[3 + 3] Cycloaddition by 1,3-Dipoles
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1. introduction

Six membered ring in natural products

OH

HOX/ 0 on

HO MeO

. M H
H”r\?\” OH © " Co,H

tetrodotoxin

OMe

OMe
OMe

reserpine

antibiotic X-14547 A myrocin C

® Many natural products contain six-membered rings.
® Formation of six-membered rings would be a key step in synthesis.



1. introduction

Diels Alder Reaction

(0]
R
+ — -
Z [Diels-Alder]
0 CO,Me OMe
OMe
OMe

reserpine

R. B. Woodward et al. J. Am. Chem. Soc. 1952, 74, 4223.

C02M9
H
toluene TBDPSO
o
130°C,48 h T~
Me

antibiotic X-14547 A

K. C. Nicolaou et al. J. Org. Chem. 1985, 50, 1440.

® Diels-Alder reaction is one of certificated methods for six membered ring.
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1. introduction

New method for synthesis of 6 membered ring

N : r\ /
+
CO,Et CO,Et
Me Me e R
' 2
Et —> Et R
\o ~N ® ©
R1 R1

O Feature of [3 + 3] dipole cycloaddition

1. Some substrates would be more suitable for [3 + 3] cycloaddition
2. Quaternary carbon could be introduced before cyclization.
3. Stepwise reaction.



1. introduction

How to make 1,3-dipole?

0® . .
Normal molecule: negative charge and positive charge
NN emerges alternately.

1. Contain hetero atoms at center

r ~ (

~
Q S
0.® Ar O. _Ar o 0 ® o
= | e T =0
L 2 $ O
J

\_ J .

|
e

2. Molecule changes acceptor to donor stepwise. (or donor to acceptor)

@/\ Nu=jC\'D
S %o

Acceptor Donor

J

How to make 3-carbon unit dipoles?



1. introduction

Reactive dipole and Stable dipole (1)

S)

O\%,R3 R1 O\ R3
N — RV
R” "R, NS Rq
Ry 07N
o
0.%_p-Tol COLEL p-Tol | O
J * Pl —>
CO,Et
Ph Ph
Et0,C CO,Et
Yb(OTf); p-Tol O
N
7%
Ph

Et0,C CO,Et

® These dipoles are stable dipoles and the reaction between stable
dipoles wouldn’t proceed.
® Stable dipoles react with “Reactive dipoles”

. . EtO 0(?
CO,Et Lewis Acid Z LA
—_— :®
COZEt - -0
OEt

Stable Dipole Reactive Dipole



1. introduction

Reactive dipole and Stable dipole (2)

©
Reactive / C@
dipole o No N

dipole ONSON___ | @O A7 O
©

® First covalent bond formation step is important and second
cyclization step would be supported by entropic effect.
® The reactive dipole is catalytically formed in the reaction.

How to make the “reactive dipole”?



2. Three carbon unit 1,3-dipole

(2-1) Normal 1,3-dipole species
@® Trimethylenemethane

(2-2) Stepwisel,3-dipole species

@® NHC conjugated unsaturated aldehyde
@® Phosphine conjugated allene

@® Vinylcarbene



2. Three carbon unit 1,3-dipole
Nature of TMM (1)

Triplet Singlet

+ % + o % % ® Dimerization of TMM is

proceeded from triplet TMM.

) J\ (CIDNP analysis)
. S ® [3 + 3] cycloaddition would be

—{ Frouene g difficult by using triplet TMM
o N\e v closing reactionJ

b oo

How prevent the ring closing and stabilize the ring open state of singlet TMM?




2. Three carbon unit 1,3-dipole
Nature of TMM (2)

OAc @' ¢
Ly ] _\, R — ﬁg
OAc ~

3iM93 \ SiMe;

Barry M. Trost et. al. JACS, 1979, 101, 6429.

® Cation is stabilized by palladium and prevents ring closing.
O Nucleophilic / Basic character of TMM

OAc A?/C%Me CO,Me
: ; Pd(PPh3),
SIMe3 y. 729%
CO,Me MeO,C

Pd-TMM complex reacts with only electron-deficient alkene. (Nucleophilic character)

SO,Ph H SO,Ph
OAc

& H>
SO,Ph CO,Me CO,Me SO,Ph
Me;Si - )I\/k
CO,Me Pd(PPh;), SiMe; Pd(PPh;),

COZMG
\ - / - SO,Ph
Pd "'><

@, Pd®, H Pd®, SO,Ph
___,; __\:i // L COzMe - "\', rl< 2

COZMG

Pd-TMM complex acts as base. (Basic character) JACS, 1980, 102, 6359.



