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Overview

Asymmetric Iridium Catalysis: three key areas covered today:

1. Asymmetric allylic substitution reactions.

2. Asymmetric hydrogenation of alkenes and heteroarenes.

3. Asymmetric hydrogenative and transfer hydrogenative C-C bond formation.

Iridium Catalysis: two key areas not covered today:

4. Aryl C-H functionalisation (esp. C-H borylation).

5. "Borrowing hydrogen" processes.
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Key Texts
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Iridium Catalysis: Background

Basic properties of iridium based catalyst systems:

Group IX Oxidation states n-Backbonding
D
> %E"b
27 a
This talk is organic focussed
Rh - Enzg:Rh‘:glso Increase Some mechanistic details are unclear
' Veor 1980 cm?t General trends will be highlighted
45
PhgPri,  wCl
Ir I, land v PhP” Czp Y
77 Veor 1965 cmt
Uliniversiey of

BRISTOL

12/7/2011



Allylic Substitution: Background

Metal catalysed allylic alkylation:

LG
/Y or O R

R

Nu Nu
cat. MiLn ) (
nucleophile //lx\/R
MLn

— Nu R
Linear product
(Pd. catalysts)
=N
e
—_—

R
Branched product
(Most other metals)
High selectivity is difficult

Ir-catalysed allylic alkylation:

R. Takeuchi ef al., ACIEE, 1997, 36, 263; JACS, 1998, 120, 8647

GOE COzEt
OAc [IFCOD)CI]; (2 mol%) y Ot “ NPT
AcO P 5
Y o A PR; (8 mol%), THF, 1t : EtOC
n-Pr n-Pr
EtO;C._ COE
Na® © 6% Yield 24 76 PPhy
Increasing
44% Yield 53 47 P(Qi-Pr); electron
deficiency
89% Yield 96 4 P(OPh);
B 1sivecr sity ol
BIRIS T
Allylic Substitution: Early Asymmetric Examples
Mechanistic rationale:
Nu
A ) . CogEt
hor [Ir(COD)CIl; (2 molth) A PP
or P(OPh); (8 mol%), THF, 1t A bin EtO;C
P
ACO AP EtO,C._CO;Et e
Na® © l
n-Pr. nPr. Strong r-acceptor ligands
\<|'|> - \®/!r> are better at stabilising
.- [S] negative charge on Ir

Early asymmetric variants:

Fuji ef al., Chem. Commun., 1998, 2289

LI

\
P-OPh
/

OO O(zo mol%)

MeO;C CO;Me

[Ir(COD)CI]; (10 mol%),
Ph/\/\OCOEMe —_— P
THF, 3h, 1t Ph
MEOZC\/COZMB 90% Yield
(Zn enolate) 93.7 branched:linear
96% ee

See also:
Takemoto ef al., OL, 2004, &, 4631.

Ph Ph
(N-nucleophiles; >90% ee)
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Allylic Substitution: Phosphoramidite Ligands

Phosphoramidite ligands:
Hartwig et al. JACS, 2002, 124, 15164

NHBn
i N
[I(COD)CI], (1 Mol%; NHBn
AN —
R OCO,Me A (2 mol%) n-Pr
THF, it
RoNH (200 mol%) L)
N

84% Yield OO Ph
98:1 branched:linear Q >—Me
95% ee /P—N
oo ylia
66% Yield A i

88:12 branched:linear

95% ee Very general ligand
Feringa et al. ACIEE, 1997,
36, 2620
75% Yield
98:2 branched:linear
97% ee

(o
General architectures:

Hartwig et al. JACS, 2003 125, 3426

OPh
Ph &
oD o/ OPh
[I(CODYCI]z (1 mol%,
RN ocoMe =

A (2 mol%) npPr
THF, 1t
ArQOLi (200 mol%)

Ph Z

)\/ 92% ee
,R
PN
N X 88% Yield
(Na-alkoxides also suitable) )Oi)—ﬁeoph 96:4 branched:linear Ph>..||\/|e
97% ee

86% Yield O Q R
96:4 branched:linear /P—N

96% ee d )mMe
T

93% Yield
92:8 branched:linear

W

_O

°N

O
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Allylic Substitution: Metallacyclic Complexes

O™
Q >‘Me

Metallacyclic complexes form in situ (key discovery}: Hartwig ef al. JACS, 2003, 125, 14272; JACS, 2009, 131, 7228

(stereochemical model)

%
A
base N o)
P—N ——» [I(COD)CIA] ——— 'f‘P’-oj
[IrCOD)CI]; + / e ;
d >---Me (e.g. DBU) Ne_Me
(50 mol%) PH and g
A A (100 mol%j Ph Ph
(100 mol%) Complex |
Active complexes can be generated in situ:
Protocol A: 7 \ /| g
N Q S0
Se M I
O\ >—Me baserheat N_Me NMe
—| St ea = =
rcopcl;  + i Ph Ph = Ph Ph
(50 mol%) OO © Ph>'”MB Clomc;;!ex 1 Active
(=100 mol% “1r") A (Inactive) .
(100 mol%) [IrCOD)YCIlz [Ir(COD)CIA]
Protocol B: Helmchen et al. ACIEE, 2004, 43, 4595
O|O Ph 7
1SRz o |
{ICODICIL, Q ywe o ArD G S
Y + PN seness q = \ + Cs‘cm
(50 mal%) d yme NMe =" I\rN\:,Me
(=100 mol% "Ir") PH Cs Ph Bh Iz
(100 mol%) (400 mol%) Complex Il Active
mola,
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Allylic Substitution: Enolates

