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• Ergot alkaloids first isolated from ergot, from 
the fungus Claviceps purpurea

• Over 90 alkaloids have been isolated
• Oldest known producers of mycotoxins
• Cause of several epidemics in the middle ages 

due to infected grass and grains
• Earliest reports of bioactivity come from 

ancient Greek and Chinese writings 
• Ergot alkaloids have been extensively used for 

medicinal purposes throughout history
• Many are highly bioactive with diverse 

pharmacological effects

N
H

NN

O

Me
Me

Me

LSD

1Emma Simmons7/15/23

Outline

1. Introduction
2. Biology

a. Commercial drugs 
b. Biosynthesis 

3. Classes of Alkaloids 
a. Ergopeptides
b. Amides
c. Clavines 

4. Total Synthesis
a. Lysergic acid
b. Dihydrolysergic acid
c. Cycloclavine 
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Medicinal Compounds and Biosynthesis
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Medicinal Natural and Semi-synthetic Ergot Alkaloids
Due to high levels of biological activity, much focus has been placed into  

development of drug candidates derived from ergots that do 
not possess hallucenogenic or toxic effects
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Toxins., 2022, 14 Special Issue
Eur. Journal of Medicinal Plants., 2016, 14, 3, DOI: 10.9734/EJMP/2016/25975 

Nature Comm., 2022, 13, 712, 1-10  https://doi.org/10.1038/s41467-022-28386-6 
Nat. Prod. Rep., 2014, 31, 1328-1338 DOI: 10.1039/c4np00062e
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Classes of Ergot Alkaloids
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tetracyclic clavines:

tricyclic clavines:

Total synthesis of ergot alkaloids focuses heavily 
on lysergic acid, with 20 completed total syntheses to date
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Woodward (1956)

N
H

CO2H

H2O, NaOH, Raney Ni

N
H

CO2H

BzCl, NaOH

70% over 2 steps

N
Bz

CO2H

SOCl2

N
Bz

Cl
O

AlCl3, CS2

77% over 2 steps
N
Bz

O

Friedel-Crafts 
Acylation

PyrHBr3, h!, 
AcOH

69%
N
Bz

O

Br

H

+
Me

O

O

NHMe

PhH, reflux

71%

N
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O

N

H

Me
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O

O

HCl

77%

N
H

O

N

H

Me

Me

NaOMe, MeOH

69%

Aldol
Condensation

N
H

H

NMe
H

O

Ac2O

82%

N
Ac

H

NMe
H

O

NaBH4, then HCl

79%

N
Ac

H

N
H

HO
H

Me

SOCl2

N
Ac

H

N
H

Cl
H

Me

HCN, NaCN

54% over 2 steps

N
Ac

H

NMe
H

NC

H2SO4, H2O, 
MeOH

69%

N
H

H

NMe
H

CO2Me

Ni (Raney, deactivated), KOH
Na3AsO4· 12H2O

30%

N
H

NMe
H

HO2C

(±)-lysergic acid

15 steps

O

J. Am. Chem. Soc. 1956, 78, 13, 3087–3114 https://pubs.acs.org/doi/10.1021/ja01594a039
J. Am. Chem. Soc. 1954, 76, 20, 5256–5257 https://pubs.acs.org/doi/10.1021/ja01649a100
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5

Ramage (1976)
19 steps

N
Bz

O
Cl

OEt

O

tBuOK

N
Bz

O
EtO2C

NaOH, H2O

80% over 2 steps

N
Bz

O
NaO2C pyrHBr3, 

semicarbazide

N
Bz

N

H
NH2N

O
pyruvic acid

45% 80%
N
Bz

O

PPh3MeO2C

tBuO2C

then TFA

N
Bz

MeO2C
CO2Hi) Ph2POCl, NMM

ii) tetramethylguanidinium
    azide
iii) TsOH

70% over 2 steps
80%

N
Bz

MeO2C
NH·Ts

i) K2CO3

ii) formic acid,
   formaldehyde

N
Bz

NMe
H

MeO2C

H

N
Bz

NMe
H

MeO2C

H +

N
Bz

NMe
H

MeO2C

HH
+

62% 
1:3:9 (A:B:C)

