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l. Introduction
1.1 Comparison of Transition Metal Catalysis with Acid/Base Catalysis

Transition Metal Catalysis Acid/Base Catalysis

bifunctional catalysis
(LA/BB, LA/LB)
enamine/iminium catalysis
(HOMO/LUMO/SOMO activation)
Bronsted/Lewis acid catalysis
Brensted/Lewis base catalysis

C-C cross-coupling
C-X bond formation
(X=N, O, B, etc.)
C=C/C=C metathesis
hydroamination
Tsuji-Trost allylation
oxidation/reduction
C-X bond activation
(X=H,C, F,etc)

oxafazaphilic (hard)

phospha/thia/unsaturated bond-
push-pull mechanism

philic (soft)
oxidative addition, reductive
elimination, etc.

Figure 1. Classification of Catalysis.

1.2 Mr. Oisaki's Six Criteria for Development of Synthetically Useful Reactions
2 - i i See Mr. Oisaki's Literature Seminar
:3)%%Vve;%pplg:g;gl?éz%#g;g G bg Gl aning eI, Handout 2007/10/13 for details.
1) Use minimal co-redox agent as far as you can.
IV) Activator should be catalytic amount.
V) Use common FG.
VI) Create new stereogenic centers.
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2. Hydrogenative C—C Bond-Forming Reactions

Review: Krische, M. J.; et al. J. Org. Chem. 2007, 72, 1063,
Acc. Chem. Res. 2004, 37, 653; Acc. Chem. Res. ASAP.

2.1 Backgroud and Mechanism
2.1.1 Background
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See also: Kanai, M.; Shibasaki, M.; et al. J. Am. Chem.
2006, 128, 14440.
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- Conventional acid/base chemistry usually requires a stoichiometric amount of metallic deprotonating agents to

construct p-hydroxy ketone/allyl amine moieties.

- Reductive coupling reactions are usually performed using a stoichiometric amount of metallic reducing agents.
—> How about the use of H, gas itself as a reducing agent to construct C-C bond??

2.1.2 Mechanism

(1) Reductive Coupling of a,f-Unsaturated Ketones

(2) Reductive Coupling of Alkynes
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2.2 Hydrogenative Reductive Coupling of a,p-Unsaturated Ketones/Allenes

aldehydes
+ o,p-unsaturated ketones/allenes
+ H2

References: Krische, M. J.; et al. J. Am. Chem. Soc. 2002, 124, 15156
(intrafintermolecular; to aldehydes); Org. Lett 2003, 5, 1143 (intramolecular; to
ketones); J. Org. Chem. 2004, 69, 1380 (intermolecular; to glyoxal); Org. Lett. 2004, 6,
691 (intramolecular; «,B-unsaturated aldehyde donors); Org. Lett. 2006, 8, 519
(diastereoselectivity improvement); Org. Lett. 2006, 8, 5657 (divinyl ketone donors); J.
Am. Chem. Soc. 2006, 128, 17051 (to chiral aldehydes); J. Am. Chem. Soc. 2007,
129, 12678 (Ir cat.; allene donors); J. Am. Chem. Soc. 2007, 129, ASAP (Ir cat.; allene

donors; transfer hydrogenation).
2.2.1 Experimental Results

Fable 1. Optimization of the Diastereoselective
Hydrogen-Mediated Reductive Aldol Coupling To Afford 1a?

RA(COD),0TE (5 mol %)

0 o - O OH
Ji\” JL Ligand (12 mol %) JH/?\
H,C H™ “Ar HyC Ar
= 2Ch,
| Eg‘r\:\ﬁl% N bt Hz (1 atm) °
entry ligand additive [DCMIL, M yield, % dr
1 PPhg LiaCOq 0.1 31 31
2 {2-Fur)PheP  LisCOs 0.1 24 611
3 (2-Fur);PhP LisCO4 0.1 52 15:1
4 (2-Fur)iP LiaCO4 0.1 T4 19:1
5  AsPhy LiaCOy 0.1 17 7:1
6  {2-FuriP 0.1 63 19:1
7 (2-FurigP LigCOs 0.3 88 16:1
=8 (2-Fur)yP  Li,CO; (10%) 0.3 91 16:1

2 Optimized Procedure. To a 13 mm x 100 mm test tube charged with
Liy (,03 (5 g, 0.066 mol, 10 mol %), FursP (18 mg, 0.079 mmol, 12
mol %2, Rh((‘OD)wﬂTf(tﬁ mg, 0.033 mmol, 5 mol %), and aldehvde (100
mg. 0.66 mmol, 100 mol % %) was added dichloromethane (1.0 M), The test
lubc wias sealed, and the reaction mixtnre was sparged with Ar(g) followed

by Ha{g) for 20 s each. The reaction was placed under one atmosphere of
hydmzuu using 4 balloon, and MVEK (81 4L, 0.99 mmol. 150 mol %) swas
added. The reaction mixture was allowed to stir until consumption of
aldehyde swas observed, as revealed by TLC analysis. The reaction mixture
was evaporated onto silica, and the aldol product 1a was isolated by flash
clrematography (5i0:: EtOAchexanc). ¥ The cited yields are of isolated
material and represent the average of two runs.