2. Three carbon unit 1,3-dipole
Nature of TMM (2)

Pd ©
OAC @i ‘s @ :4
/7 * /‘ \_[' S A I .'
Pd E = o —> W or | )
SiMes \>SiMes  5ac Pl Pl

B. M. Trost et. al. JACS, 1979, 101, 6429.

® Cation is stabilized by palladium and prevents ring closing.
O Nucleophilic / Basic character of TMM

OAc A?/C%Me CO,Me
: ; Pd(PPh3),
SIMe3 y. 729%
CO,Me MeO,C

Pd-TMM complex reacts with only electron-deficient alkene. (Nucleophilic character)

SO,Ph H SO,Ph
OAc

& H>
SO,Ph CO,Me CO,Me SO,Ph
Me;Si - )I\/k
CO,Me Pd(PPh;), SiMe; Pd(PPh;),

COZMG
\ - / - SO,Ph
Pd "'><

@, Pd®, H Pd®, SO,Ph
___,; __\:i // L COzMe - "\', rl< 2

@ COZMG

TMS
Pd-TMM complex acts as base. (Basic character) JACS, 1980, 102, 6359.




. 2. Three carbon unit 1,3-dipole
Pd-TMM [3 + 3] cycloaddition

Pd(OAc),

OAc P(OiPr);, nBulLi
=<: + NTs .
SiMe, THF, 82% N

Ts
Joseph P. A. Harrity et al. JOC, 2003, 68, 4286.
f;ﬁ- e @ Pd
S o f— o @
"l [ oy

dipole
equivalent

electrophilic dipole

® Reaction between TMM and dipole equivalent was reported.

eniry R product yield (%)
1 Ph (2a) 3a g1
2 4-MeCeH; (2b) b 7
3 4-CF;CeH, (20) 3c 92
OAc 5 5 Pd(PP'}’»M 4 3.CICH: (2d) 3d 90
(8 mol%) 5 1FCH, (2e) 3e 88
6 2 MeCH. (2f) i 70
CH,Cl,, 40 c 7 3-pyridyl (2g) 3g 75
SiMe; H 22 8 l-cyclohexemyl (2h) Jh 71
9 +Bu (20) 3 20

® TMM also reacts with azomethine imine.
T. Hayashi et. al. JACS, 2006, 128, 6330.



2. Three carbon unit 1,3-dipole
TMM problems

R1 R1
OAc Pd ©
q @ =
SiMe @
Rz R2

Controlling substituent position would be difficult.
— The synthesis is limited to cycloaddition from simple trimethylenemethane.

=<: , - " . .
SiMe; otes N 1 N : :
Ts :HTs TBSO  NHTs TBSO TsN \/g
18 19 20
Pd E%A ]
c
\_ﬁ\;@Ac Pé , ( HH yield (%)
— 4P
3 en conditions 18 19 20
Ts 1 10% Pd(OAc)2, 60% P(OPr-i)s 20
2 109 Pd(PPhas)s 4
3 109 Pd(OAc)e, 30% P(Bu-n)s 28 20 50
4 109 Pd(OAc)s, 25% DPPP 41 20 30

18 19, 20

® Acethoxy group also attacks as nucleophile.

Joseph P. A. Harrity et al. JOC, 2005, 70, 207.



2. Three carbon unit 1,3-dipole

Sluggish reaction of TMM [3 + 3] cyclization

Pd(OAc),

OAc P(OiPr)3, nBulLi
=<: . NTs >
SiMe, THF, 82% N
Ts
Pd(OAc),
OAc NT P(OiPr)s, nBulLi
S NT
. + } * /\COZMe THF - i )
SIM93
CO,Me
(1.5 eq) (1.5 eq) 64% 100%

® Cycloaddition with aziridines which doesn’t have arylsulfoneamide didn’t
proceed.
® This reaction is sluggish reaction.

Joseph P. A. Harrity et al. JOC, 2003, 68, 4286.

