties of Allo, Isoallo and THDOC
Allo and THDOC are GABAA receptor agonists, and stimulates the binding of muscimol and 
the benzodiazepine flunitrazepam and they allosterically inhibit the binding of the convulsant 
TBPS. Allo and THDOC also potentiate chloride uptake and current in synaptoneurosomes 
and neurons.36-38 Allo and THDOC both have a hydroxygroup at the 3α position, which is 
typical  for  the  GABAA receptor  agonistic  steroids.  A synthetic  analog of  a  GABA-active 
steroid where the hydroxy group in the 3-position is  in  the β-configuration the steroid is 
suggested  to  be  inactive  on  the  GABAA receptor  function.22,39-41 The  allopregnanolone 
enhancement of GABA at the GABAA receptor is suggested to be the result of an increase in 
opening frequency and burst duration. 6,42 The action of isoallopregnanolone is dependent on 
GABAA receptor  activation  by  other  substances.43,44 Allopregnanolone  is  antagonized  by 
Isoallopregnanolone at the GABAA receptor in the brain.43-45

3.4.1 Biphasic and paradoxical effect of Allo
The  wide  range  of  PMS/PMDD mental  symptoms  are  due  to  acute  paradoxical  biphasic 
effects.  The  concentration  of  steroid,  tolerance  development  and  withdrawal  effects 
determines the biphasic effects.46  At high concentrations, allopregnanolone induces sedative, 
hypnotic  and anaesthetic  effect.47-49 In  certain  individuals,  however,  low concentrations  of 
allopregnanolone  results  in  the  loss  of  impulse  control,  negative  mood  and 
aggression/irritability.46,50 This  paradoxical  effect  disinhibits  an  aggressive  response  to 
provocation.51 Allo can be anxiolytic and therefore it may seem strange why an increase in 
Allo during the menstrual cycle can be related to the development of negative mood and 
irritability. A short half life may be associated with the paradoxical effects.52

3.5 PMS and PMDD and other neurological disorders 
A number of psychological and neurological disorders are linked to sex hormones and to their 
metabolites. PMS and PMDD are of special importance in this thesis but some other disorders 
will  be  addressed  in  summary.  Women are  in  round numbers  twice  as  likely to  report  a 
lifetime history of depression or anxiety disorders. The difference between sexes begins in the 
early adolescence and persists through the mid-50s.53,54 Periods of hormonal variability such 
as menarche,55 premenstrual periods,56 postpartum57 and perimenopause58 have been proposed 
to increase the risk of mood disorders in a subgroup of women. The menstrual cycle affects 
the  occurrence  of  seizures  in  some female  epileptics  and  the  results  in  certain  cognitive 
tests.59-61 Negative  mood symptoms are  known side  effects  caused by oral  contraceptives 
(OC).62 Negative  mood  changes  are  known  side  effects  when  using  combined  hormone 
replacement therapy (HRT), that is,  with both estrogen and progesterone.  Therapies using 
estrogen-only do not develop mood changes.63 Stress hormones can affect gonadal steroid 
secretion  (e.g.,  catecholamines  and  glucocorticoids),  and  sex  steroids  can  affect  stress 
responsiveness.64

3.5.1 PMS/PMDD
The most common symptom pattern is the premenstrual syndrome (PMS) or the more severe 
premenstrual dysphoric disorder (PMDD).46 The thing that differs between PMS and PMDD is 
that PMDD has a DSM-4 criterion whereas PMS is more vaguely defined. PMS affects 25-
30%  of  all  women  in  fertile  age  and  3-8%  of  them  are  diagnosed  with  PMDD.65 The 
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menstrual  cycle  consists  of  the  follicular  phase,  the  ovulation,  and  the  luteal  phase.  The 
symptoms  start  in  the  luteal  phase,  and  persist  to  within  a  few  days  after  the  onset  of  
menstrual  bleeding.66 The  typical  symptoms  of  PMDD  and  PMS are  irritability,  anxiety, 
memory impairment, difficulty in concentration, and mood changes. These symptoms require 
ovulation and the consequent formation of corpus luteum.66-68 The cause of PMS and PMDD 
is not clearly known, but connections have been made to the ovarian steroids, as well  as 
changes in GABAergic and serotoninergic functions.63,69-73 PMDD patients during the luteal 
phase are less sensitive to the effects of neurosteroids, as well as benzodiazepines and alcohol. 
These patiens show reduced GABAA receptor sensitivity to these substances in the CNS.49,74,75

3.6 Structure and nomenclature of steroids
Steroids are compounds possessing the skeleton of  cyclopenta[a]phenanthrene  or a skeleton 
derived therefrom by one or more bond scissions (including vitamin D) or ring expansions or 
contractions. Methyl groups are normally present at C-10 and C-13. An alkyl side chain may 
also be present at C-17.76

 

The numbers 28, 29 and 30 are now assigned to the additional methyl groups at C-4 and C-14 
in triterpenoids, e.g. lanosterol. Therefore, the carbon atoms at the methyl or ethyl groups at 
C-24 had to be renumbered. The system adopted here allows also numbering of other carbon 
atoms attached to the steroid skeleton. If two side chains are attached to the same carbon 
atom, the shorter one receives primed numbers,  e.g.  17l'.  When the rings  of a steroid are 
denoted as projections onto the plane of the paper, the formula is normally to be drawn as in 
Figure 1. An atom or group attached to a ring depicted as in the orientation  in Figure 1 is 
termed α if it lies below the plane of the paper or β if it lies above the plane of the paper. 
Likewise, the hydrogen atoms at the bridgehead (C-8, C-9 and C-14 may be omitted if there is 
no ambiguity, i.e. if they are oriented  8β, 9α, and 14α). It should be noted that these terms 
says nothing about whether a substituent is axial or equatorial in respect to the ring where it is 
situated. There are several subcategories of steroids. For example if  the steroid has methyl 
groups at C-10 and C-13 but without a side chain at C-17 is named androstane. If it also has 
an ethyl group on C-17 it is called a pregnane. When changes are applied to these subgroups 
one  might  either  give  it  prefixes,  suffixes  or  apply another  trivial  name.  For  example  in 
steroid papers “epi” is often used with trivial names to denote inversion at one center; the 
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name 11-epicortisol defines the compound fully since cortisol is already defined as the 11 β-
alcohol.76  In other papers, however, other prefixes are used as well. In this thesis the names 
allopregnanolone  and  isoallopregnanolone  is  derived  from  pregnanolone  (3α,5β-
tetrahydroprogesterone).  The  allo-prefix  is  applied  because  the  hydrogen  at  C-5  is  in  α- 
position,  and the iso-prefix is  applied because the hydroxy group at  C-3 is  in β-position. 
Using the IUPAC nomenclature epi- would be used instead of both allo- and iso-prefixes. The 
tetrahydrodeoxycorticosterone ((3α,5α)-3,21-dihydroxypregnan-20-one) is defined to have a 
3α,5α-configuration,  and  thus  does  not  require  more  prefixes.  Note  that 
tetrahydrodeoxycorticosterone  also  could  be  written  in  terms  of  being  a  progesterone 
derivative, but since this would require more prefixes to be applied it goes against IUPAC 
recommendations.

