
Small Ring Natural Products – Heterocycles Edition

“There are more things in Heaven and Earth, Horatio,
than are dreamt of in your philosophy”

- Hamlet, teaching Horatio about natural products

Small (3- and 4-membered) Rings in NPs*:

Carbocycles
- Cyclopropanes: 7039
- Cyclobutanes: 2154
- Cyclobutenes: 50

O-Heterocycles
- Epoxides: 13962
- Oxetanes: 450

- Roughly half are taxanes
- Beta Lactones: 140

N-Heterocycles
- Aziridines: 50
- Azetidines: 61
- Beta Lactams: 243

Thiiranes: 11
Thietanes: 10

Dictionary of Natural Products

*questionably responsible counting



O-Heterocycles - Oxetanes

Norbeck Synthesis (Abbott) - 12 steps, key Wolff ring contraction

O NTBSO

N2 O

N

N

N

BzHN

9 steps from adenosine (28%)
OR 6 steps from cordycepin

hν (>280 nm)

36%, 2:1 d.r.

O

CO2Me

NTBSO

N

N

N

NHBz

Just Synthesis - racemic, 4 steps, key [2+2]

CHOEtCOO O

Me

hν

20-25%
(35-40% brsm)

O

Me

O H

H

EtCOO

1. O3, then DMS
then NaBH4 on alumina
then ClCOCO2Me
               
                45%

OAc

OEtCOO

OCOCO2Me

(±)-oxetanocin

Three syntheses form oxetane via 4-exo-tet sulfonate displacement

    - Yamamura (collab. with Nippon Kayaku, 1988), racemic
    - Fleet (collab. with Glaxo, 1990), chiral pool (glucose)
    - Chu (2002), ent-oxetanocin, chiral pool (L-xylose)

Four-Membered Nucleoside Analogs

O

O

N

N

N

N

NHBz

11 steps from ribose

tBuLi

O

OH

N

N

N

N

NHBz

O

OH

N

N

N

N

NHBz

O
N

N

N

N

BzHN

OH

A B C

20% yield; 1:1:2 (A:B:C)

Niitsuma Synthesis (Nippon Kayaku) - 19 steps, key epoxide opening

O

OH
Oxetanocin

Isolated 1986
from B. megaterium

Antibiotic and Antiviral (HIV) activity

NHO

N

N

N

NHBz

O NHO

N

N

N

NHBz

Albucidin

Prepared 1991 by semi-synthesis
Isolated 2009 from S. albus

Phytotoxic

Oxetane Acetals - Does Nature make 4-membered sugars?



O-Heterocycles - Oxetanes

Naturally-Occurring Oxetane Acetals

Cephaloziellin B (Reported)
 Isolated 2013
from C. kiaeri

O

O

O

O

HO

Proposed
Revision

O

O

HO

O

HO

HO

Unnamed dimer (Proposed Revision)
Isolated 1998

from X. aromatica
Originally assigned as oxetane acetal

Me Me

Me
Me O

Me

Me

HO
H

H

H

O
O

Me Me

A Cautionary Message:

Some oxetane natural products are likely FAKE NEWS

Proposed reassignments based on
DFT prediction of NMR spectra

Me

Maoyecrystal I
Isolated 2004

from I. japonicus
Cytotoxic against K562 cells

at 7.3 !g/mL (~20 !M)

OO

HO
MeO OH

O
O

MeMeBr X

Me

Laureacetal B (X = OH),                
D (X = Br), E (X = Cl)

O
O

MeMe
O

Me

Laureacetal D confirmed by X-ray
Isolated 1979-1983
from L. nipponica

Laureacetal C

O O

Me O

O

Me Me

Me

OH

Isoethuliacoumarin B
Isolated 1980

from E. conyzoides

O

O

O

OH

Me

AcO
AcO

Parthoxetine
confirmed by X-ray

Isolated 1986
from P. fruticosum

O

OH

C10H21
OO

Ramariolide B
Isolated 2012

from R. cystidiophora
Confirmed by synthesis

O

O
CO2H

Me

OH

Thromboxane A2
Platelet Activation Factor

Kutateladze, J. Org. Chem., 2019



O-Heterocycles - Oxetanes

“Strict” Oxetane Natural Products

O

Me
O Me

Me

O

O
O

(—)-merrilactone A

~10 Total and formal syntheses

Oxetane universally formed via epoxide-opening

HO

O
OEtO

Me
O

hν

93%

Me
O

O
EtO

O

(5 steps) Tetracyclic Core

Greaney’s Paterno-Büchi Approach:

Greaney, Org. Lett., 2005

O
AcO

H

OH

Me
Me

O
Me

AcO

Me

BzO
H

HO
RO

Paclitaxel (Taxol)

11 syntheses

Oxetane universally formed via
halide/sulfonate displacement



O-Heterocycles - Oxetanes

Dictyoxetane

Me

HiPrBnO

H

HO

Me OH

Me

Endgame Strategy 1

1. DMDO
2. Cs2CO3

Me

HiPrBnO

H
Me OH

Me

O

OH

~ 59%

1. Martin Sulfurane
2. H2, Pd/C

           60%

Me

HiPrHO

H
Me

Me

O O

Me

H

HO

iPr
O

O

Me

“Tetra-epi-dictyoxetane”