No catalyst preformation:

[IrCoD)Cl], (2 mol%) COMe

MeO,C.
I/
A (4 mol%), THF, rt Ph =

LiCl (100 mol%)

P "0co,Me

Me0,C._CO,Me
®d
Na

Catalyst preformed in situ (protocol B):

Helmchen ef al. ACIEE, 2004, 43, 4505 Me

MeO,C.__CO

3
9

[Ir(CODYCI]; (2 mol%), MeO,C.__CO;Me
—_—
RTNANocoMe : i
A (4 mol%), THF, rt P
Cul (20 mol%), R;S (20 mol%)y ~ Ph
MeO;C COMe
N‘@g - COMe
a

MeQ;C
Ph/%);%

98% Yield
91:9 branched:linear
86% ee

88% Yield
98:1 branched:linear
96% ee

92% Yield
81:19 branched:linear
96% ee

92% Yield
98:2 branched:linear
96% ee

[ Uliniversiey of
BIRRISTON

Ph

46% Yield
95:5 branched:linear
% ee

i-Pr

Ph/

86% Yield
98:1 branched:linear
95% ee

o}

Ph

Me’ &
61% Yield
94:6 branched:linear
90% ee

Allylic Substitution: Carbon Nucleophiles
Unstabilised enolate equivalents react well:
(A) Silyl enol ethers: Hartwig ef al. JACS 2005, 127, 17192,
[ICOD)CI]; (2 mol%) Q
A (4 mol%), DME, 50 °C Ph
—_—
R AN0c0o,t8u
CsF (40 mol%) Ph =
ZnF5 (150 mol%)
OTMS 84% Yield
)\ (150 mol%)  93:7 branched:linear
RZ 94% ee
(B) Enamines: Hartwig ef al. JACS 2007, 129, 7720.
[I(COD)CI]; (Z mol%) Q
A (4 mol%), PhMe, 25.5C Ph
. —_
RIVNA"N0co,0Pr
ZnClz (150 mol%) Ph =
N 91% Yield
(120 mol%) 99:1 branched:linear
)\RZ 94% ee
(C) Decarboxylative generation: You ef al. OL 2007, 9, 4339.
o}
I(COD)YCI]; (2 mol%)
A [
R0 A (4 mol%), CH,Clz, 40°C oh
—_— %
o1 DBU (200 mol%) P N
O 83% Yield
0© /‘ 99:1 branched: linear
95% ee
R?

Lewis acid required to "mop up
HOt-Bu or HOJ-Pr

]

o}

Ph

Me! 7
68% Yield
95:5 branched:linear
4% ee

not suitable

(o]
@)LRZ
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Allylic Substitution: Carbon Nucleophiles

Aryl Zinc reagents: Alexakis ef al., Chem. Eur. J. 2009, 15, 1205.

OMe
[I(CODYCI]; (2 mol%) Ph Ph OO o e
B (4.4 mol%), THF, 25°C \
—_ e —|
RV\/\OCOQMe Cy/'\/ p-CIPh/k/ O’P N o
OMe
B

LiBr (150 mol%)
ZnBr; (75 mol%) 72% Yield 83% Yield
69:31 branched:iinear 55:45 branched:linear

Ar-MgBr (150 mol%)
74% ee 99% ee

Branch selective arylation is very challenging

C-Functionalisation of heteroarenes: You ef al. Synthesis 2009, 2076.

HN HN
OMe
PN [ICOD)CI]; (2 mol%) S s
R OCO:Me C (4 mol%) Q
+ —_— = —|
i R? Dioxane, 100 °C p-MeOPH nBu” NF o’P N
| A Cs,C03 (100 mol%) ) OO "
\ — 85% Yield 55% Yield e
99:1 branched:linear  99:1 branched:linear
(200 mol%) 299 oo 5% oo ¢

N-allylation not observed

[ Uliniversiey of
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Allylic Substitution: Oxygen Nucleophiles

Copper alkoxides (for phenoxides see earlier}: Hartwig ef al. ACIEE 2004, 43, 4794.

Me BDC’\O\
" % 1-Np.
[Ir(COD)CI]; (1 mol%) Me)\o o OO O\ >-I-Me

A (2 mol%), THF, 25°C H H
X —_— F = P=N
R /\/\OCOZt-Bu Ul @1omo%) P N\F NP \F d >—Me
LiOR? (200 mol%}) 86% Yield 66% Yield 1-Ng
9%:1 branched:linear  92:8 branched:linear
96% ee 93% ee A

Copper moderates alkoxide basicity (K;PO4/alcohol also effective) AC/EE 2008, 47, 1928

Catalyst controlled diastereoselectivity:

CsH
[IrCOD)CI], (1 mol%) /,i; CsHiy
PN A (2 mol%), THF, 25 °C o) RCM o
—_— —_—
Ph OCOABU ¢y (210 molos) ph\\‘v P
CsHiy 86% Yield 96.5:3.5 dr 84% Yield

X (200mol%)
Lio

Alcohol synthesis: Carreira ef al. ACIEE 2006, 45, 6204.
[IrCOD)CI]; (2.5 mol%)

B (5 mol%), CH;Cl;, 25°C OTES OH
B e T e —
nPr OCO;f-Bu NaOH, MeOH P n-Pr)\/
TESOK (200 mol%) 65% Yield
99:1 branched:linear
95% ee
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Allylic Substitution: Nitrogen Nucleophiles

Hartwig et al. JACS 2009, 137, 7228,

ethylene
N\ 7
/—Ilr"lp’_ooﬂ) V. *‘::I /O—)
\ _L> Ir‘?_o
N-Me I\vaMe
D ph opn P Bh
Highly active precatalyst Active

N-Functionalisation of heteroarenes: Hartwig ef al. JACS 2009, 137, 8971.