Soc.

Rh/Ir-catalyzed
reductive C-C
bond formation

aldol adducts/allyl alcohols

Brensted base
trapping the acid
generated in situ

Table 1. Optimization of Rh-Catalyzed Hydrogenative Aldol
Cycloreduction of 1a®

0 o] Q HO O j:‘)
r‘hJ\L ')i “H  RB(CODLOTE (10 mol%) phjﬁ/l ~ ,-"m)i N /r “H
e Ligand (26 mai%), Hy (1 atm} et M

L Additive, DCE {0.1 M), 25°C 1b te
entry igand additive (mol %) yield® aldol (syn—anti)  yield® 1.4-reduction
1 PPh; 21% (99:1}) 25%
2 PPhy KOAc {30%) 59% (58:1) 21%
3 (p-CFsPh)sP 57% (14:1) 2%
1 (p-CF:Ph)sP - KOAce (30%) 89% (10:1) 0.1%

2 As product ratios were found Lo vary with surface-lo-volume ratio of
the reaction mixture. all ransformations were condacted on a 1.48 mmol
seale in 50 mL round-bortomed flasks. * Tsolated vields after purification
by silica gel chromatography.

« Addition of a catalytic amount of Brensted base additives improved

the yield of aldol adducts and the aldol/1,4-reduction ratio.

« Weak o-donor/strong m-acceptor phosphine ligands gave better yield

and dr.
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2.2.2 Role of Bronsted Base Additives t

X CH.D

+ Dihydride cycle (left) promotes 1,4-reduction of - ) i % P
unsaturated I¥eton(es.) P P w N\ o ROl
* Monohydride cycle (right) promotes reductive aldol
reaction. b ¥~ -DX(Base ‘ ﬁo
- Brensted base additives remove DX from MJ\&H % Cye LRNOh tan MO Relol
LnRh(lI)X(D,) catalyst to give LnRh(I)D, diminishing @ "

: : H.D
side products from the dihydride pathway. i D /\ \ZYIO

(Start Here!) i O,Ifh “Dysdn

2.3 Hydrogenative Reductive Coupling of Alkynes SR melies

References: Krische, M. J.; et al. JACS 2003, 125, 11488 (enantioselective; 1,3- + alkynes
diyne donors; glyoxal acceptors); JACS 2004, 126, 4664 (1,3-enyne donors); JACS + Hp
2004, 126, 7875 (intramolecular; 1,6-diyne and 1,6-enynes); JACS 2005, 127, 6174
(intramolecular; enantioselective; 1,6-enynes); JACS 2005, 127, 11269 (chiral a-
sulfinyliminoester acceptors); JACS 2006, 128, 718 (enantioselective; a-ketoester
acceptors); OL 2006, 8, 891 (application to Bryostatin subunit); OL 2006, 8, 3873
{enantioselective; silyl-substituted 1,3-diyne donors); JACS 2006, 728, 10674
(enantioselective; intramolecular; Bronsted acid co-catalyst(BAC)); JACS 2006,
128, 16040 (enantioselective; an acetylene donor; dienylation; BAC); JACS 2006,
128, 16448 (enantioselective; heterocyclic aromatic aldehyde/ketone acceptors;
BAC); JACS 2007, 129, 280 (Ir-cat.; simple alkyne donors; BAC); JACS 2007, 129,
7242 (enantioselective; dienylation; imine acceptors; BAC); JACS 2007, 129, 8432
(Ir-cat.; simple alkyne donors; imine acceptors; BAC), OL 2007, 9, 3745
(enantioselective; glyoxal acceptors; BAC); JACS 2007, 129, 12644
(enantioselective; Ir-cat.; simple alkyne donors; imine acceptors; BAC).

Bronsted acid
protonating
the intermediate

Rh/Ir-catalyzed
reductive C-C
bond formation

allyl alcohols/famines

2.3.1 Experimental Results

lable 1. Enantioselective Hydrogen-Mediated Reductive Coupling
of Conjugated Enynes 1a—7a to a-Ketoesters®

Rh{COD), 0TI {2 mel%)

Ry o PhyCCOH

3 CCO,H {1 mol%)

\\/ RZX(U\O% WGR:
!

DCE, H, {1 alm}, 60°C F; OH
R-Xyly-WALPHOS (2 moli)
AP
=y, PAr,
= 3 Byl Fe T+
Ar = 3,5-xylyl O @H CH,
Entry Substrate Coupling Product Yield ee %
NHBoC BocHN o
1 \/ & ~ OCH;
= HyC OH
1a b 88% 0%
2 w/io Ph3CCOzH co-catalyst: 42% 87%

< Cited yields are of pure isolated material and represent the average of
two runs, Reaction times are typically less than 3 h. See Supporting
Information for detailed expernental procedures.