Me

Me

HiPrBnO

H

HO

Me OH

Me O

1. MgBr2
2. Cs2CO3

48%

Me

HiPrBnO

H
Me

Me O

O

Cu(BF4)2

36%

Me

HiPrBnO

H
Me

O

Me
O

Me

HiPrBnO

H
Me

Me

O O

O

O
Me

Me

Me

H

HO

iPr

Dictyoxetane
Unknown biological activity

Isolated 1985
from brown alga D. dichotoma

Grainger, Org. Biomol. Chem, 2012
Magauer, JACS, 2016

Me

O

O

(2 steps)

OsO4
NMO
77%

Me

O

O

OHHO

PPh3,
C2Cl6,
DIPEA

Me

O

O

OO
P Ph

PhPh

Me

O

O

HO
80%iPrMgBr

CeCl3

Me

O

O

HiPrHO

91%

1. BnBr, KHMDS
2. HCl
3. LDA, CH3CHO
4. TBSCl, imid.

Me

HiPrBnO
O

H

Me

OTBS

68%, 10:1 d.r.

1. LaCl3, 
2. TBAF
3. TPAP, NMO
         81%

Me

MgBr

Me

HiPrBnO

H

Me

O

OH
Me

1. 

            LaCl3
2. Stewart-Grubbs
         (25 mol%)

BrMg

38%

Me

HiPrBnO

H

HO

Me OH

Me

Magauer Synthesis (2016)



O-Heterocycles - Oxetanes

Dictyoxetane

Me

HiPrBnO

H

HO

Me OH

Me

Endgame Strategy 2

1. TMSI
2. O2, hν, TPP
then PPh3

65%

Me

HiPrBnO

H

HO

Me OTMS

OH

1. MsCl
2. NaH

   88%

Me

HiPrBnO

H
Me OTMS

O
O

OH
MeMe

H

BnO

iPr
≡

1. NIS
2. H2, Pd/C

       80%

O

O
Me

Me

Me

H

HO

iPr

(+)-dictyoxetane

18 steps from ketal
5.4% overall yield

O

O
Me

Me

Me

H

HO

iPr

Dictyoxetane
Unknown biological activity

Isolated 1985
from brown alga D. dichotoma

Grainger, Org. Biomol. Chem, 2012
Magauer, JACS, 2016

Me

O

O

(2 steps)

OsO4
NMO
77%

Me

O

O

OHHO

PPh3,
C2Cl6,
DIPEA

Me

O

O

OO
P Ph

PhPh

Me

O

O

HO
80%iPrMgBr

CeCl3

Me

O

O

HiPrHO

91%

1. BnBr, KHMDS
2. HCl
3. LDA, CH3CHO
4. TBSCl, imid.

Me

HiPrBnO
O

H

Me

OTBS

68%, 10:1 d.r.

1. LaCl3, 
2. TBAF
3. TPAP, NMO
         81%

Me

MgBr

Me

HiPrBnO

H

Me

O

OH
Me

1. 

            LaCl3
2. Stewart-Grubbs
         (25 mol%)

BrMg

38%

Me

HiPrBnO

H

HO

Me OH

Me

Magauer Synthesis (2016)



