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Landmarks in Steroid Chemistry

B

*1927 g (o)

Heinrich 0. Wieland wins the *1929 *1931 testosterone

Nobel Prize in Chemistry for his Edward A. Doisy and Adolf Androsterone isolated, structure *1933 *1935

work on sterols and bile acids. F. Butenandt independently unknown. Equilenin and equilin isolated. Estradiol and testosterone isolated.
—— report the first isolation of a ~ -

steroid hormone, estrone, from
the urine of pregnant women,
structure unknown,

B 1mmsap~

+1930 *1936
Estriol isolated, structure unknown. = = Edward A. Doisy isolates
*1928 i *1934 25 mg of estradiol from
Progesterone isolated. four tons of sow ovaries.

\ oy
*1932
John D. Bernal publishes x-ray

structure of the cholesterol derivative
ergosterol which is only slightly

Adolf O. R. Windhaus wins the
Nobel Prize in Chemistry for his
work on the constitution of the
sterols, however, the structure for

cholesterol s incorrect. ¢ mistaken in its positioning of the
% pendant hydroxyl group. \
Me
Me
Me Accumulated evidence from

many sources allows correct Me
structure of cholesterol to

be deduced.

Me Me
OH
Wieland-Windhaus cholesterol structure
| . 8 2 cholesterol

Steroids & the Pill




Landmarks in Steroid Chemistry

equilenin cortisone

*1971

*1939 *1951

Willar:_ Afllen ilsgl.;t:s 3({) mg of Robelrt B.t\:oodv;ard - *1953 William S. Johnson

progestin from 19.7 kg of ovaries completes the synthesis > . completes the biomimetic

and establishes its structure using a = cortisone and cholesterol. Sir Robert Robinson and Sir John synthesis of progesterone. T

combination of methods, including W. Cornforth complete the synthesis

UV spectrometry. of epiandrosterone.

T T T ‘#. s ‘ TR ﬂ TR TS B h | =
. *1950
e A Edward C. Kendall, Tadeus Reichstein, and E *1977
completes the total Philip S. Hench win the Nobel Prize in Physiology K. Peter C. Vollhardt
synthesis of equilenin, or Medicine for “their discoveries relating to the - AL completes the cobalt
hormones of the adrenal cortex, their structure and catalyzed total synthesis
of estrone.

the first steroid to be
made in the laboratory.

biological function.”

estrone




Impact on Chemistry: The Challenge of Total Synthesis

Werner Bachmann
(1901-1951)

equilenin

O X
= |
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3. HF MeO
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+
‘ o -Mel NaOMe ‘ CO,Me 1.S0Cl, ',,,/COZH /%j\/COQH 1. CHoN,
|OO |OO OH - O H H
. O 2. NaOH
MeO 2. BrZnCH,COMe 2. KOH, EtOH ;. %”% a

3. Na (Hg) 1:1 mixture, separated

NaOMe

2. CH,5N,
3. MeOH MeO

equilenin

Bachmann, W. E.; Cole, W.; Wilds, A. | J. Am. Chem. Soc. 1939, 61, 974




Impact on Chemistry: The Challenge of Total Synthesis

William S. Johnson
(1913-1995)

POL
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Anner, G.; Miescher, K. Helv. Chim. Acta, 1948, 31, 2173
Cole, J. E.; Johnson, W. S.; Robins, P. A.; Walker, J. Proc. Chem. Soc. 1958, 114




Impact on Chemistry: The Challenge of Total Synthesis

cholesterol adrenosterone cortisone acetate
Z o) CH; @ CHs 9 CH3 OH
+
O H5C pyridine 5N HCI 1. resolve_ Ac,0
tol 07O 88 o) 2.NaBH, Pd, EtOH NaOAc, A
COLMe o A MeO,C HO,C HOZC HOZC\/ 80%

CH OAc O/—\o o CHj OBzl
1. CHy S~ MgBr PhCCI NaOt-Amy!
2. KOH, MeOH Py CHjl

CHg PH
1. KOH/MeOH 1. CrO3
2. NaOt-Amyl
2. CH3CONHBr
O O

adrenosterone

cholesterol/cortisone: Woodward, R. B. et al. J. Am. Chem. Soc. 1952, 74, 4223

adrenosterone: Velluz, L. et al. Compt. Rend. 1963, 257, 3086
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Impact on Chemistry: The Challenge of Total Synthesis

Woodward et al. OAc

1. Bry

2. 2,4-DNP

3. pyruvic acid
4. HCI




Impact on Chemistry: The Challenge of Semi Synthesis

Woodward et al. OAc

1. Bry

2. 2,4-DNP

3. pyruvic acid
4. HCI




Impact on Chemistry: The Challenge of Semi Synthesis

Woodward et al. OAc

1. Bry

2. 2,4-DNP

3. pyruvic acid
4. HCI

OAc




Impact on Chemistry: The Challenge of Semi Synthesis

cholesterol adrenosterone cortisone acetate progesterone

“leaching process”
Greiner and Fevig (1961)

soy bean sterols]—\

sitosterol diosgenein

Marker

progesterone




Impact on Chemistry: The Challenge of Semi Synthesis

cholesterol adrenosterone cortisone acetate progesterone

“Sitosterol Pile ca. 1990”
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Impact on Chemistry: The Challenge of Semi Synthesis

cholesterol adrenosterone cortisone acetate progesterone

l [soy bean sterols] \

“leaching process”
Greiner and Fevig (1961)

stigmasterol sitosterol

4 steps mycobacterium F

(mutants)

cortisone acetate

11a-hydroxyprogesterone

—




Impact on Chemistry: The Challenge of Semi Synthesis

Woodward et al.

OAc

1. Bry

2. 2,4-DNP

3. pyruvic acid
4. HCI

OAc

:+OSiMe,
LIHMDS

o)

thermodynamic

OAc




Impact on Chemistry: The Challenge Six-Ring Annulation

4-atom + 2-atom

*
~
* \
\
1
’
* .
* -
*

5-atom + 1-atom

Annulation: The process of forming a ring from two separate partners

3-atom + 3-atom 2-atom + 4-atom
* =~ i‘
L O— &

Robinson Annulation: 4-atom + 2-atom

.. a
/ ______ .
Methyl Vinyl Ketone JA/ . a. Michael
07 CHa -~ b. aldol 0
3 O c. dehydration
b,c
HaC i HC §
3
Methyl Vinyl Ketone f N Ij NaOEt m KOH or Qij
07 CH; O EtOH™ “acd
Sir Robert Robinson
Methyl Vinyl Ketone Surrogates Nobel Prize 1947
Cl CO,tBu SlMe3 HaC
Hsc)\/\m Hg CMBr Hg c)\/\l HsC \ l CHs)k)/ >_Q3H
Wichterele bromo v-halo tiglate SiMes °
reagent ketal vinyl silane o-silyl isoxazole

enone




Impact on Chemistry: Organocatalysis

Hajos-Parrish; Eder-Sauer-Weichert, Enantioselective Robinson Annulation

CH; CH;
DMF
O <;LCOzH O Yo
hl_-proline)

Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. 1971, 10, 496
Hajos, Z.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615

CHs CHy)
C.H
€% 0 o)
95% ee 99% ee

‘ Organocatalysis

/

A. Covalent Catalysis

examples:

- nucleophilic catalysis of e.g. acyl-transfer reactions
by Lewis-basic amines and phosphanes

o)
@
R” “XRs X:N,P

acyl ammonium/phosphonium
intermediate

- amine catalysis of e.g aldol reactions, Michael-
additions, and related transformations

D0 oyt
2 N
Ph-CH» CH
® )CHs
N H S z
H I\‘ CHs
H,C? “CHs ‘\’
|
CR>

enamine and iminium ion intermediates

AN

B. Non-Covalent Catalysis

examples:

- activation of carbonyl compounds towards
e.g. cycloadditions by hydrogen bonding to
amidinium cations, ureas, diols etc.