Reaction is limited to less-hindered dipoles which have some reactivity?
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2. Three carbon unit 1,3-dipole

Stable TMM dipole

OAc
=<: various Pd(0)
Ph SiMe, sources

b<C02Me v
CO,Me 75 > Ph CO,Me
CO,Me
NaH
HH Ph DMF
Me3S| Cl
Ticl, Me0,C cl
CO,Me

O TMM is used as stable dipole and cyclopropane is used as reactive dipole

Ph MeO

22~tici

TiCl, H1el2

Dcome T, o L5
CO,Me ring opening Ph

OMe Me;Si o]
reactive
cation
Reactive Dipole Stable Dipole

M. A. Kerr et al. Org. Lett, 2009, 11, 2081.



2. Three carbon unit 1,3-dipole
Other TMM (Nakamura TMM)

o_._0 —> O)\i()@ e I — )]\
& o ® o ® ©
® Acetal substituent promotes ring cleavage.
® The reactivity of TMM doesn’t decrease.

[3 + 2] cycloaddition by Nakamura TMM DS X
® This TMM is suitable for [3 + 2] SEATYNe o) ‘ i
cycloaddition / eome neh
® This five-membered product /
would lead to carboxylic acid in come L
acidic condition. % /_/ %
& 95 o

E. Nakamura. et al. Acc. Chem. Res. 2002, 35, 867.



2. Three carbon unit 1,3-dipole

[3 + 3] cycloaddition by Nakamura TMM

°

o

0 0 % !
Me
* 0__0 > %
& CH4CN, 60 °C, 8 h, 90%
4 S
©

(0] 0. -0
pA ' U - XL
®
@
0. 0> H H 0. £0° Me 7
/\l//\ oj\;;/ro : ﬁ/\ ) \_OH
0. _R_0 [;//\E
o

CO,H

Me
OH
® [3 + 3] cycloaddition with 1,3-dipole is not reported (doesn’t proceed?)
® 6-membered ring is cleaved in acidic condition.
o)

® Nakamura TMM is not useful for [3 + 3] dipole cycloaddition today.

E. Nakamura et al. Synlett, 2001, 1030-1033.



] 2. Three carbon unit 1,3-dipole
Nature of enal with NHC

o OH Mes OH Mes
/\)L Umpolung . l‘i e} _ 1 E* OH I’VIes o} IIVIes
— ~' : > 2
N NJ o Y
’ /, N N~
(3+) ) Me Me’® Me’® Me’®

Nucleophile Electrophile

O NHC conjugated unsaturated aldehyde

~ R 9
OH  Mes i > L
I Ph/\)l\l-l Mes  pp N Ny ArCHO P
\ J N _ N NJ
R J cl W\/) Mes' Ar Ph
N . Mes” 30~70%
Me
- OH
[ Pt zwfﬂ — A Hes
2 AN =R
o e I S B
R N I Mes i es
X e 25
Qv -
X “ N o)
Me/ -
L’ j H/u\w
(Stepwise Dipole) Mes
- J 1; - .
O 1 1
R O R Q
R2 ,.-N+ R? P _.ﬂN+
rR¢ R! /Nj /M-i?
1 IV Mes I Mes

F. Glorius et al. ACIE, 2004, 43, 6205.



NHC catalyzed [3 + 3] cycloaddition
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2. Three carbon unit 1,3-dipole

(0]
o (0]
o NHC 0 /4—(
Catalyst ® N N
H X + PN —0 |
N
R R © H R R
1 Ph R,
homoenolate
entry R Rl product  yield (%) dr
1 Ph(la) Ph(2a) 4 7 =20:1
N 2 4-OMePh (1h) Ph(2a) z 76 =20:1
3 3.OMePh (lc) Ph (2a) 6 79 =20:1
4 2.0MePh(1d) Ph(2a) 7 04 =20:1
o 5 l-naphthyl(le)  Ph(2a) 8 77 =20:1
6 CH.CH,CH;(1ffi Ph(2a) ] 67 =20:1
Mes H 7 HC=CHCH:(lg) Ph(la) 10 51 =20:1
\ | 8  4-.CIPh (1h) Ph(2a) 11 0
N R 9  Ph(la) 4-BrPh (2b) 12 87 =20:1
:< Additi 10 Ph(la) 4-FPh (2¢) 13 82 =20:1
N ddition 11 Ph(la) 3.CF3Ph (2d) 14 93 =201
/ 12 Ph(la) 3-BrPh (2¢) 15 78 =20:1
Acylation Me 13 Ph(la) 3.CH,Ph (2f) 16 7 =>20:1
14  Ph(la) 3-OMePh (2g) 17 67 =20:1
= - - *»
oH Mes 15  Ph(la) cyclohexyl (2h) 18 0
RN \N> Donor Stereoselectivity of cyclization
N _ _
A Me” Ph
cceptor O
C-C Bond (o]
Formation }(f;‘:"ﬁ W
ph— &N . ~H
i ST L o
tautomerization es
M
. H CHy
@ M