O-Heterocycles - Oxetanes

O

O

O

Me

Me

MeMeO2C

≡ Me

MeO2C
MeO

O

O

Me

(—)-Mitrephorone A
Cytotoxic

Toxicity linked to oxetane moiety

Isolated 2005 from the
Bornean shrub M. glabra

Mitrephorone A



O-Heterocycles - Oxetanes

O

O

O

Me

Me

MeMeO2C

≡ Me

MeO2C
MeO

O

O

Me

(—)-Mitrephorone A
Cytotoxic

Toxicity linked to oxetane moiety

Isolated 2005 from the
Bornean shrub M. glabra

Mitrephorone A

TBSO

NMe2

Me CHO
(1-nap)-TADDOL
then Ph3P=CH2

70%, 88% ee
O

Me

1. MeO2CCN
2. TBSOTf

TBSO

Me

59%

CO2Me

190 ºC
then DIBAL-H

85%
O

Me

HO

Construction of Tricyclooctane Core

Carreira Synthesis

Me

MeO2C MeO2C
Me OTBS

O

Me

Me

MeO2C
MeX

Y

O

Me

X, Y = O or CH2

Unsuccessful Paterno-Büchi Substrates

Alternate Approach to Tricyclooctane - More Scalable, Improved ee

Me
HO

Me

O
O

O

tBu

MgSO4

62%
(67%; >93:7 d.r.) O

O

O

tBu

Me

Me

1. LiAlH4
2. NaIO4

69%

O

Me

Me

1. LDA, TMSCl
2. ZnEt2, CH2I2

OTMSMe

Me

OTMSMe

Me

TBAOH
then H2NOMe

65% (3 steps)
HON

Me

Me

1. Pd(OAc)2, PIDA
2. HCl 57%

O

Me

HO



O-Heterocycles - Oxetanes

O

O

O

Me

Me

MeMeO2C

≡ Me

MeO2C
MeO

O

O

Me

(—)-Mitrephorone A
Cytotoxic

Toxicity linked to oxetane moiety

Isolated 2005 from the
Bornean shrub M. glabra

Mitrephorone A

TBSO

NMe2

Me CHO
(1-nap)-TADDOL
then Ph3P=CH2

70%, 88% ee
O

Me

1. MeO2CCN
2. TBSOTf

TBSO

Me

59%

CO2Me

190 ºC
then DIBAL-H

85%
O

Me

HO

Construction of Tricyclooctane Core

Carreira Synthesis

O

Me

HO

1. MsCl
2. KCN

84%
O

Me

NC

Me

SnBu3

nBuLi
then LaCl3

68% 1:1.2 d.r.
(28% IY)

Me

CN

HO

Me

1. TESCl
2. DIBAL-H

72%

Me

CHO

TESO

Me

Setup for 3rd Diels-Alder

Completing the Carbon Skeleton

Me

CHO

TESO

Me

H

SO2Ph

LDA

93%, 2:1 d.r.

MeHO

Me

PhO2S 1. DMP
2. Me2CuLi
3. H2, PtO2

47%, >20:1 d.r.

Me
MeO

TESO

Me
1. Et2AlCN
2. [Pt], then KOH
3. TMSCH2N2
4. SeO2

48%Me

MeO2C
MeO

O

TESO

Me

H

Pt
H

Me2
P

P
Me2

PMe2OHO

O
H



O-Heterocycles - Oxetanes

O

O

O

Me

Me

MeMeO2C

≡ Me

MeO2C
MeO

O

O

Me

(—)-Mitrephorone A
Cytotoxic

Toxicity linked to oxetane moiety

Isolated 2005 from the
Bornean shrub M. glabra

Mitrephorone A

Carreira Synthesis

Endgame

Me

MeO2C
MeO

O

TESO

Me

H TASF, then
Koser’s reagent

65%

(—)-mitrephorone A

18 steps from Rawal diene
~1% overall yield

Magauer Synthesis

O

MeO2C

Me

1. OsO4
2. NaH, HCO2Me
3. MVK, NEt3
then, NaOMe

MeO2C

Me
OOH

HO

6 steps

35%

MeO2C

Me

O
O

Me

B
Me

170 ºC

98%Me

MeO2C
Me

Me

Me Me

Me

O
O
B

Me

(8 steps)

5 steps

22%

Me

MeO2C
MeHO O

Me

(mitrephorone B)

Fe(R,R)-PDP
H2O2

60%

(—)-mitrephorone A

16 steps from bicyclic ketone
~2% overall yield

~24 steps overall

47%



O-Heterocycles - Oxetanes

O

O

O

Me

Me

MeMeO2C

≡ Me

MeO2C
MeO

O

O

Me

(—)-Mitrephorone A
Cytotoxic

Toxicity linked to oxetane moiety

Isolated 2005 from the
Bornean shrub M. glabra

Mitrephorone A

Me

Me

HO2C
Me

O
isosteviol

(1 step from stevioside

1. [O]
2. TfOH

   81% Me

Me

HO2C

O
1. L-Selectride
2. BF3OEt2, Et3SiH

“55%” (3 cycles of step 2)

Me

Me

HO2C

1. [O]
2. PDC
3. [O]
4. CH2N2
then DMP

46%
(—)-mitrephorone B

air
7 or 14 days

45 or 65%

(—)-mitrephorone A

Renata Synthesis (Chemoenzymatic)



O-Heterocycles - Oxetanes

Rare carbocyclic propellanes

Dichrocephones are
most oxidized family members

Me

Me

Me

Modhephene
Me

Me

Me

Me
O O

Me

Dichrocephone B
(Revised absolute stereochem.)

Isolated 2013
from D. benthamii

Dichrocephone B

Tantillo and Christmann Synthesis (ent-Dichrocephone B, 2018)

Propellane Core:

O

O

1. N-Br-(5-NO2-phthalimide),
AgOTf
2. Ph3PAuNTf2 (4 mol %)

80%

O

O
O

Br

(R,R)-Me-DuPhos
(10 mol %)

PhSiH3, 150 ºC
60%, 96% ee

O

O

1.

2. [Ru] (Umicore M71SIPr)
3. K-Selectride
4. MeMgCl

Cu

CN

S
LiMgBr

51%OH
OHMe

Functionalization to (nominal) Dichrocephone A:

OH
OHMe

1. H2, Pd/C
2. PCC
3. Ac2O, (Me2N)2CH2

OHMe
60% O

NaH, Me3SOI

63%

OHMe
O

1. TFAA, H2O2
2. LiAlH4
3. H2, PtO2
4. SO3(pyr), DMSO

OHMe
O

Me

Me
Me

OH 81%

OHMe
O

Me

Me
Me

OH

aq. HCl

12%
ent-Dichrocephone B

Me

O
Me

Me
Me

OH

HCO2H

86%

PhSiH3, O2
Co(acac)2

58%
MeHO

O
Me

Me
Me

OH

ent-Dichrocephone A

BF3OEt2

88%

Endgame (and Structural Revision):