£ £

H H H H
‘O’ X:O,N “O'

RJ\R IHKR'
CR,

- phase-transfer catalysis,formation of
chiral ion pairs

©

reactant: e.g. enolate, nitronate etc.




Impact on Chemistry: Organocatalysis

Hajos-Parrish; Eder-Sauer-Weichert, Enantioselective Robinson Annulation

CHg @

2005
A

A. Berkessel, H. Groger @WILEY-VCH

Asymmetric
Organocatalysis

From Biomimetic Concepts
to Applications in Asymmetric Synthesis

CH
DMF m pTsOH
L Cofle
N~ ~CO:H

H_-proline)

Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. 1971, 10, 496
Hajos, Z.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615

2012

2007

Edited by Peter I. Dalko ®WILEY-VCH ‘

Enantioselective
Organocatalysis

Reactions and Experimental Procedures

Jos

95% ee

@)

99% ee

W,

Science of
Synthesis




Impact on Chemistry: The Challenge Five-Ring Annulation

Annulation: The process of forming a ring from two separate partners

3-atom + 2-atom 4-atom + 1-atom
* "\\ ~\\ * : ~\\ 5\\
) — | C Y |
7 7 * 7 7
% ’, ’/ * ’, ’/

Nucleophilic Three Carbon Units

O O
2 LDA n
© O O I"OHO 2. NaOEt
SPh

| 0
N H 1.Mg 77 1.05 CHO
o 2Cu 2 Me,S —




Impact on Chemistry: The Challenge of Catalytic Dihydroxylation

dQSO O ,O  oxidant Q/(/)/OH OH
Os Os_ -
00 water 0O \bOH OH
Osmium Tetraoxide 0OsOg4

mp 40°C, bp 135°C, toxic, expensive $50-60/g
oxidants including chlorates and hydrogen peroxide often give overoxidation

0.1,0

Tetrahedron Letters No. 23, pp 1973 - 1976, 1976, Peryamon Press. Printed in Greut Britain, A & Notlogged in Talk Contributions Create account Log in
v
o
P a " Article  Talk Read Edit View history |Search Wikipedia Q
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N =
. . .
AN IMPROVED CATALYTIC 0s0, OXIDATION OF OLEFINS TO CIS-1,2- WIKIPEDIA Up]Ohl’l dlhydroxylatlon
GLYCOLS USING TERTIARY AMINE OXIDES AS THE OXIDANT The Free Encyclopedia From Wikipedia, the free encyci ™
V. VanRheenen, R. C. Kelly and D. Y. Cha
Main page The Upjohn dihydroxylation is an organic reaction which converts an alkene to a cis vicinal diol. It was developed by V. Upjohn dihydroxylation
The Upjohn Company Contents VanRheenen, R. C. Kelly and D. Y. Cha of the Upjohn Company in 1976.1"! It is a catalytic system using Named after The Upjohn Company
Kalamazoo, Michigan 49001 Featured content N-methylmorpholine N-oxide (NMO) as stoichiometric re-oxidant for the osmium tetroxide. It is superior to previous Reaction type Addition reaction
' ko) catalytic methods. Identifiers
e c Organic Chemistry | upjohn-dihydroxylation
(Received in USA 24 February 1976; received in UK for publication 27 April 1976) Donate to Wikipedia HO OH Portal
Wikipedia store 0504 (1%)
The reaction of an olefin with osmium tetroxide is undoubtedly the most reliable method L NMO. H,0
for cis-dihydroxylation of a double bond.' When used stoichiometrically, however, the high Heip 12
i hi 2. About Wikipedia
1; - .
cost of 0sQ; can mske & large scale glycolization prohibitively expensive, and the workup pro Community portal Prior to this method, use of stoichiometric amounts of the toxic and expensive reagent osmium tetroxide was often necessary. The Upjohn dihydroxylation is still often
cedures can be cumbersome, particularly when pyridine is used. These considerations, coupled Recent changes used for the formation of cis-vicinal diols; however, it can be slow and is prone to ketone byproduct ion. One of the of the dit of olefins
vwith the high toxicity of 0s0,, have provided the mcm";ve to develop procedures using 3 Contact page is that the standard “racemic" method (the Upjohn dihydroxylation) is slower and often lower yielding than the method (the ic
0s0, catalytically. Catalytic osmylation using chlorate” or hydrogen peroxide (Milas' reagent”) dihydroxylation).
to regenerate 0s0, can be useful, but further oxidation to an G-ketol is a commonly encountered e
‘What links here
problem, resulting in yield losses and separation problems. . . . )
’ X ) Related changes Improvements to Upjohn dihydroxylation (edit)
We report here a catalytic 0s0, cis-dihydroxylation which provides the high yields of Upload file
the stoichiometric reaction without its expense and workup problems, and avoids the q-ketol Special pages In response to these problems, Stuart Warren and co-workers!? employed similar reaction ions to the 1, but replacing the
byproducts encountered with presently available catalytic processes. In this process one mole Permanent link chiral ligands with the achiral quinuclidine to give a racemic reaction product (assuming an achiral starting material is employed). This approach takes advantage of
of tertiary amine N-oxide is used to regenerate 0sO,, allowing the glycolization to proceed at Page information the fact that when using the Sharpless alkaloid ligands, the dihydroxylation of alkenes is faster and higher yielding than in their absence. This phenomenon became
Toom temperature using around one mole percent of 0sO, as catalyst. The following scheme Wikidata item known as "ligand accelerated catalysis", a term coined by Barry during the of his protocol.
illustrates the reaction: Che e Phge
| Prineopont See also [edit)
\c —N§09: + H0 | Create a book « Milas hydroxylation
>=c\/ ﬂ__., /IJ ( >__<\\/ + 080, + _¥: Download as PDF « Sharpless asymmetric dihydroxylation
aq. acetone . é Printable version
aq. t-BuOH 0) H H
In other projects References [edt]
Q [ 0 o Wikimedia Commons 1. A Vanrheenen, V.; Kelly, R. C.; Cha, D. Y. (1976). "An improved catalytic OsO4 oxidation of olefins to cis-1,2-glycols using tertiary amine oxides as the oxidant". Tetrahedron Lett.
(f\, oJ\ ()\ A 17 (23): 1973-1976. doi:10.1016/S0040-4039(00)78083-2 2.
¥— OH OH V< OH o1 3 '0‘ OH gmos & 2. A Eames, Jason; Mitchell, Helen J.; Nelson, Adam; o'Brien, Peter; Warren, Stuart; Wyatt, Paul (1999). "An efficient protocol for style racemic L J
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osmylation of 1 with NaCl0, in aqueous THF gave after optimization a 75% yield of glycols 2 and peew e o
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Impact on Chemistry: Biomimetic Polyene Cyclization
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Impact on Chemistry: Biomimetic Polyene Cyclization

