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

Classical Synthesis of Nitrenes

Smith, 1951
(Univ. of Michigan) Aor hv . ~
Smolinsky, 1960 RN3 —> R-N: + Np Synthetic Utility
(Bell Labs) 0 -Insertion into alkyl and
Aor hv . aryl C-H bonds
Lwowski, 1962 O)J\N — RO,C-N: + Ny -Aziridination of alkenes
(Yale) R 3
Breslow, 1964 O\\ ’/O Aor hv . > Drawbacks
Hercules, Inc. - — —N: . .
( u ) A Na ArOS—N= + N, -Harsh reaction conditions
-Free nitrene is highly reactive
_ Aor hv and has poor selectivity
Anastassiou, 1965 -Only moderate yields

(DuPont) N=—Ns NC=N: + Ny



U How is a Nitrene Generated?

( Classical Synthesis of Nitrenes ) Triplet-Nitrene Aziridination Mechanism
R
Smith, 1951 N N Y R\N
(Univ. of Michigan) N Aor hv . R-N-_/ NN T \K} t o NG
Smolinsky, 1960 3 —> R-N:+ Np RN x)\
(Bell Labs) o
Aor hv .. isomerization1L R R
Lwowski, 1962 )J\ —> RO,.C-N: + N N N
(Yale) RO™ "N ? : aw REAIENP S
R—N-\/\ — R/--j/\ — :
o..,0 . &
Breslow, 1964 Nov~ Aor hv .. (\ _ .
(Hercules, Inc.)  Ar” >N, ArO,S-N: + N, statistical mixture
Singlet-Nitrene Aziridination Mechanism
. Aor hv ..
Anas(tgls;glg:{)1965 N=—Nj, NC-N: + N, /\ R\N . R‘N
General C-H Insertion Mechanism
concerted process
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'U' he First Nitrene C-H Insertion in Total Synthesis

( Masamune, 1964
(Mellon Institute) Me Me
a | o
O= Ve i. HNO, 0= Me i. hy, -15 °C
07 N2 07 N,
H
garryine
I Me Me
(\Q jii. LIAIH (Q
H — = 0 § , - O L
H | Me iv. AcCl
NH NAc
HO O
&O 5% yield from
N—/ acyl hydrazine




®

Metal-Cata

vzed 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

O O

\ 7/

S.
Ny .

Cu powder
(30 mol%),
84 °C

NHBs
(s (e

15% 16%

*No consumption
of phenyl sulfonyl azide
without catalyst

___________________

Breslow, 1983
(Columbia University)

- Nitrene insertion using
sulfonyliminoiodinanes
and iron or manganese
porphyrin systems

- Only explored simple
substrates, such as
styrene and stilbene

Mansuy, 1984
(’Ecole Normale
Supérieure)

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

- Only explored simple
substrates, such as
styrene and stilbene

0 0  (TsN=IPh)

\ 7/

AT

iPr iPr

£8%

Fe' or Mn'!
porphyrin
complex
(5 mol%)

20-80%

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, Ph\/ Ph
Co, Rh, Ni, Pd, ) ———>
Mg, Sm PhI=NTs

2
PhI=NTs + gi™ xR

Cu(OTf),,
CuClO,
or CU(C|O4)2
(5-10 mol%)

Ts
N

A,

R1

’

R2

50-90%
R'-2 = alkyl, aromatic,
ester

NTs

Miiller, 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

PhI=NNs + g1~ xR’

Rh,(OAc),
(2 mol%)

Ns
N

R1 b"RZ
20-85%
R'-2 = alkyl, aromatic




U Syntheﬁcally Useful Nitrene Precursors
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Stereospecific C-H Amination

Du Bois, 2001

R1/\(O\H/NH2

RZ O

R1

O\(O
gH : :N\\Rh”
R2
favored

H

disfavored

Rh,(O,CR’)4 (2-5 mol%),
PhI(OAc),, MgO

1,2-addition

R1
H @)
> Eégf >=0
H N

R? H

H
H O
it
R N

R? H

O
_ HNJ\O
RHR2

1,2-cis product

1,2-trans product

Du Bois, 2001

H2N/S\O

disfavored

00

\ 7/

w_0O
.S”
HN \
—_— R3 O ——a
R2 /~H
H R

Rh,(O,CR’)4 (2-5 mol%),
Phi(OAc),, MgO

1,3-addition

1,3-anti product



U Stereospecific C-H Amination

Du Bois, 2001 Du Bois, 2001
Rh,(O,CR), (2-5 mol%), i O\\S/,O Rhy(0,CR), (2-5 mol%), 0,0
2 0 1,2-addition H ' 1,3-addition : '
" R'  R? RUYR? ROYRS
R2 R2
O\\S,,O Rh,(O,CR’)4 (2-5 mol%), ), S
R RS RN R
R2 R2
Rh' trace amounts
H N
RB g i_l/ \S/:
/ ‘O
R ©

destabilizing gauche
interaction
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Stereospecific C-H Amination