Cl
N N N
Ph/QN_Q «N{N) «}\ph
=

R NA"N0co,Me

D (2 mol%)
+ _— P~
hetoroarens THF, 25-50 °C Ph/k/ 07H15/'\/ Ph/'\/
(200 mol%) KaPO4 (100 mol%) 94% Yield 85% Yield 83% Yield
96:4 branched:linear  93:7 branched:linear  95:5 branched:linear
9%6% ee 94% ee 98% ee

Allylic amination: Hartwig ef al. JACS 2008, 137, 11312, Other suitable N-nucleophiles:

AlkNH; N NaN(Boc),
NH; (see earlier) 3
D (2 mol%}) z
RV "ocoet O )\/
o Ph '
THF, 25-50 °C : o
KaPOy (100 mol% : NO;
“NH, 5100 eq) ’ 66% Yield : AP 1
3 : 99:1 branched:linear : NH H,N7
98% ee :
o

[ Uliniversiey of
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Allylic Substitution: Summary

1. Chiral metallacyclic catalysts are highly effective for branch ive allylic fi

Vacant coordination site required
Electron deficient ligand required

Catalysts are prepared in situ from commercial materials

2. A wide range of nucleophiles are tolerated:

I
cat. MiLn (
)

LG +,Nu
Z LG AR ——M>» =
/\Rr or ~T nucleophile /I\/R /\Rr
MLn
LG = carbonate or acetate Nu = enolate, amine, alcohol, electron righ aryl,

organo zinc reagents etc.
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Asymmetric Hydrogenation: The Problem

Conv pr are limited to substrates with coordinating groups:
o] (o]
B OH cat. RhLz(COD) OH
—_—
NHAc H; ~ NHAc
AcC AcT
OMe

OMe

E
NH
via: P, 1‘/
RA “—|-Ph
7/ NI Halpern, JACS, 1987, 109, 1746.
P Q Me

Asymmetric hydr of unf ionali.

d alkenes not achievable with Rh or Ru:

Desirable transformations

AIk/Ary]\ cat. MIL* AIk/Aryj\ AIk/AryIA\k/Ary cat MIL* AIk/AwIAIk/Ary
—_— —_—
H; H;
Alk/Ary Alk/Ary “ Alk/Ary Alk/Ary Alk/Ary Alk/Ary “ Alk/Ary Alk/Ary
1 new stereocentre

2 new stereocentres

[ Uliniversiey of
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Asymmetric Hydrogenation: Towards Effective Catalysts

Wilkinson, J. Chem. Soc. (A), 1966, 1711.

cat. RhCI(PPha)s

M
N Me M, Mer SN\ VE

IrCI(PPh;); ineffective because PPh; binds too tightly and does not dissociate

Crabtree, Acc. Chem. Res. 1979, 12, 331.

® ©

| ""Ir;‘PCyS PFe

1K r\@ |:> Asymmetric reductions using chiral P,N ligands?
>z

>100 times more active than Wilkinson's catalyst

Reduces tri- and tetrasubstituted alkenes

[ Uliniversiey of
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Asymmetric Hydrogenation: The Solution

Pfaltz, Blackmond ef af., Chirality, 2000, 12, 442.

cat. [Ir(LYCOD)|PFe Ph
PhY\Ph N \‘/\Ph L= Q
H; (5-50 bar) ‘\7
Me 2 Me (oTol,P N
CH,Cly, rt. By

Stereochemical model:
Andersson ef al. JACS 2006, 128, 2995. 4mol% cat; 7 bar: 100% conv. 98% ee

Simplified mechanism:

hydrometallation

Some evidence for an
Ir(111)/Ir(\/) cycle via:

—I© PFg© " —|®PFee

P\ 3 P\
( S InCOD) — C SIrH
N N

Ir(iily

oxidative addition

R
Ir(hy
[ Uliniversiey of
BRISTO
Asymmetric Hydrogenation: Anion Effects
Pfaltz, Blackmond ef af., Chirality, 2000, 12, 442.
oh cat. [Ir(L)(COD)|PFg Ph o
_— > Ph =
K\Ph Hz (5-50 bar) \I\‘II:\ ) (o-Toly:P N\J

CH,Cl;, rt. % Bu

4 mol% cat; 7 bar: 100% conv. 98% ee

1 mol% cat; 7 bar: 45% conv. 98% ee

Initial rates similar |:> Catalyst deactivates

Deactivation pathway: Pfaltz ef al. Chem. Eur. J. 2004, 10, 4685.

