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X= COCoHs, COGH4
Tsuji, J., et al. tetrahedron lett. 1965, 4387.

Prof. Tsuji found that rw-allyl Pd complex reacts with malonate anion.
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Even today, allylic substitution via n-allyl metal complex is used widely.
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linear branch
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EtO,C CO,Et
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PhCH; 19 : 1 84% yield
W Trost, B. M. et al. J. Am. Chem. Soc. 1982, 104, 5543.
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Trost, B. M. et al. 3. Am. Chem. Soc. 1983, 105, 7757.
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(2.0 eq)
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Na
(2.0 eq)

OAcC

[Ir(cod)Cl)], (2.0 mol%)

P(OPh); (8.0 mol%)
+ R/\/\OAC
(1.0 eq) THF, rt
OAc

[Ir(cod)CI)], (2.0 mol%)
P(OPh); (8.0 mol%)

(1.0 eq)

R/I\7 NaCH(CO,Me), (2 equiv.)

1a,b

or

[I(COD)CI], (2 mol%)

ligand (4 mol%)
> R

THF

a R = CH,CH,Ph

THF, rt

Et0,C 02Et /tO\ZCJ/COZEt

R="Pr: 89% yield, branch/ linear= 96/ 4
R= Ph: 98% yield, branch/ linear= 99/ 1

EtO,C 02Et Et0,C_ _CO,Et

R="Pr: 86% yield, branch/ linear= 95/ 4
R= Ph: 99% yield, branch/ linear= 99/ 1

Takeuchi, R. et al. Angew. Chem. Int. Ed. Engl. 1997, 36, 263.

CH(COzMe)z/\)CH(Cone)z OO

2R

g PNMe;

3a,b 4a,b OO

b R =Ph

rac-la 92% vyield, branch/ linear=98/2, 69% ee (R)
rac-2a 54% vyield, branch/ linear= 95/5, 43% ee (R)

Helmchen, G. et al. Chem. Commun. 1999, 741.
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Distances (A) and angles: Ir(1)-C(29) 2.141(4), Ir(1)-P(1)
2.2119(11), Ir-P(2) 2.3306(14), C(29)-C(30) 1.547(6),
P(1)-Ir(1)-C(29) 80.30(15)°. Hartwig, J. F. et al. J. Am. Chem. Soc. 2003, 125, 14273.



_Iridacycle

Entry  Product Catalyst Time (h) b/1 yield® ee
1 pgnCHPh 1% 2+ [copycl, 2 98/2  81% 97%
2 o, I~ 2% L1 + [INCOD)Cl}, 12 982 84% 95%
3 HNOHPh: g wcopycl, 10 973 85% 98%
4 Ph)\/ 2% L1 + [I(COD)CI], 10 — 1% =
5 [ \ ) 0.1% 2 + [I(COD)CI], 10 99/1 81% 98%
6 0.2% L1 + [I(COD)Cl], 16 99/1  64% 97%|

PR

7 NHPh 1% 2 + [ICOD)Cl], 2 99/1 81% 97%
8 pn~? [ 2%LL+[I(CODYCI], 24 <% -
o OPh 1% 2 + [I(COD)Cl], 2 95/5 75% 94%
10° pp™ [2%LI+[I(CODXCl], 35 99/l _76% 94%

2 |5h Ph L1 (S, S, Sc)

Hartwig, J. F. et al. J. Am. Chem. Soc. 2003, 125, 14273.
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Figure 1. A comparison of the reactions of a series of widium-
phosphoramidite catalysts for the amination of cinnamyl carbonate with
benzylamine in THF solvent at room temperature. Catalysts: 4, 1 mol %
2 4+ 0.5 mol % [Ir(COD)Cl]s; A, 1T mol % 3 + 0.5 mol % [Ir(COE),Cl]3;
®. | mol % 2; +, 2 mol % L1 + 1 mol % [Ir(COD)Cl],. Reactions catalyzed
by 2 and 3 occurred in 97% ee, and the reaction catalyzed by L1 and

NHCH,Ph

L1 (S5 S6:Se)

[Tr(COD)CI]> occurred in 95% ee. Hartwig, J. F. et al. J. Am. Chem. Soc. 2003, 125, 14273.



_Which position is critical for enantio selectivity
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Hartwig, J. F. et al. J. Am. Chem. Soc. 2005, 127, 15509.



_Achiral Alkyl Group
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[Ir(COD)CI],, L3-L16
and propylamine at 50 °C
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1
R NHPMB

_ N
THF, RT ©N

major (R)

. ©/\/\ NHPMB

minor

MeO
(PMBNH,) OO
o H
O,P—N>
sty
(R, Ro)-L3-L16 . .
| 5 : ee . reaction
entry R R ligand (%) b/l time (h)*
1 <:> Ph L3 78 95:5 4
2 Q Ph L4 91 95:5 3
3 O Ph | 5 94 96:4 4
4 Ph L6 96| 95:5 1.5
5 “‘LL/\@ Ph L7 |oi| [o46 24

Hartwig, J. F. et al. J. Am. Chem. Soc. 2005, 127, 155009.
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_The Rate of Generating Iridacycle
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Figure 5. Relative rates of cyclometalation of [Ir(COD)CI((R4.R:)-L6)]

and [Ir(COD)CI((S3,R:)-L6)] in the presence of propylamine at room

temperature monitored by 3P NMR spectroscopy.

o) N
OO Re R'=Cy,H,3

2=
(RaRc)-L6 R#=Ph Hartwig, J. F. et al. J. Am. Chem. Soc. 2005, 127, 15509.