3.7 In vivo synthesis
The synthesis of steroid hormones, and other neuroactive steroids in the brain, starts with 
cholesterol  or  with  steroidal  precursors  transported  to  the  brain  via  the  bloodstream. 
Cholesterol can be synthesized locally in the brain and peripheral nerves77,   as well  as in 
cultured glial cells.78,79 The synthesis of some neuroactive steroids are shown in scheme 1. The 
first  step  in  the  synthesis  of  all  steroid  hormones  is  the  metabolism  of  cholesterol  to 
pregnanolone (PREG) by the P450scc enzyme. P450scc is located in the inner mitochondrial 
membrane.3,80 The  3β-hydroxysteroid  dehydrogenase-isomerase  enzyme  (3β-HSD-I/II) 
located in the endoplasmic reticulum oxidizes PREG to progesterone (PROG).80 Progesterone 
may then enter  a  number of  biochemical  pathways.  Progesterone may be reduced to  5α-
dihydroprogesterone (5αDHP) by the 5α reductase-I/II enzyme, and from 5αDHP to either 
allopregnanolone  or  isoallopregnanolone  by  the  3αHSD-II/III  or  3βHSD  enzymes.81 

Progesterone  may  also  be  hydroxylated  via  the  21β-hydroxylase  enzyme  to  11-
deoxycorticosterone (DOC), reduced to 5α-dihydro deoxycorticosterone (5α-DH-DOC) via 
the  5α-reductase-I  enzyme  and  finally  hydroxylated  to  tetrahydrodeoxycorticosterone 
(THDOC) via the 3α-hydroxysteroid dehydrogenase enzyme.82
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3.8 In situ synthesis
One of the premises for this  thesis was that allopregnanolone was intended to be used as 
starting material for the synthesis of Isoallopregnanolone and THDOC. Since the synthesis 
would finally be carried out on a microgram scale, the synthesis should be limited to as few 
synthetic and purification steps as possible.

3.8.1 Mitsunobu reaction
Previous  methods  used  to  convert  allopregnanolone  to  isoallopregnanolone83 as  well  as 
isoallopregnanolone to allopregnanolone84 include the Mitsunobu synthesis for inversion of 
the alcohol at C-3. We also found a Mitsunobu procedure for inverting the 3-hydroxy group in 
the steroid compounds: 3β-cholestanol, methyl lithocholate and methyl cholate.85 Since this 
synthesis  was regio-specific,  worked with clean SN2 inversion for  these compounds,  only 
required one reaction step and was quite straight forward, it seemed excellent for us. A deeper 
investigation  of  the  Mitsunobu  reaction  mechanism  revealed  a  number  of  possible  side 
reactions86-89 some of which were said not to occur in the conversion of allopregnanolone to 
isoallopregnanolone  but  in  more  hindered  alcohols.83 Alkyl  and  aryl  phosphites  and 
phosphines react with compounds having weak heteroatom-heteroatom bonds, such as S-S, O-
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O, etc., and with azo compounds to form reactive phosphonium salts. The Mitsunobu reaction 
is widely used for dehydrative oxidation-reduction condensation of an acid/pronucleophile 
usually with a primary or secondary alcohol. The current generally accepted mechanism with 
DEAD and TPP as representative reagents is represented in scheme 2. Scheme 2 accounts for 
all the experimentally observed outcomes.88

  

The nucleophilic addition of Triphenylphosphine (TPP) to diethyl azodicarboxylate (DEAD) 
to form the Morrison-Brunn-Husigen betaine (1) is the first step in the Mitsunobu reaction. 
The betaine can then either react through pathway A, with two molecules of the alcohol to 
produce  eventually  DEAD-H2,  alkoxyphosphonium  species  2,  and  carboxylate  (or 
corresponding nucleophile from the pronucleophile)  3. The betaine may also react through 
pathway B by deprotonating the acid (or pronucleophile) to form eventually, again, DEAD-
H2,  2, and  3. Nucleophilic displacement of TPPO from 2 by 3 forms the coupled product  4 
that has inverted stereochemistry relative to the alcohol starting material. It was shown that 2 
is in equilibrium with the corresponding acyloxyphosphonium species 5 90-92 and this species 
can, in rare cases, lead to coupled product 6, which retains the original configuration.  5 can 
also undergo anhydride formation with another carboxylate. The position of this equilibrium 
is  possibly  mediated  by  DEAD-H2 and  is  dependent  upon  the  pKa of  the  acid  (or 
pronucleophile),  with  2 favored  by  more  acidic  compounds.93,94 It  was  supported  by 
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experimental evidence that in some cases, 5 can be formed first and then converted into 2.89,95-

97 This  may explain  why,  when  some sterically  hindered  secondary alcohols  are  used  as 
reaction substrates, they can favor the formation of 6 over 2, as conversion of 5 to 2 can be 
sensitive  to  steric  constrains.98-100 The  case  in  which  5 is  favored  and  retention  of 
configuration is observed is very rare.

3.8.1.1 Experimental method for the Mitsunobu synthesis
According  to  Hughes101 a  few experimental  considerations  are  outlined.  The  majority  of 
Mitsunobu reactions are carried out in THF, although several other solvents have been used 
with  good  results.  Triphenylphosphine  has  been  used  in  more  than  90% of  the  reported 
Mitsunobu  reactions  as  of  1992.  Alterative  reagents  as  well  as  polymer  bound 
triphenylphosphine  has  been  used  in  some  synthesis.  Diethyl  and  diisopropyl 
azodicarboxylate are used in the majority of Mitsunobu reactions. Dimethyl azodicarboxylate 
is  used less  often  but  one advantage  is  that  the byproduct  hydrazine  can be  removed by 
aqueous extraction. Some other oxidants as well as polymer bound alkyl azodicarboxylates 
have been used as well.  Most Mitsunobu reactions are carried out between 0˚C and room 
temperature.  More hindered alcohols,  such as those found in carbohydrates,  often require 
temperatures of 70-100˚C. The order of addition was somewhat of an issue, since none of the 
Mitsunobu methods we found for inversion at the 3-hydroxy carbon of a steroid added the 
components in the same order.83,84,85 According to Hughes triphenylphosphine, the alcohol and 
the  nucleophile  are  typically dissolved together  and the  DEAD is  added dropwise to  the 
solution. Alternatively, DEAD and triphenylphosphine may reacted first to form the DEAD-
triphenylphosphine adduct (a fast reaction in THF and dichloromethane and which goes to 
completion  within  minutes  at  -20˚C),  followed  by  the  addition  of  the  alcohol  and  the 
nucleophile.

The procedure by Varasi et al83 for the preparation of 3β-Hydroxy-5βHydroxy-pregnan-20-one 
was performed with ratios of (1: 1.25: 1.25: 1.25: 1.25) of 3α-Hydroxy-5βHydroxy-pregnan-
20-one: TPP: DEAD: trifluoro acetic acid: sodium benzoate. The alcohol was dissolved with 
DEAD in THF and the acid was added followed by the triphenylphosphine. After 5 minutes 
the sodium benzoate was added. Varasi reported a yield of 94% product after hydrolysis and 
purification.

Purdy et  al,84 used  the  procedure  of  Varasi  in  their  synthesis  of  3α-Hydroxy-5αHydroxy-
pregnan-20-one, or allopregnanolone, but did not use sodium benzoate as a catalyst. Neither 
did they mention any attempt of using sodium benzoate. Purdy reported a yield of 54%.

The procedure by Davis et al,85 for the preparation of synthetic analogs of allopregnanolone-
like 3-hydroxysteroids utilized the Mitsunobu reaction. The ratios used was (1: 3: 3: 2.1) of a 
3-Hydroxysteroid:  triphenylphosphine:  DEAD:  Methanesulfonic  acid.  The  steroid  was 
dissolved together with triphenylphosphine and the acid was added followed by dropwise 
addition of DEAD. In this method the reaction was carried out at 40˚C. After one subsequent 
step and purification, Davis reported a 75% overall yield of the inverted product.
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3.8.2 Oxidation with IBX and subsequent reduction with NaBH4