K. A. Scheidt et al. JACS, 2007, 129, 5334.



2. Three carbon unit 1,3-dipole

NHC application with Lewis acid

(o) 2
NHC ; 0 “N” N
. Co.Et” 3 R /
|:> ™ N Raises 2 =
Ph/\)LH Ph/\)\( HOMO X
N ﬂ Ar acylation

addition;

RS - a\ H-migration
Cooperative rI‘JH R O ® Ar & OH A
it Reactivity & N\(‘\)l\r; pﬁ\ homoenolate —— R/\)\’/NI
Lewis ---Mg— X %
)ol\ Acid )o|\ Mo—L . ﬂ coe IV N7 I N
_N CO,Et N~ _CO,Et owers R2 R
p-Tol H A2 |:> p-Tol H’ X LUMO

L
fi ”
0 -Mg R OH Ar /
6+) \ ,'\q \H\)\? ! homoenolate

tautomerization Ar’( /N‘x ackdition

. 4
0/-\ Late transition W oE N
R1\N N’Rz Metal Active Metal dissociation AF%O i
\—y Complex +BuO, HN Mg,
Fe, Co, Ni, Cu Mg Lewis acid activation —— “‘N’ L
t-BuO
Ru, Rh, Pd, Ag etc. EI0,C7 0™ H

Early Metals Lewis Base coordination

o +
Mg, Ti Lewis Acid E10,C

Ar

H’N
N10

H

K. A. Scheidt et al. Nature. Chem. 2010, 2, 766.
K. A. Scheidt et al. Chem. Sci. 2012, 3, 53.

Can this mechanism apply for [3 + 3] cycloaddition??
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2. Three carbon unit 1,3-dipole

NHC problems

O Possibility of dimerization

0 o)
TADDOL 15 mol%
0
| Ho Q . Mes\N/%(,?,Mes DBU - o)
i-PrO  OQi-Pr Ph _—
20 mol% 15 mol% Ph

K. A. Scheidt et al. JACS, 2010, 132, 5345.

® Dimerization between NHC conjugated aldehyde and not conjugated

aldehyde would occur.
® Aldehyde is also activated by Lewis Acid.
— The reaction is limited to the stable dipole which is more reactive than

starting a,p—unsaturated aldehydes

O Lacking certifiable examples

® Cycloaddition partner is limited to azomethine imine. (Only 1 example)
— Reactivity is low and other dipoles can'’t react with this dipole?



2. Three carbon unit 1,3-dipole

Phosphine catalyzed [4 + 2] cycloaddition

Ts
Me PBuj |
)\ A, Ts (20mol%) RN
P coet + RTON —_—
= CH2C|2, rt s
CO,Et
( )
1° Ts
Me
PN O~z s R o
= cozEtT> CO,Et —————>» P —_— _
= ®PBu, CO,Et CO,Et CO,Et
A\ ®PBuj ‘6PBU3

J
O. Kwon et al. JACS, 2003, 125, 4716.

Me PR, NC CN NG R4
)\ cN (20 mol%) Ry
_ CO,Et + R1/\r —_— or NC
~ benzene
CN reflux CO,Et CO,Et
1 2 3 4
P
o) CNPh )
O~z > NC
COEt —— COoEt — > O _ entry Ri phosphine product % yield®
®PR3 Umpolung? @PR; Ph/ﬁ/CN H CO,Et ] Ph (2a) P(NMe2)s 1a 08
® PR3 2 4-MeOCgH; (2b) P(NMe>)s ib 94
3 4-BrCgHs (2¢) P(NMe3)s 3c 86
4 Ph (2a) P(4-FC¢Ha)s da 93
5 4-MeOC¢H; (2b) P(4-FC¢Ha)s 4b 90
N c " 6 4-BrCgHs (2¢) P(4-FCgHs)3 dc 85
7 2-furyl (2d) P(4-FC¢Ha)s 4d 88
b\ §  3-pyridyl (2¢) P(4-FCeHa)s se 50
CO,Et CO,Et CO4E 9 N-Me-2-indolyl (2f)  P(4-FCsHa)s 4f° 91
®PR;
®PR;