MeOH, reflux

Curtius
Rearrangement

Woodward 
Intermediate

Woodward 
Intermediate

N
Bz

O

N
Bz

TfO

DTBMP, Tf2O
Pd(OAc)2, PPh3

Et3N

MeO2C
N

Me

Boc

26%

N
Bz

MeO2C
N
Me

Boc

HCl then NaHCO3

CA B

91%

1:1.7 (B:C)
60%

Heck

Ortar (1988)
12 steps

N
Bz

NMe
H

MeO2C

H

N
Bz

NMe
H

MeO2C

H

N
Bz

MeO2C
NHMe

Amine Cyclization
and Epimerization

(iso)lysergic acid

H

paspalic acid

Ramage (1976) and Ortar (1988)

Tetrahedron Lett., 1981, 37, 157-164 https://www.sciencedirect.com/science/article/pii/004040208185051X 
Tetrahedron Lett.,. 1976, 17, 47, 4311-4314  https://www.sciencedirect.com/science/article/pii/0040403976801037
Tetrahderon Lett., 1988, 29, 25, 3117-3120 https://www.sciencedirect.com/science/article/pii/0040403988851013 
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Oppolzer (1981)
17 steps

CO2H

Me

NO2

5 steps

N
Ts

PPh3, CBr4

N
Ts

97%

n-Bu3P

N
Ts

n-Bu3PHO Br

quant.

CO2Me
H

O NaH

N
Ts

CO2Me

62%

NaOH, MeOH

95%

N
H

CO2Me
Me2NH, 
CH2O

N
H

CO2Me

NMe248% over 2 steps

MeO2C CO2Me
MeNO2

N
H

CO2Me
NO2

NaOMe, NH2OMe·HCl, 
TiCl3, NH4OAc, H2O

N
H

CO2Me
N

OMe

64%

200°C

64%
2:3 d.r.

N
H

N
OMe

MeO2C

N
H

N
H

MeO2C

H
FSO3Me

OMe

N
H

N
H

MeO2C

H

OMe
Me

Al(Hg)

N
H

NMe
H

MeO2C

H

33% over 3 steps

KOH

N
H

NMe
H

HO2C

(±)-lysergic acid

Imino 
Diels Alder

Nef Reaction

Helv. Chem. Acta. 1981, 64, 13, 478-481 https://onlinelibrary.wiley.com/doi/10.1002/hlca.19810640212
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N
H

Br KH, BuLi, B(OBu)3
then H3PO4

Hendrickson (2004)
9 steps*

88%
N
H

B(OH)2

N

CO2Et

CO2Et

Cl

Pd(PPh3)4, Na2CO3

91%

N
H

N

CO2Et

EtO2C

Suzuki
Coupling

NaBH4, CaCl2

85%

N
H

N
EtO2C

OH
MnO2

92%

N
H

N
EtO2C

O

91%

2 mol% NaOH, EtOH

N
H

N
EtO2C

OHNaBH4, TFA

N
H

N
EtO2C

41%

MeI

N
H

N
EtO2C Me

xs NaBH4

N
H

N
EtO2C Me

H

6:1 d:r

NaOH

N
H

NMe
H

HO2C

(±)-lysergic acid

62% over 3 steps

N
H

O

Br

+
Me

O

O

NHMe

N
H

O

N
Me

Me
O

O

THF, rt

56%

N
H

NMe
O

Szántay (2004)
15 steps

BzO
OBz

O OH

OHO

N
H

NMe
O

H

38%

N
H

NMe
H

HO2C

(+)-lysergic acid

2 steps 4 steps

Resolution

Hendrickson and Szántay (2004)

Org. Lett., 2004, 6, 1, 3-5 https://pubs.acs.org/doi/10.1021/ol0354369 
J. Org. Chem., 2004, 69, 18, 5993-6000  https://doi.org/10.1021/jo049209b
Org. Lett., 2011, 14, 1, 296-298 https://pubs.acs.org/doi/pdf/10.1021/ol203048q 
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Fujii and Ohno (2011)