® x0 (]
AN % Hz AN H—I@X tri
IrCOD) —_— I mmers
N 7N (catalytically inactive)
Ph
ZPh
Ve > Ph\‘/\Ph BARF:
Me
Increasing Dissociation - B CFJ
x© oTf® BF,© PFe® BARF©
TOF (hly o} 300 1700 4600 CF3

[ Uliniversiey of
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Asymmetric Hydrogenation: Catalyst Preparation

Catalyst preparation:
(€] (]
CHClz, A R —l BARF
[ICOD)CI]; P N —_— > ( ,Ir(COD)
then N
(100 mol%) (200 mol%) NaBARF (100 mol%)

red complexes
(good air and moisture stability)

NaBARF £250/g (Aldrich) or: Bergman et al. Organometallics 2005, 24, 35/9.

i-PrMgCl
_— NaBARF
then NaBF 4
FsC CF.

>60% Yield
£1.50/g (Aldrich)
Commonly employed ligands:
Bn_ Bn Me ow
0, 11, A ; A
1) "M o RF I
PAr; N—/ PPh; N=< Z
R Ph Bh
R =/Pr, tBu _

(commercial) (commercialy R =tBuor o-Tol

Williams-Helmchen-Pfaltz ligand

[ Uliniversiey of
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Asymmetric Hydrogenation: Trisubstituted Alkenes

R [Ir(P,N)COD]|BARF (1 mol%) Rl - Y = I Y
NAOR? , - #R|PNE PR ) Gk [
RZ CH,Cly, Hz (50 bar), rt., 2h RZ
Ph Me
AR=0Tol,BR=¢{Bu Cc
Me Me OH Me
o jop > jons
M M
MeO MeO © Me MeO ©
>99% Yield, 98% ee >99% Yield, >99% ee >99% Yield, 97% ee >99% Yield, 64% ee
A A A c
Me Me Me
< Me @/WCOZEt
O MeQ
>99% Yield, >99% ee >99% Yield, 80% ee >99% Yield, >99% ee >99% Yield, 89% ee
A A B A

[ Uliniversiey of
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Asymmetric Hydrogenation: Trialkyl Alkenes

Ak [Ir(P.N)COD]BARF (1 mol%) Alk - ) A
NP Ak > Nk PN= O
Ak CH;Cly, Hp (50 bar), r.t., 2h Alk (0-TolP 7
Ph
Pfaltz et al. Science 2006, 311, 642; ACIEE 2008, 47, 2298
Me Me Me
xMe N N
Me Me
>99% Yield, 93% ee >99% Yield, 98% ee >99% Yield, 98% ee
AcO
< Me Me Me AcO Me Me Me
\Me _ P _ e \Me H H
Me’ Q Me Me Q Me
Me Me
v-tocopherol
>98% dr

- Uliniversiey of
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Asymmetric Hydrogenation: Tetrasubstituted Alkenes

L 0,
R4 R4 R )zp/\i) o
RH)\RS [Ir(P.N)COD]BARF (2 mol%) ,;21\?/.J\R3 PN= N |\>

CH,Cly, Hp (1-50 bar), r.t &2 PPN
R? 2Cla, Hp (1- ar), r.t. R2 1_ 2. A
AR!=Ph, R?=i-Pr pr
BR!=Cy, R2=Ph c
Pfaltz et al. ACIEE 2007, 46, 8274
Me Me Me
N S-u S
Me e
MeO
>99% Yield, 97% ee >99% Yield, 94% ee 20% Yield, 88% ee
B A A
Me Ph
o0~ sof sof
>99% Yield, 94% ee >99% Yield, 73% ee 32% Yield, 91% ee
C A B

- Uliniversiey of
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Asymmetric Hydrogenation: Fluorinated Alkenes

Vinyl fluorides: Andersson ef al. JACS, 2007, 129, 4536.

xR [P, \YCODIBARF (0.5- 2 mol%}
©/\Fr CH;Clz, Hz (20-100 bar), 40 °C

R =COzEt 99% Yield, 29% ec A 2% Yield
R = CH,OH 99% Yield, 80% ee 8% Yield
97% Yield, 99% ee B <2% Yield
Me OH Me OH Me OH
N [Ir(P,NYCOD]BARF (0.5- 2 mol%)
F CH;Cly, Hz (20-100 bar), 40 °C F

69% Yield, 82% ee 9% Yield
B

Trifluoromethylalkenes: Andersson ef al. Adv. Synth. Cat., 2009, 351, 375.

CF3 CFs
A [Ir(P,NYCODIBARF (1 mol%) Alk
CH,Cly, Hp (100 bar), 40°C
3 days 85-94% Yield
92.96% e
c

[ Uliniversiey of
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Asymmetric Hydrogenation: Heteroarenes

General concept:

R3 R3
2 4 2 4
Rf\/[R catalyst/L* R oY R
it el
pZ H
RYSNTTRS 2 Rl N RS
Readily Stereochemically
assembled complex
R? 3 R? 3
l/—\i catalyst/L* /Z;i
—_—
1. 4 1 4
RN IR Ha 0 N
X=NR, O, S
Readily Stereochemically
assembled complex

[ Uliniversiey of
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Asymmetric Hydrogenation: Indoles and Furans

Furans: Pfaltz ef al. Syriett, 2008, 3167.

Q Q
O O
CO,Et

[IrP.N)COD]BARF (0.5- Z mol%) 99% Yield 93% Yield

° R1 > RB%eesA 98% ee A
Y CH;Clz, Hz (20-100 bar), 40-°C @:?