O. Kwon et al. JACS, 2007, 129, 12632.
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' At 2.Th bon unit 1,3-dipol
Phosphine catalyzed [3 + 3] cvcllzatlon ree carbon unit 1,3-dipole

s

COZEtPR CO,Et CozEt CO,Et
3
O~ ZF E E” OEt
=7 TCO,Et CO,Et proton COEt | — > \~
@ PR, transfer ®PR; /PR3 o
\. @
(6+)
E
@iE
PR3
(\fo CO,Et PR3, CH,Cl,
@N—N ¥ i rt,24 h
R—// @ é' COzEt ’
1 2 3 4 5
PBuj; (20 mol%) 23% 6% 63%
PMe; (20 mol%) 42% 40% 12%

O. Kwon et al. JACS, 2011, 133, 13337.



2. Three carbon unit 1,3-dipole

Reaction Mechanism

o) 0 (o)
\,—( \,—( CO,Et
CO,Et CO,Et o CO,Et 2
PRs 1 N\ PR, COE N NN
— O~ — L DG — COEt — 3 CO,Et
=7 T Cco4Et CO,Et W PR,
®PR; B R c R 4

CO,Et

H+
transfer o o o
CO,Et
© 1 L EN@ ® | PRy { (
N’ . _N
Fon == X4 — ¥ — XX
@PR; R C R” YO co,Et R” Y TCO,Et

CO,Et
0,Et

D CO.Et _ CO,Et CO,Et
F 3

( 0
o o
Z N { E
,N@ ® N’ N
R R
R CO,Et CO,Et CO,Et

Et0,C
CO,Et 2 EtO,C
G H 5

® Proton transfer (Ato D) is promoted by PBu3.
® 6-endo cyclization of E is less efficient and proton transfer (E to G) proceeds

when PBu3 is catalyst.
® Control other cyclizations and promote only [3 + 3] cycloaddition is difficult.
® c.e. or d.r. is not discussed in this paper ......

O. Kwon et al. JACS, 2011, 133, 13337.



2. Three carbon unit 1,3-dipole

Phosphine catalyzed cyclization problems

O 5 membered ring formation o

CO,Et
CO,Et (_</ CO,Et
OEt N
o Koes —— YN —— )_7((
c
PR;

CO,Et 0,Et

P----0
oPR, "odne ©

A Stabilized

P-O interaction would be weaker when R = Bu because of steric hindrance.

R

O 7 membered ring formation

[ E@ B < i PR
N IuBu N 2

N - . . .
/\&Bu T > 0 ® Steric hindrance of Bu substituents
R T copkt R™ Y = COEt prevents the 6 membered cyclization
CO,Et CO,Et

o
Z N
,N@ ® N’
3R e L3
R
R CO,Et

:  COjEt EtO,C
CO,Et 2

It is difficult to prevent other cyclizations.



2. Three carbon unit 1,3-dipole

Nature of vinylcarbene o ©
R; MLn R; MLn
-
/ R4/éﬁ)\ R1 If R2 is R4 R1
R; MLn R, electron donating @R,
NS
R4 R1 @ @
N -
R4/'\|/$ Ri If R, is R4/é\ﬂ/é\ R
R, electron donating @R,

~

(o)
OBz © PicAuCl, (5%) %& :‘:Q
%\\ ¥ N
N dN CH,CI, (0.3 M), 2 h
Ph \@——Ph

F. D. Toste et al. JACS, 131, 11654.

( Ph N
Ph
(\
0/&0 %))\0 OBz OBz
%\ —_— A N =
\'k \ \Au @ 'Au
Au Au
@ u
OBz N OBz
NI@ - —_— IN / VT)BZ —_— '!l
P’ \—Ph Au &
P Y Ph
PH Ph