Du Bois, 2001
Rh,(O,CR’)4 (2-5 mol%), i
R1\’O\H/NH2 PhI(OAc),, MgO _ HNT O
R2 O 1,2-addition H
R' R?
4
HzN/S\Q [O] HN™ O
Ph™ Y Me PR Me
COQMe CO2Me
66%
single diastereomer
Q\ /,() W /O
H N/S\O HN”~ /\O
S [O] T
Ph” > """ Me Ph” > ""Me
CO,Me CO,Me
<5%

Du Bois, 2001
O\\S,P Rh,(O,CR’)4 (2-5 mol%), Q.0
R1/Y\R3 1,3-addition R1/\‘/\R3
R? R?
8
O" 'NH
+ : *Nitrene C-H insertions
Ph Me proceed well at 3° carbons,
CO,Me benzylic, and allylic positions
20%
3:1 syn/anti
QP
(_)/S\ NH
* /\/-\/g\
Ph ; Me
éOzMe
84%

3:1 syn/anti
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Stereospecific C-H Amination

Du Bois, 2001
Rh,(O,CR), (2-5 mol%), i
R2 O 1,2-addition H
R R2
RNH,
+ PhI'L
\ |
A
0”0 !

Du Bois, 2001
O\\S,p Rh,(O,CR), (2-5 mol%), 0.0
HN \9 Phl(OAc),, MgO _ HN">0
R1/Y\R3 1,3-addition R(’\‘/\Rg
R2 R2
NHR
1, /.
Rh—Rh R1R2/R-3 7
7| 7 [Rh], [Rh],| T
H. 7/ |
‘%;NR - NHR
"y or vy,
R1R2 R3 R1R12 R3
||, H L -
RR-RA=NR J
e RS, 'R




u

Stereospecific C-H Amination

Du Bois, 2001 Du Bois, 2001
Rh,(O,CR), (2-5 mol%), i O\\S/,O Rhy(0,CR), (2-5 mol%), O\\S/,O
2 0 1,2-addition H ' 1,3-addition : -
" R'  R? RUYR? ROYRS
R2 R2
@)
HN)kO 1. Boc- or NHBoc )
Cbz-protection
) ( - PCO .~ R1J\-/ R2
2.Cs :
R! R? 2~™3 OH
1,2-amino alcohols
Valuable Synthetic
W\ //O 1 Boc- or > Intermediates
HN™ "0 Cbz-protection Nu  NHCbz
T B ' ;
=1 R3 2. Nucleophile R? RS
/\F{C\ (H30™ workup) R2
NU = NRQ, SR, N3,
OR, etc. J



u Natural Products Synthesized Using Nitrenes

Carbamate-Derived

HoN
2® Me 0 turkiyenine
(-)-tetrodotoxin N-methylwelwitindolinone (proposed structure)
Du Bois, 2003 B isothiocyanate lwabuchi, 2016
(Stanford University) Garg, 2014 (Tohoku University)
(UCLA)
C-H Insertion Aziridination
Me
Br HO; N.__O
R \f
7 \ HN N NH
@) »
N \/X\) ‘CO,H
H Me

manzacidin A neuSAc
Du Bois, 2002 D("‘)éS"’EXit%)ggG (-)-agelastatin A N Llu'l,' 20;1 oical
(Stanford University) u bols, Peori Du Bois, 2009 anyang Technologica
(Stanford University) | Sulfamate Ester-Derived (Stanford University) University)




U Asymmetric Synthesis of (+)-Saxitoxin

» Neurotoxin produced by
cyanobacteria and dinoflagellates

» Selective Na, channel inhibitor;
binds directly to the pore of the
channel

» Oral LD, of 5.7 pg/kg and
intravenous LD, of 0.6pg/kg in (+)-saxitoxin
humans; death occurs in 2-12 hours, Du Bois, 2006
usually from respiratory failure (Stanford)

» lIsolated 1957 & structurally
characterized in 1975

» Two racemic syntheses before Du g
Bois: Kishi, 1977 (Harvard) & Jacobi, HN O
1984 (Dartmouth) O)Y

» Two asymmetric syntheses after Du A,o

Me

Bois: Nagasawa, 2009 (Tokyo Univ.)
& Looper, 2011 (Utah Univ.)

polysubstituted amines



Preparing the Starting Material

0,0 0.0
H,N"> 0 HN">>0
Rh-catalyst
/ﬁ) o/ﬁ) nhealays O)ﬁ) Rhy(TPA), 3mol%  92%
)( “oma 20 Phi(OAG),, Me%o Rhy(esp), 0.3 mol% 76%