Yamamoto
Me
cat.(0.5-1.0 equiv.)
Mel DCM,
-78°C,4h
Me

80%, 91% ee

i

* H
Me

76%, 84% ee

78%, 86% ee

R =3<\(Me R =%WM€

Me Me

80%, 86% ee 82%, 90% ee

Yamamoto

Snyder

catalyst (xx mol%)

NBS (1.2 equ

- =

toluene, -78 °C

24h

Ar
‘ ‘ o._X

Y
Ar

optimized reaction conditions

iv)

Br

d
AGS

Ar = 2,4,6-PraCgHy, X =0, Y = OH (10 mol%), 0% yield

CISOH
PINO,, 78 °C
e

Ar = 2,4,6-PrgCgqHp, X =0, Y = NHTf (10 mol%), 20% yield, 50:50 er

cat. Ar= 2,4,6-PryCeHp X =S, Y = NHTF (10 mol%), 68% yield, 65:35 er

MeO OMe 1. Hg(OTf), (1.1 equiv.),
L (1.2 equiv.),
Me DCM, ag. NaBr
" -78°Ct00°C,3h
e
AN 2. Bry, LiBr,
Oy, pyr.
Me t,2h
79%. 72% ee
Me
n-Bu n-Bu /(jf/H
o\_ X ',o
wed | =~ OAc
Ph: N N\8<F’h Br :
Ph L Ph

65%, 62% ee

80%, 28% ee

X = Cl; 67%, 81% ee”
X = Br; 66%, 81% ee”
X =1;72%, 81% eeb°

77%, 64% ee

step 1 one pot Ar o}
cat. (5 mol %) 87% yield /‘//(
DBDMH (1.05 eq) 89.5:10.5 er 0.8 N-Br
toluene/CH,Cl, (10:1) O™ "NHTF o N
-90°C, 18 h OO o
step 2 Ar
CISOgH, PINO, DBDMH
78°9C,12h
’ Ar = 2,6-Pr,-4-(9-anth )CeH
69% yield, 89:11 er ! ro-4-(9-anthraceny)CeH,
Carreira
MeO OMe MeO OMe
Me [I(COD)CIL, (4 mol%), Me
(R)-cat(16 mol%),
Zn(OTh, (20 mol%) |
DCE, 25 °C, 24 h s
HO' _H

90%, >99.5% ee

i
= I

=

|10
T

=

90%, >99.5% ee

89%, 99.5% ee

OMe

OMe

T

71%, >99.5% ee

71%, 99% ee

86%, >99.5% ee

Also: Ishihara, Jacobsen, MacMillan, Toste, Gagné, Denmark




Impact on Chemistry: Radical Chemistry/CH-Activation

HO O,

cholesterol

Barton J. Am. Chem. Soc. 1960, 82, 2641

Hz0* aldosterone

21-acetate

corticosterone acetate nitrite ester

oxy radical N L carbon radical | aldosterone acetate oxime

Breslow J. Am. Chem. Soc. 1974, 96, 1973
HsC,,

HsC,

CHa

CHs CHs
1. chlorobenzene + 1. benzene ‘0
N hv/—25°C O 250 0"
v /25 °C H
. H/MeOH
o)\c{j%m2 2 ROR/ Me o)\cH3 O)\CH;; 2.KOH/MeOH g ICl,
Ho -ACHTPY 3. Ac,0 / py
»53% 5% |
a-cholestanyl ester 9% 43% = a-cholestanyl ester
Pattenden J. Chem. Soc. Perk 1 1996, 45
CHy2
n-BugSnH / AIBN CHa| | radical
S
benzene / heat | cascade

|")

0]




Impact on Chemistry: Stereochemistry - Conformational Analysis

Modern
Conformational
Analysis

Elucidating
Novel Exciting
Molecular Structures

Helena Dodziuk

INTRODUCTION TO
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& CONFORMATIONAL
- ANALYSIS

Fusebio Juaristi

With a Contribution by Lewis N. Mander




Impact on Chemistry: Stereochemistry - Conformational Analysis

INTRODUCTION TO

| STEBEOCHEMISTRY

& CONFORMATIONAL
- ANALYSIS

Modern
Conformational
Analysis

Elucidating
Novel Exciting
Molecular Structures

Helena Dodziuk

Fusebio Juaristi

With a Contribution by Lewis N. Mander

All of these people except one have Nobel Prizes related to stereochemistry

J. H. van’t Hoff V. Prelo J. W. Cornforth
L. Pasteur D. H. R. Barton &
. 1901 1975 1975
No Prize! . 1969 . .
Theory of Bonding . Stereochemistry Stereochemistry
Fundamentals Conformational
£ Molecul and Analvsi of of
ot violecular Stereochemistry natysts Medium Rings Enzymatic Reactions

Dissymmetry

—




Impact on Chemistry: Stereochemistry - Conformational Analysis

D. H. R. Barton, “Conformation of the Steroid Nucleus” Experientia 1950, 6(8), 316

316 Informations — Informazioni

STUDIORUM PROGRESSUS

The Conformation! of the Steroid Nucleus

By D.H.R. Bartox?, Cambridge, Mass.

In recent years it has become generally accepted that
the chair conformation of cyclohexane is appreciably
more stable than the boat. In the chair conformation
it is possible®* to distinguish two types of carbon-
hydrogen bonds; those which lie as in (Ia) perpendicular
to a plane containing essentially the six carbon atoms
and which are called® polar (p), and those which lie as
in (Ib) approximately in this plane. The latter have
been ‘designated?® equatorial (e).

The notable researches of HasseEL and his collabo-
rators®® on the electron diffraction of cyclohexane
derivatives have thrown considerable light on these
more subtle aspects of stereochemistry. Thus it has
been shown?® that monosubstituted cyclohexanes adopt
the equatorial conformation (ITa) rather than the polar
one (IIb). This is an observation of importance for it
indicates that the equatorial conformations are ther-
modynamically more stable than the polar ones. It
should perhaps be pointed out here that although one
conformation of a molecule is more stable than other

® () (p)

(e) (&)
(o)

(p) (e)
p o) ® (Iv)

(e)R (e)H

(o) (Ip)

possible conformations, this does nof mean that the
molecule is compelled to react as if it were in this con-
formation or that it is rigidly fixed in any way. So long
as the energy barriers between conformations are small,
separate conformations cannot be distinguished by the
classical methods of stereochemistry. On the other hand
a small difference in free energy content (about one
kilocal. at room temperature) between two possible
conformations will ensure that the molecule appears by
physical methods of examination and by thermo-
dynamic considerations to be substantially in only one
conformation.