The Mitsunobu reaction had been a good way of achieving complete stereo inversion in only 
one step. One can choose to do the same inversion of an alcohol with a two-step oxidation-
reduction synthesis. This might be risky since the reduction step might give you a mixture of 
inversion-/retention-products, as well as other functional groups might be reduced. A broad 
range of secondary alcohols can be mildly oxidized to ketones using O-iodoxybenzoic acid 
(IBX).102 Oxidation of Allo to 5α-pregnan-3,20-dione with IBX is shown in scheme 3 a. The 
method is very user friendly with one simple purification step. IBX is virtually insoluble in 
most organic solvents (with the exception of DMSO). Convenient enough, this does not pose 
a problem since some part of the solid will go into solution when heated. According to More 
and  Finney the  oxidation  of  many primary  and  secondary  allylic  of  corresponding  alkyl 
alcohols, with 3 equivalents of IBX, goes to 90-100% yield in acetone at 55˚C.102 Reduction 
of 5α-pregnan-3,20-dione has been reduced at the carbon C-3 position, without cross-reaction 
with the ketone at carbon C-20, with NaBH4.  This reaction was, surprisingly enough, both 
regio-  and  stereo-specific,  giving  90% isoallopregnanolone  and  10% allopregnanolone  in 
100% yield103 as shown in scheme 3 b. The combination of mild oxidation with IBX and 
reduction with NaBH4 is a reasonable alternative to the Mitsunobu reaction, but the reaction 
conditions must be carefully chosen and monitored before applied to microgram scale.
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3.8.3 Enolization with TBDMSOTf and subsequent oxidation with m-CPBA
Previous  methods  used  to  convert  allopregnanolone  to  THDOC include  enolization  with 
subsequent oxidation using TBDMSOTf in TEA and oxidation with m-CPBA yielding 71% 
after  workup104 as  shown in  scheme 4.  Synthesis  of  a  21-hydroxy-20-one-steroid,  with  a 
somewhat similar structure,  via an enolate or a silyl  enol ether includes; formation of the 
kinetic enolate and oxidation with  MoOHPy (MoO5·Py·HMPA) dissolved in HMPA gave a 
moderate yield of 27% when reacted at -78˚C105 and at -22˚ with another substrate with a yield 
of 20%.106 The low yield was in the latter case attributed to a competing aldol condensation. 
This low yield was able to be improved to 58% by LDA induced retro-aldol fragmentation.106 

Vedejs also mention hydroxylation and hydrolysis of oximes in 20% yield, and oxidation of a 
N,N-dimethylhydrazone anion which they were not able  to  purify.106 Robert  Moriarty has 
carried out an oxidation with iodosobenzene (PhI=O), in the presence of MeOH and KOH, on 
a 3β-Hydroxy-20-one-steroid to afford the corresponding 3β,21-dihydroxy-20-one dimethyl 
acetal  in  67%.107 With acidic  workup that  synthesis  should afford the α-hydroxyketone.108 

Moriarty et al. have developed a method under acidic conditions that gives α-hydroxy ketones 
directly  from silyl  enol  ethers.  The  reaction  is  carried  out  with  iodosobenzene  in  boron 
trifluoride-diethyl  ether  in  a  large  excess  of  water  in  0-5˚C.109 Besides  the  mentioned 
procedures a variety of oxidation reagents  have been explored for the α-hydroxylation of 
metal enolates and silyl enol ethers. These can be grouped into six categories: oxygen, peroxy 
reagents,  hypervalent  iodine  reagents,  metal  oxides,  N-sulfonyloxazirdines,  and  some 
miscellaneous reagents.108

17

H

H

H

H

OH H

O

H

H

H

H

RO H

RO

R = SiMe2tBu

TBDMSOTf

Dry TEA, Dry DCM
N2(g), RT

H

H

H

H

OH H

O OH

1) m-CPBA, hexane
N2(g), -15 oC to RT

2) conc HCl in EtOH

Scheme 4



3.8.4 Alternative ways of synthesizing 21hydroxy-20-one-steroides from 20-one steroids.
20-ketopregnenes has been brominated at the carbon C-21 with three equivalents of CuBr2 

with a yield of 71%, and later hydrolyzed to the corresponding 21-hydroxy-20-ones with one 
equivalent of K2CO3 in 60% acetone and 40% water giving 93% yield110 as shown in scheme 
5.

Acetylation with Pb(OAc)4 in presence of BF3·Et2O has been carried out on 20-one-steroides 
to give the hydroxy derivative in 24% yield after saponification.111 Acetylation with Pb(OAc)4 

has also been used in the synthesis of THDOC with 34% yield after saponification84 as shown 
in scheme 6.
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4. Aims
The  aims  of  this  thesis  are  to  present  a  way  to  synthesize  the  neuroactive  steroids 
Isoallopregnanolone (Isoallo), and THDOC from Allo, to show that these synthetic pathways 
are feasible in microgram scale and to synthesize tritium labeled Isoallo and THDOC from 
tritium labeled Allo (Pregnan-3α-ol-20-one-5α-[9,11,12-3H(N)]).

5. Materials and Methods
All reactions were followed with TLC 1:4 Et2O:DCM and stained with Vanillin stain. The 
reaction mixtures were, if not otherwise stated, not purified since purification should mainly 
be done with HPLC when the synthesis was about to be carried out on the tritium labeled 
starting material. The crude product was analyzed with a NMR instrument at 400 MHz and 
the  spectrum  was  compared  with  spectrum  of  commercially  available  Allopregnanolone, 
Isoallopregnanolone,  THDOC,  and  with  previously  synthesized  5α-pregnan-3,20-dione 
(Appendix I-IV).  The previously synthesized 5α-pregnan-3,20-dione had been synthesized 
and characterized according to Wong et al.112 Results in tabulated form are that of the crude 
products, and was not determined gravimetrically. The yield was determined by comparing 
the integrated NMR spectrum of the starting material and the product.

5.1 Synthesis I –Isoallopregnanolone

5.1.1 Mitsunobu reaction
Direct Preparation of 3beta-Hydroxy-5beta-pregnan-20-one (Scheme 7)

To a stirred solution of diethyl azodicarboxylate (108 mg, 0.63 mmol) and 3α-hydroxy-5β-
pregnan-20-one (160 mg, 0.5 mmol) in dry THF (20 mL) and N2-gas pressure was added 
trifluoroacetic acid (75 mg, 0.66 mmol), followed by solid triphenylphosphine (159 mg, 0.6 
mmol). After 5 min, sodium benzoate (82 mg, 0.57 mmol) was added and the mixture was 
stirred overnight.  After 24 hours, the reaction mixture was concentrated in vacuo. MeOH (20 
mL) was added and the reaction mixture was heated under reflux and with stirring overnight. 
After removal of the MeOH, the product was partitioned between CH2Cl2 and water, and the 
organic layer was washed twice with water, dried (MgSO4), and concentrated in vacuo. The 
crude product was analyzed by NMR, and the yield of the inverted product was estimated to 
13 % compared to the total amount of steroid :  1H NMR (CDCl3) delta 0.59 (3H, s, 18-H), 
0.94 (3H, s, 19-H), 2.07 (3H, s, 21-H), 4.08 (1 H, m, 3alfa-H). Anal. Calcd for C21H34O2: C, 
79.19; H, 10.76. Found: C, 79.28; H, 10.98.