2. Three carbon unit 1,3-dipole

Vinylrhodiumcarbene

oTBS ® g Rh,(OA Ph (0]
Ph c
+ —_—
IJ\ CH,Cl,, rt _
N, Ar 20 min Ar OTBS
C02M9
N
Reaction Mechanism 4 )
OTBS Rh,L, OTBS oTBS OTBS
COo,M — CO,Me
}\n/ 2Me N\ }\H/COZMe i X CO,Me — ® 2
N2 Rh,L, (e OR,L, RhLn
o \ Y
Ph—N®
A\
TBS.  © i TBS 1
(o) -
Ph‘N’0 o LO CO,Me
P CO,Me 2
Ar OTBS O N NAr Ph \(3,0 h,L4
CO,Me Ph |
L _ Ar
\§ — = J

M. P. Doyle et. al. JACS, 2011, 133, 16402



] 2. Three carbon unit 1,3-dipole
Effect of Substituents

MeO 3 +2]
+
i \©\@ (3 cycloaddltlon \©
)v\"/COZMe N~
' |
N2 k@\ ha(OCt)4
Br X

@ :
cycloaddition N~

® TBSO- substituent is important in N
cycloaddition of vinylcarbene. . CO,Me
r
Mechanism
MeO MeO
\©\@ h Rhyl, q _ CO,Me
VLCOZMe [3+2] -0 cyclopropanation N-O
H
Ar
l electrocyclic
reaction

Br H [1,7]-oxygen
) N\ migration
- B
H o '
OMe

(0}

M. P. Doyle et. al. Angew. Chem. Int. Ed. 2012, 51, 5907
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2. Three carbon unit 1,3-dipole

Combination with Lewis acid

OTIPS eh OH
| (1) 2 mol% Rh,(R-PTL),
NH A0 © Me., CO,Bn
\)\H/COZBn N~ toluene, -40 C,2h> RN
¥ |
(2) 5 mol% Sc(0Tf), N A,
N2 Ar) CH3CN, 0°C Ph H Ar
M. P. Doyle et. al. Angew. Chem. Int. Ed. 2012, 51, 9829
e N
OTIPS OTIPS OTIPS
P CO,Bn P CO,Bn CO,Bn Ph
-~ F .NH
N, Rh,L,4 Rh,L, ©ORh,L, J
Ar
[Rh-catalyzed vinylogus N-H)
insertion
o-TIPS R?2L4 o
HA co.Bn LsRh, CO,Bn
Me,,'A/COZBn Ph 2 Ph H
- ' ® - W
Ph N Ar A SN : @IPS 1,4-proton Ar/\rg ~ ~OTIPS
Me transfer Me
l Sc(0Tf)3 [ Sc-catalyzed )
Mannich addition
[ _TIPS i
o TBSOH OH
Me,,l X .CO,Bn Me,,, CO,Bn
H@\/ 2 /r - Hﬁ/ 2
ph NP A / ph” N7 “Ar
B H,0 H
©Sc(0Tf);
— " Y,

® Reaction does not proceed without activation of hydrazone.



2. Three carbon unit 1,3-dipole

Dearomatization [3 + 3] cycloaddition by vinylcarbene

N B
OTBS | o [Rh,(OAc),] 2 mol% |
C02M9 N rt, CH2C|2, 4A MS. Cone
* N o 100% on ) |
o conversion
Ph_ _N
N, Y g oTBS
Ph o
92% yield

M. P. Doyle et. al. ACIE, 2013, 52, 12664

oTBS N Rh cat. (3 mol%)
CO,Me toluene, rt,3 h
+ Z N~? .CN
@

N
2 CN

M. P. Doyle et. al. JACS, 2013, 135, 12439

What promotes side reaction?



Reaction mechanism (1)

-
OTBS OTBS CO,Me
CO,Me CO,Me
7—? —_—
isomerization
N2 Rh,L, N, Rhals OTBS
O O
N CN
“® [3+3] 25N [B+2)
CN CN
= cN ~
N_]_CN N_CN
CN
H
>
MeO,C
%2 L as MeO,C" *" o1BS
\

N

Lewis acidic dirhodium compound promotes

[3 + 2] cycloaddition (Entry 2, 4, 10)
Lewis base additives promotes [3 +

2]

Cyclopropene was also demonstrated to be
a precursor of the same metal carbene

intermediate (Entry 11 to 15)
S

/(T)\?/CN

CN

OTBS
CO,Me

C02Me

Rh;Ls OTBS

Neoo¥

CN

Rh,L,
CN

@’\;‘L

2. Three carbon unit 1,3-dipole

1a
_Rml, N
* toioene, 1, 30 ngf':” i1h
OTBS Mmgc Me0OG
CODMs otes
Ha
2a
H§ MNesonr M!.fl :E ; i
o "o r:;}
r ra
RA—RH n{ 4 Fu —Rh
| i I “|
ha[S-DDSF'}ﬂ Ftl'p;{S-F'TA:L,, Alkyl =Me, X =H Rh L {5-PTIL}y

