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Possible Reaction Pathways
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Sodium Malonate Examples
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(E)-2a —-
[Incod)CllLA4P{OPh),
+ MaMu THE 4 5

b: NU=CH{COuMa): fah Yield 0% 4b: 5h=87 : 3
3¢ Nu=CHACCO-El raflux Th Yiekl 85% 4¢c: 5:=937

3d: Nu=CMe{COzEll: reflux 1 h  Yield 87% 4d: 5d=29:71
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Effect of R-Group on Substitution

E}-6 [|r{cunyc|]i,r4pqﬂph:]:(\ Nu

+ MaMu
3a: Nu=CH(CO,Er, THF

Ba: R=Ma MZh  Yield 77% Ta:Ba=97:3
Bb: R=FPh m3h Yield98% Tbh: &b=59:1

6. R=n-Hex mSh Yiekd99% Tc:8c=095:5
Bd: R=n-0ct M5h  Yield 95% 7d:8d=85:5
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Efftect of Position of L.G.

i
H., -
Ar h% “H./‘ﬁ
1] [IMcod)ClLMP(OPh)y g, + MU
+ MaMu

3a: Nu=CH(CO£f), THF

9a: R=n-Pr fA3h Yield &% 4a-53=95'5
9h: R=Ph A3h Yield91% 7bh:8b=95:1

9d: R=n-0ct A3h Yield95% 7Td:Bd=85:5
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Suggestion of m-allyl Intermediate
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Disubsituted 3° Allylic Terminus

=
AL & R

=
10 [Ir{cod ) ClMPOPRY: .
+ MalMu 11 12
3a: Nu=CH(CO.Er, THF

4

Pt

M

10a: R=Ma n2h  Yield80% 11a:12a=100:0
10b: R=n-Bu 16 h Yield 80% 11b:12b=100:0

10e: R=CHzCH2C=CMa; 168 h Yield 85% 11e:12e=100:0
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/Z-Selective Allylic Alkylation
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Z-Selective Allylic Alkylation
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[Iffcod)Cl]+26
Piir=1 ur““ (25 (Z1-8

+MaMu THE +

3a: Nu=CH{CO4Et) Wu (E}-5 (E}-&

(Z}-2a: R=n-Pr roflux 5h Yield 85% 4a:(f)5a:(E}5a=3: 980 7
(F}-6e: R=n-Hex raflux 3 h Yield 86% 7o (f)8c: (E}8c=2: 89 . 9
(ZH6d: B=n-0ct roflux 3 h Yield 84% T7d:(7)-8d : (E)}-Bd =2 &7 @ 11
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Allylic Amination

Fh
OCOsMe Fh
(E)-2T -
[Iffcod)Cl]24P{0OPh)
+ HNR; ENOH raflux
2B
28b: pyrrolidine Yield $5%
28¢: morpholing Yiald 2%
28d: cyclopentylaming Yiald 83%:
28e: n-butylamine Yield 79%
2B1. diathylamine Yield 75%
28g: fer-butylaming Yield 92%
28h: benzylamina Yield B5%

MNR= + MRs

29 30

29b : 30b=0¢ - 4 (E/Z=100/0)
29¢ @ 30c=92 : 8 (E/Z=100/0)
29d : 30d=0¢ -4 (E/Z=100/0)
29s : 30e=95 5 (E/Z=100/0)
20f : 30f=65: 35 (E/Z=100/0)
29g : 30g=81 - 10 (E/Z=100/0)
20h : 30h=96 : 4 (E/Z=100/0)
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Allylic Amination

Fh
Toone
= Ph
MR + MR

[In{cod)Cll/4P{OPh)a
+ HMR: EtOH reflusx

29 30
28

28a; pipariding Yield 85% 29a: 30a=98 2 (E/Z=100/0)
288 n-bulyviaming Yield 89% 29 : 30e=99 .1 (E/Z=100/0)
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Allylic Amination

R
OCOMe
(Eraz lIr(cod)OMel4P(OPh); \[/’%- '“-ﬁ\
R=n-Hax — NRp *
+ HNR; 3 3
28

28a: piperidine acatona reflux 30 yiald 87%  33a 34a=81 ' 19 (E/Z=10040)