O-Heterocycles - Oxetanes

Some Un-Synthesized Oxetane Natural Products:

O

O

HO

H

H

O
Me

O

O OH

H

Clementein A/B

Isolated 1983
Confirmed by semi-synthesis

Me Me
OBr

O
Me

Br

Compositacin D

Isolated 2017

O

O O

Chamaedroxide

Isolated 1982
(X-ray)

HO

O

O

O
Me

O
HO

Me

BzO

Me

H

OAc

Trigochinin A

Isolated 2010
(X-ray)

OH

H

Me OAc
OBz

OAc
Me

Food for Thought

Stemona-amine B

Isolated 2013
(X-ray)

N

O

O

O O

Me

Me

OH

O

H

H

Et

H

H

N

O

O

O O

Me

Me

O

H

H

Et

H

H

Sessifoline A

Reported 2007

H

H



N-Heterocycles - Aziridines

Mitomycins

“The complexity of the problem arises from the need to accomodate highly 
interactive functionality in a rather compact matrix and to orchestrate the 

chemical progression such as to expose and maintain vulnerable structural 
elements as the synthesis unfolds. The synthesis of a mitomycin is the 

chemical equivalent of walking on egg shells.” — Danishefsky

Williams, Chem. Rev., 2013

“… the compact tetracyclic framerwork of these fascinating alkaloids 
bears a deceptive guise of simplicity. Scores of competent and innocent 
synthetic organic chemists have been taken advantage of by the allure of 
the prospect of building these molecules…” — Robert Williams

OMe

H2N O

O

MeO

Me

N

O

O

Mitomycin A

HNH
OMe

H2N O

O

MeO

Me

N

O

O

NH

Albomitomycin

MeO

Me

O

O

Isomitomycin

N

OMe

NH
H

O

O
H2N

Kono, JACS, 1987

Key Challenges

— Facile elimination of -OMe

— Spring-Loaded Aziridine

— Quinone limits workable transforms

Mitomycin A

H2N
O

O

OMeMeO

Me NHN

O

O
HN

MeO OMe

OCONH2

NR

R = OAc

MeO

O

O

Me

44 steps overall

4 members synthesized

Kishi, JACS, 1977
Kishi, JACS, 1977
Kishi, Tet. Lett., 1977

O
X

Me

O

N NR

OMe

OCONH2

Mitomycin A-D (X = OMe, NH2; R = H, Me)

N
O

OH

NH

OCONH2OH

OHC

(+)-FR-900482

Antitumor Antibiotics from Streptomyces



N-Heterocycles - Aziridines

Fukuyama, Tet. Lett., 1986
Fukuyama, JACS, 1987
Fukuyama, JACS, 1989

N

NH

OH

H

OBn

MeO

OMe

Me

OCONH2

CSA
MeOH

60% N

NH

OMe

H

OBn

MeO

OMe

Me

OCONH2

1. H2, Pd/C
2. DDQ

      77%

N

NH

OMe

H

O

MeO

O

Me

OCONH2

(±)—Isomitomycin A

Al(OiPr)3

91%

(±)—Mitomycin A

H2N
O

O

OMeMeO

Me NHN

O

O

NH3, MeOH

85%

H2N
O

O

OMeH2N

Me NHN

O

O

(±)—Mitomycin C

25 steps
10% overall yield

MeO

OMe

Me

13 steps

45% yield
No chromatography

MeO

OMe

Me

OBn

Ph

O

N3

O OTMSEtS SnCl4, pyr.

95%

MeO

OMe

Me

OBn

Ph

OTMS

N3

O
O

SEttoluene
110 ºC

86%
N

O

O

SEt

Ph

OTMS

H

OBn

MeO

OMe

Me

1. DIBAL-H
2. Ac2O, pyr.
3. RuO2, NaIO4
4. NaBH4

N

O

SO2Et

H

OBn

MeO

OMe

Me
OAc

1. Cl3CCONCO
2. NH3 in MeOH
then NaBH4

         61%

OH

N

NH

OH

H

OBn

MeO

OMe

Me

OCONH2

81%

Fukuyama Synthesis of Mitomycin C



N-Heterocycles - Aziridines

Danishefsky, JACS, 1991
Danishefsky, ACIE, 1992

OMe

OMe

MeO

Me NO2

H

O

Li

OMe

(6 steps)

OMe

OMe

MeO

Me

OH OMe

NO2

86%

350 nm

OMe

OMe

MeO

Me N

OMe
O

HO

45%

1. PDC
2. PhSCH2N3

OMe

OMe

MeO

Me N

OMe
O

O
N

N
N

PhS

59%

1. L-Selectride
2. CS(imid.)2
3. Bu3SnH, AIBN

OMe

OMe

MeO

Me N

OMe
O

N
N

N

PhS

32%

1. 254 nm
2. Raney Ni

OMe

OMe

MeO

Me N

OMe
O

NMe34%

1. TMSCH2Li
2. Ag(II) picolinate 7-14%

O

O

MeO

Me N

OMe

NMe

OH
TMS

PPTS

81%

(±)-Mitomycin K

18 steps
~0.1% overall yield

OMe

OMe

MeO

Me NO2

H

O

Li

OMe

(6 steps)