20



General

All reactions were followed with TLC 1:4 Et2O:DCM and stained with Vanillin stain. Rf for 
allopregnanolone was 0.5 and Rf for isoallopregnanolone was 0.4. The corresponding 3α and 
3β-esters  had  Rf values  of  0.7  and  0.8.  The  crude  product  was  analyzed  with  a  NMR 
instrument  at  400  MHz  and  the  spectra  were  compared  with  a  spectra  of  commercially 
available Allopregnanolone. NMR spectra were taken for experiment 4-6 before hydrolysis to 
confirm that the trifluoroacetic ester at carbon 3 gave rise to a signal at 4.9 ppm. Reference 
NMR spectra of Allopregnanolone and Isoallopregnanolone is shown in Appendix I and II. 
Appendix  V  shows  a  representative  NMR-spectrum  of  experiment  6  before  hydrolysis. 
Reduction of DEAD to DEAD-H2 was observed in all  experiments.  We were not able  to 
determine  if  we had the  degradation-  or  anhydride-  by-products,  as  shown in  scheme 2, 
present  in  any  of  the  reaction  mixtures.  Yield  of  pure  product  was  not  determined 
gravimetrically.  The initial  reaction conditions for experiment 1 were chosen according to 
Varasi  et  al.83 Molar  equivalences  of  DEAD, trifluoroacetic  acid,  triphenylphosphine  and 
sodium benzoate were varied. Reaction time was varied between 4 hours and 2 days. Isoallo 
was used as starting material in experiment 4. Experiment 5 and 6 were allowed to react at 
45˚C. When the method started to give results in terms of inversion, hydrolysis persisted to be 
a problem and the method was abandoned. 
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5.1.2 Oxidation with o-iodoxybenzoic acid (IBX)
Preparation of 5α-pregnan-3,20-dione (Scheme 8)

Allopregnanolone (13 mg, 40.8 μmol) was dissolved in a fresh mixture of 1:1 acetone:DCM 
(6.5 ml) to form a stock solution (6.28 M). Stock solution (0.5 ml) of Allopregnanolone (1 
mg, 3.14 μmol) was added to solid IBX (26 mg, 95 μmol) in 1:1 acetone:DCM (0.5 ml) under 
stirring at room temperature. The reaction was allowed to go to 65 ˚C and was refluxed for 18 
hours. The reaction mixture was allowed to go to room temperature and the insoluble IBX 
was removed by filtering through a micro-column of celite. 

General

Many reactions were followed with TLC 1:4 Et2O:DCM and stained with Vanillin stain. Rf for 
allopregnanolone was  0.5  and Rf for  isoallopregnanolone was  0.4.  5α-pregnan-3,20-dione 
appeared at an Rf value of 0.8. The reaction mixture was purified by filtering the reaction 
mixture through a micro column of celite.  The crude product  was analyzed with a NMR 
instrument  at  400  MHz  and  the  spectra  were  compared  with  a  spectra  of  commercially 
available  Allopregnanolone  and  previously  synthesized  5α-pregnan-3,20-dione  which  was 
available in house. The existing spectra of the 5α-pregnan-3,20-dione had been synthetized 
from Allo by oxidation with IBX.102 The 5α-pregnan-3,20-dione had been characterized by 
GC/MS (MW 316) and NMR spectroscopy. Reference NMR spectra of Allopregnanolone and 
5α-pregnan-3,20-dione is shown in Appendix I and IV. A representative NMR spectra of the 
crude product is shown in Appendix VI. In the experiments where a small amount of starting 
material had been used (1 mg, 3.14 μmol) it was considered too tedious to characterize more 
than a few experiments by NMR, and the yields were usually estimated from TLC in these 
cases. Yield of pure product was not determined gravimetrically.
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5.1.3 Reduction with NaBH4

Preparation of Isoallopregnanolone (Scheme 9)

Previously synthesized 5α-pregnan-3,20-dione (1 mg, 3,14 μmol) was dissolved in a fresh 
73:26:1 EtOH:PhMe:H2O mixture under stirring. NaBH4 (29.6 mg, 0.78 mmol) was dissolved 
in MilliQ water (2350 μL) to form a NaBH4 stock solution (0.33 M NaBH4). The fresh NaBH4 

stock solution (18.9 μL, 6.3 μmol) was added to the stirring reaction mixture. The mixture 
was allowed to react in room temperature for 16 minutes. The reaction was monitored by TLC 
until completion.

Considering several experiments

NaBH4 was dissolved in water to create a stock solution. A volume, corresponding to the 
molar equivalence given in the table, of fresh NaBH4 solution was added to the solution. The 
dilution of the NaBH4 stock solution was important since there is always evolution of H2-gas 
which  might  correspond  to  the  NaBH4 concentration  in  water.  The  amount  given  in  the 
reference was 0.34 equivalents of NaBH4 in water (1-2 mL per mmol of the steroid).103 Rf for 
allopregnanolone was 0.5 and Rf for isoallopregnanolone was 0.4. The 5α-pregnan-3,20-dione 
appeared at an Rf value of 0.8. The crude product was analyzed with a NMR instrument at 
400  MHz  and  the  spectra  were  compared  with  a  spectra  of  commercially  available 
Allopregnanolone and previously synthesized 5α-pregnan-3,20-dione which was available in 
house. The existing spectra of the 5α-pregnan-3,20-dione came from a compound that had 
been synthetized  from Allo  by oxidation with IBX (More and Finney.,  2002).102 The  5α-
pregnan-3,20-dione had been characterized by GC/MS (MW 316) and NMR. Reference NMR 
spectra  of  Allopregnanolone,  Isoallopregnanolone  and 5α-pregnan-3,20-dione  is  shown in 
Appendix  I,  II  and  IV.  A representative  NMR spectra  of  the  crude  product  is  shown in 
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Appendix VII.  In the experiments where a small amount of starting material had been used (1 
mg, 3.14 μmol) it was considered too tedious to characterize more than a few experiments by 
NMR. For some experiments the yield was estimated from HPLC with detection at 206 nm, 
and  some were  estimated  from TLC as  noted  in  table  3.  Yield  of  pure  product  was  not 
determined gravimetrically but by estimations from NMR spectroscopy, HPLC and TLC.

5.1.4 Microtrials for reduction with NaBH4

Seven experiments with a total of 78 reactions were carried out at microgram scale. Variables 
that have been investigated were:

1. Concentration  of  the  substrate,  to  determine  if  the  response  from  the  HPLC-UV 
detector could give an indication of the sample concentration.

2. Molar equivalences of NaBH4.

3. Presence of β-Estradiol (1,3,5[10]-Estratriene-3, 17β-diol) as an internal standard.

4. Different mixtures of solvents.

5. Reaction time.

Typical procedure:

The 5α-pregnan-3,20-dione (5.8 mg, 18 μmol) was dissolved in 62:32:6 EtOH:DCM:H2O to a 
stock solution with concentration of 2.4 mmolar. Isoallopregnanolone (5.3 mg, 16μmol) was 
dissolved in 62:32:6 EtOH:DCM:H2O to a  stock solution with concentration of 2.4 mmolar. 
These stock solutions where diluted by taking 2 mL of the stock solution and adding another 8 
mL of solvent mixture, giving a concentration of 0.5 mmolar respectively. Standards with the 
5α-pregnan-3,20-dione and/or Isoallo was prepared by adding 25 μL of a 0.5  mmolar steroid 
solution to a HPLC tube and dilute to 1mL with ethanol to a final concentration of 0.013 
mmolar. The 5α-pregnan-3,20-dione solution was added to ten HPLC tubes (10 μL, 1.5 μg, 5 
nmol).  Fresh  NaBH4 (5.8 mg,  0.15  mmol)  was dissolved in  1 mL MiliQ water  and was 
vortexed to create  a  stock solution of 0.15 molar.  10 μL of the 0.15 molar NaBH4 stock 
solution was diluted with 990 μL of 62:32:6 EtOH:DCM:H2O, and vortexed again to create a 
more dilute stock solution of 1.5 mmolar. In five of the previously prepared HPLC-tubes, 
containing the 5α-pregnan-3,20-dione, NaBH4 solution (6 μL, 9 nmol, 1.8 eq)  was added. In 
the remaining 5 tubes (9 μL, 13.5 nmol, 2.7 eq) of NaBH4 solution was added. The ten HPLC 
reaction-tubes were diluted to 100 μL with solvent mixture, were vortexed and were allowed 
to react. After one and a half hour the reaction mixtures were diluted with 300 μL of EtOH 
and analyzed by HPLC. Retention times of Isoallo were 23 min 30 sec and the retention time 
for allopregnanolone was 33 min 30 sec.
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5.2 Synthesis II -THDOC

5.2.1 Silylation with TBDMSOTf
Preparation of 20-(t-butyldimethylsilyl)oxy-3α-(t-butyldimethylsilyl)oxypreg-20ene 
(Scheme 10)

3α-Hydroxy-20-oxopregnanolone (125 mg, 0.39 mmol) was dissolved in dry DCM and was 
stirred  in  room  temperature  for  an  hour.  Dry  TEA  (2  ml)  immediately  followed  by 
TBDMSOTf (1 ml, 4.18 mmol) were added dropwise. The mixture reacted exothermically 
upon addition of TBDMSOTf.  From the moment of addition of TBDMSOTf the mixture 
shifted color from golden brown to deep brown over the course of 15 minutes. The reaction 
mixture was separated with a 10% NaCO3 and DCM. After drying and filtration crystals and 
oily impurities was present. According to NMR spectroscopy all steroid was converted to the 
3-silylether,20-silylenol ether-analog of allopregnanolone as only product as shown in scheme 
10. TLC suggests that only one major impurity is present. NMR spectroscopy suggests that 
the impurity is unreacted TBDMSOTf and TBDMSOTf that had been acting as base.