_Biphenyl| Type

carbonate

e P i
N NRR
A
< 50
R X" 0co,Me + RRNH .
amine 1 % [(COD)IrClI], major minor
THF, RT
. yield® ee

entry carbonate amine (%) (%) b/l
1 Ph” " 0Cc0.Me ©/\NH2 86 |94 ([R)|| 98:2
2 Ph " 0C0,Me @\/NHz 83 94 97:3
3 Ph" X" 0C0o,Me Q\/NHz 84 93 99:1
4 Ph/\\/\OCO2Me HNEt, 72 97 98:2
N /N .
5 Ph” " 0C0OMe O NH 85 95 08:2
6 Ph X" 0C0,Me QNHz 93 94 99:1
7 PhA\/\OCOQMe MQSONH2 81 94 99:1
{ MOCOzMe <j>7NH2 75 95 95:5
9 SN ~-0C02Me ©/\NH2 72 94 99:1

Hartwig, J. F. et al. J. Am. Chem. Soc. 2005, 127, 155009.
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_ _ . /O R-binolate
.y ® (COD)I,r'-——P\O
N & 2a: R=H l
1a-(R,R,R) + AgX AN O—p-IIy) R %© X="OTi HzCTNY Chs
E— O/ . _ =
R\/\/CI benzene i I"\I\/ 2b: R=Me Ar Ar
RT, 5 min | £ — = X=SbFe"  Ar=Ph: 1a-(R,R,R)
} ph PN Ar = 2-(OMe)Ph: 1b-(R,R,R)
oenFrOIdZ _"“'L// 2a:R" = H, Ar = Ph
centroid1 L | &rey,, 2b:R"=Me, Ar="Ph
vo,, P ieir—XR"C47 3¢ R =ph, Ar=Ph
_ ,'F\’_) >~ 2d: R" = 2,6-difluorophenyl, Ar = Ph
RO N—/ C45  2e:R"= 2-bromophenyl, Ar = Ph
RT % 3a: R" = Me, Ar = 2-(OMe)-CgH,
2a 2b 2¢ 2d
distances, A
Ir—P 2.2685(6) 2.280(3) 2.2582(14) 2.2611(18)
Ir—C4S 2.204(3) 2.240(10) 2.190(5) 2.191(6)
[r—C47 2.274(3) 2.377(11) 2.461(5) 2.460(7)
Ir—C21 2.125(3) 2.114(15) 2.120(S) 2.111(6)
Ir—centl 2.099 2.097 2.099 2.104
Ir—cent2 2.244 2.2158 2.263 2.258
C45—C46 1.407(4) 1.414(16) 1.409(7) 1.395(9)
C46—C47 1.405(4) 1.39(2) 1.387(7) 1.368(9)

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.




J(J)\ +CO,
AR EU THF O
ircobjcl);  Ph © 0 conir®r © +EtOH
1 or @) 1h r P(OPh)2 BF4
+2P(OPh); + )y SN /MeOH
+2AgBF, NN O,Me R
2 3a: R =Ph + AgCl
3b: R =Me
O PPh3 Nu
\“//\R . 6 7 (COD)Ir ~P(OPh);
3a R = Ph + Nucleophile PPh,
3b: R = Me
allyliridium yield
complex nucleophile solvent 6:7 (%)
1 3a NaCH(COOMe), ~ THF [99:1] 100
2 3a NaCMe(COOMe), THF |97:3 96
3 3a NaCH(COOMe),  EtOH |95:5 70
4 3a KOPh THEF 94:6 100
.. OctylNH THEF 7 100
perfect selectivity . o " 2l
6 3a OctylNH, EtOH |99:1| 100
7 3a PhNH,/TEA THF 97:3 60
8 3b NaCH(COOMe), THF 99:1 80
9 3b NaCMe(COOMe), THF | 99:1 96
10 3b KOPh THE 99:1 70
() | 3b OctylNH, THEF 99:1 70

Hartwig, J. F. et al. J. Am. Chem. Soc. 2015, 137, 14968.
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a: major isomer a: minor isomer