Table 1. Optimization of the Hydrogen-Mediated Reductive
Coupling of Acetylene and Phenethyl Glyoxalate®

Ri-Catalyst {5 moi%) H
HCECH Ro\(‘i‘n Ligand (5 mols) i
{1atm) a {1 aim), Additve
fa DCE(0.1 M) 25°C b
R = (CHz}Ph
enlry Ah catalyst hgand additive 1b yield%

1- Ri(eod),OTF BIPHEP TPAA 32
2 Riveod)OTf BIPHEP 17
3 [RhCifcod))s BIPHEP TPAA not ohserved
4 Rhcad),BF, BIPHEP TPAA 41
5 Rhfcod):SbFs BIPHEP TPAA 51
6 RheodnpBARF  BIPHEP TPAA 52
7 Rhidcod).Sbls PPhy TPAA not ohserved
8 Rhfcod),SbFs DPPE TPAA not observed
9 Rh(codixSbFs  rac-BINAP  TPAA 29

TPAA—Na 808 59
TPAA—NaSO%¢ 68

10 Rhicod)»SbFs  BIPHEP
11 Rh({codl,SbFy BIPHEP

“ Cited yields are of pure isolated material. TPPA = wiplienylacetic acid.
For entry 7, 10 mol % of PhsP was used. See Supporting Information for
detailed experimental procedures. » Two equivalents of NaaSOy were added.
¢ Loading of TPAA is 7.5 mol %.

Rn{COD),0Tf {4 moi%)

“ BIPHEP (4 mol%} g
Ph H \N \N
\/ 8 Chiral Acid {4 Mot} HO H
1a DCE, H; (1 &m), 48°C 2, 56% Yield
Ar 82% ee
. 0 o
Q0
d oH
PhP  PPhy
BIPHEP At

Ar = 2 Ai-lsopropylphenyl

Table 1. Enantioselective Hydrogen-Mediated Reductive
Coupling of Glvoxal 2 to 1.3-Enyne 3¢

Bnl
. i Rh{COD),OT1 {6 mol %}
BnO” PN ’ H Chiral Ligand (5 mol %)
Mé Me O PhyCCOH (cal)
2 (100 mol %)

o

CICH,CH,CI {0.3 M)

o temperature, H, (1 alm)
e, ¥ L Ha (1alm)
S ores
3 {200 mol %)
entry  chiral ligands temp Ph,CCOzH ee%  yield
4 (R)-Tol-BINAP 25°C 5.0 mol % 48% 37%
5  {R)-Tol-BINAP 45°C 5.0 mol % 87% 55%
6 (R)yTol-BINAP B65°C 5.0 mol % 78% 58%
7 (R)-Tol-BINAP 85 °C 2.5 mol % 86% 64%
8  {(R)-Tol-BINAP 65 °C 1.5 mol % 91% 70%
9 (R)-TalBINAP 85 °C - 0% 32%
o Rh{codOT1 {5 mol%) Ph O
Ph Ligand (5 mol%)
4 “/U*oa — Wma
o DCE (02 M), 25°C H OH
1a Acid (5 mal%) 1b
Ha (1 atm)
Entry Rh-Catalyst Chiral Ligand Acid  Yield% ee%
17 - RhfcodROTF  (R)(3.5-Bu-4-MeOPh}-MeO-BIPHEP - 65 91
18 Rh{cod),BFy (R)3,5-'Bu-4-MeOPh)-MeQ-BIPHEP 65 90

19 Rh(cod);BARF  (R)-(3.5-Bu-4-MeOPh)-MeO-BIPHEP -~ 66 93
20 Rh{codROTF  (R-(3.5-Bu-4-MeOPh)-MpO-BIPHEP NPOH 78 25
21 RhcodOTE  (R1(3,5-/Bu-4-MeOPh)-MeO-BIPHEP TPAA 82 95

NPOH: 2-naphthoic acid; TPAA: triphenylacetic acid. Q
RO PAr,
0 Rh{COD}0TEH{5 mol%) Q RO PAr,
$—==—<] (RCIMeO-BIPHEP {5 mol%} @
BaN B — I = |
\—(\ Ha (1 atm), DCE. 45°C OH R =Me, Ar = 35-1-Bu-4-MeOCsH;,
220 1 (R}(3.5-Bu-4-MeOPh)-MeO-BIPHEP

In the Absence of Addilive: 24% Yield, G5%ee
WAith 2-Naphthoic Acd (5 mol%). 67% Yield, 88%ee

Table 1. Hydrogen-Mediated Reductive Coupling of
Alkyl-Substituted 3-Hexyne 1a to o-Ketoesters 2a—2f«

IHCOD)BARF (2 mol%)
BOR 2 DPFF (2 mol%) & g 0
/ ‘\n)"oﬁg e \/)(u*om
£ S ,CCO,H (2 Mok /) OH
Hy {(Talm
1a 2a-2f PRCH3, 80 °C 3a-3f

close the catalytic eycle (Scheme 1). In the absence of the Bronsted
acid cocatalyst, the couplings proceed more slowly and are accom-
panied by over-reduction of the olefinic produet. Excess Bronsted
acid does not diminish the extent of deuterium meorporation. Recent