N
H

Br

i) Pd(PPh3)4, Et3B, 
   allyl alcohol (87%)
ii) TsCl, NaOH, 
   nBu4NHSO4 (96%)

N
Ts

Br i) OsO4, NMO
ii) NaIO4

86% over 2 steps

N
Ts

Br

O

N
Ts

4 steps from 
(S)-Garner’s aldehyde

Pd(PPh3)4, InI
formalin

88%, 99% ee TsHN OH

PhCH(OMe)2
CSA

78% O

Ts
N Ph NIS, AgNO3

89% O

Ts
N Ph

I
1

N
Ts

Br

O

1, NiCl2, CrCl2

90%, 1:1 d.r.
N
Ts

Br

OH

O

NTs

Ph

i) DMP (95%)
ii) (R)-Alpine-Borane 
    (86%, 95:5 d.r.)

N
Ts

Br

OH

O

NTs

PhNozaki-Hiyama-Kishi

NsNHNH2, DEAD
PPh3

77%, 94:6 d.r.

N
Ts

Br
•

H

H

O

NTs

Ph

85%

PTSA

N
Ts

Br
•

H

H

OH

NHTs

Pd(PPh3)4, 
K2CO3

76%, 92:8 d.r.

NTs

•

HO NTs

H
H

LnPd

N
Ts

LnPd

NTs

HO

H

N
Ts

NTs
H

HO

i) DMP
ii) NaClO2

Amino Allene
Cyclization

N
Ts

NTs
H

HO2C

TMSCHN2

64% over 3 steps

N
Ts

NTs
H

MeO2C

i) Na naphthalenide
ii) formalin, NaBH3CN
    AcOH

65% over 2 steps
2:1 d.r.

N
H

NMe
H

MeO2C

NaOH then HCl

54%, 96% ee
N
H

NMe
H

HO2C

(+)-lysergic acid

16 steps

Org. Lett., 2008, 10, 22, 5238-5242 https://doi.org/10.1021/ol8022648
J. Org. Chem.,. 2011, 76, 7, 2072-2083  https://doi.org/10.1021/jo102388e
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Bn
Me

Me
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O

TBSO

DIPEA, TiCl4

OH

TBSO
NR2

O
H

i) TBSOTf, 
   2,6-lutidine (80%)
ii) DIBAL

OTBS

TBSO
NR2

OH
H

N
Ts

OBr

DIPEA, TiCl4

82%

OH

N

O
H

O

O

Bn
Me

MeTsN

Br

NH2NH2·H2O

94%

OH

N
H

O
H

TsN

Br

NH2
HCl/tBuONO

97%

TsN

Br

NH
O

O

H

H

TiCl4, Et3SiH

93%

TsN

Br

NH2

H

Evans Aldol

TsN

Br

NH2

H

1

i) NaBH3CN, AcOH, 1
ii) Boc2O, NaHCO3

60% over 2 steps

N
Ts

Br H

NBoc

H
OTBS

TBSO

Grubbs II

80%

N
Ts

Br H

NBoc

HTBSO
OTBS

Pd(PPh3)4, Ag2CO3

89%

N
Ts

NBoc
H

OTBS

TBSO

H

5 steps

protecting group swap 
and methyl ester formation

N
Boc

NBoc
H

MeO2C

H

i) DBU
ii) TFA
iii) pyridine

N
H

NH
H

MeO2C
H

formalin, NaBH3CN, 
AcOH

76% over 4 steps

N
H

NMe
H

MeO2C
H

aq NaOH

78%

N
H

NMe
H

HO2C

(+)-lysergic acid

19 steps

HeckRing Closing
Metathesis

Fukuyama (2011)

Org. Lett., 2013, 15, 16, 4230-4233 https://doi.org/10.1021/ol4019562
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Jia (2013)

