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What is a Nitrene?
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First Men1on of a Nitrene in the Literature
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How is a Nitrene Generated?


-Insertion into alkyl and 
  aryl C-H bonds
-Aziridination of alkenes

-Harsh reaction conditions
-Free nitrene is highly reactive
 and has poor selectivity
-Only moderate yields

Synthetic Utility

Drawbacks
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How is a Nitrene Generated?
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The First Nitrene C-H Inser1on in Total Synthesis
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Metal-Catalyzed Nitrene Transfer 

Kwart & Khan, 1967

(University of Delaware)
- Copper-catalyzed nitrene 
  generation and transfer 
  using phenyl sulfonyl azide 
- Low yields and no 
  selectivity between 
  insertion or aziridination

S N3

O O

+

Cu powder
(30 mol%),

84 ºC

NHBs
NBs+

15% 16%
*No consumption

of phenyl sulfonyl azide
without catalyst

S N
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OO

R
R = H; Bs
R = Me; Ts
R = NO2; Ns

Evans, 1994
(Harvard University)

- Tested a large number of transition 
  metals in nitrene transfer from 
  sulfonyliminoiodinanes

- Explored efficiency of simple 
  copper salts in catalyzing 
  aziridination of olefins with a variety 
  of substitution patterns

Cu, Fe, 
Co, Rh, Ni, Pd,

Mg, Sm

Ph

PhI=NTs
Ph

NTs

R1 R2
PhI NTs +

Cu(OTf)2, 
CuClO4,

or Cu(ClO4)2
(5-10 mol%)

Ts
N

R1 R2

50-90%
R1-2 = alkyl, aromatic,

ester

Müller, 1998
(University of Geneva)

- Explored rhodium-catalyzed
  nitrene transfer from 
  sulfonyliminoiodinanes to a 
  greater extent than his 
  contemporaries

- Only explored simple olefin
  substrates, such as stilbene
  albeit with some aryl 
  substitution
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PhI NNs +

Rh2(OAc)4
(2 mol%)

Ns
N
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20-85%
R1-2 = alkyl, aromatic

Kwart	&	Khan,	JACS	1967,	89,	1951.;Breslow	&	Gellman,	JACS	1983,	105,	6728.;	Mansuy;	Mahy;	Dureault;	Bedi’	BaToni,	Chem.	Commun.	1984,	1161.;	Evans;	Faul;	Bilodeau,	JACS	1994,	116,	
2742.;	Müller;	Baud;	Jacquier,	Tetrahedron	1996,	52,	1543.	
	

Breslow, 1983
(Columbia University)

Mansuy, 1984
(l’École Normale 

Supérieure)- Nitrene insertion using
  sulfonyliminoiodinanes
  and iron or manganese
  porphyrin systems

- Only explored simple
  substrates, such as 
  styrene and stilbene

- Nitrene aziridination 
  using sulfonyl-
  iminoiodinanes
  and iron or manganese
  porphyrin systems

- Only explored simple
  substrates, such as 
  styrene and stilbene
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Synthe1cally Useful Nitrene Precursors
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Yu;	Huang;	Zhou;	Che,	Org.	Le6.	2000,	2,	2233.;	Espino	&	Du	Bois,	ACIE	2001,	40,	598.;	Dauban;	Sanière;	Tarrade;	Dodd,	Synle6.	2003,	103,	2905.		
	



Stereospecific C-H Amina1on
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Stereospecific C-H Amina1on
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Stereospecific C-H Amina1on
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Stereospecific C-H Amina1on
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Stereospecific C-H Amina1on
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Intermediates
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Natural Products Synthesized Using Nitrenes


C-H Insertion Aziridination

Carbamate-Derived

Sulfamate Ester-Derived
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(+)-saxitoxin
Du Bois, 2006

(Stanford University)
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Du Bois, 2003

(Stanford University)
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Asymmetric Synthesis of (+)-Saxitoxin


Fleming	&	Du	Bois,	JACS	2006,	128,	3926-3927	
	

Ø  Neurotoxin	produced	by	
cyanobacteria	and	dinoflagellates	

Ø  Seleccve	Nav	channel	inhibitor;	
binds	directly	to	the	pore	of	the	
channel	

Ø  Oral	LD50	of	5.7	µg/kg	and	
intravenous	LD50		of	0.6µg/kg	in	
humans;	death	occurs	in	2-12	hours,	
usually	from	respiratory	failure	