« Brensted acid improved the yield and changed the ee.
- Chiral Brensted acid could induce ee (but only for 2-PyCHO).
312
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2.3.2 Role of Brensted Acid Additives A~ %DH ’\"\Ki W
- Bronsted acid additives are thought to promote protonation \—/’ LoRy—0) \—/ )

of alkoxo ligand on cationic Rh(lll) center followed by L)
simultaneous activation of hydrogen through six-membered A R}~0
transition state to accelerate dissociation of product and & , 0?_OH 8 X e
regeneration of cationic Rh(l). Lnfh is o B, ; :1
« D incorporation into the product was not changed even when RS0
an excess amount of Brensted acid was used, suggesting no o r—k
Rh—-C bond protonolysis with Brensted acid occurred. M\Kﬁ‘ )i
- With 2-PyCHO as an electrophile, a substantial ee was W o e ’\N.P“ ()
observed using an achiral diphosphine ligand and a chiral
Brensted acid, while a-ketoesters gave no enantioinduction )\ ,-Eq
under the same reaction conditions. These results suggest the
Bronsted acid activation is operative with 2-PyCHO because @ 2
of its higher Brensted basicity of the pyridine nitrogen atom ”)&j \f' Y(j@ o Y \/
than the carbonyl group of a-ketoesters. m;i < 0 O—4i  O:LR )

2.HemoR \f' @RHQLH Em ]E/\RP‘:L"\ HOL.CR X, (IE)QC -

@

PhyCCOH L“Rh'
LaRnt
V:\E‘L /
HC~-0H HC——0H 5 D
DA HE k_ g @ . W OH ma CR
U ®-0,CCP; 2% Yield LnRh LnOjR W BriD <
Ln

deuterio-20. T3%
{QD/OH exchange

"h)‘l"czn upon isolation)
3. Formal Dehydrative a-Alkylation with Alcohols
3.1 Backgroud and Mechanism Review: Ramon, D. J.; Yus, M.; et al. Angew. Chem., Int. Ed. 2007, 46, 2358.
3.1.1 Background alcohols
cat. M + carbonyl compounds
N 0 cat. base O 5
OH + H\)LHE' one step H2+ Ha
high atom economy Ru/Ir-catalyzed Brensted base-
transfer oxidation/ promoted
hydrogenation aldol condensation
H1/\X + H\)]\RE
Iti st
waste  |gw gﬂt'gni ngr?omy waste a-alkylated carbonyl compounds
. + HQO
3.1.2 Mechanism
+ Dehydrogenative oxidation of alcohols (transfer dehydrogenation) with Sehemed
transition metal complexes affords aldehydes, which in turn is condensed with F’h;:OH = phCBHO
carbonyl compounds catalyzed by Brensted base additives (aldol reaction). The )0,\
a,B-unsaturated carbonyl compounds formed are then hydrogenated with metal P
hydride species (transfer hydrogenation) generated from the above oxidation of NI GraMY AM Rer M R O°
alcohols to give formal a-alkylated carbonyl compounds as a product. it
+ Formation of metal hydride or metal dihydride seems to depend on the metals o o
selected, oxidation state of the metals, etc. Ph)k/\ph Ph’”\%\ph
8 7

3.2 Selected Examples of a-A]kylation References: a) Ishii, Y.; et al. J. Am. Chem. Soc. 2004, 126, 72; b)
Kaneda, K.; et al. J. Am. Chem. Soc. 2004, 126, 5662; c) Williams, J.

Sudel G'A’kylation of Ketones (lShH)a M. J.; et al. Tetrahedron Lett. 2006, 47, 6787, and references therein.

* No TM w/o Brensted Base (Table 1, entry 2) Table 1. Reaction of 2-Octanone (1a} with 1-Butanol {2a)
« No solvent required Catalyzed by [Ir{cod)Cl]z and Base under Various Conditions?

* Less hindered side of ketones alkylated j T
« Applicable for primary alcohols e R T e o
Table 3. Reaction of Various Ketones with Alcohols Catalyzed by o OH oH
[Ircod)Cl]: and KOH~ i PALUEIL g b

D S N P A N P N

C fo) Jaa 4aa 5a

s 80 (2) 3 G
PCaHy 3 H, L 81 (3)

A gt Lt
Ie} i i 0 SiG un ligand hase conv. (%)* 3aa 4faa Sa
ot ey BB ph L 1 PP KOH % 0 2 7
3bn 3hb A 2 PPl 3 nd.  nd 1
0 ) 3 PPhy CsOH 97 80 3 3
: 7 /\Jgﬂ)« 81(2) 4 PPI NaOH 98 79 : 8

e H}/‘ " hy Nal 7 frace
o “.g:r:/..l Ph k. e et s PPl KaCOs 2 I sk 2
0 o} 6 PPh; NE1,; 2 n.d. nd. 2
. i 80 (<1) \I/}A‘JL, 96 (1) 7 PPhy Ba(OH): 44 27 1 15
C‘*H’/ES/J\I/ "CeHea 8 PBu; KOl 84 63 2 16
2 L w e . 8.8 ¢ E
A 84 2 ppe < 5 % 2 2
C3H?/*;r‘\/ s“vL "CgH 1y @ 14 dppp KOH 92 23 3 27
43 {2 POPh; KOH 7 2 5

C . 13 PPl KOH 94 81 3 5

Soggn, 88 (<) P,,-?(/K/\ 86 (3) ¥ PPhy KOH % %1 7
3 Ph (7g1 :