Br

H

O

OTBS S

O

NH2t-Bu
HN

S

O

t-Bu

OTBS

Ti(OEt)4, In

79%, 7:1 d.r.
+

MeO2C
Br

NaH

74%
N

S

O

t-Bu

OTBS

MeO2C

12 steps

+

90%

Grubbs IIN
MeO2C S

t-Bu

O

OTBS
H

TBAF

95%

N
MeO2C S

t-Bu

O

OH
H

DMPN
MeO2C S

t-Bu

O

O
H

82%

Pd(OAc)2, DABCO

Cl
I

NH2

N
H

N
H

S
t-Bu

OMeO2C

(Boc)2O, DMAP

39% over 2 steps

N
Boc

N
H

S
t-Bu

OMeO2C

HCl

89%

N
Boc

NH
H

MeO2C

Cl Cl Cl
formalin, CH2O

81%

R

NMe
H

MeO2C

Cl

74%, 2:1 d.r.

LTMP then NH4Cl

N
Boc

NMe
H

MeO2C

Cl

H

Pd2(dba)3, P(t-Bu)3HBF4
Cy2MeN

27%

N
H

NMe
H

MeO2C

KOH

N
H

NMe
H

HO2C

(+)-lysergic acid

N
Boc

CO2Me

NHBoc
I

Previous synthesis 20 steps 
from tryptophan derivative

Ring Closing
Metathesis

Heck

Pd-Catalyzed 
Indole Formation

J. Org. Chem., 2013, 78, 21, 10885-10893 https://doi.org/10.1021/jo4018777
J. Org. Chem.,. 2006, 71, 20, 7826-7834  https://doi.org/10.1021/jo061471s 

7/15/23 Emma Simmons 10

https://doi.org/10.1021/jo4018777
https://doi.org/10.1021/jo061471s


S
O2

N O

H2N

HMe

Me

AgOAc, 1

63%

NTs

PhO2S

N

H

Ag

O

H
S
O2

N

HMe

Me

N
Ts

H
NH

PhO2S

O
R2N

LiBH4

N
Ts

H
NH

PhO2S

HO

H
NaH

N
Ts

H
NH

HO

CH2O, AcOH, Zn

27% over 3 steps

N
Ts

H
NMe

HO

i) MsCl, Et3N
ii) NaOH

N
Ts

NMe
H

HO

37% over 2 steps

i) Mg, MeOH
ii) IBX

50% over 2 steps

N
H

NMe
H

O

i) TosMIC, tBuOK (77%)
ii) NaOMe, MeOH (70%)

N
H

NMe
H

NC

i) HCl, MeOH (72%)
ii) NaOH then 
    HCl (54%)

N
H

NMe
H

HO2C

(+)-lysergic acid

[3+2] 
Cycloaddition

Ring 
Expansion

9 steps from
4-bromoindole

(1)

N

I

MeO2C
Br

N
Boc

O

iPrMgCl·LiCl then 1

1

N
MeO2C

OH

N
Boc

+
TFA, Et3SiH

N
MeO2C

N
H

60% over 2 steps

i) Boc2O
ii) MeOTf
iii) NaBH4, MeOH

NMe

MeO2C

N
Boc

Br Br
Br

H87% over 3 steps

LiTMP then NH4Cl

87%, 1.6:1 d.r.

NMe

MeO2C

N
Boc

Br
H

NMe

MeO2C

N
Boc

Br
H

HH

LiTMP then NH4Cl

80%, 2:1 d.r.

+

Pd2(dba)3, HPtBu3BF4
MeNCy2

82%, 5.8:1:1

N
Boc

NMe

H

MeO2C

H

N
Boc

NMe

H

MeO2C
H

+
KOH

N
H

NMe
H

HO2C

(±)-lysergic acid

70%

Heck

N
Ts

O
SO2Ph

+

Garner (2021)
17 steps

Smith (2023)
6 steps

Garner (2021) and Smith (2023)

Org. Lett., 2021, 23, 17, 6756-6759 https://doi.org/10.1021/acs.orglett.1c02337
J. Org. Chem.,. 2023, 88, 4, 2158-2165 https://doi.org/10.1021/acs.joc.2c02564
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OH