O
@ ©)
CODIr=P(OPh), BF 4
\\%R
3a: R=Ph
distances (A) angles (deg)
lr—P 2 256 P-Ir-C3 92.2 cent2-Ir-C1 94 1
Ir—C1 2.285 P=tr=cent4 4044 cent2=r—centt—FF—F——> same Iength"_
Ir—C2 2.220 cent1—-Ir-C1_ 994 S4—Tr—P 78.0
Ir-C3 2.281 C1-Ir-C3 65.5 C4—Ir—cent1 90.3
Ir-C4 2.092 cent2—-Ir—-P 97.7 C4-Ir-C1 93.3
Ir-cent1 2.239 cent2—Ir—-C3 91.5 C4-Ir-C3 97.3
Ir—cent2 2.356

Hartwig, J. F. et al. J. Am. Chem. Soc. 2015, 137, 14968.
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_ _t - i - ‘-
202A% i \
pho | PhO 2.17
WH)\ thVP ;.ﬂz H 97 A
2 247 A ® "Nu

Ph

TS-branched-major TS-linear-major

AAG 1 295k 0.0 4.5
(AAGigas 298 K) (00) (50)
[AAH? a5 205 <] [0.0] [4.9]

in kcal/mol

A E C-H activation TS —

mteractlon (in kcal/mol) (m A (in A)

. C-H---O0 Engo(C-H activation TS) d¢(C-0) d(O-H
C3-H3---O1 225 3.10 227 132.4 interaction (in keal/mol) ((in A)) ((in A)) £(C-H-0)
C1=H;---O1 1.01 3.25 2.37 137.3° |
C4-H2---O1 9.44 3.12 2.05 167.9° Ca-H2---O1 4.81 3.27 2.23 159.9°
Cs5-H4---02 0.23 2.94 2.64 949° : C1-H,---O1 0.15 3.38 2.61 1277
Cé6-Hs---02 0.90 3.24 2.57 118.4° C3-H3---O1 4.49 2.91 213 128.7°

difference in C-H---O interaction: branched-linear = 4.4 kcal/mol. AAG*THF 298
k(branched-linear) = 4.5 kcal/mol.

Regioselectivity can be well explained by NBO calculation.

?{6( 'H:(\s{ CH...O interaction is very important.

Hartwig, J. F. et al. J. Am. Chem. Soc. 2015, 137, 14968.



Ir catalysts I}Iu high
nucleophile. -~~~ enantioselectivity
Ir catalysts I;lu typically low

nucleophile A N\F enantioselectivity

(1)

(2)



_Kinetjc and Thermodynamic Control

1a-(S,S,S .
1 (£CIuiv. ‘ 40°C M [Ir]
. k, AR \/\R
o 2f - CO,CF; - (S,S,S,R) 2f CO,CF; - (S,S,S,S)
L R = CoHy(CgHs)
Fs:C~ O
NF RN ®
l <
Sb - (S) R S-Binolate e
ee > 98% \p } CO,CF,
6 equiv. \-——N
i Ph F;’h _ H _O™\R-binolate
(coDir—pZ_g
at -40°C 2f: R = CH,CH,Ph ’ é ll\l o
] m 1a(55,9) 2 \r \/ 3
e 2((SSSR) :
" A 21(5,555) Ar Ar
" Ar = Ph: 1a-(R,R,R)
Ar = 2-(OMe)Ph: 1b-(R,R,R)

Thermodynamically (S,S,S,R) is less stable

=
© 002+
than (S,S,S,S).
k,=5.4*10-5
0.00 T T T T T T 1
0 5000 10000 15000 20000
Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.
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Table 2. Rate Constants of Nucleophilic Attack on

Allyliridium Complexes 2¢,d,f and 3b

\ﬁ 1@
\""-‘-a
P/IJ x® Nu -
iﬁ N\/ NU -
o . NHR'R? (25 equiv)
L Ar .

+ TEA (25 equiv)

or
TBAOACc (10 equiv)

2c: R=Ph; Ar=Ph; X=BF4

2d: R = 2,6-difluorophenyl; Ar = Ph; X = BF

3b: R = Ph; Ar = 2-(OMe)Ph; X = CIO4
2f-(S,S,S,S): R = (CH,),Ph; Ar = Ph; X = CO,CF3”

2f-BF: R = (CH,),Ph; Ar = Ph; X = BF
complex” NHR'R? or

entry (M) TBAOACc solvent
1 2c (0.030) PhNH, CH,Cl,
2 2c (0.043) PhNH, THF
3 2c¢(0.030) PrNH, THF
4 2d (0.030) PhNH, CH,Cl,
5 2d(0.043) PhNH(Me) CH,Cl,
6  3b (0.030) PhNH, THF
7 2¢ (0.030) TBAOAC THF
8  2fTFA PhNH, THF

(0.046)

T °C

~30
—40
—60

—30
—30
—40
—60

—40

R-Binolate
F QO cop

P—Ir\

lL‘"obs,' S

6.0 x 1074
34 % 1073

too fast to
measure

28 x 107*
2.0 x 107
9.9 x 107*

too fast to
measure

2.5 % 1072

=l

Very Fast Step

Nucleophilic addition is much faster
than the conversion of the minor to
major.

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.



