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Steroid Biobiosynthesis
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Some basic conformational analysis '
+  Steroid Nomenclature
Describing cyclohexane conformation: : 27 - A,B cis
2.5A 1.8 A : Me
H-«—H H<—>H ' Me H
; =" O |
ST ;
: 1 H
60°_60° 60°_0° 70°_33° : 19 H
dihedral gq. 60° 60° 60° 33 330 ; ’ A,B trans
angles ! ’ Me
60° ~ 60° 0° T 60° 33° 7 70° ! Me H
1. Deformation of ring can be analysed from deviation of dihedral angles , 31 HO a,’ > 6 H
E 28 29 H
6+10° - introduction of alkene cause ~10° change in dihedral angle : lanosterol
1 5 - axial substituents approach one another when angle increase, .
-10° and vice versa . Common Steroid Natural Products
2 > 4 - if sub. are H, ~1 kcal/mol '
2. Effect on polycyclic structures For 5,6 CIS systems:

(9), cis (10}, trans

g 2 . - 2 -
o most @;D @D
. NS stable
cis

trans
H R H R
n,ﬁ@)’ R:jﬁx . R@ base R
£ o] H -0 H
For 6.6 TRANS systems: For 6,6 CIS systems:
' R s i+ R s tea

O estrone dihydro-epi-androsterone

e n 1 8
QI §:(D) | (§))
M 1 P s iae ae TR HO

0,
more stable most stable ——— least stable

*keeping C10 substitution axial

M M M M E. OH calcitriol
H
o A _>HO A vs o _>HO HO™ “IOH For an exce_llent list of steroidal_feedstock, refer to_
H H H H H group meeting by Tom on classic terpene synthesis

cholic acid

ACIE, 1965, 4, 181
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Starting at the beginning: : Ways to build the steroid skeleton: _ ] ] ]
Total synthesis of Equilenin ' 1. Cationic cyclization *w:l/ not bg discussed in detail, please see
First steroid to be accomplished by total synthesis (o} ; - Friedel-Craft type reactions reviews cited below
' - Johnson's biomemetic cyclization .
‘ 1. (CO;Me),, NaOMe ‘ OMe ' 2. Free radical cyclization Reviews and references:
0 2.180°C, glass ' 3. Diels-Alder Cycloadditions Nat. Prod. Rep. 1994, 607
> o ' . L
OO - - . 4. Electrocyclization Recueil des Travaux Chimiques des Pays-
MeO Claisen acylation, ' 5 Tandem Claisen E Bas, 1986,105, 11, 465
decarbonylation 1 Mel ' - landem Llaisen Ene ’ U
Ref . 2.Zn, methyl- T TTTTTIII T s
eformatsky [ promoacetate Industrial production of steroidal hormones
1. Na (Hg) 3. SOClz; KOH Marker Degradation: .
o O

1. CH,N, .
2. Ag,0 Arndt- Eistert

3. NaOMe o]

The total synthesis of steroids is undoubtedly one of the most important
achievements in organic chemistry. It is not so long since 1939 when Bach-
mann, Cole and Wilds! carried out the first total synthesis of the simplest of
the sex hormones, equilenin, but in this short period we have witnessed a
tremendous development in the chemistry of steroids in general and of their
total synthesis, in particular. Allow me to call to mind the principal land-
marks: in 1948 —the first synthesis of oestrone by Miescher?; 1950—the
second, by Johnson3; 1952—synthesis of cholesterol, and of the sex and
adrenocortical hormones by Woodward* and by Robinson®; 1952-1953—
preparation of the cortical hormones by Sarett®; 1953-1954—modification
of Woodward’s synthesis by the Monsanto group”; production of keto-
etianic acid by Wilds® and of lanosterol by Woodward and Barton®; 1955-
56—preparation of epiandrosterone, testosterone and some 1l-oxidized
steroids by Johnson!®, the first synthesis of aldosterone by Wettsteinl!;
1957-58—syntheses of oestrone by Johnson and Christiansen'® and by
Johnson and Walker'®; three syntheses of aldosterone (by Reichstein', by
the Dutch group'® and by Johnson?$), synthesis of vitamin D by Inhoffen!?;
1959-60—second modification of the synthesis of aldosterone by Wettstein'®.
four more routes to oestrone (Hughes and Smith!®, Torgov and Anan-
chenko??, Banerjee®! and Velluz®?), synthesis of testosterone by Johnson?®
and of androsterone by Velluz®* and finally of the sapogenins (and steroid
alkaloids) by Sondheimer?—a veritable torrent of syntheses! Finally, in
1961-1962 we have the production of pregnane derivatives by Nagata?,
preparation of conessine by Barton®® and by Johnson?? and the first synthesis
of a cardiac aglycone by Sondheimer2®,

o
2. CH,N, o
‘ OMe 3 19, NaOH/MeOH
OO 4.S0Cl, ‘ OH
- X CO,H
ol IT s
MeO

" O Hcl, AcOH
—_—
O OMe

Pure Appl. Chem., 1963, 525

1. Ac,0, 200°C
2. CrO3, AcOH
3. NaOH, EtOH
—_

mechanism? HO

diosgenin or
sarsasapogenin

testosterone, estrone, estradiol

JACS, 1939, 61, 3592 - 3593
JACS, 1940, 62, 518 - 520
JACS, 1940, 62, 2525 - 2532 progesterone
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Torgov's synthesis of estrone