R?
Me

93% Yield
98% eeB

(t-BuyP

Indoles: Pfaltz ef al. Chem. Eur. J. 2009, 16, 2036.

& N A(n=0) B(n=1)

94% Yield 89% Yield

P
R3 - o
N . [P N)CODJBARF (1- 4 mol%) 0 oo A 1o 9% oA
Y CH,Cly, H; (00 bar), 40 °C ©:Ne

RZ
Me

97% Yield
98%ec A

(Approach also successful with enol ether and enamine substrat%)

[ Uliniversiey of
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Asymmetric Hydrogenation: Quinolines and Pyridines

Quinolines: Bolm ef al. Adv. Synth. Caf. 2008, 350, 1101. /(D /(\/©/OM3
Me™ "N Me” N

H H
Z R* [Ir(P,NYCOD]|BARF (1 mol%j 95% Yield 95% Yield
> 87% ee 78% ee
RSN CHLClz, Hy (60 bar), 40 °C R

i-Bu” N

H
53% Yield

75% ee

Iminopyridinium ylides: Charette ef al. JACS, 2005, 127, 8966.

L0
Me' N M N

| e h
NHBz NHBz

A . N
oL 90% Yield 91% Yield
R %N/ [Ir(P,N)COD]BARF (2 mol%;) - 00% om 54% on
h PhMe, H; (28 bar)
©NBz . :
lodine (2 mol%) BnO\/(j
N
NHBz
85% Yield
76% ee

[ Uliniversiey of
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(Largest volume application of homogeneous catalysis)

Hydrogenative C-C Bond Formation: Background
Alkene hydroformylation:
o RhLn (cat) H O
R1/\ ¢ H, (1 atm) R1)\)LH
a-Olefin Mii;b)zge >T70':I1Iis"/i\°:nT:Itlr;c

C-C coupling via hydrogenation and transfer hydrogenation:

ﬁ(\ MLn (cat.) H XH
—_—T Qe
R H; (1atm) Ry
Rz

[ Uliniversiey of
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Hydrogenative C-C Bond Formation: Vinylation

Asymmetric carbonyl vinylation:

1) Cp;ZrHCI (100 mol%)

_ H DCM, 25 °C Oppolzer JACS 1993, 1593
Z Ph —— g C4Hg Ph Wipf JOC 1998, 6454
CaHg Olr 2) ZnMe;, L*, 65 °C m Walsh JACS 2002, 1225
30 %
3 P:C:'O* e 66% Yield, 99% e
L*= : SH
Ni(COD); (10 mol%) ch
CHa Et:B (200 mol%) 3 Montgomery JACS 1997, 6098
/ Ph Ty — Ph%/Ph Jamison JACS 2003, 3442
Ph n/ NMDPP (20 mol%) " Montgomery JACS 2004, 3698
Q CH, HO H
(Syringe Pump HoG. \O 79% Yield, 73% ee
Addition) b Y 91:9rr
CHg PPh,
Hydrogenative approach:
R? R
/ R2 cat. M/L R1 R3 Byproduct free!
R T Hz g
HHO H

[ Uliniversiey of
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Hydrogenative C-C Bond Formation: Vinylation
Asymmetric carbonyl vinylation: Krische ef al. JACS, 2007, 129, 280.
Me O Me Me O
Ph\/}(moa MeWOEt
RZ o [Ir{cod);]BARF (5 mol%) PH OH p-MeOPH OH
/ Rgm)k DPPF or BIPHEP (5 miol%) 939% Yield 78% Yield
R Off —— )
o PhsCCO,H (5 mol%) 15
H; (1 atm), DCE or PhMe Ph QO Et O
60-80 °C
DS S .
Me OH PH OH
90% Yield 93% Yield
1411
Mechanism:
Et o] Et O
/ Ph As above Etw 2
B\ Off ——— OEt
o D3 (95%) D PH OHD
0]
Et O
Et
OFt
Ln!r'"--Q Ph
D---D
[ Uliniversiey of
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Hydrogenative C-C Bond Formation: Vinylation

Mechanism:
Et o] Et O
/ Ph As above Et 2
Et \4 QEf —— OEt
fo) H; H PH OH
Ir(ly
Et O
Et =
OEt
) Ph H;
Lnjr"--0
Feeeet

Role of acid co-catalyst:

—|© —|@ —|@

R R R
L—o r—q Ll HO
[ — O’: :H 9 !
>—O R 5"
R
A B [
c-Bond Metathesis Protonolysis c-Bond Metathesis
via 4-Centered TS via 6-Centered TS via 6-Centered TS
B 1sivecr sity ol
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Hydrogenative C-C Bond Formation: Vinylation

/
Om...
/ /T

Ph (e)
Ar

Favored mode of addition

Imine vinylation: Krische ef al. JACS 2007, 129, 12644. BsN H ’;l
[I(COD),|BARF (5 mol%) 80% Yiel 9% Vi
Me. ArSO., a Yield 76% Yield
\ (R)-Cl,MeQ-BIPHEP (5 mol%) 9% ee 99% ee
R1 R® PhaCCOzH (5 mol%)
Na,30; (200 mol%) BsNH BsH
H; (1 atm) ~ e} ~
PhMe, 60 °C MUY Me™ ™
Y Me
Me”™ "Me
(Terminal alkynes not tolerated) 80% Yield 65% Yield
>99:1 rr, 97% ee 1001 rr, 99% ee
Stereochemical model:
Ph
B R