[807¥ 3gb [79F 15 PPiy KOH 80 68 1 5

2 1a (2 mmol) was reacted with 2a {4 mmol) m the presence of

: ¢ Reaction conditions were the same as these of Table 1, mn 1. {Ir(cod)Cl] (0.02 mmol). base (0.2 mmol), and Lgand (0.08 nunel) at 100
Numbers in parentheses show the corresponding aleohol, © 1b (8 mmol} °C for 4 b without solvent. * Conversion of 1a. ¢ Based on Ia unsed.
was used. ¥ KOH (0.6 mmol) was used. © KOH (0.4 mmol) was nsed. ¢ Ligand (0.04 mumol) was nsed, © At 110 °C.7 AL90°C. ¢ 2a (2 mmol)

/2b (8 mmal) was nsed. & Isolared yield. was used. 4112



3.2.2 a-Alkylation of Arylacetonitriles (Kaneda)?

Treatment of the HT, MgeALIOH:COy, with an aqueons
solution of RuClynH0 at room temperature afforded the Rw/HT

: Heterogeneousi RU(|V)I’HT (hydrotalcite, MQGAlg(OH)-IECOS) (Figure 1) as a gray powder. The absence of chlorine was confirmed by XPS
was used as a bifunctional transfer oxidation/hydrogenation and

Bronsted base catalyst (Scheme 1).

* A large excess amount of alcohols and high temp. (180 °C) required.
+ Reaction under O, atmosphere didn't give TM (3a) but afforded only a

trace amount of 4a (Table 1, entry 2).

+ Various arylacetonitriles and ketones were applicable (Table 2).
+ Tandem «-alkylation-Michael addition proceeded with good yields

’ (a)

WFTHof & gik)A)

L] 2 4 ]
inteealomic dislance (A)

(Scheme 2). Figure 1. (a) Fowsier ransform (FT) of &-weighted Ru K-edge EXAFS
Table 2. o-Alkylation of Nitriles with Alcohols Using RuHT of RuHT. (9 A proposed swrtace structure around Ru*™ of Ru/HT.
y Scheme 1
1N H0 2
RK‘/\CN + 2/\0 M i L=a nad of oxy igand ji CNﬁi 3 | K
R N 280 "puse sites RGN =
; H ii H % ><\_RuL
entry donor alcohol product yield {%)* oA H%Re Rul. T
1 Ri=p Ia 2 3 95 (94) ol o P A XVR‘
2 G b 3h 83 i LU ¢ B e
3 Me=PR e 3 9 Ril. RN fuk
4 R'=4.MeO~Ph  Id d 93 5 i
3¢ aophthyl e 3e 59 Table 1. Reaction of Phenylacetonitrile (1a) and Ethanol (2a) by
67 REe 2ehiophenyl  1f RS 86 Various Catalysts?
7 1a 2b 3 63
8 Ia 2 3 94 (86) P CN  +  EtOH —Sb, n"g r/g
G 1a 2d 3 85 1a 2a N 38 N 4a
e Ia 2e 3 91 (7h
114 PRCIO)CH; ig PHC(OICH B 85 N : ; -
1248 (L PICOICH, 1h FPICO)CHan-Bu 68 ; ey L ahm  yeddlace) yield of 4a ()
| RwHT EH trace
4 Donor {1 mmol), aleohel (2 mL), RuATTI0. 13 g, Ru: 00075 mmol). iy RuwHT trace 10
180 %C, 20 I, Ar. 2 Based on donor. Values in pm.mhc%s are isolated yield. 3 Ru/ALO; 14 trace
cRwWHT (0.3 g, Ru: 0.015 mmel). #2 ml of toluene was used. ¢ 2e (1.5 4 RuMgD 2 trace
mmol). £ 2e (1.0 nuel). 2 2¢ (2.0 mmol) 5 RwAKOH 5 16
Scheme 2 & Ru/Mg(OH), 2 8
2 ™ HT NRs NER.
Et & 8 RuC’ I . H‘() N,R \ R
4a+2a Mﬁ— )\ ___//,\.z._.__.. gt 6a93% S R e - S
H,0 e eN " 6b: 82 %
- : pr’ “CN 66 B4 % 2 1a {1 mmol), 2a (2 ml.), Ru catalyst (0.15 g, Ru: 0.0075 numoly, 20
b e 0,.49.15 g of HT was used. © No
| Be: Z~CONH" h, 180 °C, Ar. * Based on 1a. ¢ Under Qs. g
fpekisdlated] reaction, /0.0075 nmel of Ru was used.
. . (s] O
3.2.3 a-Alkylation of Active Methylene Compounds i .y
. & R "OH < Bu R™ Bu
(Williams) oN cN
1 5 6

- Combination of Ru(ll) metal with bidentate phosphine
ligands having large bite angles was the best.

- Piperidinium acetate was necessary to promote
condensation.

- Applicable for both aromatic and aliphatic carbinols; 1:1
substrates ratio is enough.