Me o
z
OH OQ@’O I pTSA
= e J —_—
MeO base o0

50%

\ estrone )

MeO

Steroids

o

Torgov's Diene

1. Ra-Ni, H,
2. K, NH;,
3.CrO,

Doklady Akad. Nauk S.S.S.R, 1960, 73

Tetrahedron Lett, 1963, 4, 1553—1556

- process still used in industry in Germany for steroid production
- enantioselectivity in the Torgov process was a unsolved problem for years

List's enantioselective synthesis of Torgov's diene (6 steps)

Q DSI, mol sieves
| PhMe, -50°C (2d);
& 2D | torgov
MeO 95%, 93% ee diene

88% DSl recovery
ACIE, 2014, 8770

For other approaches, see JACS, 2007, 10346;
Org Lett 2008, 3271; and many others....

SFs

Yiyang See
08/23/2014
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Remote Functionalization of Steroids Jung's synthesis of xestobergsterol A
Radical Relay Reaction (Breslow) TIPSO
Templated remote desaturation M\éle,H
Me H
OAc
AcO
1. DEAD, PPh3
+20% C7 O@OH
5% C12 Ph o]
Mey= 3. LiAIH
Me H | H; ‘(e H
OH S Me H
ORV: = Me ~
HO H -~
OH ~ Poes
xestobergsterol A Me OH ¢
R - / Org. Lett., 1999, 1671
JACS, 1997, 12412
2001
PhICI, or SO,Cl, ' Tetrahedron, , 1449
ho Approach to stonoliferones
> Me
OR Me H R DEAD, PPhs

o
anodic generation
(o) ; (o)
| |

of Cl radical
_ JACS, 1977, 905
Templated remote hydroxylation Tetrahedron Lett. 1976, 2675

R

1. PhlO, hv
2, hydronS|s

HO"
R = Me, 54%
R = OMe, 47%
1] ’
TPPMnCl R = vinyl, 33%

See Baran GM on Ronald Breslow for more details

HO

m-iodobenzoic a0|d

HO
o

(o)
Stoloniferones

.

J/

Tetrahedron Lett. 2001, 1575

w

O SO,Cl,, BPO
CCly, reflux;
KOH, MeOH
Me
Me H
y
H
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Development of radical transfer reactions (the aldosterones) Yu's Synthesis of Candicanoside A
OH . ) ) WOH
o - first isolated in 1952 (~1mg) OH AcO
- ~1500kg of pig adrenals gave 60-70mg 1. PIDA, I3, hv A
- req. large quantities for testing 2. PCC 4 steps
D W0OH

(except for total synthesis)
- inspired by Corey's use of HLF in
dihydroconessine synthesis

A
Johnson-Claisen CH(OMe);, H*
rearrangement | ya0ec

COZMe

- no known method to introduce C18 oxidation

Hypoiodite reaction AcO_ 7,
HO Me o 11 steps
RO,, (o] Me g"O "
1. Pb(OACc),, RO e <
L ho N ’ hydrolysis HO i . H
> H2 o) —_— candicanoside A aglycon
AcO 2 - 20T potent antitumor (IC5,=32nM) ACIE, 2007, 2527
AcO = 4
H AcO H Barton's Synthesis of Conessine
R=Ts
Review: Steroids, 1996, 492 1 ho
2. LiAlH,
3. CH,0, HCOOH
45% over 3 steps 4 Conessine )
1. TsCl, pyr R=OH
2. LiNg R=Nj Proc. Chem. Soc. 1961, 206

see JACS, 1959, 5209 for Corey's synthesis of dihydroconessine (via HLF reaction);
and JACS, 1962, 1485 for Johnson's approach to conessine

Anodic oxidation

NaClO4 OH OH
from corticosterone aq. ACN 0, o O
electrolysis
—_—
JACS, 1960, 2640 A A
JACS, 1960, 2641 33% 8% 6%
\_ aldosterone acetate ) Chem Pharm Bull 1992,1143
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Photochemical Ring Cleavage Rearrangements of Steroids
OAc OAc Mutarotation of steroidal dihalide
Me ,B‘I' 1
Me X Br Me
hv hv Mg R L Me R
—> -
Norrish Paterno- X G —~ Br
Type | Buchi # 2
Br 1 Me {B\r@ X Br
o,
X % of 2 | x BrO solvent k(rel)
H 99 heptane 1
hecogenin acetate lumihecogenin acetate photohecogenin acetate Cl 13 For different R, CCl, 2.7
1963 Br 10 AHTS ~ +20kcal/mol CeHg 53
J. Chem. Soc. » 5727 OH 85.5 s nitrobenzene 28
g ] ) OBz 80 AS ~-14 Cal/(mol K) CHC|3 86
Example from Shair's synthesis of Cephalostatin 1 CHCI/AcOH 115
Ph OAc - solvolysis/elimination with polar solvent CHCI,/EtOH 284
,ll - insensitive to Br- and AcO" conc .
oﬁ/ \Fo - insensitive to peroxide scavangers Helv. Chim. Acta. 1952, 35, 782
Lumihecogenin ~ N=N (PTAD) Me ) > P >cavang J. Chem. Soc. 1954, 932
acetate o N\N - consistent with dyotropic shift Scott Denmark GM, 2010
! OH ™4 NaOAc, A
Ph’N o) 2. CH(OMe)s,; Example from Fuch's 2nd gen. synthesis of Cephalostatin 1 analogues
pTSA