Compare dr with ee of TM

Scheme 4. Stoichiometric Reactions of 2e

®
n1” Br | o
Cl 1.AgX 2. PhANH,/TEA 7a
AN o
3.PPh; X=BF 471607
N(t-Bu)4CIT
1. PANH,/TEA 7a, 87%

-
1> Br e/ 2-PPhs PE LA

BF4

\ 1. NaCH(COZCH3)2} 7b, 74%’
2e-BF, 2. PPh, b:l = 99:1,
Br NHPh Br CH(COOCH3),
= =
7a 7b

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.



_The Importance of Oxidative Addition Step
Major=(R,R,R,S)

At -60°C the conversion does not occurred.
® Minor=(R,R,R,R
A= Br © ppNHyTEA 57 NHPR ( )
3 BFy, — < o P
-60°C, CH,Cl, 7a
2e-BF, kmajor:l'Z*:l-O_4 s
dr=9:1 — Kinor= 2.0¥104 st
-Bino ate(‘q CcOD
oxidative addition must be critical

O-P—Ir
[Ir]= : .
: for enantio selectivity.

Ar Ar
0.0060
2e-(R,R,R,R): rate=1.1*10°% Ms™’

0.060 ~
= 2e~(R,R,R,S): rate=6.5*10"° Ms™" .
LN N
ug
0.054 0.0054 -
.., B
= o =
S - b .
O
Eé m B - ;é =
(@] - -, (@) ]
. 0.0048
[ |
| |

0.048 —

1
1500

T T T T T T T I
1600 2400 0 500 1000
time (sec)

800
Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.

time (sec)



N 1° T N P
=\ =z
la-(R,R,R) + AgBF, AN O-._,P/“'_j BFe ﬁ\ 0 /}r/\/R C]
b — 4 =P BF,
R.~_Cl  solvent ’j h \) N |
4 RT, 5 min — 1z "
L Ar Ar . L Ar Ar ]
4d: R = 2-bromophenyl 2e: R = 2-bromophenyl, Ar = Ph
2e-(R,R,R,S) 2e R R R,R)
benzene (60%): 60
THF (50%): 80
CH,Cl, (55%): 90
Br NHPh
Br @)\/
X OCO,Et 1a-(R,R,R), 4%
6 T, time
+ NuX @/\/\
nucleophile (product) yield, % 7/8 ee, % time, h
PhNH, (7a) 26 99:1 29 S0 12
(CH,CO,),CHNa (7b) 90 99:1 25 RT 12
PhOLi (7c) 53 99:1 26 S0 0.5

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.



E . I : B,
RRR{+ L
] ) = + g
o xvph

ret. w\
D H [Ir]
DN p
J/

H n'—inv.

N

D [ir] D [ir] Ir] H [ir]
H)\\—//\ W W/A\/ )V\ Ph

anti D - major H synD-minor D anti D - minor syn D - major

l inv. inv. inv. inv. l
ret. ret. ret. ret.

D NHPh D NHPh H NHPh H NHPh
(Z)-9-D-(S) (Z)-9-D-(R) (E)-9-D-(R) (E)-9-D-(S)
inv. T ret. et. <y ret. et. Tinv.

Ir] D [Ir]. ["’] [ir]

\/\l/ \/Y Ph/\)\

anti D - major synD - mlnor

AN

anti D - mlnor syn D - major

N
(i D, H
ph/\A"H Ph/\)\ [Ir]

—inv. n!-ret.

P e

D

S.S.SIfl+ =
{ir] X/Q/\Ph

oxidative addition is inversion of
configuration.

nucleophilic addition is inversion of
configuration.

Toally, allylation is retention of
configuration.

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.



_Short Summary

\ / R-binolate Ir
(cop)ir=pL o - AR PONHTEA NHPh
minor K N
HZCT P 31 ks 4 R k4>>ks>K3
Ph Ph Ko>>K
. N TIr PhNH/TEA NHPh 7"
major * major enantiomer
LG = OAc, OBz, OCO,R in catalytic reactions

The stereoselectivity of Ir-catalyzed allylic substitution
originates from oxidative addition.

Hartwig, J. F. et al. J. Am. Chem. Soc. 2012, 134, 8136.



L ution

Nu 3: Nu = OPh
1b (2 mol % ; . =
OBz nuc(leophile 21.0 equiv) R/:?.-\Q/ g HE _ “I(-IB(?E:(?)z)CFS
RN THF, 0°C, 12-16 h 6: Nu = Bzlm
(£)-2 OBz  7:Nu=Ts
(2.2 equiv) + R/K/ 8: Nu = CH(CO,Me),
2 9: Nu = CH(CN),

. yield ee
entry R (2) nucleophile product (%)? (9%)°
1 BnCH, (2a) NaOPh 3a 83 95
2 n-Pr (2b) NaOPh 3b 86 92
3 i-Pr (2¢) NaOPh 3¢ 76 98
4 Cy (2d) NaOPh 3d 86 96
54 -Bu (2e) NaOPh 3e 88 96
6 BnCH> (2a) LiN(Boc), 4a 96 93
7 BnCH, (2a) KNHC(O)CF; Sa 74 98
8 BnCH, (2a) NaBzIm 6a 84 97
9 BnCH, (2a) NaTs 7a 80 94
10 BnCH, (2a) NaCH(CO,Me), S8a 82 94
11 BnCH, (2a) NaCH(CN), 9a 77 88

Hartwig, J. F. et al. J. Am. Chem. Soc. 2010, 132, 8918.