1 The word conformation is used to denote differing strainless
arrangements in space of a set of bonded atoms. In accordance with
the tenets of classical istry, these arr
only one molecular species.

? Harvard University Visiting Lecturer, 1949-50, Harvard
University, Cambridge 38, Mass.

3 C.W.Beckert, K.S.Pirzer, and R.Spitzer, J. Amer. Chem.
Soc. 69, 2488 (1947).

4 0. Hasser’s nomenclature® is different, but the distinction
remains the same.

® O.HasseL and H. VieryoLr, Acta Chem. Scand. 7, 149 (1947).

8 See O.HasseL and B.OTTAR, Acta chem. Scand. 7, 929
(1947) for a izing paper and ref to earlier work.

[ExPERIENTIA VoL. VI/8]

The equatorial conformations are also the more
stable in both cis‘1:3- and trans-1:4- disubstituted
cyclohexanes?!. Thus cis-1: 3-dimethylcyclohexaneadopts
the diequatorial conformation (IIIa) rather than the
dipolar one (IIIb), whilst trans-1:4-dimethylcyclo-
hexane exists as (IVa) rather than (IVb).

(e}
Hie)

CHy
(nkac\,\;\] um)tm
H
W (P " |2;'3
P (o) 5 (my
P} p)
H My
(e) HyC (e)H
CHy (e} H(e)
CH;
(M) M, (wn S

Thermodynamic calculations! show that trans-1:2-
dimethylcyclohexane takes up the diequatorial con-
formation (V; R=CH,;) rather than the dipolar one
(VI; R=CH,). For cis-1:2-disubstituted cyclohexanes
there are two possible conformations. In both of these
one of the substituents forms an equatorial bond, the
other a polar one. Since these differences in thermo-
dynamic stability between equatorial and polar con-
formations are presumably of steric origin!, it would
appear logical to make the larger substituent form the
equatorial bond.

Considerations of the same type can be extended to
2-substituted cyclohexanols. Thus*? the cis-alcohols
(VII; R= alkyl), on cquilibration by heating with sodium,
furnish almost entirely the trans-isomers (VIII; R=
alkyl). In the former one substituent is polar, one
equatorial; in the latter both are equatorial. The same
conclusion on relative stability is reached from a
consideration of thermochemical datat. Similarly® the
2:6-disubstituted cyclohexanol (IX), with two equatorial
and one polar substituents, is isomerized to (X) on
equilibration. The situation is the same® with the
bicyclic trans-a-decalol. Here the isomer (XI) is iso-
merized to (XII) on equilibration.

A consideration of the conformations® (XIII) and
(X1V), assumed by the steroid nucleus when the A/B
ring fusion is respectively trans- and cis-, provides a
striking illustration of the usefulness of the concept of

1 C.W.Beckert, K.S.Prrzer, and R.SPITZER, J. Amer. Chem.
Soc. 69, 2488 (1947).

2 G.Vavox, Bull. Soc. Chim. [4], 49, 837 (1931).

3 W.HOCKEL, Ann. Chem. 533, 1 (1937).

4 A.Skita and W.Fausr, Ber. Dtsch. Chem. Ges. 64, 2878 (1931).

5 G.Vavox and P.Anziani, Bull. Soc. Chim, [5], 4, 1080 (1937).
In connection with the conformations of poly-substituted cyclo-
hexanes it should be mentioned that O.BastiaNseN, O, ELLERSEN,
and O.Hasser, (Acta chem. Scand. 3, 918 [1949]) have recently
shown that the five i ic benzene h hlorides assume, in
agreement with our general those ions which
have the maximum possible number of equatorial carbon-chlorine
bonds:

& Conformations (XIII) and (XIV) are unambiguous represen-
tations of the steroid nucleus provided that rings A, B, and C are
chairs. This is almost certainly true for a trans-A/B ring fusion
(compare the X-ray evidence of C.H.CarLiSLE and D.Crowroot
(Proc. Roy. Soc. A 184, 64 [1945]) on the conformation of cholesteryl
iodide) and a similar situation, at least in solution, probably holds
for a cis-A/B fusion. The justification for the latter has been more

£

{15, VILL, 1950]

This observation is adequately accommodated by the
present theory if the rate determining step is attack
upon the carbon-hydrogen bond rather than upon the
carbon-hydroxyl linkage.

The situation in the steroid field is summarized in
Table III. In every case the expected order of hindrance
holds good. Also included are data for oxidations of
alcohols by Br* to give the corresponding ketones. If
such oxidations are assumed to involve attack upon the
carbon-hydrogen bond then the results are in agreement
with the other observations summarized in the Table.

Although the concept of polar and equatorial bonds
is not, of course, applicable to cyclopentane, it is of
interest to note that the 17 a-bond in the steroid nucleus
has, because of the ring fusion to a six-membered ring,
the character of a polar bond with respect to that ring.
Also the 17 f-bond has in its relationship to ring C the
aspect of an equatorial bond. These facts are in agree-
ment with the greater thermodynamic stability of 17 -
substituents and the greater degree of steric hindrance
shown by 17a-substituents?.

» (xan)

Use of the Concept. It will be clear that it is possible to
assign configurations on the basis of the concept of polar
and equatorial bonds. One such example has alrcady
been given in Table I. An additional illustration is
provided by trans-f-decalol®. The more stable epimer
m.p. 75° must have the hydroxyl in the equatorial
conformation as in (XVII); this is in agreement with the
fact that its esters are more rapidly hydrolysed than
those of the epimeric (polar hydroxyl) alcohol. Other
cxamples are mentioned below.

Extension to di- and tvi-teypenoids. It would seem
reasonable to extend the concept of equatorial and polar
bonds to the correlation of the stereochemistry of other
ring systems built up from fused cyclohexane units.
Thus ring A of the diterpenoid abietic acid may be
represented® by (XVIII; R=CO,H, R’=CH,) with the
carboxyl occupying an equatorial conformation. It is
understandable then that the esters of this acid should

1 L.F.Fieser, Exper. 6, 312 (1950).

2 W.HUckKEL, Ann. Chem. §33, 1 (1937). - W, HUCKEL ¢t al., Ann.
Chem. 533, 128 (1937).

3 D.H.R.BarTON, Quart. Rev. 3, 36 (1049).
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be more easily hydrolysed than those of (say) podo-
carpic acid where ring A is as shown in (XVIII; R—CH,,
R’=COQ,H), for in the latter the carboxyl occupies the
more hindered polar conformation.