Scheme 3. Alkylation of other alcohols with ketonitrile 5. Reagents
and conditions: (i) Ru(PPha)s(COJH: (0.3 mol %), Xantphos 12
(0.5 mol %), piperidinium acetate {$ mol %), PhMe, reflux, 4 h.
Table 2, C-C bond formation using the Ru/Xantphos catalyst®
Conversion (V) Yield (%

Entry  Alcohol

I PhCH,OH. 1a 100 78
2 P-MeOCH,CHL,OH, 1h 100 3
o . o 3 PECHCHLOH., Le 100 §9
o on g L catystigand o o gy 4 pFCCHCH,O0H, 1 100 83
[ tofuano, rafiux &N 5 #ONCH(CH0H, e 52 31
bt 6 pBrCHCHOH, I 100 79
1a s 6 7 -MeOCHCH,0H, 1g 100 82
8§ Furfuryl aleohol. th 11 Not isolated

* Typical reaction conditions: Alcohol (1 equiv), ketenitrile 5 (1 equiv)
were treated with Ru{PPhy)y COJH, (0.5 mol %), ligand (0.5 mol %),
piperidinium acetate (5 mol %), PhMe, reflux, 4 h.

Table 3. C-C bond formation using aliphatic alcohols®

Fe -
,«L—«, PR Entry  Alcohol Conversion (%) Yield (%a)
1 Furfuryl aleohol, th 100 72
R= Ph,7 2 PhCH,CH,OH. 1 100
Pr.s ab PRCH.CH,OH, 1i 100 87
'Bu, 9 4 Undecanol, 1 100 85
5 Cyclopropyl methanol, 1k 100 : 69
6 Tryptophol, 11 100 76

A Typical reaction conditions: Alcohol (1 equiv) and ketonitrile 5
(1 equiv) were treated with Ru(PPh;)(COJHz (5 mol %), ligand
{5 mo! %), piperidinium acetate (25 mol %), PhMe, reflux, 4 h.

" Ru(PPh;)5(CO}H, (2.5 mol %), ligand (2.3 mol %), piperidinium

12 13

Scheme 2. Reaction of benzyl alcohol Ia with ketonitrile 5.

‘Table 1. Comparison of ligands for C-C bond formation® acetate (26 mol %), PhMe, reflus, 4 h,

Entry  Metal Ligand  Time (h) Conversion {%)
{loading, mol %) — r,.E‘ A PN ‘\:/,E‘ sl &

i® Ir (5) g 24 35 i E e £
2 Ru (5) = i8 56 14a-¢
3 Ru {0.5) 7 3 56 15a-c 16a-¢
4 Ru (0.5) 8 3 91
5 Ru {0.5) 4 16 < E=E'=CO,8n14a 15a = 8% 168 = 78%
6 Ru (0.3) 10 16 2; £ =CN, E' = CO,Et 14b :II:b:lg:fq :gb:zg:é
7 Ru (0.5) 1 3 . i i C = 46% c = 45%
8 Ru {0.5) 12 3 100 E = PhSQ,, E'= COPh 14¢

Scheme 4. Use of other active methylene compounds in C-C bond

formation. Reagents and conditions: {i) Ru(PPhy)s(COJH, (5 mol %),
(0.5 mol %), piperidinium acetate (3 mol %), PhMe, reflux. Xantphos 12 (3mol %), piperidinium acetate (25 mol %), PhMe,

Y Artcod)ClR (2.5 moi %), dppf 7 (5 mol %), KoCOy (5 mel %), 3 A reflux, 24h. (i) Ru(PPhsh(COH: (2mol%)j. Xantphos 12
molecular sieves, piperidinium acetate (25 mol %), PhMe, reflux. (2 mol %), piperidinium acetate (25 mol %), PhMe, reflux, 4 h.

* Typical reaction conditions: Benzyl alcohol 1a (1 equiv), ketonitrile 5
(Fequiv) were treated with Ru(PPha)y(CO)H, (0.3 mol %4). ligand

5/12



4. Dehydrative Allylation/Propagylation with Allylic/Propagylic Alcohols

4.1 Backgroud and Mechanism

4.1.1 Background

Reviews: For allylic substitution, see:

Muzart, J. Eur. J. Org. Chem. 2007, 3077;

Tetrahedron 2005, 61, 4179, and references cited therein. For propagylic
substitution, see: Bruneau, C.; Dixneuf, P. H. Angew. Chem., Int. Ed. 2006, 45, 2176.

See also: Matsunaga, S.; Shibasaki, M.; et al. Angew. Chem., Int. Ed. 2007, 46, 409.