Nu :

N Ir catalysts > high
RTX nucleophile R/'\,//' enantioselectivity (1)
X Ir catalysts Nu typically low 2)

R/E\/ nu.;;|egphi|e"' W enantioselectivity

255

10 mol 0/0
OH [{Ir(cod)CI}>] (2.5 mol %) OR2
m-CICzH,CO5H (0.5 equiv
° *
b {enantloselective ethenﬂcahon] ------------- :

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2011, 50, 5568.



_Bronsted Acid Plays Critical Role

Brensted acid

OH [{Ir(cod)Cl}>] OBn
i
Ph)\/ + BnOH igand 3 > Ph)\%
solvent,
1a 5 equiv 50 °C, 24 h 2a 0O
o PN
Entry  Acid Solvent Conv (%)™ e.r. O‘
1 MeCO,H toluene <10 - 3 .
2 PhCO,H toluene 0 - (10 mol %)
3 CSAH toluene 0 —
4 HCO,H toluene 60 92.5:7.5
5 HCO,H THF 50 81.5:18.5
6 HCO,H DCE 73 87.0:13.0
7 p-NO,C.H,CO,H __ DCE 74 89.5:10.5
8 m-CIC.H.CO.H DCE ~ 95 98.5:1.5 |
[{Ir(cod)Cl};] + 3 (2 equiv)
OH m-CICgH4CO,H OBn  er:-97.0:3.0
A~ *+BnOH DCE (tech.) 97% yield
PN 4a 50°C, 24 h Ph e

preformed [Ir(3),Cl]

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2011, 50, 5568.



_Substrate Scope

Bn\O
o~

2a, 98%
er.. 98.5:1.5

PMB.. Bn.
0 "o
@N -
Me OM

2e, 97%
er.:99.0:1.0

Bn.
"0

=

OMe
2i, 99%
e.r.. 99.5:.0.5

2m, 98%
e.r.. 93.0:7.0

iPr-

Me\o Et\O
O O

2b, 36% 2c, 85%
e.r.. 98.0:2.0 e.r.:.99.0:1.0

R

2d, 85%
e.r.: >90.5:0.5

Bn. Bn.
"o "o

't

e
2f, 98% 2g, 70% 2h, quant.
er.: 99505 er.: 99505 er.. 97.0:3.0

Bn\O Bn\O Bn\O
= = =
74
| J
0] /N
Boc F
2j, 95% 2k, 56% 21, 65%
e.r.. 97.525 er.:.96.04.0 er..98.0:2.0
Bn. Bn. Bn,
"o "o o 'O
PhW = EtOW
2n, quant. 20, 99% 2p, 44%
er..93.56.5 er.. 83.0:17.0 er.. 81.5:18.5

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2011, 50, 5568.



_Both Enantio

OH OBn OH
er.>995:0.5 e.r..97.0:3.0 3
- o | A
a
(S)1a (R)>-1a
e.r.. 99.5.0.5 e.r.:99.5.05
1.0 4 (S)1a
|
Rl
w
7}
>
5 05 (B
Q 0000 2 :
- 000 O Allyl Ether Formation
— 1 -
o 50 o©O O
0.0 £-0 , . .
0 5000 10000 15000 08 -
time/s 2
= *
TR
< *
2 049
&
<
. &
0.2
0 #From (S)-Allyl Alcohol ~ MFrom (R)-Allyl Alcohol
0 10000 20000 30000 40000 50000 60000 70000 80000
Time [s]

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2011, 50, 5568.



hicetherification

catalyst
OH ligand SBn
o~ vonon —eomater L L 2 SN
1a 1.2 equiv. 50°C,24h 2a 2a'
Table S2. Promoter screen.
Entry Promoter Conv. (%) 2a/4a e.r. 2a
1 No additive 60 83/17 96.5:3.5
2 mCl-C¢H4+CO2H >95 60/40 86.5:13.5
3 p-NO.-BzOH 70 80/20 93.0:7.0
4 Formic Acid 60 85/15 96.0:4.0
5 CIH2CCOzH >95 86. 88.0:12.0
6 Cl,HCCO:H >95 65/35 93.0:7.0
7 CeCl3 80 >95/5 88.0:12.0
9 Ti((PrO)a 75 >95/5 90.0:10.0
10 AlCl;3 decomp. n/a n/a
11 ZnCl; >95 30/70 45.0:55.0
12 ScTf3 >95 25/75 64.5:35.5
. Phosphorus promoter screen.
Entry Promoter Conv. (%) 2a/4a e.r.
T1 P(O)(OE1).CI >05 92/8 92575 |

2 P(O)(OPh); 60 95/5 93.5:6.5
3 P(0)(0C16H33)20H >95 97/3 90.0:10.0
4 P(O)(OPh).0H >95 64/36  91.0:9.0
5 P(0)(S-BINOL).OH >95 91/9 95.0:5.0
6 P(0)(OBu).0OH >95 96 /4 95.0:5.0

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2012, 51, 8652.