Ar = GeHap-GosHos

entry”

ﬁ‘_:ﬁ-uq‘nx-mhmw—

R S-PTW]a: Alkyl = iPr, X = H
R 8-PTTLL: Akyl=(-Bu X =H
Fiho{ S-TCETTL), Alkyl = &-Bu, X =Cl

catalyst (y mol %) 3a4a™ yield (%)% ee (%) of 3a°

Bh,(Oct), (1.0 mol %) 20:1 85

Bh,(S-DOSP), (1.0 mol %) 1:42 83 =20
Bh,(5-PTA), (L0 mol %) 17:1 81 #
Fh.(5-PTV), (L0 mol %) 1:1.7 T4 a0
Bh,(S-PTTL), (L0 mol %) 10:1 69 el
Rh,(5-PTIL), (L0 mol %) L6:1 83 93
Rh,(S-PTIL), (L0 mol %) 1.9:1 449 ™
Bh,(S-PTIL), (10 mol %) 1:21 70 a0
Rh,(5-TCPTTL), 1:>20 44 nd

fl.u maol %)

Bh,(tfa), (1.0 mol %) 1:=20 71

Bh,(S-PTIL), (0.5 mol %) 1:15 69 a3
Rhy(5-PTIL), (1.5 mol %)  43:1 82 93
Rh,(5-PTIL), (20 mol %) 15:1 85 @3
Bha(5-PTIL), (25 mol %) =20:1 B4 @3
Rhy(5-PTIL), (30 mol %)  >20:1 50 93
Bh,(S-PTV), (3.0 mol %) =241 88 w0

M. P. Doyle et. al. JACS, 2013, 135, 12439



] ) 2. Three carbon unit 1,3-dipole
Reaction mechanism (2)

Rhy(S-PTIL)4 (Z mol%)
toluene, rt, 3 h
P N?CN

TBSO COzMe
1.8 eq
Y4
0.0
0.5
1.0
2.0
(" N
Lewis Base Rh,L,—Lewis Base
OoTBS >_-<\ CO,Me
CO,Me ylide
—»
Rh,L,
A Y,

« Stable dipoles which were not sufficiently basic don’t cause inhibition of
dirhodium catalysts toward metal carbene formation.

« Dirhodium compounds are mild Lewis acids that coordinate with Lewis
bases (Isoquinolinium/ pyridinium methylylides are readily accessible
nucleophiles) .



. .- . 2. Three carbon unit 1,3-dipole
Vinylcarbene reactivity
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3. Summary



1.3-dipole cycloaddition methods

Pd-TMM complex
OAc
=<: . );NTS
SiMe;

NHC conjugated unsaturated aldehyde
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Phosphine conjugated allene
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Vinylcarbene
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ﬁ
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Comparison of 1,3-dipole cycloaddition methods

3. Summary

Feature Disadvantage
TMM - Synthesized easily - AcO group also acts as nucleophile.
- Used as both reactive dipole and stable - Difficult to control enantioselectivity.
dipole (From less hindered side)
NHC - Umpolung - Possibility of dimerization.
- Stereoselectivity is determined by ligand - Partner is limited to azomethine imine.
of NHC (Other partners are less reactive than

Phosphine - UmOpolung
- Allene can be applied for this method.

Vinylcarbene - Many examples are reported.
- Can be used with Lewis acid (but 2 steps)

aldehyde?)

- Other cyclizations ([3 + 2] or [3 + 4]) also

proceed.

- Low yields
- Stereoselectivity is difficult to be controlled?

- Reaction is supported by Ester or ether

substituents.




3. Summary

Future of [3 + 3] cycloaddition

O Possibility of high stereoselectivity or enantioselectivity

® Stereoselectivity or enantioselectivity is controlled by chiral auxiliary.
— Selectivity will be more strengthened by 2 chiral auxiliary??

Metal*
@/\@/ H,, WH
—_—
S, High O\
@\/\ LA* Selectivity? H

® First addition step could be reversible?

COI‘IVGX

( D N vl
D ffr 208

If first step is reversible, compounds attacked from concave side are
obtained selectively?