- Direct use of allylic/propagylic - .
S it Sche hols
alcohols in its substitution L Scheme 1 allyllc.’progal\gighc gD
H % - H sloichiometric
reaction is desirable in terms of proacivation . . cat, NHR'S
atom economy, but this ST TN
approach is usually difficult due 2 Pd/P/Ir/Ru- Lewis/Brensted
to the poor leaving ability of OH catalyzed acid activation of
group. o Dir i pe allylic/propagylic alcohols
* Several activation methods of |, . ., cat. NHR?R®3 Rl Ny substitution
the OH group have been \"/:V direct reaction /4 ®
developed (vide infra). HOH
] allylated/propagylated Nu
4.1.2 Mechanism +H,0
(1) Allylic Substitution (Tsuji-Trost Reaction) (2) Propagylic Substitution
. iy 3 o
Pd or e’ complexes (calalytic) 5 '\"“'m A % - . Il{:‘%ul—lf?uf_'
R X solvent / phosphine ligand R P RY o M é RGN /P a L
Mg : ST S H Au==H,
base (stoichiometric) or neutral cond. Pyl i ] MﬂSVE’ [>stio H
Sy Substituted product if c P
w-allylpalladium complox 1 10 %
P ' ; Tk 0w \ Al '\)\\\Q
RL A~ _RF Po (cat ) § Pdi® (cal) g N ;‘} 2 slectys
Yy hanne® R R? At s | sk Mgl L = !
Nue i : 1 ar T I ] CH et
Substituted product lnvfe_rsran & X ratention of ! Nae i O
configuration R!s» R? canfiguration Substituted product ‘ b
"= H, alkyl. aryl: X = OH, OPh. OCOR, DCONHR, OCO,R, OP(O)(OR}, CI, NOy, SO,Ph, NR,, NR3X, SRoX Lo~ 1=
4= RPRCH,, enamines, enolates; R%* = CO,R, CN, NOy, SO,Ph, GOR. NC, N=(CMe). SPh, alkeny! =
Pd-.compiexes: PA(PPh3js, Pda(dba);, [Pd{allyl)Cll,; ligands: PPh;, dba (= P
3 e m
[Pd® or pgl complgxes (pmcela:@ Mechanism with soft and hard nucleophiles: Ph‘(é
i R.\‘/ R? Nu g
L,\_;c’ﬂ.' R {.’—m R /\J’( /'Yx R'>»R? " )
. -
coondination Oxidaten tidiion | | ) OH
Wt ioversion o -
. RL__m X R
RL_- fuse g 1 h
\”?’?_‘"”T\ oy &y 1o
P, A N
euo:':ﬁn-‘,:q: ;hun t )Nww gﬂﬂlﬁﬁ“ﬁ. v ;
shanadon ackition | reduetive T e
" ?)\ lmnmm:p (I:l JJ
Rkv‘g-;\_..} R’\_ 0 z Nu
H I w ~ 1 2
/Fl'(li‘f; —— édnﬁ R\/\:’R ™
rete .x i “x ifiw Scheme 13 A foll reaction pathway of the catalytic propargyln substitu-
iigand exchange Lion reaction,

4.2 Allylation with Allylic Alcohols
4.2.1 Selected Examples of Racemic Allylation with Allylic Alcohols with or without Catalytic

Amounts of Brensted Acid Activators

(1) Allylic Amination with Aniline (Ozawa)?

References: a) Ozawa,
b) Kobayashi, S.; et al.

Angew. Chem., Int. Ed.
etal. Org. Lett. 2007, 9, 3371.

F&(_\,OH NG catalyst 1 p,_'\o:\,Nu P HO (1] AOH S OH . Cabr o OH
{+ pyridine) 2a 2b(E/Z=71) OH 2c 2d
Y Mes' 71" _
5 oTf PO P OH - Phany (08.5% oe)
= )Dd-—> fa: Y = OMe CH, 2o 21 29 OH &
= Y =H 2
g 16! Y =CF e 7 19
5 + Y WAy
Y Mes Mes* = 2,4,6-tri-+butyiphenyl MoEt EtOMOEt 5
r . o ; Ja 3b 3
Table 1. Catalytic Allylation of Aniline with Allylic Alcchols® Tavie 2. LRBIIC AUYIAIDN OF ACIVE MEINYIENE LOMPOUNGs™
run {ally)OH time {h) (aly)NHPR (%)°  (allyl}oNPh (%) run (ally)OH CH,Z, time (h)  (ally)CHZ, (%)  (allyl},CZ, (%)
1 2a 2 96 3 OMe
* 2 2 AP g 8 1 2a 3 3 cogt 92 ?
¥ s 2 82 16 oM
2 2d 3a 10 C, 93 1
s 2§ SenMPgs NS g g %WCC’EE' :
(EiZ=T1) NHPh 3 o 3 7 ph\/\f o a5 12
5 2 6 NHPh g2 S g1 4 ? Z oo
{E/Z= 81} NHPh 0 £L
5 #@ 7 CH, HPh g 3 4 2a 3 12 /\/icoia 92 <1
(EZ = 911) o o
CHn 2, MHHPH ]
7 2 7 A 96 3
(EZ =) 5 2a 3c 12 OE! 85
8 2 10 Ph A~ AHPh g5 8 o
Pl
g° 2 3 = 8.5% “ Reaction conditions: 2.0 mmol {allyhOH. 4.0 nunol CH,Z,, 2 mal %
9 h\/\,ﬂph JoRTtee) <l la, 10 nal % pyridine, 0.25 g of MgSO4, 50 °C.