This reaction was carried out in freshly dried DCM and TEA.  Reference NMR spectra of 
Allopregnanolone and THDOC are presented in Appendix I and III. A representative NMR 
spectra of the crude product is shown in Appendix VIII. Rf for allopregnanolone was 0.5 and 
approximately 1 for the product.
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5.2.2 Rubottom Oxidation and subsequent deprotection
Preparation of THDOC

The previously synthesized 3-silyl  ether,  20-silylenol ether (1 mg, 0.39 mmol) was added 
dropwise to a suspension of m-CPBA (216 mg, 0.64 mmol) in hexane (14 ml) under nitrogen 
gas pressure and at -15˚C. The mixture was kept at -15˚C for 15 min and was then allowed to 
warm up to room temperature.  After  4  hours  the  solvent  was  evaporated.  The solid  was 
redisolved in pentane (10 ml) and filtered. The filtrate was washed with 10% NaHCO3 (3*25 
ml)  and H2O (2*50 ml),  and the organic phase was dried over  MgSO4.  The pentane was 
evaporated and the crude product was immediately redisolved in 2% conc. HCl / EtOH (15 
ml)  and  the  reaction  was  stirred  at  room  temperature  for  24  hours.  The  reaction  was 
neutralized with 10% NaHCO3 and extracted with DCM (3*50 ml). The product was analyzed 
with H-NMR spectroscopy without further purification.

General

Most of the experiments yielded the oxidized product, but the hydrolysis on carbon C-3 was 
incomplete and the hydrolysis of the carbon C-21 silyl ether did only hydrolyze partially. R f 

for allopregnanolone was 0.5 and Rf for isoallopregnanolone was 0.4.  After the oxidation the 
main  product  had  a  Rf value  of  0.8,  which  is  higher  than  expected  for  THDOC but  is 
reasonable for a silylated product. The yield given is for the silylated product as estimated 
from NMR spectra. Reference spectra of the silyl enol ether starting material and THDOC are 
presented in Appendix III and VIII. A representative NMR spectra of the crude product is 
shown in Appendix IX.
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5.3 Synthesis of tritium labeled Isoallopregnanolone
The selected methods are described in section 5.1.2 through 5.1.4. Some special precautions 
were made for the experiment where radioactive starting material was used.

5.3.1 Oxidation
Tritium  labeled  allopregnanolone  (5.35  nmol)  in  ethanol  (250  µL)  was  transferred  to  a 
reaction flask and evaporated over a mild N2-gas flow. The delivery-container was rinsed with 
99.5% ethanol (2*250 µL) which was subsequently evaporated. 250 µL of acetone and 250 
µL of DCM were added to solvate the steroid. A spatula tip of IBX was transferred to the 
reaction vessel. The temperature was raised to 65 ˚C and the reaction was allowed to reflux 
for 6 h. More solvent was added subsequently when more of the solvent went into vapor 
phase. The reaction was allowed to go to room temperature and the ventilation needle of the 
reflux setup was removed. The reaction was left to stir overnight. The reaction was refluxed at 
65 ˚C for another 8 h with addition of solvent when needed. The reaction was stirred at room 
temperature overnight. The reaction mixture was filtrated through a micro column with celite 
into a tube with screwing cap, and the reaction flask and micro column was rinsed with 5*1 
mL of DCM with subsequent evaporation over a mild N2-gas flow. The reaction was assumed 
to have given 100% diketo product. The product was not analyzed by HPLC. The yield of the 
reaction was determined with a Wallac 1409 DSA Liquid Scintillation Counter where the 
radioactivity of the product was compared with the radioactivity indicated by the provider. 
The product was dissolved in 2 mL DCM and two samples of 5 μL were taken from the  
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solution (0.25% of the total). The reaction flask was rinsed with 2 mL DCM and two samples 
of 5 μL were taken from the flask to be sure that no steroid was left in the reaction flask.

Sample
Measured radioactivity
CPM (count per minute)

Measured 
radioactivity
Bq

Expected radioactivity 
for whole volume
Bq

Yield
%

Background 11,1 0,185   
reaction vessel 1 54,9 0,915 366 0
reaction vessel 2 58,3 0,972 388 0
Diketone 1 335112,3 5585,205 2234082 24
Diketone 2 539960,7 8999,345 3599738 40

Assuming that our instrument gives the same response as the provider of the starting material, 
the yield for the oxidation was ca 30% and the reaction vessel was clean from contamination.

5.3.2 Reduction
The tritium labeled steroid was evaporated into a HPLC vial. A stock solution was prepared 
by dissolving 5.8 mg of NaBH4 in 1 mL of MilliQ water and vortexing. 10 μL of the stock 
solution was diluted with 990 μL of 62:32:6 EtOH: DCM: Water and vortexed. 10.5 μL of the 
NaBH4 solution was added to the reaction vessel and was diluted to 100 μL with the solvent 
mixture. The reaction mixture was allowed to react at room temperature in 30 min and was 
then  left  overnight  at  8˚C.  The reaction mixture  was diluted  with  300 μL EtOH and the 
product  was purified by HPLC with fraction collection.  The flow was 1 mL/min and the 
eluent was 60:40 MeOH: H2O. One injection of 150 μL and two injections of 100 μL were 
made. From each injection 9 fractions of 2 min each were collected starting from 19 min and 
30  sec.  After  these  injections,  the  reaction  mixture  was  diluted  again  to  100  μL solvent 
mixture plus 300 μL EtOH. Fractions were collected the same way as before, but this time the  
fraction collection started at 17 min 30 sec. All the 54 fractions were evaporated in a Thermo 
Savant SPD2010 SpeedVac. The residue of each tube was dissolved with 1 mL 99% EtOH. 5 
μL from each tube was analyzed by liquid scintillation count. The result was plotted as counts 
per minute against time (CPM/min) as shown in figure 2. 
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Figure 2

Fractions collected from three injections after reduction with NaBH4. The vertical axis is 
Count per minute and the horizontal axis is the time in minutes elapsed after the injection. 
Tritium labeled Isoallo was collected between 23.5 – 25.5 min and tritium labeled Allo was 
collected between 33.5 – 25.5 min after the injection. The graphs correspond to injections, 
where all injections are taken from the same vial.

All fractions with retention time 23 min 30 sec – 25 min 30 sec were collected. The whole 
radioactive content in these fractions were assigned to be tritium labeled Isoallo, and the 
calculated overall yield for oxidation-reduction was 25.3%
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6. Results

6.1 Mitsunobu reaction

The Mitsunobu reaction with subsequent hydrolysis is used for the inversion of alcohol group 
in  Allopregnanolone  to  produce  Isoallopregnanolone.  The  theory  behind  this  reaction  is 
described in section 3.8.1 and the method is described in section 5.1.1.