{Ir(cod)Cl},] (2.5 mol%)

o P,alk 3 (10 mol%) oH il
A) BnSH ,alkene mol% -
Ph)\/ » Ph/\/ ph)\/
rac-la 1.2equiv DCE, 50°C, 24 h (R)-1a (S)-2a
60% conv., b/l 83:17 e.r.>99.5:05 er. 96535
CH-,CI

[{Ir(cod)CI};] (2.5 mol%)

B - P,alkene 3 (10 mol%) -
(R-1a 0.7eauiv DCE,30°C, 24 h (R)-5

o

(10 mol%)

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2012, 51, 8652.



OH A c OR
(S)-1a [{Ir(cod)Cl}.] SBn [{Ir(cod)Cl}] (R)-5
P,alkene 3 — Ph = . P.alkene 3 R= C(O)CH,CI
OH BnSH ; 2a ; BnSH OR'
ph” N e X e K Ph/\/
(R)-1a D
6a:R'= H, 6b:R' = C(O)CH,CI
l ~P—N
Ph =
(10 mol%
Entry Substrate Reagents Conv. (%)[P!] Products(b e.r. []
1 (rac)-1a [{Ir(cod)Cl};], 3, BnSH 60 2a, 50%; 96.5:3.5 (S5)
................................................ 10% [>99.5:0.5 (R)-1a] |
20 (S)-1a [{Ir(cod)Cl}:], 3, BnSH >95 2a, >99%; >99.5:0.5 (S5)
............. (>99.5:0.5) . LAa, <1%
3 (R)-1a [{Ir(cod)Cl}:], 3, BnSH 40 2a, 38%; 64.0:36.0 (S5)
(97.5:2.5) 4a, 2%
7 (S)- 5¢¢ [{Ir(cod)Cl};], 3, BnSH >95 2a, 96%; 94.5:5.5 (S5)
..... (99.0:1.0) . 4a, 4%
8 (R)- 5.0 [{Ir(cod)Cl};], 3, BnSH >95 2a, 85%; 86.0:14.0 ()
(97.6:2.4) 4a, 15%

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2012, 51, 8652.



OH OH
RV \)\R
(S)-1 (R)-1
P(O)(Og |)HE;(H i
u I
i IrLX ||_+x 2 o PP
r: o r
L
RW R/\v/ /
: > irix
BnSH
SBn
N
(S)-2

Carreira, E. M. et al. Angew. Chem. Int. Ed. 2012, 51, 8652.



(R,R)-C

(R)-Cat'| (R)-Cat?

S)-Cat’ R)-Cat'
(S,R)-C ﬁ A + B J(E)c%' (R,S)-C

(S)-Cat’ | (S)-Cat?

(S,9)-C

Carreira, E. M. et al. 3. Am. Chem. Soc. 2017, 51, 8652.
Carreira, E. M. et al. Science. 2013, 340, 1065.

(S)-A |(S)-L

(R)-A|(S)XL

(R,S)-C

(R)-L, (S)-L
enantiomers of
(P,olefin) ligand

(R)-A, (S)-A
enantiomers of
amine catalyst

(R-L | (R)}-A

(R)-L| (S)-A




_Four Isomers

O H Ph

’ =

Mé Ph
(S,R)-3a
80% vyield
>99% ee
20:1 d.r.

O H Ph

y =

Mé Ph
(5,5)-3a
71% vyield
>99% ee
>20:1 d.r.

(R)-L

A3

Q H Ph

(R)-L
L HJ%/

vd Ph
(R,R)-3a

1a

Q oh OH
>20:1 d.r.
HJH/ + Ph)\/
2a

Me

77% yield
>99% ee

O H Ph
(S)-L (S)-L H)W
) A3 A2 Me Ph
(R,S)-3a
for conditions, see 78% yield
Figure 2 >99% ee
15:1 d.r.
NH, ) O
N 0. i
| N ‘ 0PN I
A3 | (R)-L E

Carreira, E. M. et al. Science. 2013, 340, 1065.



0
Ph
A,
Ph/l\/
Me
1a

1.1 equiv

0.25 mmol

2 mol% [{Ir(cod)CI}5]
8 mol% ligand

/

2a

Key Experiments:

#1

(R)-L + A1
69%, 3:1 d.r.
99% ee
(R)-L: [3-control

#2

L1+A2
69%, 1.3:1 d.r. |
68% ee/92% ee |
A2: o-control

10 mol% amine
Cl;CCO.H
DCE, 25°C,24 h
[DCE = CICH;CHJCI]

O H Ph O H Ph
Mé Ph Mé Ph
(R,R)-3a (R,S)-3a
major minor
diastereoisomer  diastereoisomer
#3 #4
L1 + A1 E (R)-L + A2
71%, 3:1 dr. 77%, >20:1 d.r.
i 99% ee

(R)-L + A2: o & [-control

amine: . :""""“"“'""": (P, olefin) ligand:,” """~ """~ """ 77770 :
A o, Qidn, G

P N _/\-N X : o. :

NHe Bt oP-N 0PN

ren = oS SOREet
Al i A2 A3 L1 o R-L

Local Control
B-Center @

S — |
@ Local Control
outer sphere

transition state a-Center

Carreira, E. M. et al. Science. 2013, 340, 1065.