Now that it is recognised? that rings A and B of the
«- and f-amyrin groups of triterpenoids and also? those
of the lupeol group are trans-fused, it is possible to
make a tentative representation of their stereochemistry

@ o)
R
(0 cHs
(o

I (eIR

(X¥In) | (Xvm

as shown in (XIX; R=H). Placing the hydroxyl in the
equatorial conformation explains the more facile
hydrolysis of f-amyrin acetate relative to epi-f-amyrin

H.R,BartoN, Quart. Rev. 3, 36 (1949).
R.Awses and E.R.H, JoNEs, Nature 764, 1090 (1949),

1
2
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Barton (1950) First clear statement about relationship of conformation and reactivity

M H Me M H Me
e e
Br R R
HO ! - Br _
H H H H
Br HO Br
A B

trans diaxial trans diequatorial

in reactions of steroids.

Rates of reaction with acetic anhydride/pyridine

H OH
[=T7OH =77
HO F
g bBr Kot 7.7 1.0
debromination rate: A >> B
Rates of Fischer esterification
H CO,H H CO,H
[T COM [T e LT COMH oo LT H
Krel 25.0 1.0 Krel 20.0 1.0

Rates of oxidation with chromic acid

Me OH

H H OH Me H
[T oy LT OH oo L7 H Mo 7> ~0H MeZ—/~H
1.00 3.23 Me . g7 M

ke 1.34 © 62.9
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STUDIORUM PROGRESSUS

Steric Course of Reactions of Steroids

By Louis F. Fieser!, Cambridge, Mass.

In previous reviews® attention was called to two
types of hindrance effects that determine the steric
course or rate of reactions involving functional groups
at the 17-position of steroids. In this paper the concept
will be defined more specifically and applied to other
positions in the steroid structure.

Intva- and extraradial effects at Cyy. One type of
hindrance controls the direction of opening of a carbon-
oxygen or carbon-carbon double bond extending from
C,7; the relative disposition of atoms and groups in the
immediate vicinity of the front and rear side of C,,
appears to be such as to render C,, more accessible to
attack from the rear than from the front, for the rear
member of the double bond invariably opens prefer-
entially or exclusively (a). Thus 17-ketones on hydro-

A AX
HC HC |
@ N X-Y \I/\Y
|
a o

genation, reduction with lithium aluminum hydride,
addition of Grignard reagents, or addition of potassium
acetylide yield chiefly products in which the hydrogen
atom attached to C,, is oriented to the rear («-Y) and
the hydroxyl group is oriented to the front (8-AX)3;
17,20-ethylenes add osmium tetroxide chiefly by rcar-
bond attack to give a-hydroxylated products with the
normal f-side chain; 17,20-cnol acetates react with
perbenzoic acid in the same steric sense to give 17a-
hydroxy-20-ketones of the normal seriest. Other in-
stances of preferential rear attack of C,, are: (b) for-
mation of 17-epiestriol by osmium tetroxide hydroxyl-
ation of the AlS-ethylene; (c) reaction of a 16,17-
ethylene with perbenzoic acid to give the 16,17-x-oxide
convertible into a 17a-hydroxy compound?; (d) hydro-
genation of a 16,17-unsaturated 20-ketone to a pregnan-
olone; (e) formation of a 17«,21-diacetoxy compound
(rather than 17 §,21-) as a by-product of acetoxylation
of a 20-ketone.

The rule of rear attack at C,, thus seems to apply to a
wide variety of structures and reagents. Whatever the
source and nature of the spatial characteristics in the
immediate vicinity of C,; that favor attack from the

1 Converse Memorial Laboratory, Harvard University, Cam-
bridge 38, Massachusetts.

2 L.F.Fieser and M.Fieser, Exper. 4, 285 (1448); Natural
Products Related to Phenanthrene, 3rd Ed., Reinhold, New York
(1949).

8 Unless otherwise indicated, references to the literature are to be
found in the Monograph by Fieser and Fieser, loc. cit.

4 B.A.Koecuiy, D.L.Garmaisg, T.H.KritcHEvsky, and
T.F.GALLAGHER, J. Amer. Chem. Soc. 71, 2362 (1949).

5 Pr.A.Prattner, H.HEUsser, and M.Feuser, Helv. chim.
acta 31, 2210 (1948). — P.L. JuLian, E. W, MEYER, and 1. RyDpEN, J.
Amer. Chem. Soc. 71, 756 (1949).

[Experientia Vor, VI/8]
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rear, the overall effect must be associated with atoms
within the van der Waals radius of C,;, and hence can
be described as an intraradial effect.

OH
HoC HC & on
® \l/\\l 050 \|‘/\.-"
o S
I ) h
H,e Y0 H,C fo He ©
© \}/\ ANV v \/"lo“
— /_
COCH.
H,C
@ 2 N
| 7% [
/ Ve
COCH, COCH,0Ac
HC | HC
© N\ PR \E/'&'_"““
L |
e e

That a hindrance effect of a second type determines
the course of reactions involving functional groups
attached to C,, can be recognized from the fact that
attack from the front is favored over attack from the
rear. Thus in the pairs of epimeric esters (f) and (g), the

OCOCH

(0 \/j

Hydro]. fast Hyadrol. slow

COOR COOR
H,C HC }
(CANVAN N \l
e e
Hydrol. fast Hydrol. slow

17 f-epimer is hydrolyzed more rapidly than the 17a-
epimer. Here the attack is at carbonyl groups at some
distance from C,;,, and whatever hindrance effects
determine the relative accessibility of groups oriented
on the front and rear sides of the molecule these effects
must operate outside the van der Waals radius of C,,
and are therefore defined as extraradial with respect to
the point of attachment to the nucleus. Other instances
indicating greater availability of space on the front than
on the rear side in the region extraradial to C, are as

314 Informations — Informazioni [ExperIENTIA VoOL. VI/8]
o o OH OH
Ii’ CH, | CH, | (.H, i CH,
AN — A AN — \/\/
[ A [ | D
| AN )\ AN
IV (trace) V (30%) XIV (63%) XV (1%)

When either of the epimeric 11-hydroxy-12-keto
acids IV or V or their bromo precursors is refluxed with
alcoholic alkali an equilibrium mixture of isomers
results in which the Marker-Lawson acid XIV pre-
dominates; the yields of components obtained after
equilibration of pure XIV (GALLAGHER) are indicated
under the formulas. GALLAGHER and KRITCHEVSKY have
suggested an interpretation of the predominance of XIV
based on the concept of a rear-attack by a proton of a
common enediol jon, but this explanation seems inad-
missible because the relative rates of enolization reactions
cannot influence the final position of equilibrium. The
phenomenon seems rather to be related to the iso-
merization of 17-ketones and etio esters discussed above;
the position of equilibrium should be dependent upon
the relative availability of space in the front and rear
extraradial regions surrounding position 11 and 12. If
accommodation of the hydroxyl group alone were in-
volved, the relative abundance of the isomers expected
from relative hindrance in the hydrolysis of esters would
be: V)>XIV)>XV>IV; this corresponds to the actual
order except for the reversal of V and XIV.