[ Uliniversiey of
BIRRISTON

Hydrogenative C-C Bond Formation: Allylation

Asymmetric carbonyl allylation methods:

Hoffmann, Angew. Chem., Int. Ed. Engl. 1978, 768

OH
@ Et/'\/\
LR~ OH

3
;

OH 9% Yi
HiC_CHy I e
O HyC A 86% ee
0 ~F OH 90% Yield
HC  Ph phM 36% ee
Reetz, Pure Appl. Chem. 1988, 1607
OH % Yi
HC CH, /'\/\ 47% Yield
2CH: o A 96% ee
N 3
0 NF OH 91% Yield
HaC ph)\/\ 88% ee
Corey, J. Am. Chem. Soc. 1989, 5405
S0,Ph OH 90% Yield
95% ee
T e
ph SO oh OH 90% Yield
o
Ph M 95% ee

Duthaler, Angew. Chem., Inf. Ed. Engl. 1989, 494

67% Yield
93% ee

85% Yield
90% ee

Brown, J. Am. Chem. Soc. 1983, 2092
OH

HaC XN
B/\/)\/\

Masamune, J. Am. Chem. Soc. 1989, 1892

OH
CB_/= LN NN
A OH
T™MS
CeHiq A
Roush, J. Am. Chem. Soc. 1985, 8186
OH
i-PrO;C
\[ _/_n Can/k/\
i-Pro,C OH
Ph X
Leighton, J. Am. Chem. Soc. 2002, 7920
4-Ban OH

\
g
o)

/%—

N
N
U el oH

4BrBn Ph/'\/\

74% Yield
9B% ee

81% Yield
9%6% ee

9%6% Yield
80% ee

96% Yield
92% ee

86% Yield
79% ee

78% Yield
1% ee

82% Yield
96% ee

67% Yield
95% ee
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Hydrogenative C-C Bond Formation: Allylation

Catalytic protocols rely on the use of ichi ic allyl metal r
Umani-Ronchi J. Am . Chem. Soc. 1983, 7001; Denmark, J. Am. Chem. Soc. 2001, 9488.
Keck, ibid 1993, 8467.
Q Ti(Qi-Pry4 (10 mol%) OH fl\ Cat. 5mol% OH
_— —_—
H”SPh  (R¥-BINOL (10 mol%) /\/L Ph H” Ph DCM, -78 °C /\/L Ph
~-SnBus 88% Yield A5k 85% Yield
90% ee 87% ee
(Sn Byproducts) (Si, HCI Byproducts)

Hiy= NS
Cat. = 4 "
" . H N'P‘N’\/)gHz
Catalytic Generation l\llle
of Allyl Metal Reagent

Byproduct-free carbonyl allylation via hydrogenative coupling?

OoH

o] o]
MLn (cat) Min(at)
,.C
R1/\ HJ\RQ —_— )\(LRZ R1_//_\\ HJ\RQ " HH \/\/'\RZ

LnM-H R,CHO LnM-H CH,H R,CHO
R(Y\Ml_n RYX"MLn
H
[ Uliniversiey of
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Hydrogenative C-C Bond Formation: Allylation
Krische ef al. JACS, 2007, 129, 12678.
o] H OH
0
Me  n o0 o [Ir(cod)BIPHEP]BARF (5mo|/o)= o o
| / z LizCO3 (35 mol%}, 60 °C, ved e L/ 2
Me DCE:EtQAc (1:1, 0.1 M)
400 mol% Ha (1 atm) 94% Yield
— Me D
Lnlir D (85 %D OD
y \ _Me 2
IrLn—D — Me O\’T/‘S/ o
Q RMe | NO;
o) LD Me Me /
H | / NO; closed 6-centred e -
-DX || DX
(base)
Me
Dihydrid
Me Me

———
Lnir® - -
Conventional reduction
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Hydrogenative C-C Bond Formation: Allylation

OH H OH
NO, OBn %('\Ph
Me Me Me Me Me Me
Ve Q [IF(cod)BIPHEP|BARF (5-10 mol%) 92% Yield 80% Yield 68% Yield
HJ\R > Me Me
Me LizCO3 (35 mol%j), 60 °C OH HO,
400 mol% DCE:EtOAc (1:1, 0.1 M) OBn
H; (1 atm) OH
Mé Me M M N
e Ve o Ts
84% Yield 78% Yield 69% Yield
H
2 o [Ir(cod)BIPHE PIBARF (5 mol%) o oH o H; e 5
H > —_—» Mg
J\E)VNOQ Li,COs (35 mol%), 60 °C %NOE he 1L/ NO;
DCE:EtOAc (1:1, 0.1 M) e e
400 mol% - -
Hgz (1 atm) 50% Yield
1:1dr
H H
\ " [Ir(cod)BIPHE PIBARF (5 mol%) 9 o Hy oH
> Q,
> L, | Me
(1 atm) | )~NOz  Li,co, (35 mole), 60 °C %Noz | )—No:
DCE:EtOAc (1:1, 0.1 M)
Hs (1 atm) 30% Yield
B 1sivecr sity of
Transfer Hydrogenative C-C Bond Formation
Suppressing over reduction:
o MLn (cat) H OH ML(t) H OH
I n (cat. n (ca
\ J\R2 y )\ R,
Ry H‘O R4 R4
H/kMe
Me
Enantioselective reverse prenylation: Krische ef al. JACS 2007, 129, 15134; JACS 2009, 131, 6916.
Q,
=SSN '
o % 7
<O (o) Me Me
OH Br
|\ ey Aldehydes 96% Yield, 90% ee
Me R (5 mol%) NO; Alcohols  80% Yield, 90% ee
or OH
Me o PhMe or THF, 30-50 °C
Il A('\(CH L) Me
R For Aldehydes Me Me
1 equiv i-PrOH (200 mol%)
Aldehydes 71% Yield, 92% ee
Alcohols 94% Yield, 90% ee
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Transfer Hydrogenative C-C Bond Formation