Table 1

Exp No
Starting 
material

Eq 
DEAD

Eq 
TFA

Eq 
Ph3P

Eq 
NaOBz

THF 
(mL) Temp

Reaction 
time

Hydrolysis 
before 
NMR

Unreacted 
Material 
(%)

Retention 
Product 
(%)

Inversion 
Product
(%) Note

1 Allo 1,25 1,28 1,22 1,25 20 RT 4 h Yes  92 0 8 1

2 Allo 1,25 1,32 1,21 1,1 20 RT 24 h Yes  87 0 13 2

3 Allo 1,04 1,21 1,2 1,25 10 RT 24 h Yes  92 0 8 3

4 Isoallo 1,24 1,41 0,69 2,24 20 RT 24 h No 9 25 66 1

5 Allo 1,25 0,5 1,28 0,42 20 45 ˚C 2 days No 81  0 19 4&5

6 Allo 4 3 4 0 20 45 ˚C 2 days No  0 22 78 4&6

1) Allopregnanolone/Isoallopregnanolone  was  dissolved  with  trifluoroacetic  acid  and 
diethyl azodicarboxylate in dry THF, followed by Ph3P under N2-gas pressure. After 5 
min NaOBz was added.

2) Allopregnanolone was dissolved with diethyl azodicarboxylate and Ph3P in dry THF 
followed by addition of trifluoroacetic acid under N2-gas pressure. After 5 min NaOBz 
was added.

3) DEAD, Ph3P and trifluoroacetic acid were dissolved in dry THF. After a couple of 
minutes the reaction mixture was clear, and then allopregnanolone was added. After 
additional 15 min NaOBz was added.

4) DEAD and trifluoro acetic acid were prepared dissolved in volumes of 5 ml dry THF.
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5) Allopregnanolone, Ph3P and trifluoroacetic acid were dissolved in that order in dry 
THF where after DEAD was added last. After 5 min NaOBz was added.

6) Allopregnanolone, Ph3P and trifluoroacetic acid were dissolved in dry THF at 40˚C, 
and then DEAD was added dropwise over a period of 14 min.

The result shows that:

• The initial reaction conditions did not produce the results expected from the literature. 

• The  Mitsunobu  reaction,  using  either  Allopregnanolone  or  Isoallopregnanolone  as 
starting material, can give the inverted product.

• Using  Isoallopregnanolone  as  substrate  (experiment  4)  gave  very  good  yield 
considering  that  the  inverted  product  was  almost  equimolar  to  the  amount  of 
triphenylphosphine present at the start of the reaction.

• We did not see any advantage of using sodium benzoate as a catalyst.

• The best result was produced in experiment 6 using large excess of all the reagents 
except sodium benzoate.

• It is hard to hydrolyze the trifluoroacetic ester.

6.2 Oxidation with o-iodoxybenzoic acid (IBX)

Oxidation of Allopregnanolone with IBX gives a steroid with two keto-groups which later can 
be  reduced  regio-  and  stero-specifically  with  NaBH4.  The  theory  behind  this  reaction  is 
described in section 3.8.2 and the method is described in section 5.1.2.

Table 2

Exp No

Amount 
of Allo 
(μmol) Eq IBX

ml 
EtOAc

ml 
Acetone

ml 
DCM

Temp 
(˚C)

Reaction 
Time

Unreacted 
Starting Material 
(%)

Product 
(%) Note

1 15 3,2 2,5 0 0 80 24 h 54 46 1, 2
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2 22 3 3 0 0 80 24 h 62 38 1, 2

3 16 4,3 0 1,5 1,5 80 24 h 40 60 3

4 15 3 0 0,5 0,5 80 48 h 40 60 4

5 11 4,3 0 0,75 0,75 80 48 h 0 100 1, 5

6 3,14 Excess 0 0,75 0,75 80 3 days 0 100 6

7 3,14 24,5 0 1 1 80 24 h 25 75 1,7

8 3,14 31 0 0,25 0,25 60 30 h  0 100 6

9 3,14 28,5 0 0,25 0,25 65 18 h 0  100 6

10 3,14 35 0 3,5 3,5 60 24 h 0  100 6

11 3,14 38 0 3,5 3,5 60 24 h 0  100 6

12 3,14 30 0 0,25 0,25 60 24 h  0  100 6

13 3,14 25 0 0,25 0,25 60 24 h  0  100 6

1) The spectrum of the carbon C-3 ketone is different from Allo in that the 3-β hydrogen 
signal is gone and that the C-18 and C-19 methyl signals is shifted to 1.02 ppm and 
0.65  ppm (from 0,81 ppm and  0,61  ppm),  as  well  as  a  new fingerprint  area  has 
appeared in the area of 2,22-2,50 ppm.

2) Allopregnanolone was dissolved in  EtOAc and IBX was  added.  The reaction  was 
refluxed at 80˚C. The reaction did not go to completion after 24 hours. The bad yield 
was due to an old batch of IBX.

3) Allopregnanolone was dissolved in a fresh mixture of acetone:DCM 1:1  and IBX was 
added.  After 24 hours all starting material had not reacted, but was still better than 
Exp. No 1&2. The yield was estimated from TLC. The bad yield was due to an old  
batch of IBX.

4) Allopregnanolone was dissolved in  EtOAc and IBX was  added.  The reaction  was 
refluxed at 80˚C. A small amount of IBX was added after 4 hours of reflux. Note that 
the  reaction  was  allowed  to  react  for  48  hours  without  the  reaction  going  to 
completion. The yield is estimated from TLC. The bad yield was due to an old batch 
of IBX.

5) As note 4, but this  time a fresh batch of IBX was used, and the reaction went to  
completion according to TLC.

6) Allopregnanolone was dissolved in a fresh mixture of acetone:DCM 1:1 and an excess 
IBX was added. The reaction went to completion according to TLC.

7) In this experiment the bad yield was due to an old batch of IBX.

The result shows that:

• Old IBX-reagent is not to be used.

• The reaction gives highly reproducible results with excellent yield and no byproducts.
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• A reaction temperature of 80˚C given in the literature is  not necessary.  A reaction 
temperature of 60˚C is recommended.

• There is no risk for over oxidation even with large excess of IBX and long reaction 
time.

6.3Reduction with NaBH4

The  5α-pregnan-3,20-dione  can be reduced regio- and stero-specifically with NaBH4 giving 
Isoallopregnanolone as the major product and Allopregnanolone as the minor product. The 
theory behind this reaction is described in section 3.8.2 and the method is described in section 
5.1.3.

Table 3

Exp No

IBX oxidation 
product used as 
starting material 
(Exp No)

Amount 
of start 
(μmol)

Eq 
NaBH4

NaBH4 stock 
conc 
(molar)

Reaction 
Time

5α-pregnan-3,20-dione 
(%)

Isoallo 
(%)

Allo 
(%) Note

1 5 11 0,35 0,26 35 min traces 78 (87) 22 
(13) 1,2,3 & 4

2 7 3,14 1 0,06 1 h traces 70 30 1 & 2

4 8 3,14 2,88 2,8 15 min 0 95 5 1 & 5

5 9 3,14 0,68 0,33 15 min 0 95 5 1 & 5

7 11 3,14 2,66 0,33 1 h 0 95 5 5, 6 

8 12 3,14 2 0,33 16 min 0 95 5 7

9 13 3,14 1,5 0,33 30 min 0 94 6 7
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1) The  5α-pregnan-3,20-dione  acquired  from  IBX-oxidation,  from  the  experiment 
indicated in the table, was dissolved in a mixture of 73:26:1 EtOH: Toluene: Water. 
NaBH4 was  dissolved  to  a  stock-solution  of  10  mg/ml  and  an  appropriate  molar 
equivalence  was  added  to  the  stirred  reaction  mixture  at  room  temperature.  The 
reaction was quenched with 7% HCl in ethanol until gas-development had ceased. The 
reaction mixture was diluted with EtOAc and water and NaHCO3 to neutral pH. The 
organic phase was dried over MgSO4 and concentrated.

2) Ratios of 5α-pregnan-3,20-dione: Isoallo: Allo was determined by NMR.