MeCN Me Me MgO, CHQC|2, Me

it single diastereomer

(R )-glycerol
acetonide




U Steps to the 9-Membered Heterocycle

1. H,, Pd/CaCO4/Pb, 1. PMeg, THF/H,0
THF 2. MeS(Cl)C=NMbs
0 O ’
50 Q\S/,O 2. NaN, nBuNI, DMF Q.©  DIPEA, MeCN
HN" "0 Ng—=—2nCl HN"SSO  (90%yield, 2steps)  pygN S 0 (72% yield, 2 steps)
> > >
BF; « OEt,, THF, 3. PMBCI, nBuNl, 3. Tf,0, pyr., DMAP,
O)E) > 10 °6 Ts0. F L K,CO3, MeCN | CH,Cl,
Me% 259% vield 2 (85% yield) OH 4. NaN,, DMF, -15 °C
Me °yie single diastereomer (70% yield, 2 steps)
Ng 5. (NH4)>Ce(NOs)g,
tBUOH/CH,Cl,
(74% yield)
o0 NMbs
Ay MbsN O O NMbs NMbs
ST T X Jit
i. tBUOK HoN™ "N" "0 ag.MeCN  HoN™ 'NH OH { pme,, THF/H,0 HoN
> — - >
ii. TMS,NH 70 °C

95% yieId MbsN

M

MeS

70% yield  MbsN

~TOH
MeCN / /ZH
(65% vyield, 2 steps) NMbs

NH
N
H




u

Formation of the Bicyclic Ring

O

NMbs NMbs
)L CISC NCO NJLNH W
~—OH THFMeCN ° =0 2 8sCI3 (10 mgg/o),
/ ' _ -78°C; y xone, Na,CO4 _
/iH then KZCOs, /ZH EtOAc/MeCN/H,O
NMbs MeOH N NMbs 57%
82% vyield H
Jl\Jl\Mbs o B
HoN™ NH \O>\\NH2
OSO4
/ NH
A tBuOOH,
N” NMbs NaHCOs;
H

NMbs

NMbs

J

Ho _HN”NH, O

—
N NH

0~ “NH,
A

NMbs
single stereoisomer




U Finishing the Synthesis of (+)-Saxitoxin

JNJ\MbS O JNJ\Mbs . B /ll\jl\Mbs 5 ] JNJ\Mbs
CISC NCO H,N HN NH, O
«—oH THEMecn 20 YN \\O>L NHz  0sCl5 (10 mol%), "o 1" \\o>\\ NH "o L
’ __78%C; Oxone, Na,CO3 ‘ “™N07 “NH,
/ NH / NH > |HO:. NH 7 \U_N. _NH
A then chos, A EtOAC/MeCN/H,O N e
NMbs  MeOH N” ~NMbs 57% N~ ~NMbs NMbs
82% vield H H

— - single stereoisomer

)NJ\Mbs
HN NH, O
0o 2 Jis B(C?_%iFs)s’ DCC, pyr-TFA,
oY \O NH2 - DMSO
N \”/ NH 82% vyield 70% yield
NMbs Mechanism? Reaction Name? HO ©
(+)-B-saxitoxinol  pfitznet-Moffat (+)-saxitoxin

Oxidation

16 steps,

3.3% overall yield



U Asymmetric Synthesis of (-)-Tetrodotoxin

» Potent neurotoxin produced by symbiotic bacteria found in certain
marine animals, like pufferfish

» Selective Na, inhibitor; binds directly to the pore of the channel

» LD, for humans is unknown, but is estimated to be between 5-8
ng/kg ; death occurs in 2-12 hours, normally by respiratory failure

» Structure elucidated in 1964 and confirmed in 1970 by X-ray (Sta[:il;o?o?la’niz\?griity)

crystallography

HzN@

» One racemic synthesis before Du Bois: Kishi, 1972 (Nagoya Univ.) (-)-tetrodotoxin
» One asymmetric synthesis at the same time as Du Bois: Isobe, 2003

(Nagoya Univ.)