=SSN
<O |}
OH o o
OH
R ID/ NC
\,Me or (5 mol%) NO, - Z R
Me [e) PhMe or THF, 30-50 °C Me Me
IL For Aldehydes
R i-PrOH (200 mol%)
Mechanism: NO, NO,
o) f 0 f \/Me
; Me
/ P P \<v
NO, ¢s 1T R (™ NO,
O, R [e]
O, R
> T (8>|{
p” “O_R Py >
H H
NO. NO. Me
2 2
OH : o .
/%R 4_;
M€ M oL o
el ST
RCH,OH (P/lr\ R PIr! Me
PO G
Me Me
Me
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Transfer Hydrogenative C-C Bond Formation: Allylation

Asymmetric carbonyl allylation: Krische ef al. JACS, 2008, 130, 6340; JACS, 2008, 130, 14120. OH

OH [Ir(cod)CI]; (2.5 mol%) th

(R)-Cl,MeO-BIPHEP

R (5 mol%) Aldehyde  73% Yield, 94% ee
AR or EEEE— Alcohol 72% Yield, 91% ee
ﬁ\ Cs;C0O3 (20 mol%) OH
m-NOBzOH (10 mol%)
R THF, 100 °C /\/‘\(CHZ”Me
1 equiv.
_ For Aldehydes Aldehyde 7% Yield, 97% ee
i-PrOH (200 mol%) Alcohol 78% Yield, 95% ee
Mechanism:
NO; NO;
Q :{ /\/OAC Q ::/{ Q j
[eR<) %» Q. _— Q.
) NI N I
P=Ir P2 P2
PN 7NN
G~ Conc e J ® \

Characterized by
eBase ﬂ H-Base X-Ray Diffraction r
i-PrOH
N2 NO: NOz Reactar?trAlcohoI
30— 30 )
- Q 47_; a
i N i oH (P>!
/\)\ P
. z R =

i 18 Electron Complex
SO R

Py
I
Py
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Asymmetric carbonyl crotylation: Krische et al. JACS, 2009, 131, 2514.

Transfer Hydrogenative C-C Bond Formation: Crotylation

[ Uliniversiey of
BIRRISTON

OH
W\ph
OH [Ir(cod)Cll, (2.5 mol%) Me
k (S)-SEGPHOS (5 mol%) Aldehydes 66% Yield, 7:1 dr, 96% ee
R Alcohols  61% Yield, 7:1 dr, 86% ee
or Cs,CO03 (20 mol%) OH
4-CN-3-NO,BZzOH (10 mol%) H
o
R THF, 90 °C /\‘/\(CthMe
Me
For Aldehydes
i-PrOH (200 mol%)

Aldehydes 77% Yield, 11:1 dr, 97% ee

Alcohols

Lnir ;H/
> O Me
R
H

69% Yield, 7:1 dr, 97% ee

Asymmetric carbonyl crotylation:

Transfer Hydrogenative C-C Bond Formation: Crotylation

Krische ef al. JACS, 2009, 137, 2514,

Asymmetric carbonyl trifluoromethylallylation:

Krische ef al. ACIEE, 2011, 50, 4173.
OH OH
l\R OH I\R OH
OAc cat. Ir/L* H OBz cat. Ir/L* H
Z or /\‘/\R /\r or /\‘/\R
Me a For Aldehydes Me CF3 o] For Aldehydes CFa
|LR i-PrOH (200 mol%) U\R i-ProH (200 mol%) 3
Asymmetric carbonyl hydroxyallylation: Asymmetric carbonyl hydroxymethylallylation:
Krische ef al. JACS, 2010, 132, 1760. Krische ef al. JACS, 2010, 132, 4562.
OH
o} ™ k
OBz cat. Ir/L* H
/\r ”\ /\‘/\R
OBz R j-PrOH (200 mol%)

then MeOH, K;CO,

[ Uliniversiey of
BRISTOI

z o R cat. Ir/L*
: or —_—
/\[ o O

Z R
For Aldehydes
|LR i-PrOH (200 mol%)

[e]
wo
I

HO
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Transfer Hydrogenative C-C Bond Formation: Catalyst Recycling

Catalysts are easy to prepare: Krische ef al. JOC, 2011, 76, 2350.

o]
< O [Ir(cod)Cl]; (50 mol%) ‘OO = N
o, PPh, Allyl Acetate (250 mol%) peliNg
2

- <° = 3 Ph,
o pPh, 4-CN-3-NO,BzOH (200 mol%) O o
¢ Cs,CO4 (200 mol%) .
o} THF (0.05 M), 80 °C, 2 hours NO, RCHO

85% Yield
(after SiO; chromatography)

RCH,OH
No product observed with in situ catalyst!