28d: cyclopentylaming  MaCh reflud 24 b Yield 76%  33d @ 34d=92 ' & (E/Z=100/0)
28e: n-butylamine MaCH refloe 24 h - Yield 70% 33e: 34e=05:5 (E.Z=100/0)

28i: aniline EtOH reflux 2 h Yield 85% 330 34i=93 . 7 (E/Z=10000)
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Disubstituted Allylic Amination
3E Ilr{mn}m]y-qp{mr:-n};' Ht"’@ + Hﬁﬁ

EtOH reflus

35a; R=n-Pantyl
35h: R=MayC=CHCHCH, 36 a7

+ HNR;
28

36a 2Ba pipending Yield 76% 36aa: 3Taa=100:0
35a 26b pyrroliding Yield T0% 36ab : 3Tab=100:0
35a 28e n-butylamine| Yield 59% 36ae : 3Tae=100:0
35a 28i aniline Yield 77% 36ai :37ai=100:0
35h 2Ba pipending Yield 76% 36ba: 3Tha=100:0
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Z-Selective Allylic
Amination/Different Amines

N-Hax

n-Heax O O0-Ma \]&
—/ NR

i

(Zy-32  [Ircod)Cl/4P{OPh); ¥

n-Hax Ry (£)-34
MaMOy, 50 °C "‘=/_N

+
f1- HE:WHHE iE"sd

28b: pyrrolidine Yield 80% 33b:(Z)-34b: (E)-34b=6: 94 .0
28¢: morpholine Yiald s0% 33c: (£)-3dc - (E)-34c =12 88:.0

28e: n-butvlaming  Yield 56% 33e:(f)-3de  (E)-3de= 21:79 .0
28f. diethylaminge Yield 69% 33f: (5-34f . (E)-34f= 3. 97 .0

33

+ HNE:
28
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Z-Selective Allylic
Amination/Different R-Group

39
I OCOMe \I/%
'\=/_ - MRz
T
(2138 [Ir{cod)ClLMP(OPR), Umni (2140
MeMO. 50 °C —

+ HNR; +

26a: pipendine HWHHE (E}-40

(Z}-38a: R=n-0ct Yield B6% 39a.(f-d40a: (E}40a=6:94:0
(Z}-38b: R=Ph{CHz): Yield 89% 38b : (Z)-40b : (E)}-40b=8:92: 0
{Z)-38¢: n-BuOCH,  Yield 95% 38¢ . {Z)}-40¢ : (E}-40c= 1:99:0
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Enantio- And Diastereoselective Ir-Catalyzed Allylic
Substitutions for Asymmetric Synthesis of Amino Acid

Der1vatives
Kanayama, T.; Yoshida, K.; Miyabe, H.; Takemoto, Y. Ang. Chem. Int. Ed. 2003 2054-2056
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Ir-Catalyzed Asymmetric Allylic
Substitution—>Reaction Studied

Ph
Ph”l*““ru"’“““c:ﬂ;rau Ph, Ph,
Ph._cn__OX 1 en T
ST [iClicod]l] s SN
2a: =Bz ag. 50% KOH NT Coos®u CO,Bu
2a'; X=P{D}OEt), (PTC 6) d4a 58
ligand 7-10

G 5"__.;'“; {A)-T: R =Fh (5-8: R = iBu
|:FI'}-'H'. H = l:'r:: H;.I:Iq_'[: H'_.|
(A-10; R = (CH:SE

Scheme 2. Ir-catalyzed asymmetric allylic substitution of 1 with 2a,a’.
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Effect of

. J N
Ligand Ph™ "N” "COuBu  Ph,
1 . Ph
Ph. e OX
[IrClicod]}s]
2a X=Bzr

Fh

+

Fh.,
Fh

Effect of
W Ligand

A Ty
ag. 50% KOH PPN “comu PPN cosmu
% 28 X=P(O}{OFt)z (PTC 6)

ligand 7-10

4a

5a

Table 1: Ir-catalyzed asymmetric allylic substitution of 1 and 2a,a’ with
chiral PTC 6 or various chiral ligands 7-10.%

Entry Substrate Ligand (mol &)