Ø  Isolated	1957	&	structurally	
characterized	in	1975	

Ø  Two	racemic	syntheses	before	Du	
Bois:	Kishi,	1977	(Harvard)	&	Jacobi,	
1984	(Dartmouth)	

Ø  Two	asymmetric	syntheses	aler	Du	
Bois:	Nagasawa,	2009	(Tokyo	Univ.)	
&	Looper,	2011	(Utah	Univ.)	
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Preparing the Star1ng Material
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Rh2(esp)4     0.3 mol%   76%
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Ph
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Ph

Ph
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Fleming	&	Du	Bois,	JACS	2006,	128,	3926-3927;	Fleming;	Fiori;	Du	Bois,	JACS	2003,	125,	2028-2029	
	
	

(R)-glycerol
acetonide



Steps to the 9-Membered Heterocycle


HN OS

O
O

Me
Me

OO

BF3 • OEt2, THF,
40 ºC

ZnCl HN OS
OO

OHTsO
( )2

75% yield single diastereomer

HN OS
OO

N3

N
H

MeS

MbsN

TsO
( )2 PMBN OS

OO

N3

OH

1. H2, Pd/CaCO3/Pb,
    THF
2. NaN3, nBuNI, DMF
    (90% yield, 2 steps)

3. PMBCl, nBuNI, 
    K2CO3, MeCN
    (85% yield)

1. PMe3, THF/H2O
2. MeS(Cl)C=NMbs,
    DIPEA, MeCN
    (72% yield, 2 steps)

3. Tf2O, pyr., DMAP,
    CH2Cl2
4. NaN3, DMF, -15 ºC
    (70% yield, 2 steps)
5. (NH4)2Ce(NO3)6, 
     tBuOH/CH2Cl2
      (74% yield)

Fleming	&	Du	Bois,	JACS	2006,	128,	3926-3927;	Fleming;	Fiori;	Du	Bois,	JACS	2003,	125,	2028-2029	
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N
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MeS

MbsN

aq. MeCN

70 ºC
95% yield

NH OH

N3

N
H
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NMbs

H2Ni. tBuOK

ii. TMS2NH

70% yield

Cl

NMbs

Cl
N OS

OO
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N
H

MeS

MbsN

1. PMe3, THF/H2O

2. AgNO3, NEt3, 
    MeCN
    (65% yield, 2 steps)

NH

N
H
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OH

H2N

NMbs

H2N
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Forma1on of the Bicyclic Ring
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H
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N
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O NH2

O
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N
H
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HO
O

NH

N
H
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OH

H2N

NMbs

THF/MeCN
-78ºC;

then K2CO3, 
MeOH

82% yield

Cl3C

O

NCO

NH

N
H

NMbs
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O

H2N

NMbs

NH2

O

OsCl3 (10 mol%),
Oxone, Na2CO3

EtOAc/MeCN/H2O
57%

NH

N
H
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O

H2N
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NH2

O

O

HO N NH

NMbs

HN NH2
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O

O

NH2

HO HO

single stereoisomer

Fleming	&	Du	Bois,	JACS	2006,	128,	3926-3927	
	



Finishing the Synthesis of (+)-Saxitoxin


NH

N
H

NMbs

NH
OH

H2N

NMbs

THF/MeCN
-78ºC;

then K2CO3, 
MeOH

82% yield

Cl3C

O

NCO

NH

N
H
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O

H2N
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NH2

O

OsCl3 (10 mol%),
Oxone, Na2CO3

EtOAc/MeCN/H2O
57%

NH

N
H
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O

H2N
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NH2

O

O

HO N NH

NMbs

HN NH2

NMbs

O

O

NH2

HO HO

single stereoisomer

Fleming	&	Du	Bois,	JACS	2006,	128,	3926-3927	
	

16 steps,
3.3% overall yield

Mechanism? Reaction Name?