(b) ¢ %}m
, @\
(R) or (S)

11_::~

‘/* N // P(R) P1 )\
/ H :> si-face
Cl N /
Q/ \é\ ] J 2 TCA endo
{Ir(COD)Cl}, ‘
1 1)/ \

pre-catalyst coD 4\ "/ O o H,O-«+TCA

7 2 \x/

active catalyst

TCA = CCI3COOH, COD = cyclooctadiene

P = phosphoramidite , (* = binaphthyl

aYN

[Ir(cod)Cl], Q?/ N
(0.5 iqUiV) CI—F;“\N 1(3equiv)  no reaction
(R-L  CHCly : \/) CDCly at23c
2equiv)  12h 0" "N

Carreira, E. M. et al. 3. Am. Chem. Soc. 2017, 139, 3603.



a=3.32 (0.20)

b=2.44 (1.08)
c=3.32(0.77)
d=2.45 (1.76)
e=3.17 (0.31)
f=3.08 (0.95)

Me i
70 Ir.l’(i;)1 73

a=3.36 (0.62)
b= 3.39(0.58)
¢=3.08 (1.01)
d=2.48 (1.64)
e=2.62 (0.95)
£=2.92 (0.53)

P2-C2

LN
H enamine
H

n-stacking o X _Me
interaction 1 i+ 1 .
. B E ,r’ Ph
e H
‘\\/_,(

1/ Ph

P—ir—cI n-allyliridium
Q / .,
XN P

O H Ph

me Ph
(RR)-72

S

diastereocontrolling, C-C bond-forming
transition state

L% = (R)-73

A
M P=N |

Sunoj, R. B. et al. J. Am. Chem. Soc. 2015, 137, 151722.

Carreira, E. M. et al. 3. Am. Chem. Soc. 2017, 139, 3603.



_Ester Substrate

Ph O
O (S)-BTM (10 mol%) -
o NN
4-<':1nisyl\)-LOF’hF R T [Ir] (2 mol%) _ \/\-)J\Oph,:

ProNEt (1.1 equiv) 4-anisyl
1a (1.05 equiv) 2(1.0equiv) THF (0.2M), rt.,6h (S,S)-3aa
___® """"""""""""""""""""""""
S -
= of /llj P (S)-BTM = Q,'I\I:S Ph
Z= L )
L _gl' Ar _ BF4e F F

[Ir]-1: Ar=Ph

[Ir]-2: Ar = 2-anisyl 4-anisyl = _EQOMG Phg = -3 F
[Ir]-3: Ar = 2-naphthyl
[Ir]-4: Ar = 1-naphthyl

Hartwig, J. F. et al. J. Am. Chem. Soc. 2017, 139, 87.



_Four Isomers

( Ph O ) ( Ph O )
\vk(”\ophF (R)-BTM (S)-BTM WJ\OPhF
4-anisyl ent-{lr] [ir] 4-anisyl

(R:R)-saa J \ (S,S)'3aa J
with ent-[Ir]-1: 0 with [Ir]-1:
96%, >99:1 b/ a-anisyl I 97%, >99:1 b/l

>20:1 dr,>99% ee 1a F >20:1 dr, >99% ee
>\gg&etté%r]1-tn AN ggvczthjs'agf'bn
=70 ; ~o Ph OBoc e a0
20:1 dr, >99% ee 2a >20:1 dr, >99% ee_
( Ph O ) Ph O
\/’\_)J\OphF (S)-BTM (R)-BTM \/\Hj\ophF
4-anisyl ent-[ir] F F [ir] 4-anisyl

(S,R)-3aa ) § (R,S)-3aa
With ent-[if-1. Phe = — P with [Ir]-1-
>99%, 10:1 b/, 97%, 10:1 b/l

>20:1 dr, >99% ee F F >20:1 dr, >99% ee

with ent-[Ir]-4:

with [Ir]-4:
>99%, >20:1 b/l 4-anisyl = _§QOM9 >99%, >20:1 b/l
13:1 dr, >99% ee 13:1 dr, >99% ee

Hartwig, J. F. et al. J. Am. Chem. Soc. 2017, 139, 87.



"L
N
g

Ph” N
O @ (+)-BTM (20 mol%)
O XantphosPd 4 mol%)
H H P
1.25 eq iPr,NEt /
THF, 23 °C
F r
Ar= /@NOZ Cl ; Cl s : F : :F /O
K K Cl K 3 o F F <
1 2 3 4 5

Snaddon, T. N. et al. 3. Am. Chem. Soc. 2016, 138, 5214.