OMe

OMe

MeO

Me

OH OMe

NO2

86%

350 nm

OMe

OMe

MeO

Me

O OMe

N

O

OMe

OMe

MeO

Me N
O

OMe
O

OMe

OMe

MeO

Me N

OMe
O

HO

45%

Danishefsky Synthesis of Mitomycin K



N-Heterocycles - Aziridines

Jimenez, J. Org. Chem., 1996
Jimenez, Tet. Lett., 1996
Jimenez, Org. Lett., 2003
Yang, ACIE, 2017

OBn

MeO

Me NH

O

(9 steps)

Pd, O2
(+)-sparteine

78%, 83% ee

OBn

MeO

Me N

O

H

SeO2, then
recrystallization

48%, 94% ee, >50:1 d.r.

OBn

MeO

Me N

O

H
OH

1. TBSOTf

2. K2OsO4, NMO
then NaIO4
then NaBH4
then TBSCl

61%

OBn

MeO

Me N

O

H
OTBS

OTBS

9 steps

OTBS

Me

MeO

N

OTBS

N3

OMs

Intercepts Jiminez synthesis
with 7 steps remaining

NO2

Me

NO2Me

MeO

(1 step)

1. KOtBu
(CO2Me)2
2. Zn, HCl

47%

NH2

Me

MeO

N
H

CO2Me

4 steps

55%

OTBS

Me

MeO

N
H

CHO

OTBS
SMe2

1. NaH,

OTBS

Me

MeO

N
CHO

OTBS
SMe2

OTBS

Me

MeO

N

OTBS

O

then, NaN3
2. MsCl

65%

OTBS

Me

MeO

N

OTBS

N3

OMs

originally MoO5/HMPA
71%, ~2:1 d.r.

later, DMDO/AcOH
71%, single diast.

OTBS

Me

MeO

N

OTBS

N3

OMs

O
OMe

1. [O]
2. NaH, Me2SO4

65% overall

1. PPh3
2. MeOTf
3. TMSCH2Li

4. PCC
     
       26%

(±)-Mitomycin K

15 steps
9% overall yield

Jimenez Synthesis of Mitomycin K Yang Synthesis of Mitomycin K (enantioselective)



N-Heterocycles - Aziridines

(+)-FR-900482

N
O

OMe

NH

OCONH2OH

OHC

Dynamic Hemiacetal Stereochemistry

Much less elimination-prone

9 completed syntheses

O

R

R
OR

R

R

OH

OH
NH

R

R

Primary differences are in access to 8-membered 
ring intermediate for ketalization

N
O

OMOM

OAc

I

MeO2C

OBn

Danishefsky’s Route (1995) stands out through
sequential 6-membered ring constructions



N-Heterocycles - Aziridines

MeO

Me

O

O
Me

O
H
N

O

N
H

O

N

HO

AcO

X Me

O

Carzinophilin (X = C=CHOH)
aka Azinomycin B

Isolated 1984
from Streptomyces
Antitumor Antibiotic

(Major Groove Crosslinker)
 

Azinomycin A (X = CH2)
Isolated 1986

H
N

O

N

NH

OH

H2N

HN

O

H2N

iPr

Ficellomycin
Isolated 1976

from Streptomyces ficellus

H

H2N
O

N

HO

OH

AcO

H2N
O

X

HO

OH

AcO
NH

H2N
O

NH

HO

OH

AcO

X

Primary Disconnections

Carzinophilin and Related Bicycles 3-Exo Tet Approach:

O

OBn

OH
BnO

BnO

NH

S

BnO

BnO
TBSO

1. MeI
2.

N

O OPh

NHBnO

BnO
TBSO

O
N O

Ph

(Inseparable)

NHBnO

BnO
MsO

O
N O

Ph

(Spontaneous 
isomerization affords Z-

isomer after crystallization)

NHBnO

BnO
MsO

BzHN
N
H

O

O

Me

MeO

TBAF

73% NBnO

BnO

BzHN
N
H

O

O

Me

MeO

81%

81%

1. TBAF
2. MsCl

Terashima, Tet. Lett. 1994
Terashima, Tetrahedron 2003



N-Heterocycles - Aziridines

O

H

NmmTrPMBO

PMBO CO2EtBzHN

PO(OEt)2

mmTr = (mono-methoxy)trityl

H

NmmTrPMBO

PMBO
1. LDA
2. LiOH

58%

BzHN CO2H

2 steps

42%

H

NmmTrPMBO

PMBO

BzHN
N
H

O
Me

O

1. Br2
2. Cl3CCO2H
then NEt3

Br

NHPMBO

PMBO

RHNOC NHBz

37%

Incorrect olefin geometry
Addition-Elimination proceeds

with retention!

H

NmmTrPMBO

PMBO

BzHN CO2Et 1. NBS
2. Cl3CCO2H
3. NEt3

BzHN CO2Et

N

PMBO

PMBO
64%

Addition-Elimination Approach:

3 similar approaches from Coleman, et al.