Yield [36]™ (4:5) ee of 4 [35]7

1 Z2a
2 2a
3 Z2a
< 2a
5 2a
el 2a
% 71l 2a

& (10}, (PhO),P (40)
(R} -7 (20]

{2)-8 {40)

(F)-3 (20]

(R)-10 (20}

(K} -3 (20]

(R)-10 (20)

40 (75:25)

29 (69:31)
7 (B6:14)
6 (67:33)
11 (73:27)
0

82 (B2:18)

2E
3204
aaM
95
93

o7

[a] All reactions were carried out in toluene. The ratio of 1:2:50%

KOH :[{IrCl{cad)};] was 100:100:300:10 unless atherwise naoted.

[b] Yields of isolated products. [¢] Determined by HPLC analysis with
Daicel Chiral Pack OD-H column. [d] The enantiomer of 4 was obtained.
[2] The reaction was carried out at 0°C_

Kanayama, T.; Yoshida, K.; Miyabe, H.; Takemoto, Y. Ang. Chem. Int. Ed. 2003 2054-2056



Effect of al Effect of

Countercation P“JH“N T’Jﬂz'ﬂ“ Ph, Ph. -~ Countercation
Ph._n.__OX - Pr R
[irClicod)}-] BH S B T
CO- B0 CO;Bu
23" X=P(D}OFt), da 53
ligand 10

Table 2: Ir-catalyzed allylic substitution of 1T and 2a" under various
reaction conditions. [l

Entry  Reaction conditions Yield [Za]™ Ratio ee 5]
branched  linear  {4:5) < 5
1 CsOH-H;0, toluene 43 0 J0:30 95 59
2 50% KOH, toluene 82 0 g§2:18 oY 66
3 KM {SiMe;);, THF 28 0 F9:21 48 f2
4 MaH, THF 29 0 62:38 a1 /3
5 LiBr, DBU™, THF 20 23 30:70 44 63
6 LA, THF 56 3 11:89 1 9§
7 LiM{5iMe,):, THF 82 < 1 12:88 56 92

[a] All reactions were carried out at 0°C in the presence of [{IrCl{cod}}.]
(10 mol?5) and (R)-10 {20 mol2&). [b] Yields of isolated products.
€] Determined by HPLC analysis with Daicel Chiral Pack OD-H column.

[d] DBU =1 ,8-diazabicyclo[5.4.0lundec-7-ene. [e] The & was not deter-

rrired.
Kanayama, T.; Yoshida, K.; Miyabe, H.; Takemoto, Y. Ang. Chem. Int. Ed. 2003 2054-2056



Difterent Substrates
{IrChcod)iz] AL A e

'+ bt ligand 10 Ph '[ s
I — = +
base . Ph"-l\":-r-,] h"ﬂﬂpjﬂu Ph -‘-'"-T HE'{]EE-IJ
galvent, O °C

db-f 5b-f
L fﬁ“la
- OR EIMI-:":‘“*"GP{GH{J Etia
A
2d
2b: ¥ = F, R = P{O)}OE1); =
2¢: X = CF3 R = P{O)OEl); S =~ ~OP(O)OEL;:
2F X =Ma, R = CO=Na 28
Entry Substrate Methad® Yield [2a]bl Ratic  ee [35]"
2 branched linear {4:5) 4 5
A =KOH 1 2b A 77 0 7822 97 &3
. . 2 2¢ A 77 0 6832 97 68
B = L1N(S]Me3)2 3 2d A 79 0 76:24 97 74
4 2e A 97 0 7723 94 &9
54 2f A 63 0 8317 91 74
6 2b B 22 0  13:37 59 &5
7 2¢ B 78 0 10:30 93 94
! 2d B 21 <1  10:90 73 94
9 2e B 24 <1 11:89 &7 96
10 2f B 28 10 3466 51 70

Kanayama, T.; Yoshida, K.; Miyabe, H.; Takemoto, Y. Ang. Chem. Int. Ed. 2003 2054-2056



Plausible Allyl Ir'! Complex
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Synthesis of 3-Substituted a-Amino Acids With Use of
Iridium-Catalyzed Asymmetric Allylic Substitution

Kanayama, T.: Yoshida, K.;: Miyabe, H.; Kimachi, T.; Takemoto, Y. J. Org. Chem. 2003 6197-6201