OH HO
OH
Qon HO._A_OH

7
O HyN (‘)H OH
HoNg ) . »  Rh-catalyzed ~ HO” “CO,H Rh-catalyzed
. tetrodamine C-H nitrene C-H carbene
(-)-tetrodotoxin insertion insertion



U Preparing the Carbamate Intermediate

@)
Me )J\ Me Me
ho O o—{-Me  ClC” "NCO 0——Me 0——Me
/\'f& 20 steps C;QCI\I/?; gﬁn 0 O,; then NaBHy, o)
n, Me CH,Cl,/MeOH
0 - O Me 2Ll O Me
HO . O E—— > :::\—O . . > HO—_\-O
: 93% yield O Me  83%yield O Me
OH v,
07 ™ H O" Y H
p-isoascorbic acid OYO OYO
NH, NH,
Me
O+Me
MeSO,Cl, pyr., Rhy(OAC), (5 mol%), ©
DCE Phl(OAc),, MgO CI——\—O O Me
. X >
86% yleld CH20|2, 40 °C g O Me
trace amounts ° 6{NH




Stereospecific Nitrene Insertion

Rhy,(HNCOCF;3),4
(10 mol%),
Phl(OAc),, MgO
>

benzene, 65 °C

77% yield

HoN 0\[519 PhI(OAc), Phl + (OAc),




U Finishing the Synthesis of (-)-Tetrodotoxin

O 1. Boc,O
NaSePh, m-CPBA; pyr., 3y
THE/DME _ PhSe——\—O O><Me DCE, 55 oC> \\-O @) Me NEt3_|,_I_[I)é/|AP,
77% yield 0 Me 959 yield ~"~0 Me 2. K,CO;,
O” Y \H O™ Y N\H THF/MeOH
: S :
Oﬂ Mechanism Oﬂ 84% yield, 2 steps
@) @)
Me
OH
O+Me
NBoc @) OOH
o Me O Me i.03,
H,0, 110 °C \.0 BocHN™ "SMe \0 X CH.Cl,/MeOH HO ~/-OH
’ HgCly, NEt, O e 5 = N —NHOH
MeCN/CH,Cl, R iii. aq. TFA HaNg
80% yield NHBoc 65% yield (-)-tetrodotoxin
Mechanism
of ozonolysis? 32 steps,

0.9% overall yield



Mechanism of the Last Step

0——Me o—t—me o) OH

|
o o 07 OH 070
O Me O o O Me TEA 0 HO+ -OH HO- -OH
\.0 Se —2 A9 e 2TA A LT on | HO 7 on
0~ " NBoc thenMeS 4 P NBoc < HN  OH HN7/’NH OH

: " HN
OH OH HN—\ HaNg
- - (-)-TTX




U Summary

Rh,(O,CR), (2-5mol%), [ R o | )OL 1. Boc- or NHBoc
- 1/\,0\”/NH2 Phl(OAc),, MgO _ H go\( HN 0 Cbz-protection» R1J\/R2
R2 O 1,2-addition H H--N=pgp! 2. CsC03 6H
R2 R' R? :
L - 1,2-amino alcohols
B I
Q.0 Rhy(O,CR’)4 (25 mol%), y .Fljlh o 0.0 1. Boc- or
’S., PhI(OAC)5, MO N, s’ Cbz-profecti Nu NHCbz
HN™ 0 37 g HN- S0 z-protection A
R1/\‘ATR3 1,3-addition ~ R? & o/ 0 1 ; : 5 2. Nucleophile ~ R R3
L | R | R /\F;\R (H;O* workup) R2
favored Nu = NR5, SR, N,
L OR e
R’ OH
A o
o (|) HO- -OH
. ’ —Rh— , _
Du Bois, 2006 R_C‘)(;%Ih/—'— OQ—R H(I-)IN | OH  py Bois, 2003
(Stanford University) el o 77—NHOH  (Stanford University)

Oy H2N®
(-)-tetrodotoxin

(+)-saxitoxin R’




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.)

= I\“\“ aIIyIamine; CH\‘N\\ C(\“\\\
> Name?
G\I\H/NH BF;+OEt,, DCM \ N\n,NH TN N\n/NH
@) O @)

>20:1 preference for trans

@ @
JNI\HZ NH, JNI\HZ NH,
HoHN NH (l) @) HoHN NH (l) @)
© HO» © HO»
NTces NTces 0SO0; or OSOgm-
U )]\ N._NH N._NH
HoN™ "NH OR HN NH OR \n/ \n/
J cat. Rhy(esp), J NH> NH,
S PhI(OAc),, MgO 74 » ® ®
N\_N. _NH > N._NH —
h DCM, 40 °C h (+)-GTX 2 (+)-GTX 3
N\H/CCI3 62 % AcO N\n/ccn3 ®
5 o TLHZ NH,
common tricyclic core H OHN NH O O
HO"? l
or HO,
HG N\n/NH
NH,
@

(+)-11,11-dhSTX



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

(\)OSOZNHZ Rh,(esp); (catalytic)

PhI(OAc), (1.1 equiv)
O r
v rt, 2h; NaBH,, MeOH

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

F Ph 3
\C(\/ [Rh2(O2CC3F7)4] (5 mol %) mPh
'
N N

3 4 A MS, PhMe, 60 °C H

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).

AgOTf, Phl(OAc),
bathophenanthroline

MeCN, 82 °C, 70 %