Coleman’s Completed Synthesis:

(Ipc)2B

OMOM
acrolein

OMOM

OH
66%

O

H

NCO2BnTESO

AcO10 steps

MeO

Me

O

O
Me

O
H
N

O

N
H

O
Me

OPO(OEt)2

MeO

Me

O

O
Me

O
H
N

O

N
H

O
Me

O

NCO2BnTESO

AcO

1. NBS
2. KOtBu
3. PdCl2, Et3SiH

MeO

Me

O

O
Me

O
H
N

O

N
H

O
Me

O

NHTESO

AcO Br

Dowex
Resin

azinomycin A



N-Heterocycles – Amino Acids

O N
NH

O

O

OH OH

N
H

OH

N
O

CO2H
Me

O

NH2

OH

OH

OH2N

O

Polyoxin A
Antifungal/Antibiotic

12 members in family
Isolated 1968 from Streptomyces

Olefin Stereochem. revised 1993

Isono, et al. Agric. Biol. Chem. 1966
Isono, et al. JACS 1969

HO2C

OH

N
H

CO2H

OH

N

HO2C

Mugineic Acid
Phytosiderophore

Isolated 1976
7 members in family

N
H

CO2H

Azetidine-2-Carboxylic Acid

Isolated 1955 from C. majalis
(Lily-of-the-valley)

Biosynthesis from SAM cofactor

Fowden, Nature 1955
Leete, JACS 1964 Takemoto, et al. Proc. Jpn. Acad. Ser. B 1978

N

O O

NHOOHN

NH2

MeMe

O

N

N
HN

N

OO

iPr

O

O

O

O

N

N
NH

N

O O

iPr

O

O

O

Me Me
iPr iPr

Me

Me Me

Me

Azetomycin

Quasi-natural analog of Actinomycin D
Produced by S. antibioticus when

cultured with AzC

Formica, Antimicrob. Agents Chemother. 1976



N-Heterocycles - Azetidines

Gelsemoxonine

Cordell, Phytochemistry, 1991
Kitajima, et al. Org. Lett. 2003 Fukuyama, JACS, 2011

O
OH O

OmCPBA

OH
73%

1. Lipase AK

2. Lipase CR

~50%, >99% ee

O
O

OAc

CO2EtEtO2C

Br
DBU; 78%

O
O

OAc

CO2Et
EtO2C H

H

TMSOTf
Et3SiH

82%

O
O

CO2Et
EtO2C H

H

1. NaBH4
2. Piv2O
3. IBX

   67%

O
O

OHC H

H

OPiv

N
O

MeO
1.

Bu2BOTf, DIPEA;
2. MsCl, TMEDA

88%

N
O

MeO

O

O

H

H

PivO LiHMDS, TMSCl

N
O

MeO

O

TMSO

H

H

PivO

Divinylcyclopropane

toluene, 70 ºC

then TBAF, HOAc

89%

O
N

O

OMeO

OPiv

Fukuyama Synthesis

Gelsemoxonine

Isolated 1991
Revised 2003 (X-Ray)

Syntheses 2011, 2013, 2018

Proposed Structure

O
N

N
H

O

OMeHO
O

Et

O
N

NH2

O

OMeO

O
Et

N
Me O

H
N

O

Gelsemine

Fukuyama (2011) - 23 steps, epoxide opening

Carreira (2013) - 21 steps, isoxazolidine ring contraction

Ma (2018) - 9 steps, epoxide opening



N-Heterocycles - Azetidines

Fukuyama, JACS, 2011

O
N

O

OMeO

OPiv

1. NaH, MeOH
2. TEMPO, PIDA

          79%

O
N

O

OMeO

OHC

TMSCN, DBU
then allyl-OH
 78% 4:1 d.r.

O
N

O

OMeO

O(allyl)O

H

Pd(PPh3)4
Pyrrolidine

96%

O
N

O

OMeO

OHO

H

1. (COCl)2
2. NaN3
3. BnOH

    82%

O
N

O

OMeO

NHCbz
H

Me2N NMe2

OtBu

97%

O
N

O

OMeO

NHCbz
H

NMe2

1. (COCl)2
2. Pd(PPh3)4
    Et3SiH
      80%

O
N

O

OMe

NHCbz
HOHC

1. EtMgBr
2. IBX

     65%

O
N

O

OMe

NHCbz
HEt(O)C

TBHP, Triton B

         95%

O
N

O

OMe

NHCbz
HEt(O)C

O
1. TMSI
2. EtOH, reflux

79%

gelsemoxonine
23 steps

2.2% overall
(>300 mg)

O

CHO

O

OH

NO2
MeNO2

LDA

70%

Boc2O
DMAP

79% O

NO

1. DMDO
2. InBr3

      56%
OEt

OTMS

O

NO

OH
H

CO2Et

MeLi
CeCl3
BF3

78%
O

NHO

OH
H

CO2Et

Me

O

OH
H

CO2Et

MeH
NO

TFA/MeCN
80 ºC

40-45%

Carreira, JACS, 2013

Brandi, JACS, 2000



N-Heterocycles - Azetidines

Fukuyama, JACS, 2011

O
N

O

OMeO

OPiv

1. NaH, MeOH
2. TEMPO, PIDA

          79%

O
N

O

OMeO

OHC

TMSCN, DBU
then allyl-OH
 78% 4:1 d.r.