Fh. Ph
'j&u'f: Ph h'r-.l"-_““g[:?ﬂgu FHIL-'-I'-.I CO, MUy Fh’lﬁﬂﬂrﬂﬁﬂﬂaﬂu
o 1 - Ba Ba' (enl-Ba)
P catahyst (Pd or Ir) pr—
Pl Tigand. PO, en (7
Ox  o0% KOH h'lt'ﬂ
3% = Ac toluene PH "N° "CO:Bu
4 X=Bz '
5K
B X
[

vield, % ratio ee, %
entry  substrate conditions Ba + 9%a” 10a 8Ba:%a" 8a 9a’

1 2 A 13 (! 5:95 ¢ 85
2 3 B* 31 0 TT:23 49
3 4 B® 40 0 THh:25 46
1 5 B* 15 0 BO:20 20 ¢
5 G B 23 0 B3:17 57 ¢
L 7 B 47 0 B3:17 26 ¢

? Pda(dba);-CHCly (3 mol %), chiral ligand 12 {9 mol %), O “C.
& [Ir{cod)Cl]: (10 mol %), {PhO);P (40 mol %), room temperature.
< Mot determined.



- ;
j:: Fh‘v”}"‘] 4 X =Bz
N co.my O T- X = PIONOER),

[Ir{endpll]., bgand 1318
1T+ 407 -
A 50%: KOH, folus e

glﬁ 13:R=Fh
9. B 15 R = Penyl

;.F"‘D 18: H = {CH. ).BEt
o o g — 17 R={CH.)).SMa
| —> 18: R = (CH.},SMe

Ph,

Ph
Ba 4+ L

.-'_——_-_'

'

e e
P N TCOLEB
“ -

o | j

Al Ao 8
P-Q

P | ,:-f

S e 14

e o
ligand, vield, %  ratio ce, %
entry  substrate condlitions 8a+ 9% 8a%a 8a Ya
1 1 13, rt 25 69:31 a 237
2 1 14, rt T 86:14 68T b
3 1 15, rt G 67:33 95 46
E 1 16, rt 11 7327 83 25
5 T 16, 0 °C 82 82:18 97 BB
& T 15, 0°C 0
— T 17.0°C 43 653:35 20 30
—8 T 18, 0°C 1 7525 41 53

AThe enantiomers of Ba and 9a were obatined as a major

product. ® Not determined.



Bt

i [IneadiCl],, ligand 18-22 Fh.

Fh"-—"-"j"'“j 1+ 7 -  Ba + %a Ph
aq. 50% KOH, toluene N .
T X -FI!CJ-]{E?E}I;J f | = san | ”um?ﬂ”
s — ) e - ﬂ"-P tg H?}Q-EH e, D“.,P_J_'/-ﬂ [
s ’ a Ph
n e Core Y
18 i I
. s
=h M”ﬂ“‘{:[:?ﬂu 19: Rt = Ph, 20: R = Bn ( Fy-22 PR NT GO, 8
1 H: R = By 9a" (ent-9a)

U‘% SEm
(GH.).SEL N

P-0 [v| G_J,F‘-D Fa

23:R=Ph, 24: R=Msa (5p22
vield, % ratio ee, %

entry ligand 8a + Ya 8aYa 8a Ya

1 (A)-19 17 71:249 B 52

2 (A)-20 G2 7T1:289 97 42

3 (A)-21 67 T5:25 96 a

2| (K)-22 37 §1:149 83 a

5 (5)-22 ag 79:21 GR” 250

a Not determined. & The enantlomers of 8a and 9a were obatined
as a major product.