3) The crude was separated by HPLC with an eluent mixture of 25:75 H2O: MeOH, and 
compared with a standard. The chromatogram was showing UV-signals (206nm) at 
4.98 min, 5.533 min with a ratio of 87:13 with Isoallo as the major product and Allo as 
the minor.

4) This  reaction  mixture  contained  an  impurity  which  was  not  detected  in  any later 
experiments. This was easily separated by filtering through a micro column of silica.

5) The yield was estimated from TLC.

6) As note 1 but without workup. No additional side products observable by TLC stain 
compared to other experiments.

7) As note 3, but the detected ratios was 95:5 for experiment 8 and 94:6 for experiment 9.

The result shows that:

• NMR spectroscopy and HPLC gives comparable results when determining the ratios 
of Allopregnanolone to Isoallopregnanolone.

• Using excess NaBH4 and long reaction time gives no indication of over reduction 
according to TLC.

• A NaBH4 concentration of 0.35 molar is recommended in the stock solution. A lower 
concentration  might  lead  to  degradation  of  NaBH4 before  addition  to  the  reaction 
flask.

• Best result is achieved with the reaction conditions given in experiment 8.
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6.4 Silylation with TBDMSOTf

Silylation of Allopregnanolone with TBDMSOTf gives a steroid with a terminal silyl enol 
ether which can later be undergo Rubottom oxidation with m-CPBA. The theory behind this 
reaction is described in section 3.8.3 and the method is described in section 5.2.1.

Table 4

Exp No Amount of Allo (mmol) Eq TBDMSOTf DCM (mL) TEA (mL) Reaction time Unreacted (%) Product (%) Notes

1 0,39 10,69 2 2 1 h 0 100 1 & 5

2 0,19 10,69 2 2 1 h 30 min 0 100 1 & 2 & 3

3 0,4 2,9 1,2 1 2 h 30 min 0 100 1 & 3

4 0,15 3 1 0,2 20 h 35 65 1 & 3 & 4

5 0,02 4,7 0,5 0,3 2 h 0 100 1 & 3

6 0,182 4 1,5 1,5 3 days 0 100 1 & 5

1) DCM and TEA had been dried with calcium hydride and filtered. TBDMSOTf was 
added dropwise and reacted exothermically. The solution shifted color from golden 
brown or yellow, depending on the TBDMSOTf concentration, to dark brown over a 
period of 15 min. The reaction mixture was separated with DCM and 10% NaCO3. 
After  drying  and  filtration  crystals  and  brown  oily  impurities  were  present.  TLC 
indicates two products, or one product and one impurity. In cases where NMR was 
taken it suggests that the impurity is unreacted TBDMSOTf.

2) The reaction  mixture was purified  by elution  through a micro column with  silica, 
which rid the mixture of most of the impurities.

3) The NMR-spectra was very dirty, as expected, but had very clear peaks indicating the 
correct product, including

1: The disappearance of the C-21 methyl group and the appearance of the C-21 AB-system.

2: The hydrogen at C-17 is still present but at a lower shift than the starting compound.
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3:  Two distinct  Me-Si peaks  close to  0-0.1 ppm, as  well  as two distinct  tBu-Si peaks  at 
approximately 0.9-1,0 ppm. Indicating silyl-ethers at the C-3 and C-17 bound oxygens. Some 
unreacted TBDMSOTf was also present.

4) NMR of the crude product indicates that the TBDMSOTf have reacted with the C-3 
hydroxy group to much greater extent than the C-20 ketone.

5) The yield was estimated from TLC.

The result shows that:

• The large excess of TBDMSOTf recommended in the literature is not needed. Some 
excess is still recommended since TBDMSOTf is acting both as a nucleophile and a 
base in this reaction.

• Unreacted TBDMSOTf can to some extent be removed by filtration through a micro 
column with silica.

• Best result is achieved with the reaction conditions given in experiment 5.

6.5 Rubottom Oxidation and subsequent deprotection
A terminal  silyl  enol  ether  can  undergo  Rubottom oxidation  with  m-CPBA,  which  after 
hydrolysis gives THDOC. The theory behind this reaction is described in section 3.8.3 and the 
method is described in section 5.2.2.

Table 5

 

Silylation 
product used as 
starting material 
(Exp No)

Amount of Starting 
Silylenol Ether 
(mmol) Eq. M-CPBA Temp

Reaction 
Time

Unreacted 
(%)

Product 
(%) Note

1 1 0,39 1,6 -15 to RT 24 h  See note 2 1 &2

2 3 0,4 1,6 -15 to RT 24 h  See note 2 1 & 2

3 4 0,15 4,3 -15 to RT 24 h  See note 
3 3

4 4 0,15 1,3 -15 to RT 24 h 77 23 4

5 5 0,02 1,3 -15 to RT 24 h 40 60 4
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6 6 0,0126 1,3 -15 to RT 24 h 50 50 1, 5 & 6

7 6 0,0094 1,4 -15 to RT 5 h 20 80 1 & 5

8 6 0,0157 1,3 -15 to RT 3 h 10 90 1 & 6

9 6 0,0157 1,3 -15 to RT 4 days  37 64 1 & 7

1) 50-50% m-CPBA was suspended in hexane and cooled to -15˚C and a solution of the 
silylenol  ether  product  from the  previous  step  were  added.  After  15  minutes  the 
reaction was allowed to go to room temperature. After the reaction was finished the 
hexane was evaporated. Pentane was added and insoluble m-CPBA was filtered of. 
The eluent was washed with NaHCO3 and dried over MgSO4.

2) After workup, the product was immediately dissolved in 60ml EtOH and 20 ml conc 
HCl and was stirred overnight, neutralized with NaHCO3 and dried over MgSO4. From 
NMR we could see that no silyl enol ether was present, and that much of the silyl ether 
at C-3 was hydrolyzed. The hydroxy signal at 3.23 which is characteristic for THDOC 
was not present, but that is not always the case with THDOC either. We did also see a 
lot  of  impurities  that  could  be  side  reactions,  as  well  as  some  unreacted 
allopregnanolone. Therefore we have not assigned the exact yield.

3) As  note  1,  but  without  usual  workup  or  hydrolysis.  NMR  spectra  showed 
disappearance of the C-21 hydrogens of the silylenol ether without appearance of the 
C-21 methyl signal. α-hydroxylation and Bayer-Williger rearrangement do not explain 
this action which indicated that the steroid can be over oxidized to the corresponding 
carboxylic acid. We assume that we succeeded with the Rubottom oxidation but failed 
with the deprotection.  

4) As note 1 but without proceeding with hydrolysis. This product was not over oxidized 
to the carboxylic acid, but to the corresponding silylated THDOC analog. Ca 60% of 
the silylenol ether had been oxidized. The spectrum differs from THDOC in that the 
AB-system at  ~4.25 ppm does  not  experience  the  additional  splitting  of  the  C-21 
hydrogens, which is expected when the C-21 hydroxy group is interacting with the 
neighboring  keto-group.  The  C-3  hydrogen  is  still  at  a  higher  shift  than  the 
corresponding  THDOC  or  Allo  signals.  We  assume  that  we  succeeded  with  the 
Rubottom oxidation but failed with the deprotection. 

5) Dirty NMR spectrum. Did not proceed with hydrolysis.

6) Traces  are  over  oxidized  as  in  note  3.  Almost  all  starting  material  had  reacted 
according  to  the  Rubottom  mechanism,  but  had  not  been  hydrolyzed  to  get  the 
unprotected THDOC.

7) The reaction temperature was at least -15˚C the first 20 minutes.
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The result shows that:

• Best  result  is  achieved  with  the  reaction  conditions  given  in  experiment  5.  This 
experiment gave the Rubottom oxidation product in good yield, but we were not able 
to hydrolyze the sily ethers. 

• The hydrolysis was not an effective work up method. NMR spectroscopy showed that 
most of the product was still silylated after hydrolysis as shown in scheme 11.