O
N

O

OMeO

O(allyl)O

H

Pd(PPh3)4
Pyrrolidine

96%

O
N

O

OMeO

OHO

H

1. (COCl)2
2. NaN3
3. BnOH

    82%

O
N

O

OMeO

NHCbz
H

Me2N NMe2

OtBu

97%

O
N

O

OMeO

NHCbz
H

NMe2

1. (COCl)2
2. Pd(PPh3)4
    Et3SiH
      80%

O
N

O

OMe

NHCbz
HOHC

1. EtMgBr
2. IBX

     65%

O
N

O

OMe

NHCbz
HEt(O)C

TBHP, Triton B

         95%

O
N

O

OMe

NHCbz
HEt(O)C

O
1. TMSI
2. EtOH, reflux

79%

gelsemoxonine
23 steps

2.2% overall
(>300 mg)

O

CHO

O

OH

NO2
MeNO2

LDA

70%

Boc2O
DMAP

79% O

NO

1. DMDO
2. InBr3

      56%
OEt

OTMS

O

NO

OH
H

CO2Et

MeLi
CeCl3
BF3

78%
O

NHO

OH
H

CO2Et

Me

O

OH
H

CO2Et

MeH
NO

TFA/MeCN
80 ºC

40-45%

O
CO2EtHO

N
H

O

Me
1. Boc2O
2. Tebbe

    65%

O
CO2EtBocO

N
Boc

Me
1. 9-BBN
2. DIBAL-H
3. Swern

      54%

O
CHOBocO

N
Boc

Me
O

DL-proline

O
CHOBocO

N
Boc

Me

OHH

H

82%

1. Pinnick
then TMS-CHN2
2. TFAA, DBU

        86%

O
CO2MeBocO

N
Boc

Me

H

1. Me3SnOH
2. (COCl)2
then “aniline”

58% (85% brsm)

O
BocO

N
Boc

Me

H

O

N
OH

Br
PdCl2(MeCN)2

Me5(piperidine)
HCO2H

72%

O
N

N
Boc

O

OHBocO

H

Me

1. NaH, MeI
2. K2CO3, MeOH
3. (Me2HSi)2NH
then ((C6H6)RuCl2)2

46%

O
N

N
Boc

O

OMeO

H

Si

Me

Me

Me

1. KHF2, H2O2
2. 3N HCl
 
     63%

(±-gelsemoxonine)

21 steps, ~0.5% overall
Carreira, JACS, 2013
Carreira, JACS, 2015



N-Heterocycles - Azetidines

O

O

OiPr

Me
N

NO2

(3 steps)(4 steps)

Cs2CO3

95% 1:1 d.r.
OMe

O

O

OiPr

Me NO2

N
MeO

NCS, H2O
then
silica, NEt3
        90%

O O(menthyl)

N
H

O

OH

O2N

AlCl3

86%

O
N

O

OMeO

O2N

KHMDS
EtCOCN

then 1N HCl
43-55%

O
N

O

OMeO

NO2
OEt

1. Tf2O
2. Et3SiH
PdCl2(PPh3)4

73%

O
N

O

OMe

Et(O)C O2N

mCPBA

58%
(74% brsm)

O
N

O

OMe

Et(O)C O2N

O

1. Zn, AcOH
2. EtOH, reflux

78%

gelsemoxonine

9 steps
6.6% overall yield

Ma, JACS, 2018

Other unusual Gelsemium alkaloids - Oxaziridines (!)

O
N

O

OMe

N
Et

H

H

O

Gelseziridine

Isolated 2011

O
N

O

OMe

N

H

H

O
Me

Me

H

H N

OMe

O

N
O

OH

Geleganamide A & B

Isolated 2013

Moderate (~10 uM) Anti-inflammatory Activity



N-Heterocycles - Azetidines

MeO2C H

N

H

O

Me

OH

Me

Calydaphinone
Zhu and Hao, Org. Lett. 2007

(no antitumor activity)

Formal
1,2 Shift

MeO2C H

H

HO

Me

OH
N

HO
Me

R

R
N

Me

OH OH

HO
Me

R

≡

[O] analogue of
yunnandaphnine B

Daphniphyllum Alkaloids

RO2C H

N

H

O

Me
Me

Calyciphylline C (R = Me)
Calyciphylline J (R = H)

Kobayashi, Tet. Lett. 2007
Tetrahedron 2008

Synthesis of yunnandaphnine B
or other yuruzimines has not been achieved!



N-Heterocycles - Azetidines

MeO2C H

N

H

O

Me

OH

Me

Calydaphinone
Zhu and Hao, Org. Lett. 2007

(no antitumor activity)

Formal
1,2 Shift

MeO2C H

H

HO

Me

OH
N

HO
Me

R

R
N

Me

OH OH

HO
Me

R

≡

[O] analogue of
yunnandaphnine B

Daphniphyllum Alkaloids

RO2C H

N

H

O

Me
Me

Calyciphylline C (R = Me)
Calyciphylline J (R = H)

Kobayashi, Tet. Lett. 2007
Tetrahedron 2008

Synthesis of yunnandaphnine B
or other yuruzimines has not been achieved!