Positions 5 and 6. Many reactions involving the 5,6-
double bond bear evidence that attack is predominately
from the rear. Thus hydrogenation of cholesterol gives
exclusively a cholestane derivative (XVI); hydroxylation
with osmium tetroxide or permanganate gives the
3B,5a,6a-triol (XVII); reaction with perbenzoic acid
gives chiefly the a-oxide (XVIII), which on hydrolysis
yields the 3p8,5x,6p-triol (XIX). Bromination of
cholesterol has been shown by BarTon and MILLER!
to yield the 5,6 f-dibromide (XXII); the reaction is
here formulated as involving rear attack and fission of
the a-bromonium ion XXI in the direction established
for the «-oxide.

There is some reason to believe that both hydroxyl-
ation of ergosterol (XXIII) with lead tetraacctate or

1 D.H.R.BartoN and E.MiLLER, J. Amer. Chem. Soc. 72, 1066
(1950).

osmium tetroxide and reaction of the sterol with oxygen
proceed by attack from the rear, as represented in
formulas XXIV and XXV, since the ready dehydration
of the triol-I (XXVI) on pyrolysis suggests that the
hydroxyl group at Cq is cis to the hydrogen atom at C,.

HC ‘ H,C |
/\/\/ A
S e N
Ho N N
IIO OH
XXIII XXIV Triol-TT

v t

XXV XXVI Triol-1 XXVII

Extraradial hindrance at C; operates to shield the
front side of the molecule more than the rear side. Thus

HC | HC |
By &y
HO/\/é\/ HO/\/,\/
OH OH

XXVIIL XXIX

the 5 «-hydroxyl group of cholestane-38,5 «-diol (XX VIII)
is acylable whereas the 5p8-hydroxyl group present in
many cardiac aglycones (XXIX) is not. The relation-

Hn(li ' H,C H,c |
ANAS ANA/ /\/\/
JSONe's See
HO HO NN o % \
H HO OH
XVI XVII XIX
A
I ]
|
HyC H,C
/\!/ /O /\1/\/
IIO/\/\/ = HO \) Ho/\/ﬁ,
XX XXI XXI?;
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Prediction of the Stereochemistry of
x-Brominated Ketosteroids

Previous work! has shown that the orientation of
bromine in the most stable conformation of a monocyclic
a-bromocyclohexanone is sometimes polar and some-
timesequatorial. Forexample, the stable conformation of
2-bromocyclohexanone is that chair form in which the
bromine is polar (I 4), while the stable form of 2-bromo-
4,4-dimethylcyclohexanone is that chair form in which
bromine is equatorial (11 B) (Table I). This dichotomy is
due to the fact that both steric and electrical repulsions®
between ring substituents are important in determining
the preferred molecular configuration. When the bromine
substituent in an a-bromocyclohexanone is equatorial
electrical repulsions are at a maximum and steric
repulsions are at a minimum ; however, when the bromine
is polar the reverse is true.

Thus, when electrical repulsions due to equatorial
bromine are much more important than steric repulsions
due to polar bromine, the stable molecular configuration
will be that in which bromine is polar. This is the situa-
tion with 2-bromocyclohexanone, as has been confirmed
by calculations?. Electrical interaction between the C-O
and C-Br dipoles destabilize form I B of 2-bromocyclo-
hexanone by at least 2-7 kcal./mole relative to form 14,
while steric interactions destabilize form IA4 by only
ca. 0-4 kcal./mole relative to form IB. In the case of
2-bromo-4, 4-dimethylcyclohexanone, however, the steric
interaction in II 4 between polar bromine and a polar,
cis-methyl group at C, completely overshadows the
electrical interactions in IIB involving equatorial
bromine and, consequently, the stable form is II B.

0 R
R
R.
R Br Br \o
14, R=H IB,R=H
I14,R = CH, II B, R = CHg

From a knowledge of the stable molecular configura-
tion of non-rigid «-bromocyclohexanones?, which is
easily obtained by infrared spectroscopy$, one can

1 E. J. Corgy, J. Amer Chem. Soc. 75, 2301 (1953).

2 By electrical il we mean the i quare field effect
associated with the proxmuty of non-bonded atoms of like net
charge; by steric r¢ we mean the invi ial field

effect due to interaction between the outer valence- shell clectrons
of non-bonded atoms.

3 The term non-rigid is used to mean that both possible chair
forms of the cyclohexane ring can exist. A rigid chair-formed six-
membered ring is one which is prevented from assuming the other
possible chair form.

4 E. J. Corey, J. Amer. Chem. Soc. 75, 2301 (1958). - R. N.
Jones, D. A. Ramsay, F. HERLING, and K. DOBRINER, J. Amer.
Chem. Soc. 74, 2828 (1952).

evaluate the relative importance of the electrical and
steric interactions between substituents in any type of
cyclohexane ring systems, rigid or non-rigid. Conse-
quently, the preferred molecular configurations of
suitable non-rigid reference systems can be used to
derive the preferred configuration at an asymmetric
carbon atom in a rigid system.

Table I
Relative stabilities of chair-formed conformations of a-bromocyclo-
hexanones
Approx. Keq.,
Ketone ‘ p;sr pclar)‘q
(Br equatonal) |
2-bromocyclohexanone-1 . . . . . . > 50
2-bromo-3, 3-dimethyl-cyclohexanone-1 > 40
2-bromo-4, 4-dimethyl-cyclohexanone-1 < 001
2-bromo-6, 6-dimethyl-cyclohexanone-1 ~ 04
7-bromo-spiro[4-5]decane-6-one. . . . ~ 04
cis-2,6-dibromocyclohexanone-1 . . . < 005

* In carbon tetrachloride solution at 25°. Data obtained by
infrared spectroscopy [ref. 1; E. J. Corey and T. ToriE, to be
published).

Thus, from the data in Table I on preferred molecular
configurations we have deduced the relative stabilities of
the epimeric bromination products of any ketosteroid
with ketone function in ring 4, B or C and 4/B cis or
trans. The results are recorded in Table II. Since the
stable epimer predominates when the product of bromin-

H-B8

pass + HB + B~

ation is thermodynamically (equilibrium) controlled, it is
possible by means of these data to predict the configura-
tion at C(gr) of any bromoketone thus formed.

We also have found a rule, which has a theoretical
basis, for predicting the stereochemistry of the kimeti-

We also have found a rule, which has a theoretical basis, for
predicting the stereochemistry of the kinetically (rate) controlled
bromination products of keto-steroids. This rule rule...leads
invariably to the correct assignment of configuration: the epimer
which is formed faster in the bromination of a keto-steroid
always that in which bromine is polar (axial). The theoretical
basis for this rule depends on the recognition of both the
enolization of a ketone and the ketonization of an enol as
stereoselective processes. In general, the energy of the
transition state for enolization will be minimized when there
is maximum overlap between the sp3 — p orbital made
available by the by the leaving a-hydrogen and the m orbital
of the carbonyl carbon. In the case of a chair-formed, six-
membered ring, such a favored transition state is possible
only if the departing a-hydrogen is polar (see Ill).
Consequently, enolization of a cyclohexanone should take
place preferentially with a leaving polar hydrogen and, by the
principle of microscopic reversibility, the reverse reaction,
ketonization, should involve an entering electrophilic
species (e.g. H* or Br*) which preferentially adopts the polar
orientation.
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Prediction of the Stereochemistry of
«-Brominated Ketosteroids

Previous work! has shown that the orientation of
bromine in the most stable conformation of a monocyclic
a-bromocyclohexanone is sometimes polar and some-
timesequatorial. Forexample, the stable conformation of
2-bromocyclohexanone is that chair form in which the
bromine is polar (I 4), while the stable form of 2-bromo-
4,4-dimethylcyclohexanone is that chair form in which
bromine is equatorial (11 B) (Table I). This dichotomy is
due to the fact that both steric and electrical repulsions®
between ring substituents are important in determining
the preferred molecular configuration. When the bromine
substituent in an a-bromocyclohexanone is equatorial
electrical repulsions are at a maximum and steric
repulsions are at a minimum ; however, when the bromine
is polar the reverse is true.