Bt

ol __.—.__1 .il‘:." . | 'J.-:I-"-\I rl-_-
FY "N Ccoumu OX CBRONT CCOMue PHONT CO,Mu
1 T: X = PIOWOEL), - Ba 82" fent-0a)

Ph
- F
FI'IIJL-\::-H EGQEU
[IreodCl], lgand 16 10n

1 +7T - Ba + 98 + 10m
base, salvent O °C

vield, % ratio e, P
entry  reactlon conditions 8a%a 10a Bala 8a Ya
1 11, 50%KOH, Tol. 30 0 83:17 95 87
2 PTC # 5¥=KOH, Tol. 41 0 51:49 95 &0

3 solid KOH, Tol. (! 0 T30 97 b
4 KN(5iMes)z, THF 28 0 T9:21 48 72
5 CsOH-H0, Tol. 43 0 T0:30 95 59
6 NaH., THF 29 0 62:38 91 73
[ LiBr, DEU, THF 20 23 3070 44 63
8 LDA, THF ab 3 11:88 b 96
9 LiN(5iMes)z, THF 8 <1 12:B8 56 92

TPTC: [CH3(CH3)sN(CHg)5]Br. # Not determined.

Kanayama, T.; Yoshida, K.; Miyabe, H.; Kimachi, T.; Takemoto, Y. J. Org. Chem. 2003 6197-6201



A,
AL N Ph

_./J-':-_ 25-29 . N J_:‘
Ph" N COUBG MethedAorB PRT ONT Ceoumu PRT N TCO.8u
1 8b-1 ab-f
B: Ar = grFGgH, G A = BOFGaHy &) A = g-MaGgH,,
& Ars m-CIG:H,. 1. Ar & 2-naphihyl

= f‘“] oo & =

58 %= F OR 28 ol agy o=
26: X = CF

27. X = Me (R = PLONOE,

yleld, % ratio ee, %
entry  substrate  method” 8+9 8:9 8 9

1 25 A 17 f8:22 97 63
2 26 A - 71:29 98 61
3 27° A 86 79:21 90 70
4 28 A 79 T6:24 97 T4
3 29 A g7 723 94 69
B 25 & 81 190 62 BE
T 26 B 18 190 93 94
g 27° B 10 13:87 46 90
g 28 & 81 1:s0 73 94
10 24 B 84 11:89 67 496

2 Method A: In toluene at 0 *C. The ratio of 1:25-29:50% KOH:
[Ir{cod)Cl]z:(£)-16 was 100:100:300:10:20. Method B: In THF at
0 °C. The ratio of 1:25-28:LIN{S1Meq): [Ir{cod)Cl) :(A)-16 was 150
100:150:10:20. * The crude phosphate 27 was used without puri-
fication.

Kanayama, T.; Yoshida, K.; Miyabe, H.; Kimachi, T.; Takemoto, Y. J. Org. Chem. 2003 6197-6201



Proposed Explanation for
Selectivity

— -';t;-_ ) "'-...-..,H |:I
Q," Tr—? Ir .-']'-__l"ph _J H Ir EI:
T W
VY & ICAY
H rH H al
F A
df F
| analata anion of 1 I
Fy ,'—L_ Ph
“ o I
— Ph oF e PR
HBUD N LBl H
G Ph H
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Example  38-40 MatnodAorb JCO:Bu Example

2 15% oitrie e BzNH hMe

a: Ar = P, b Ar = 2«qnaphthyl

M
= F-L"I:I:I Bu
1/@/\” - ,Tf

"t - H .
38 % = Cl | GO 8
39: X = OMe ==

Quaternary 1) 7 ar 29 J’"’:[:_\__ Ar. = (Quaternary
s .
co.my B

40

yield, %  ratio ee, %
entry  substrate  method® 41 + 42  41:42 41 42

1 38 + 7 M 18 0:50 92 30
2 38 + 29 A 22 20:50 0 91 35
3 40 + 29 A+ 11° 17 63:35 91 46
2! 40 + 29 A+ PTCF 49 5a:45 93 66
3 38+29 B 59 17:83 B4 HZ
G 39+29 B 47 19:81 82 75
T 0+ 29 B 64 2a:7T5 BT 83

“Method A: In toluene at O "C. The ratio of 38—-40:7 —29:50%
FOH: [Ir{cod)CL o (8- 16 was 100: 100:-300:10: 20, Method B: In THF

at 0°C, The ratlo of 38— 40:20:LiMN(5Mes)z: [ Ir(cod ) Clz(&)-16 was
150:100:150:10:20. 211 {10 mol %). *PTC: [CHs{CH4)sN(CH3)5]Br

(10 mol %).