OAc

mechanism?

OAc

Me ome

PIDA N.
N
pH ©
JACS 2010, 132, 275
OH oe Me
Me:: S0

Review on cephalostatins & ritterazines:
Chem. Rev. 2009, 109, 2275-2314

1. hv, DCM
2. evap;

b} 3. H20I’O4

hecogenin acetate

94% over 3 steps

3:1AcOH/H,0 HO

1. BF3 OEt,/Ac,0

2. H,0

2 73%

AcO

1. mCPBA
2. 2% TMSOTT;
O SOCly, pyr
—_—
85%
mechanism?

JACS 1998, 120, 692
JACS 2002, 124, 4548

(o]

AcO

HO :
Br

Tetrahedron Lett. 2005, 2771
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Cycloartenol Natural Products Corey, JACS, 1994, 3149

,"1, o 0
110 0
"™ 1. LDA; 0, Me,S
) 2. MsClI, TEA
E 3.DBU, A
4. KMnO,, NalO,
Meo™ . 5. RuCla, NalO, 7
abietospiran
ca. 1% of bark of white fir 1. BF3 OEt;, (6eq.),
0°C; H,0 (11eq.)
cycloartenol solanoeclepin A glycinoeclepin A 20\(lie|-r| 3;\?”“”
active at 10"%g/ml active at 10"2g/ml = nene
Nat. Chem. 2011, 484 JACS 1988, 1985 X
52 steps, 0.18% yield Pure Appl. Chem. 1989, 543

CO,Me 3 steps
-

JACS 1990, 8997
Chem. Lett. 2010, 835

Mori's synthesis:

\Y
N
R

1. LiCHBr,, THF
0 2. Meli (1eq),

nBuLi (1eq) 4 steps
o —_—
Q C02Me
MeLi, ZnCly;
aldehyde
1. BOPCI;
COZMe Z N/OH
2. CHeNy - Co,M Q‘\\S
: e
ke 25 hv, 0, PPh,
73% CO,Me -~
OH 2

1. DMP

*l 2. hydrolysis

12-desoxyglycinoeclepin

For Corey's synthesis, please check JACS year review 1990
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Other steroidal natural products that have attracted attention:
Viridins
- steroidal furans, aromatic C-ring

- originally isolated as antibiotics and anti fungals
- found to have strong inhibitory effects on cell signalling

Actaea racemosa
7 metric tons

(Et0),S0,, NaOtBu; 1. NalOy4
aminosilica plug; 2. azetidine, NaCNBH;
crystalization 3. NaBH,

4. aq. NaOH,

diethanolamine;

silica p|ug; recryst_ viridin viridinol wortmannin

Reviews on biology/chemistry: Nat. Prod. Rep. 1995, 381
Org. Biomol. Chem. 2005, 2053

Withanolides

- ergostane skeleton (C28), lactone side chain

- intense syntheti activity but only several members have been synthesized
- multiple bioactivities

- highly complex structures

Review on isolation/biology: NPR, 2011, 705
NPR, 1991, 415
Synthesis of withanolide A: ACIE, 2011, 8407

y-secretase modulator

kilo-scale OPRD, 2014, 18, 676-682
33% overall yield OPRD, 2014,18, 683-692
(from 52% pure SM)

> 95% purity Cyclocitrinols

- isolated from marine, terrestrial and plant sources
- bicyclo[4.4.1]undecane substructure instead of decalin A/B system

Synlett, 2007, 1881

Seco-steroids
steroids with 'broken' rings. The best example is calciferol

HO, Me

HO OH
o o N

HO

cyclocitrinol

vitamin D3 HO

physalins
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C-nor-D-Homosteroid Giannis's synthesis of cyclopamine TN\

N

- skeletally rearranged 6,6,5,6 fused tetracyclic structures

- C-ring is contracted and the D-ring is expanded by one carbon atom,
relative to the natural steroidal connectivity

- typically isolated in plants, but were recently isolated from marine sources

r;l [CU(ACN)4]PF6,
0O,, then NH4OAc,
AcOH; TESOTf

_——

Na, ethylene glycol,

170°C
—_—

Bamford Steven

cyclopamine

AcO
JACS, 1952, 2693
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