7. Discussion

7.1 Why not calculate yields gravimetrically?
Even though all  reagents and reactants where carefully weighted before the reactions,  the 
products of the syntheses were generally not purified before analysis, if not otherwise stated. 
The tritium labeled product would eventually be purified by HPLC. The purification of the 
unlabeled products were omitted to save time. A HPLC instrument was generally not available 
at the lab where we were working. Since the products where not purified we did not calculate  
the yield gravimetrically. The yields in the syntheses were calculated from NMR spectra by 
comparing  with  available  spectra  of  the  starting  material  and  the  reaction  product,  or 
estimated by comparing TLC plates with experiments where NMR spectra had been taken. 
Time was saved by excluding the HPLC purifications.

7.2 Monitoring the reaction
The initial amount of tritium labeled allopregnanolone (Pregnan-3α-ol-20one, 5α[9,11,12-3H 
(N)] was not tested for radioactivity. The supplier had indicated that the delivered product had 
a radioactivity of 9,25 MBq and a molar radioactivity of 1,7279 TBq/mmol. This should have 
been  compared  with  our  own  instruments  since  different  instruments  can  give  different 
responses. In this report we have worked work under the assumption that our instruments and 
the ones of the provider would have given the same results. Since the amount of steroid used 
was really small the yield of the reaction cannot be assessed by NMR-spectroscopy or by 
estimating yield from the underlying curve of a UV-chromatogram. We did not have access to 
a MS-instrument when the experiments were carried out. For these reasons we chose not to 
perform a reference reaction with the same treatment and analysis. We estimated the overall 
yield after HPLC purification by measuring the radioactivity and comparing with the initial 
radioactivity.  This  procedure  of  calculating  yield  would  not  have  worked for  a  reference 
reaction of the same scale but without any radioactive labeling. 

7.3 One Step Mitsunobu reaction vs. Two Step Oxidation and Reduction
The Mitsunobu reaction was a tempting method to use, especially since it would give the 
desired product in one reaction step, and with only one purification step. It was reasonable to 
assume that the reaction would work well since two teams of scientists have shown that the 
reaction  can  be  carried  out  from  allo-  to  Isoallo-pregnanolone,  as  well  as  in  the  other 
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direction.  Campos  have  previously  reported  that  the  Henbest  reduction  gave  them more 
reproducible results than the Mitsunobu reaction when they started from similar 3-hydroxy-
steroides.113 After that we had run all my experiments, I could not see the catalytic effect of 
sodium benzoate that Varasi had reported.83 Further I did to some extent see the effect of 
varying the nucleophile  (trifluoroacetic  acid)  concentration reported in  the review articles 
(references  in  the  introduction  chapter  for  the  Mitsunobu reaction).  A higher  nucleophile 
concentration is said to increase the stabilization of the intermediate of reaction pathway A, 
and at the same time slowing down the reaction kinetics. Both these effects were said to be 
solubility related. When I used the same concentrations of DEAD and triphenylphosphine as 
indicated recommended by Varasi but decreased the TFA concentration I could see inversion 
corresponding to the amount of TFA added.83 The best reaction condition was a large excess 
of all  three Mitsunobu reagents.  Even if  we could have increased the yield by additional 
experiments, we would have to deal with a substantial amount of byproducts. It would have 
been expected that these byproducts would overlap with the steroid if purified by HPLC.

The oxidation with IBX went very smoothly. The purification was quite simple since IBX and 
its reduced form have bad solubility in the solvent, and can be filtered off. The only minor 
drawback  of  the  procedure  was  that  it  required  heating,  which  implies  that  complete 
evaporation of the small  volume of solvents during reflux is possible.  The reduction with 
NaBH4 was more of a long shot.  There was a substantial  risk of over reducing the C-20 
position besides the desired C-3 position.  This did not  seem to be the case judging from 
NMR-analysis. This turned out to be a good choice as it produced good enantiomeric excess 
(90:10 Isoallo:Allo), and only required HPLC-purification.

7.4 Two Step Silylation and Oxidation
The Silylation gave good yield of the desired silyl enol ether. After oxidation with m-CPBA 
we could in most cases see that the oxidation had worked out well, but the hydrolysis had not. 
This problem was not resolved by increased acid concentration or longer reaction time.

7.5 Purification is a problem when working in small scale
In synthetic work the number of steps, reactions as well as purifications, have to be kept at a 
minimum. This is especially significant when working in microgram scale. Every transfer 
from one tube to another is a source of decreased yield. To filter the reaction mixture through 
a  small  column with celite  is  usually not  too  big  of  a  deal  in  ordinary synthesis,  but  in  
microgram scale it might be a big source for decreased yield. Whenever possible, preparative 
HPLC should be used as the only purification step.

7.6 Analysis
In regular size synthesis the reactions were followed by TLC and the structures was identified 
by NMR spectrometry. When the microgram scale syntheses were carried out the reaction 
mixtures were analyzed by HPLC with detection at 206 nm. Only one wavelength at a time 
could be analyzed. Since only one pump was available we couldn’t separate the compounds 
over a gradient.
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7.7 Which method is recommended?
Tritium labeled Isoallopregnanolone and THDOC are not commercially available. The major 
goal for this  thesis was to evaluate if it  is possible to use commercially available tritium 
labeled allopregnanolone as starting material for these two steroids. If we start with 3H-allo, I 
would recommend the oxidation-reduction with IBX and NaBH4, if  3H-Isoallo is the desired 
product. If this method is chosen I would recommend that some initial experiments without 
tritium-labeling on the starting material should be carried out, in case the IBX and NaBH4 

would be of different quality from the batches which I used. If we start with 3H-allo, I would 
not  recommend the  silylation  with  TBDMSOTf with subsequent  oxidation  with m-CPBA 
since the silyl-ethers are too hard to get rid of. An alternative could be to make a new study 
with  some  of  the  procedures  referred  to  in  the  introduction  where  some  methods  of 
synthesizing  alfa-hydroxyketones  were  mentioned.  A prerequisite  for  this  thesis  was,  as 
mentioned,  that  the starting material  should already be tritium labeled.  If  a  company has 
permission to use tritium-gas in synthesis, the most desirable mode of action would be to do 
the tritium labeling as a last step, to avoid any unnecessary reaction and purification step. 
Purdy acquired tritium labeled allopregnanolone and THDOC by synthesizing 3α-Hydroxy-
5α-pregn-9(11)-en-20-one and 3α,21-Dihydroxy-5α-pregn-9(11)-en-20-one in-house and then 
letting another company do the tritium labeling with hydrogenation over Pd/C. 84 

To wait with the tritium labeling to the last step is the method of choice for both syntheses. It 
does however require permission to work with tritium gas flow, and that particular synthetic 
step might have to be outsourced to an external company.
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8. Conclusion
It is possible to synthesize Isoallopregnanolone in good yield from Allopregnanolone. 
Allopregnanolone is first oxidized with IBX and then reduced stereo- and regio-specific with 
NaBH4. This synthetic pathway works in microgram scale for the synthesis of tritium labeled 

Isoallopregnanolone with an overall yield of 25.3%

This method is however not recommended in the case of synthesizing tritium labeled 
Isoallopregnanolone. The recommended procedure saves the tritium labeling to the very last 
step.
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Appendix I – Allopregnanolone NMR spectrum
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Appendix II – Isoallopregnanolone NMR spectrum
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Appendix III – THDOC NMR spectrum
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Appendix IV – 5α-pregnan-3,20-dione NMR spectrum
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Appendix V – Mitsunobu reaction Exp. No. 6 NMR spectrum
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Appendix VI – Oxidation with IBX Exp. No. 5 NMR spectrum

56



Appendix VII – Reduction with NaBH4 Exp. No. 1 NMR spectrum
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Appendix VIII – Silylation with TBDMSOTF Exp. No. 5 NMR spectrum
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Appendix IX – Rubottom Oxidation and Subsequent deprotection Exp. No. 5 NMR 
spectrum
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