Br

NH2

Ac2O, then
K2CO3, MeOH

OH

Br

NHAc

83%

O

Br

NHAc

MnO2 Ph3P=CH(OMe), tBuOK

71% over 2 steps Br

NHAc

OMe

HCl
Br

NHAc

O

In powder

82% over 2 steps

Br
TMS

Br

NHAc

OH TMS

Pd2(dba)3, DtBPF
Et3N

N
Ac

TMS

OH

Bu4NF, then
K2CO3, MeOH

90%91%
N
H

OH

i) BH3·THF
ii) BzCl, Et3N

87% over 2 steps
N
Bz

OH

PCC

80%
N
Bz

O

N
H

N
Bz

N

N
N

N
MeO2C

N
Bz

NN

N N

MeO2C

75% over 2 steps

-N2

N
Bz

NN
MeO2C

N
Bz

N
MeO2C

- pyrrolidine

i) NaCNBH3, MeOH
ii) NaCNBH3, AcOH

58% over 2 steps, >10:1 d.r.

MeI

N
Bz

N
MeO2C Me

N
Bz

NMe
MeO2C

H

H

H
HCl

N
H

NMe
MeO2C

H

H

NaOH

55%89%

N
H

NMe
MeO2C

H

H

dihydrolysergic acid
18 steps

dihydrolysergic
 acid

Larock Indole
Synthesis

Inverse Electron
Demand

Diels Alder

Boger (2015)

Tetrahedron, 2015, 71, 5897-5905 https://doi.org/10.1016/j.tet.2015.05.093
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Wipf (2017)

Me
Me

Me
OH

i) DHP, HCl (90%)
ii) CHBr3, Et3N, cetrimide
    NaOH (95%)

Me
OTHP

Br
Br nBuLi, then CH3I

82%
Me

OTHP

Br
Me i) tBuOK (69%)

ii) pTsOH (79%)

Me
OH

i) MsCl, Et3N
ii) 1, NaH

O

Me

NHMe
67% over 2 steps

O

N
Me

Me

1

7 steps to cyclopropane in
(±)-cycloclavine

•

Me
O

O
F

F

F

F

FN2

Rh2(S-TBTTL)4

Me

O
OPfp

Me

O

HNMe

nBuLi, DMAP

86%, 87:13 e.r. 75%
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ii) TBAF
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AcOH, DMSO

76%, >99:1 e.r.
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59%, 1.5:1 d.r.

PhMe, 135°C
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Me
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N

OH

O

NMe

O

Me
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OH
HO

NMe

O

Me
H

N
H

O
OR

O
OR

LiAlH4

48% over 2 steps

NMe

Me
H

N
H

(-)-cycloclavine
unnatural enantiomer

cycloclavine
8 steps

Enantioselective Allene
Cyclopropanation

Furan Diels Alder

MCP Diels Alder
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• Modern methods allow for 
enantioselective construction

• Basic bond disconnections 
remain similar to 
Woodward’s initial approach

• Indole synthesis permits 
unique disconnections

• Prevalence of Uhle and 
Kornfeld’s ketones as key 
intermediates decreased 
over time

N
H

N
Me

HO

O

SN2

aldol

Friedel 
Crafts

Woodward

N
H

N
Me

HO

O

Ramage

N
H

N
Me

HO

O

Ortar

N
H

N
Me

HO

O

Oppolzer

N
H

N
Me

HO

O

Hendrickson Szántay

N
H

N
Me

HO

O

Fujii and Ohno

allene
cyclization

N
H

N
Me

HO

O

Fukuyama

RCM

Heck

N
H

N
Me

HO

O

Heck

Jia

N
H

N
Me

HO

O

Sonogashira

Garner

N
H

N
Me

HO

O

Heck

Smith

amine 
cyclization

Friedel 
Crafts

Friedel 
Crafts

Heck

amine 
cyclization

Diels
Alder

Suzuki N
H

N
Me

HO

O

SN2

aldol

Friedel 
Crafts

[3+2]

RCM

indole
formation

N
H

N
Me

HO

O

indole
formation

Boger

Diels
Alder

NMe

Me
H

N
H

MCP Diels
Alder

Furan Diels
Alder

Wipf

H

Summary

Emma Simmons7/15/23 14