Thus, when electrical repulsions due to equatorial
bromine are much more important than steric repulsions
due to polar bromine, the stable molecular configuration
will be that in which bromine is polar. This is the situa-
tion with 2-bromocyclohexanone, as has been confirmed
by calculations?. Electrical interaction between the C-O
and C-Br dipoles destabilize form I B of 2-bromocyclo-
hexanone by at least 2-7 kcal./mole relative to form 14,
while steric interactions destabilize form I4 by only
ca. 0-4 kcal./mole relative to form IB. In the case of
2-bromo-4, 4-dimethylcyclohexanone, however, the steric
interaction in II 4 between polar bromine and a polar,
cis-methyl group at C, completely overshadows the
electrical interactions in IIB involving equatorial
bromine and, consequently, the stable form is II B.

0 R
R
R.
R Br Br \0
TA,R=H IB,R=H
I14,R = CH, 11B,R = CH,

From a knowledge of the stable molecular configura-
tion of non-rigid a-bromocyclohexanones?, which is
easily obtained by infrared spectroscopy$, one can

1 E. J. Corey, J. Amer. Chem. Soc. 75, 2301 (1953).

2 By electrical Il we mean the i quare field effect
associated with the proxmuty of non-bonded atoms of like net
charge; by steric r we mean the i ial field

effect due to interaction between the outer \'alencc-shell clectrons
of non-bonded atoms.

3 The term non-rigid is used to mean that both possible chair
forms of the cyclohexane ring can exist. A rigid chair-formed six-
membered ring is one which is prevented from assuming the other
possible chair form.

4 E. J. Corey, J. Amer. Chem. Soc. 75, 2301 (1958). ~ R. N.
Jones, D. A. Ramsay, F. HERLING, and K. DOBRINER, J. Amer.
Chem. Soc. 74, 2828 (1952).

evaluate the relative importance of the electrical and
steric interactions between substituents in any type of
cyclohexane ring systems, rigid or non-rigid. Conse-
quently, the preferred molecular configurations of
suitable non-rigid reference systems can be used to
derive the preferred configuration at an asymmetric
carbon atom in a rigid system.

Table I
Relative stabilities of chair-formed conformations of a-bromocyclo-
hexanones
Approx. Keq.,
Ketone (Br polar)*

‘%
2-bromocyclohexanone-1 . . . . > 50
2-bromo-3, 3 dnmethyl«:yclohexanone-l > 40

2-bromo-4, 4-dimethyl-cyclohexanone-1 <
2-bromo-6, 6-dimethyl-cyclohexanone-1 ~
7-bromo-spiro[4-5]decane-6-one. . . . ~ 04
cis-2,6-dibromocyclohexanone-1 . . . <

* In carbon tetrachloride solution at 25°. Data obtained by
infrared spectroscopy [ref. 1; E. J. Corey and T. Torig, to be
published).

Thus, from the data in Table I on preferred molecular
configurations we have deduced the relative stabilities of
the epimeric bromination products of any ketosteroid
with ketone function in ring 4, B or C and 4/B cis or
trans. The results are recorded in Table II. Since the
stable epimer predominates when the product of bromin-

e~
o ‘_'_:(] “He--B
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11 + HB + B~

ation is thermodynamically (equilibrium) controlled, it is
possible by means of these data to predict the configura-
tion at C(gr) of any bromoketone thus formed.

We also have found a rule, which has a theoretical
basis, for predicting the stereochemistry of the kimeti-

Dec. 20, 1956

R ion of 1-Fluoro-2-methylnaphthal with Sodi
Amide and Piperidine.—The reaction was run as described?®
for the bromonaphthalenes, and the basic products were
purified by fractional distillation at reduced pressure. A
colorless liquid, b.p. 134° (2 mm. ), n**p 1. 6060, was ob-
tained in 84.5% yield (reck as 1-pi 2-methyl-

STEREOELECTRONIC CONTROL IN ENOLI1ZATION-KETONIZATION 6269

reduced pressure. A clear oil (2.1 g., 9%), b.p. 137-141°
(3-4 mm.), n'%D 1.6051, was so obtained. Its infrared spec-
trum was identical to that of the product described immedi-
ately above.

The products of the two reactions are identical, and the

naphthalene). o

Anal. Caled. for CygHyN: C, 85.28; H, 8.50. Found?:
C, 85.38; H, 8.82.

is almost surely 1- pxpendmo—2-methylnaphthalene
If the piperidino group is anywhere but the l-position, an
unprecedented rearrangement has occurred in two separate
instances.

Attempted Reaction of a-Naphthyl Methyl Sulfone with
Pip

1-Piperidino-2 hylnaphthal from 1-B 2
methylnaphthalene —As a check on the identity of the
above product, 22.1 g. of 1 bromo-2-meth)lnaphthalene
and 35 ce. of piperidine were heated in a sealed tube 82 hours
at 200°. The basic products were isolated by standard pro-
cedures including distillation at reduced pressure. The
liquid so obtained was treated with p-toluenesulfonyl chlo-
ride in pyridine to remove primary and/or secondary amines
apparently derived solely from the piperidine,® and the re-
maining basic product was finally purified by distillation at

—This experiment was run to check on the un-
hkely possibility that the production of 11I from this sulfone
and the sodium .xmlde-plpcndmc reagent m:ght have been
due solely to the action of the piperidine in the reagent.
The sulfone and piperidine were combined just as in the
earlier experiment except that sodium amide was omitted.
The mixture was refluxed two hours. No III was obtained,
and 86% of the sulfone was recovered in a state of high
purity.

CuapEL Hir, N. C.

{CONTRIBUTION FROM THE NOYES CHEMICAL LABORATORY, UNIVERSITY OF ILLINOIS]

Stereoelectronic Control in Enolization-Ketonization Reactions!