Pfitznet-Moffat 
Oxidation

N NH

NH2

HN
NH H

HO

HO

O
NH2

O
H2N

N NH

NMbs

HN NH2

NMbs

O

O

NH2

HO HO B(CO2CF3)3,
TFA

82% yield
N NH

NH2

HN
NH H

H

HO

O
NH2

O
H2N

(+)-β-saxitoxinol

DCC, pyr•TFA,
DMSO

70% yield

(+)-saxitoxin



Asymmetric Synthesis of (-)-Tetrodotoxin


Hinman	&	Du	Bois,	JACS	2003,	125,	11510-11511	
	

HN NH OH

OH
OO

HO

OH

OH

H2N

HO

(-)-tetrodotoxin

Du Bois, 2003
(Stanford University)

HN NH OH
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OO

HO

OH

OH

H2N

HO

(-)-tetrodotoxin

H2N OH

OH
OO

HO

OH

OH
O

Rh-catalyzed
C-H nitrene

insertion

OH

OH
OH

HO

HO

O

CO2HHO
H O

O
O

N2

O

R1O O

OR2

Me
Me

H

Rh-catalyzed
C-H carbene

insertion
“tetrodamine”

Ø  Potent	neurotoxin	produced	by	symbiocc	bacteria	found	in	certain	
marine	animals,	like	pufferfish	

Ø  Seleccve	Nav	inhibitor;	binds	directly	to	the	pore	of	the	channel	
Ø  LD50	for	humans	is	unknown,	but	is	escmated	to	be	between	5-8	

µg/kg	;	death	occurs	in	2-12	hours,	normally	by	respiratory	failure	
Ø  Structure	elucidated	in	1964	and	confirmed	in	1970	by	X-ray	

crystallography		

Ø  One	racemic	synthesis	before	Du	Bois:	Kishi,	1972	(Nagoya	Univ.)	
Ø  One	asymmetric	synthesis	at	the	same	cme	as	Du	Bois:	Isobe,	2003	

(Nagoya	Univ.)		
	



Preparing the Carbamate Intermediate


O

O
O

O
Me

Me

Me

Me
O

O
OH

H

Cl3C NCO

O

HO O
OH

OH
HO OH

D-isoascorbic acid

20 steps CH2Cl2; then
Zn, MeOH

93% yield O

O
O

O
Me

Me

Me

Me
O

O
O

H

NH2

O

O3; then NaBH4,
CH2Cl2/MeOH

83% yield O

O
O

O
Me

Me

Me

Me
O

O
O

H

NH2

O

HO

O

O
O

O
Me

Me

Me

Me
O

O
O

Cl

NH2

O
H

MeSO2Cl, pyr., 
DCE

    86% yield O

O
O

O
Me

Me

Me

Me
O

O
O

NH

O

Cl
Rh2(OAc)4 (5 mol%),

PhI(OAc)2, MgO

CH2Cl2, 40 ºC

trace amounts

X

Hinman	&	Du	Bois,	JACS	2003,	125,	11510-11511	
	



Stereospecific Nitrene Inser1on


O

O
O

O
Me

Me

Me

Me
O

O
O

NH

O

Cl
O

O
O

O
Me

Me

Me

Me
O

O
O

Cl

NH2

O
H

Rh2(HNCOCF3)4 
(10 mol%),

PhI(OAc)2, MgO

benzene, 65 ºC

77% yield

single stereoisomer

Rh
Rh

NO

O
N

N
O

N
O

FF
F

F

F
F

FF
F

F
F
F

Rh2(HNCOCF3)4

H
H

H

H

O

O

O

OH

O

OH2N

O

O

Me
Me

Me
Me

Cl

PhI(OAc)2 PhI + (OAc)2

RhII

O

O

O

O
H

O

O

O

Me
Me

Me
Me

Cl
O

N
Rh

O

O

O

ON
H

O

O

O

Me
Me

Me
Me

Cl

O

Hinman	&	Du	Bois,	JACS	2003,	125,	11510-11511	
	



Finishing the Synthesis of (-)-Tetrodotoxin 


O

O
O

O
Me

Me

Me

Me
O

O
O

NH

O

Cl
NaSePh,
THF/DMF

77% yield O

O
O

O
Me

Me

Me

Me
O

O
O

NH

O

PhSe
m-CPBA; pyr., 

DCE, 55 ºC

92% yield O

O
O

O
Me

Me

Me

Me
O

O
O

NH

O

1. Boc2O, 
    NEt3, DMAP, 

    THF
2. K2CO3, 

    THF/MeOH
84% yield, 2 steps

O

O
O

O
Me

Me

Me

Me
O

O
OH

NHBoc

H2O, 110 ºC

95% yield O

O
O

O
Me

Me

Me

Me
O

O
OH

NH2

BocHN SMe

NBoc

HgCl2, NEt3,
MeCN/CH2Cl2

80% yield

O

O
O

O
Me

Me

Me

Me
O

O HN
OH

NHBoc

NBoc

i.O3, 
CH2Cl2/MeOH

ii. Me2S
iii. aq. TFA

65% yield

HN NH OH

OH
OO

HO

OH

OH

H2N

HO

(-)-tetrodotoxin

32 steps,
0.9% overall yield

Hinman	&	Du	Bois,	JACS	2003,	125,	11510-11511	
	

Mechanism?