Regio- and Enantioselective Iridium Catalyzed Allylic
Aminations and Alkylations of Dienyl Esters

Lipowsky, G.; Helmchen, G. Chem. Comm.. 2004 2054-2056

M
HCODICI, g
. L"
F‘t-.-. _'-'-:_.-.a-'ﬁ"x = 2
HNu, base +
1
r"..:-':"-._r"-.-'”"
1a R =Ph, X = OCOCH, RO = N
1b R =Fh, X = DCOOGCH; 3
23a R=Fh

MNu = GHIGOOGH: )



Ligands Screened

Lipowsky, G.; Helmchen, G. Chem. Comm.. 2004 2054-2056



£ ¥ o (INCOD)CL hiu

HMNu., base
THF, rt 6 or B
4 XK= OCOOMe
5 M=0O8Ac + R e e T
Torg

a R-Ph

b R = CHCHOTBDMS 6T  MNu = MNHEN

e R - CH.CH.OFRME B9 MNu = CSH{C O MEa).

Yield (%) of  Ratioe 6 : 7

Entry Bubstrate Ligand Nucleophile ih b+ Tor8+9%  owrk:9 ee (o) (Confign. )
I 4a LI BuNH: 4 i g9l ba: 97 (+)15)
2 4b LI BuNH, 48 72 46 bl 97 (—)
3 4 LI BnNH; 14 7l 96 4 be: 97 ()
4 4a L1 LiCHE 23 b 9513 Ba: 0
5 54 LY LiCHE: 40 4i) 49 Ba: B0 (+)
b 54 L2 NaCHE; 12 L 991 Ba: 50 (+)
7 4a L1 LiCHE; 24k (bl 4901 Ba: 76 (—)
] 4a LI LiCHELiCl* 43 bl 79 11 Ba: 66 (—)
9 4a LI LiCHE —ZnCl,A 43 77 9505 Ba: TH (-]
10 4a LI Nal“HE,-LiCl* 22z 7 46 Ba: B0 (—)
11 54 L1 LiCHE 43 49 a1 b Ba: B84 (—)
12 54 L1 NaCHE,-LiCl* 23k 6 1k Ba: B9 (—)
13 4a L3 LiCHE: 17 i 96 Ba: 58 (%)
14 4a L3 NaCHE; 12 ¥4 9513 Sa: 10(—)
13 4b LI LiCHE: 24 4 946 b BT (—)

@ Reaction time. * Yield of isolated product. © The product of e-attack was not observed. ¢ Determined by 'H NMR of the crude produets. * Determined by
HPLC {Daicel columns, 250 < 4.6 mm, 5 pm, + goard cartridge 10 3 4 mm, 5 um, Qow: 0.5 ml min—'); 6a: {Daicel Chiralcel OD-H, eluent: n-hexane—
PrOH 992 1+ 0.1% HNEL: ) fp[(R)-6a] = 21 min, ig|(5)1-6a)] = 27 min; 6b: determination after transformation to 6e; 6e: (Daicel Chiralpak AD-H, 20
°C, eluent: p-hexane—{-PrOH 995 (L5 + 0. 1% HNE): f[(—-6e] = 79 min, fg(+) = 111 min; 8a: { Daicel Charalcel OJ-H, eluent: n-hexane—-PrOH %)
100 fpl{—-Ba) = 26 min, fgli*-8a] = 29 mun; 8b: determination after transformation to 8¢; Se: { Damcel Charaleel AD-H, eluent: s-hexane—-PrOiH 95 ¢
21 fgf(+}-Bb] = 45 min, fx|{—)-8b] = 53 min./ Ratio Ir : ligand = 1: 2. # Reaction temperature: 50 °C. * Addition of 1 eq. of LiCl or ZnCls to the catalyst

solution, Lipowsky, G.; Helmchen, G. Chem. Comm.. 2004 2054-2056



Regio- and Enatioselective Iridium-Catalyzed Intermolecular
Allylic Etherification of Achiral Allylic Carbonates with
Phenoxides
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CONCLUSIONS

- Ir can be used to selectively produce the highly branched
products

-Diastereoselectivity can be controlled by using L1 or K as
counter 10n

-Good method for preparing unnatural amino acids as well
as quaternary amino acids