_Proposed Mechanis

Nucleophilic Cycle Electrophilic Cycle

union of catalytic
intermediates

X. X
Pd'L, *Pd'lL,

A — s

S

J ]
phenolate -
‘rebound" oxidative
H —Ea 5:_7 + base decomplexation addition
NR3 PdCL,,

J
/ Catalyst | Y Catalyst Il \

N X
H H

Ester
pro-nucleophile

Organo (pseudo)Halide
pro-electrophile

a-Branched Ester

Snaddon, T. N. et al. 3. Am. Chem. Soc. 2016, 138, 5214.



_Ester and Substrate Scope

4
or N

(+)-BTM (20 mol%)

XantphosPd (4 mol%)

/\/x
1.25 eq iProNEt

)

THF, 23 °C
COT gt i g O
F F

Rt 1 T , X \ ) ) h S
Entry? Ar X Time [h] Yield [%]>¢  ee [%]?
1 1 OAc 72 50 3
2 OPiv 72 56 5
3 OP(O)(OEt), 72 20 77
4 OP(O)(OPh), 72 43 84
5 OCO,Bu 72 80° 53
6 OCO,tBu 72 85 52
7 cl 72 40 38
8 OMs 72 62 (42) 92
9 2 OMs 72 37 40
10 3 OMs 6 85 (75) 94
11 4 OMs 6 91 (88) 92
12 5 OMs 72 0 -

X=0Ms

o Me o MeO o Cl o
X OPfp X OPfp X ~OPfp X~ “OPfp
U H \ H U H U H

) 8 ) ) 8 ) o2
88% 86% 88% 91%
92% ee 92% ee 93% ee 88% ee
MeO |
o el o o) 0
X~ 0P X~ oPh X~ 0P Pip
Me \ H Br \ H \ H MeO
/> 10 /> 1" /> 12 >
90% 67% 80% 2%

91% ee

MeO /> "

Pfp-indomethacin (17)
60%
91% ee

5%
91% ee

87% ee

18
/5%
93% ee

0%
91% ee

OoTBS

92% ee

1 %
93% ee

OPfP

87%
93%

92% ee

88%

94% ee

CF3

95%
98% ee

Snaddon, T. N. et al. J. Am. Chem. Soc. 2016, 138, 5214.



OAc | /
Rum BENZEN
1a L1
LisNu (L1)Ru(CO),
_ 5 i 4a (linear)

Ph._~_-OAc and [5] Nu = CMe(CO;Me);

2a

R? {

RJ\/ J\/ J\/ J\/

Breit, B. et al. Acc. Chem. Res. 2016, 49, 1524.



_Summary

Ir-catalyzed allylic substitution shows high enantioselectivity and regioselectivity.

SO o0, &
NY|
O:P—N PN |
SO Oy
Ph O
)
« Basic condition is necessary » Acidic condition is necessary,
« Oxidative addition step is the most « Dynamic kinetic resolution can
critical for enantioselectivity. be also used.
* Nucleophilic attack is much faster « First diastereo- enantio-
than oxidative addition divergent allylic substitution.
» Linear selectivity can be explained
by CH...O weak interaction.
* Only kinetic resolution.

Even today, Ir-catalyzed allylic substitution is evolving constantly !






O

k
Ph~ >0 J\CF3 L ©
_ k. OCOCF;
8 25equiv 1 (1)
O or L THF, T ® ©
(COD)IIr—P(OPh)z + 0O CF,4 (COD)Ir=P(OPh),
k
= 2 NS
= Ph /\)\/ ST (CHy)oPh
: i 3c-TFA
9 25 equiv THF T (65:35 ratio of steroisomers)
8 or 9 T (°C) k,ork, (s7) -12:5 9
1 9 —10 8 x 107* -13 -
2 9 —15 35% 10°% AH'= 20.5 + 2.2 kcal/mol
3 9 —-20 1.3x 107" -13.5 1
4 9 -25 7.5%x10° B
< -14 -
S 8 20 2.7 x 107 =
-14.5 1
-15 A (d
-15.5 T T T T |
/ 0.00379  0.00384 0.00389 0.00394 0.00399 0.00404
k,=2.7*10 T
k,=4.6%102
k2 Is 170 times blgger than kl' = 3 kcal/ mol Hartwig, J. F. et al. J. Am. Chem. Soc. 2015, 137, 14968.




A 0
W (COD)}P_P(O Ph)s TSiinear
Ph

' G¥ = ca. 2.99 keal/mol

9
stranched
O
(COD)Ir—P(OPh),
{ o ®
= 5 > i
o (oD —F(0PH), PhO, %/j

G = 0.64 kcal/mol

: = pho-',;P'—'|l1';;J
O 8+5 1 J 2
(CH5)sPh [3c]TFA
Ph/W\OJJ\CF FL,C(O)CO 10b .

3
8 [3c]®