Mechanism
of ozonolysis?



Mechanism of the Last Step


O

O
O

O
Me

Me

Me

Me
O

O HN
OH

NHBoc

NBoc HN OH

OH
OHO

HO

O

OH
O3;

O

O
O

O
Me

Me

Me

Me
OO

O HN
OH

NHBoc

NBoc

aq. TFA

H2N
NH

O

HN NH OH

OH
OO

HO

OH

OH

H2N

HO

(-)-TTX

then Me2S

Hinman	&	Du	Bois,	JACS	2003,	125,	11510-11511	
	



Summary

1. Boc- or
Cbz-protection

2. Cs2CO3
R1 R2

NHBoc

OH
1,2-amino alcohols

1. Boc- or
Cbz-protection

2. Nucleophile
(H3O+ workup)

NHCbz

R1 R3

R2

Nu

Nu = NR2, SR, N3,
         OR, etc.

R1 R3

Rh2(O2CR’)4 (2-5 mol%),
PhI(OAc)2, MgO

1,3-addition

R2

OSH2N

OO

R1 R3

R2

OSHN

OO

O
S

R2

R1

H
H

N
RhII

O

O
R3

favored

O NH2

O
R1

Rh2(O2CR’)4 (2-5 mol%),
PhI(OAc)2, MgO

1,2-addition
OHN

O

R2

R2R1

OH

R2H H

R1
O

N RhII

N NH

NH2

HN
NH H

HO

HO

O
NH2

O
H2N

(+)-saxitoxin

Du Bois, 2006
(Stanford University) HN NH OH

OH
OO

HO

OH

OH

H2N

HO

(-)-tetrodotoxin

Du Bois, 2003
(Stanford University)Rh

Rh
O O

OO
O O

O
O

R’

R’

R’’R

R1N



Name?
N NH

O

O OR

allylamine;

BF3•OEt2, DCM N NH

NH OR

O

+
N NH

NH OR

O
>20:1 preference for trans

1. Provide mechanisms for each part and explain the preference for the trans diastereomer. 
(Mulcahy et al. J. Am. Chem. Soc. 2016, 138, 5994-6001.)

N NH

NH OR

N

H2N

NTces

O

CCl3

cat. Rh2(esp)2
PhI(OAc)2, MgO

DCM, 40 ºC
62 %

N NH

NH OR

N

HN

NTces

O

CCl3AcO

common tricyclic core

N NH

NH O

NH2

HN

NH2 NH2

O

OSO3

HO
HO

(+)-GTX 2

or N NH

NH O

NH2

HN

NH2 NH2

O

OSO3

HO
HO

(+)-GTX 3

or N NH

NH O

NH2

HN

NH2 NH2

OHO
HO

(+)-11,11-dhSTX

HO
HO



3. Mechanism? (Angew. Chem. Int. Ed. 2008, 47, 5056).

F Ph

N3

F

N
H

Ph
[Rh2(O2CC3F7)4] (5 mol %)

4 Å MS, PhMe, 60 ºC

OSO2NH2

O

2. Provide a mechanism for the following transformation (Thornton and Blakey, J. Am. Chem. Soc. 2008, 130, 5020).

Rh2(esp)2 (catalytic)
PhI(OAc)2 (1.1 equiv)

rt, 2h; NaBH4, MeOH O

OS
HN

OO

4. The following reaction was used in Garg’s synthesis of N-methylwelwitindolinone D. What is the mechanism? Explain
     the observed selectivity for the two insertion products when R=H vs D. (Angew. Chem. Int. Ed. 2013, 52, 12422).

OTBS
Me

H2N

R
H

O
O

N
Me

O
Me
Me

OTBS
Me

HN

R
H

O
O

N
Me

O
Me
Me

AgOTf, PhI(OAc)2
bathophenanthroline

MeCN, 82 ºC, 70 %
+

OTBS
MeH

N
H

O

N
Me

O
Me
MeO

R=H 44% 37%

R=D 70% 30%