N

N

N

O

O

NH

Me
MeHO

HOMeO

Me Me
Me

Okaramine B
Isolated 1988, from Penicillium simplicissium

Insecticide - activates glutamate-dependent anion channels

Four other related members feature 4-membered ring motif

Okaramines

No syntheses of azetidine-containing members

No syntheses of azetidine-containing members

First “in-family” synthesis of Okaramine N (Corey, JACS, 2003)

“In many respects, the development of the synthesis of [okaramine N] 
was similar to finding a way up a vertical cliff that offers just a limited 

number of small cracks and handholds”

N

N

N

O

O

NH

Me
MeHO

Me
Me

H

H



N-Heterocycles – Azetidines

N
H

CO2Me

NHBoc

1. NaBH3CN, AcOH
2. CuCl, DIPEA

3. DDQ, then
H2, quinoline, Pd/C

Me
Me

OAc

N

CO2Me

NHBoc 1. SOCl2, MeOH
2. LiOH, then
Fmoc-Cl

N

CO2H

NHFmoc

Me
Me

Me
Me

N
H

CO2Me

NH2 Me

Me

CHO

then NaBH4
N
H

CO2Me

NH

Me

Me

BOP-Cl

N

FmocHN

MeMe

O

N

Me

Me

MeO2C

HN

70%

Pd(OAc)2
(1 equiv.)

O2

44%

N

FmocHN

MeMe

O
N

MeO2C

MeMeN
H

Et2NH

N

MeMeN
H

H
N

O
O

N

MeMe

H

H

MTAD, DCM
then O2, methylene blue
MeOH, sunlamp

then DMS

95%

N

MeMeN

N
O

O
H

MTAD

N OH

H

Me
Me

110 ºC
30 min.

70%
okaramine N

Corey, JACS, 2003

Corey Synthesis of Okaramine N



Carbocycles – Some Cyclobutene Snippets

O

AcO

Me

Me

Me

Me
H

(iso-) acetylcoriacenone

Isolated from brown algae
P.  coriaceum (1983)

and D. ligulatus (1993)

“Cytotoxic” (~12 !M EC50)

Me

Me OH

Me Me

capillosanol

Isolated from soft coral
S. capillosa (2009)

No cytotoxicity

Me
Me

O

O
Me

MeO

H

H

Neofavelanone

Isolated from Brazilian plant
C. phyllacanthus (1992)

No known biological activity

Cyclobutenes - double bond at ring fusion

Double bond in “exo” position

Me

Me

OH

HO
H

H
Me

Sulcatine A

Isolated 1987

Me

Me

OH
H

H
Me

OH

HO

Sulcatine B

Isolated 1992

Double bond at ring fusion

Food for Thought - “Unusual” Cyclobutenes

Synthesis of Salvileucalin C

O

O

O
H

H

Me

OMe

CO2Me

(3 steps)

7 steps

(2x ring expansion)

Me

O

O

O
O

O H

365 nm

  84%

Me

O

O

O
O

O

H



Carbocycles - Some Cyclobutene Snippets

Lumicolchicine & Derivatives

MeO

MeO

OMe

CHO

5 steps

22%

MeO

MeO

MeO O

O

NHAc

1. DIBAL-H, then MeI
2. PdCl2, Cu(OAc)2, air

MeO

MeO

MeO O

NHAc

OMe

O

TMSOTf
Me2NEt

(—)-colchicine

53%

81%

125 W
High Pressure

Hg Lamp;
25 min

68%

β-Lumicolchicine

125 W
High Pressure

Hg Lamp;
25 min

— CO

MeO

MeO

OMe

NHAc

H

H
OMe

MeO

MeO

MeO

NHAc

OMe

NCME

Known analogue
Active against

drug-resistant cell lines

54%

NHAc

OMe

MeO

MeO

O

OMe

MeO

MeO

OMe

OMe

O

NHAc

H

H

β-LumicolchicineColchicine

4!

Photochemical 4Pi was known, but required two months
and additionally produces a mixture of products:

MeO

MeO
OMe

O

NHAc

H

H

H

H

NHAc

O

OMeMeO

MeO
OMe

OMe

α-Lumicolchicine

MeO

MeO

MeO

OMe

O

NHAc

H
H

!-Lumicolchicine

Li, Org. Lett., 2017

Double bond at ring fusion



Small Ring Natural Products – Heterocycles Edition

“There are more things in Heaven and Earth, Horatio,
than are dreamt of in your philosophy”

- Hamlet, teaching Horatio about natural products

Small (3- and 4-membered) Rings in NPs*:

Carbocycles
- Cyclopropanes: 7039
- Cyclobutanes: 2154
- Cyclobutenes: 50

O-Heterocycles
- Epoxides: 13962
- Oxetanes: 450

- Roughly half are taxanes
- Beta Lactones: 140

N-Heterocycles
- Aziridines: 50
- Azetidines: 61
- Beta Lactams: 243

Thiiranes: 11
Thietanes: 10

Dictionary of Natural Products

*questionably responsible counting