Using preformed catalyst:

75% Yield, 14:1 dr, 98% ee
50% Yield, >20:1 dr, 97% ee

Catalyst can often be prepared in situ and then recycled: Krische et al. OL, 2011, 13, 2484

[Ir(cod)Cl], (2.5 mol%)
OH (S)-BINAP (5 mol%) OH

BocHN._~_J 4-CI-3-NO,BzOH (10 mol%) BOCHN\/\/k/\

SSYAN
pulrg
+ = >SN

>99% ee, 20:1 dr

Cs,CO; (20 mol%) °
20 mmol scale Allyl Acetate (250 mol%) 68% Yield, 92% ee o
THF-H,0 (0.4 M), 100 °C, 48 h NO,
91% Yield
(Isolated by SiO,
chromatography)
B 1sivecr sity ol
BIRIS T
Transfer Hydrogenative C-C Bond Formation: Bidirectional
Bidirectional allylation: Krische et al. ACIEE 2009, 48, 5018.
[Ir(cod)Cl], (5 mol%) 070% Yield Unstable J
HO  OH  (s).-Cl,MeO-BIPHEP (10 mol%) 299% ee, 230:1 dr
OAc —_—
i H) C5,CO3 (40 mol%)
R 4-CI-3-NO,-BzOH (20 mol%) Ho OQH | HO  OH o o
Dioxane (0.2 M), 90 °C = V\H)'
66% Yield Unknown
y,

Bidirectional crotylation: Krische ef al. JACS, 2011, 133, 12795,

Q.
lln |r |IP 07
Pn2
o)
oA HO oH NOz (10 mol%) HO  OH |
2 c 2
Y Cs;,CO; (40 mol%) Y
Me Me KaPOy (100 mol%) Me Me Me
THF:H;0 (4:1, 1.6 M), 70°C 62% Yield

>99% ee, 6:1dr

Predominantly 1 of 16
possible stereoisomers!
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57% over 3 steps

"Three-lterations"

Transfer Hydrogenative C-C Bond Formation: Roxaticin
Iterative bidirectional allylation: Krische et al. JACS, 2010, 132, 15559.
[Ir(cod)Cl]; (5 mol%) Mei\/le
(R)-Cl,MeO-BIPHEP 1) PPTS (10 mol%)
HO OH (10 mol%) |J\i?\/?\”)] (MeO),CMe,, DCM, 25.°C HWH
—_—
Cs;CO; (40 mol%) 2) O3, DCM:MeOH
4-Cl-3-NO2-BzOH (20 mol%;) 70% Yield -78 °C Then NaBH, "First-Iteration"
THF (0.2 M), 110°C > 9%% ee, > 30:1 dr -78°C to 25 °C 82% over 2 Steps
/\/OAC
Repeat using
(S)-IrLn
Me Me Me Me Me Me Me Me Me)(Me
HO O "0 O "0 O O OH Repeat using (S)-IrLn Hw\j\/l
14 18 22 28
"Third lteration”

OH

"Second lteration"

52% over 3 steps
9 Steps Total

?H OH ?H OH OH 28
Z
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Transfer Hydrogenative C-C Bond Formation: Bryostatin
Sy is of Bry in7 fr Krische ef al. JACS, 2011, 133, 13876.
[Ir(cod)Cl]z (5 mol%s) N
(S)-ClMeO-BIPHEP 1) 04, DCM, -78 °C oTES
(10 mol%) H/Y\-/\” then PPhy [
HO OH HO OH T p—— o O
Cs;CO5 (40 mol%) ) 2) TBSCI, Imidazole
4-Cl-3-NOz-BzOH (20 mol%) 70% Yield . oTBS
Dioxane, 90 °C > 99% ee, > 3011 dr via: N 60% Yield
A~ OAC O HO OH O
Q.
o 2E AR
-
Ve SLES |}
>== o
Me NC
(@00 molyy | Bmol%) MO
-PrOH (200 mol%)
PhMe, 60 °C
Me Me
4 0OTBS
-t
Bryostatin?7 —
OTBS

90% Yield, > 20:1 dr
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Iridium Catalysis: Summary

1. Asymmetric allylic functionalisation

Nu
LG cat. IriLn ( =, Nu
Z LG R ——» =z
/iRr or ~TN nucleophile /-I\\/ R /\Rr
MLn

LG = carbonate or acetate

Nu = enolate, amine, alcohol, Prepared in situ
electron righ aryl,

organo zinc reagents etc.

2. Asymmetric hydrogenation

R4
R%Rg [Ir(P,NYCOD]BARF (2 mol%) o
RZ CH;Clz, Hz (1-50 bar), r.t.

tri- and tetrasubsituted alkenes (and aromatics)

PN = R1,P

RYP Q
/\Nl/\')
RZ

modular ligands

3. Transfer hydrogenative C-C bond formation

¢
R cat. Ir/Ln
e or
R2 0 (i-PrOH for aldehydes)
R

wo

AR

RZ

0.
SodSy I ﬁl
=S
<O =5 Fl;hz Q
H o [¢]
e.g.

NC’

NO,

Prepared in situ

[ Uliniversiey of
BIRRISTON

12/7/2011

23