By E. J. CoreY AND R. A. SNEEN
RECEIVED MARCH 26, 1956

The stereochemistry of the enolization of 38-acetoxycholestan-7-one to the A%-en-7-ol and of the ketonization of this enol
have been studied using deuterium tracer. With hydrogen bromide as catalyst in chloroform solution the axial hydrogen
at Cy is lost in enolization 1.2 times as rapidly as the equatorial hydrogen (corrected for isotope effect); for the reverse reac-
tion, ketonization, an axial hydrogen is gained ca. 1.5 times as rapidly as an equatorial hydrogen. These values, which in
theory should be identical, are in reasonably good agreement and indicate that despite a strong steric retardation of the gain
and loss of an axial hydrogen, axial attack is still at least as favorable as equatorial attack. Correction for this steric
effect gives the result that stereoelectronic factors favor axial attack over equatorial attack by a factor of at least 12. The
acetic acid catalyzed enolization—ketonization reaction is even more specific and axial attack is favored over equatorial at-
tack by a total factor of at least 9 with a stereoelectronic component of at least 50. The kinetic isotope effect of deuterium
in enolization of 7-ketosteroids has been found to be ca. 7.4, close to the theoretical maximum at 10°. A thermodynamic
explanation is presented to explain the variation in degree of stereoelectronic control with reactivity of the reagent and sup-
porting data are cited from a comparison of chlorination and bromination experiments. The occurrence of a high degree of
stereoelectronic control is postulated to explain the exclusive axial attack observed in reactions of steroidal 4,5,6-allyl cations.

It has been shown previously? that the bromina-
tion of steroid ketones via the corresponding enols
is characterized in several cases, and perhaps gen-
erally, by an effect which directs the incoming bro-
mine substituent to the axial rather than the equa-
torial position. Opposing this effect is the classical
steric effect, which directs a large substituent such
as bromine to the less crowded equatorial orienta-
tion. The net result of these two effects, which in-
fluence the relative rates of formation of the epimers
with axial and equatorial bromine, is clear in those
cases where the bromoketone which is isolated is
the unstable epimer, formed for kinetic rather than
for steady-state reasons. In such instances the
importance of the non-steric effect is apparent
since the major product has invariably been found
to be the epimer with axial bromine.?

It has been proposed that the orienting influence
which is responsible for this stereochemical pref-
erence is stereochemical—-electronic in nature and
depends on the difference in degree of delocaliza-
tion of electrons in perturbed axial and equatorial
bonds which are alpha to an exocyclic r-orbital.
Reference to Fig. 1 indicates the relationship be-
tween stereochemical orientation and the extent of

(1) Presented at the Fifth Conference on Organic Reaction Mecha-
nisms, Durham, N. H., September, 1954, Taken from the Ph.D.
thesis of Richard A. Sncen, University of Illinois, 1955.

(2) E.J. Corey, Tuis Jour~ar, 76, 175 (1954).

delocalization of exocyclic o-electrons to an adja-
cent exocyclic m-orbital. Since the transition
state for enolization-ketonization type processes

RS pe

axial interaction
(bonding)

equatorial interaction
(non-bonding)
Fig. 1.

is stabilized by bonding between the alpha and
carbonyl carbon atoms involving o-= delocaliza-
tion as shown in Fig. 1, there should be a preference
for loss or gain of an axial a-substituent over an
equatorial a-substituent. Or, in slightly different
terms, there jis better bonding in the transition
state for enolization-ketonization when the enter-
ing or leaving a-substituent possesses the axial
orientation than the alternative equatorial orien-
tation. Because the structure of the transition
state for such processes is intermediate between the
structures of the enol and ketone or ketone con-
jugate acid, the bond being formed to or broken
from C, will not possess pure axial or equatorial
character and the considerations expressed in
Fig. 1 are extreme. However, as the trausition




Impact on Chemistry: Stereoelectronic Effects
R. Hirschmann “Rearrangement of the Steroid C/D Rings” J. Am. Chem. Soc. 1952, 74, 2693

The formation of lll from rockogenin by C/D ring contraction and
expansion represents a rearrangement path wherein the
stereoelectronic requirements are fulfilled only in the case of the
natural C2-B-configuration ll-B. The significance of this geometrical
factor is reflected in the extraordinary ease with which this
rearrangement occurs.

Me Me\\O
MsO >
Me ) 0
AcO
B
equatorial mesylate

Stereoelectronic mandate: antiperiplanarity of bonding orbitals

Me O
Me
Me MsO 0
o) Me MsQ
AcO — %
Occ—0*
"-B cC cO

equatorial mesylate




Impact on Society: “The Pill”’

In 2015-2017, 64.9% of the 72.2 million women aged 15—49 in the United States were currently using contraception. The
most common contraceptive methods currently used were female sterilization (18.6%), oral contraceptive pill (12.6%),

long-acting reversible contraceptives (LARCs) (10.3%), and male condom (8.7%).
Center for Disease Control, Data Brief No. 327, December 2018

Modern contraceptive methods constitute most contraceptive use. Globally in 2015, 57% of married or in-union women of

reproductive age used a modern method of family planning, constituting 90 per cent of contraceptive users.
United Nations, Trends in Contraceptive Use Worldwide, 2015

Steroids Made
The It Possible

Pill

A BIOGRAPHY OF THE
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Impact on Society: “The Pill”’

In 1951, Margaret Sanger, a veteran birth control campaigner was introduced to a
physiologist, Dr. Gregory Pincus in New York. Sanger described her lifelong dream of a
“magic pill” which would prevent unwanted pregnancies and give working-class women more
control over their lives. Pincus told her of recent investigations into fertility that suggested the
use of steroid hormones might result in such a treatment. She decided to fund Pincus
through her charitable foundation (Planned Parenthood).

Pincus knew of research in the 1930’s and 1940’s that established a woman cannot become
pregnant a second time during pregnancy because her ovaries secrete estrogen and
progesterone. Together these steroids inhibit ovulation by acting on the pituitary gland and
by suppressing the production of leutenizing hormone. Thus, administering these steroids
during the estrus cycle could prevent pregnancy. Unfortunately, only 20 mg of progesterone
could be isolated from 625 kg of sow ovaries, making its use economically infeasable.

The successful syntheses of cortisone and progesterone from sapogenins from Mexican
Yams thrust Syntex and Djerassi into the limelight. However, progesterone was weakly
active taken orally. By combining earlier observations about the enhancement of
progestational activity of 19-nor steroids and the surprising progestational activity of 17-
ethynyltestosterone, Djerassi prepared 19-nor-17-a-ethynyltestosterone (norethindrone).
The synthesis was completed on 15 October 1951, patent applied for on 22 November 1951,
entered in the National Inventors Hall of Fame in the U.S. Patent Office.




Impact on Society: “The Pill”’

Syntex Synthesis of Progesterone from Diosgenin
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Impact on Society: “The Pill”’

In the opinion of this author, the successful development of orally available, synthetic steroids to modulate the estrus
cycle, is the single greatest gift of organic synthesis to mankind. The fact that an contribution of this significance has
never been recognized by a Nobel Prize in either Chemistry or in Physiology or Medicine is clearly an egregious

oversight or an accomplishment too fraught with complexities to award.
S. E. Denmark, Isr. J. Chem. 2018, 58, 61

Reflections on the 50th
Birthday of the Pill

Djerassi receiving the National Medal of Science
at the White House from President Nixon in 1973.
Two weeks later, Djerassi’s name appeared on
the President’s “Enemies List”.
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