“Reacvon conditions: 1.0 mmol (allyDOH, 2.0 nunol PhNH-, 0.1 mol
% 1a. 1 ml of toluene, 0.25 = of Mg8O;, roons temperature, * Monoallyl-
ation products i mns A-7 were obtained as a mixiure of stereo- and/or
regioisomers, whose ratio was determined by GLC. ¢ 1h was used place
of 1a. ? 1e was used w place of 1a. < ka was used i 2 mol %,

Wl"ﬁgq? \ o %EE\\‘

':_\r:.‘-ﬂ
pa L0 R

F.;etal. J Am. Chem. Soc. 2002, 124, 10968;
Org. Lett. 2003, 5, 3241; c) Kitamura, M.; et al.
2005, 44, 1730; d) Ohshima, T.; Mashima, K.;

Scheme 1
Z#~-CH HO
|l wrre)
DPCB)P DPCB, Pd—-—}
( ) it ( 1) ot
4 AN e
Scheme 3
&
oTt ot~ Ha
2a + H oM -H,0
4 = (DPCB)PS\/_/ === (DPCB)Pd—|| ey 1h
9 / 10

* Reaction proceeded at rt.

« No additional activator required

» Allylation mainly proceeded from less-
hindered side.

* Reactions proceeded without the loss
of enantiopurity of starting alcohol.

* Hydrido ligand on Pd(ll) works as H*
due to strong m-acceptor property of
the sp?-hybridized phosphine ligand.

* Active methylene compounds also
can be utilized.

Ti-decapter
AR M,V E S
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(2) Pd(0)-Catalyzed Allylation of Active Methylene Compounds in Water (Kobayashi)®?

Table 1. Effect of Additives on Palladium Catalyzed Allvlic
Sabstiation
m&;a g PdiPPhy), (2 mol %) o g
o adaitive {10 mol %} e J.;Y A i
/  on \ HO i\f“m.
! &) i 3a
018 2/
entry additive conditions vield (20)*
i 70°C, 30 min 1
2 CHHCH) COH 70 °C, 30 min 28
3t CHaCHzwCOH *C, 306 min a
4 PhCORH S 30 min 13
K CH5CO:H °C, 30 min 12
G 4-0ctCeHCOH o 30 min 10
7 PhaCHOCOH 30 min 4
8 PhOCHCO:H C, 30 min 2
1-AdCO2H %30 min 30
CaFsOH ~ 30 min G
HCH reflux, 30 min 13
DEBSA reflux, 30 min 7
- reflux, 30 min 39
CH4{CH b oCOuH reflux. 15 min 93 {86}
2 F-AdCORH veflux, 15 min 98 (BT
E—r\d(‘[jzr{ reflux, 15 min 81
%-Ad{‘:()al'{ reflux, 15 min 92
A(E(‘OzH reflux. 15 min 89
reflux, 30 min 6
CHACHA GO reflux, 20 min 1
reflux, 30 min 2
« Hn( H) O veflux, 30 min 3

“NMR yieid. » Without PA(PPhal. ¢ Tsolated vield, # PAHOAC), (2 mol

w3 and PPhs (

uol %} were used instead of Pd(PPhsy. “ 1a2a = 111

*2b was used instead of 2a. # In woluene. # In 1 4-dioxane.

E‘%\L[ QJ{‘//E’S( ??

Table 2. Allvkic Substitution of Various Substrates
Pd{PPhyls .
Ewc%‘.\rrs-wi:? O 1LAJCOH (10 mof &) EWGL EWG?
TR =>§—\._
A H0 A At \ a7
1 (1 1.5 2 3
Pd{PPhs)y yield®
entry 1 2 imol %) corditions  product (e
[
1 . 5h
r«.’”\r’%m'b 20 S ref Sk 3b 90
G oo
2 i 1c 28 2 refiux, 10min - 3¢ 92
QEt
Q0
a j J 1d 23 2 reflux, 10min 3d 76
Ot-Bu
9
4 D:M‘H\‘“‘ 1e 28 5  refx. 1k 38 78
b o0 2 ; .
5 b 11 2a 2 80“C.18h 3f >88
pr” n
& 9\}(’? 19 2a 05 80°C.30min 3g 74"
oA
7 1a oy 2605 BO'C.30min  3h 73
¢ o
8 b)\ th 2 5 80°C.20min 3 93
0B
9 1a a2 5 E0C2n 8 e
108 1 i 2 5 refux.30min 3k 88
a refiux, min
S

“ [solated yield. # Molar ratioof 1:25 1:1.1. = Molar ratio of 1235 122
4 Procluet was diallglated componnd 3g. © Contining regiosomer 4 (4%

ield).
vield} 0><E) o o
N
Ph 3g Ph 4

(3) Cationic Fiu(ll) -Catalyzed Allylation of Alcohols (Kltamura)c

Scheme 1. Possible Catalyde Cyele of the Allvlic Substiunon

of Allyl Aleohols

(a) OH
A 1‘\\.)\H2
H"\
+H0 >
HuH
\1“2
?ﬂ
OH
0? f
Hcoau Rp
n!"'\ R2
HaO
Fl’
HCOZO

(9) This behavior was alse observed at 100 “CC. See Supporting
tion of 1a wih 2b in the presence of 10 mol %

t 70 °C for 18 min without the palladiam catalyst
\unr of 3u. This vesult indicates that the existence of
alyzed pathway in the case of 2b 15 not likely

« Carboxylic acids accelerated the allylation.
- No organic solvent required

+ Less-hindered side reacts.

- High reaction temp. necessary

Table 1: Direct allylation of various monoalcohols with 2-propen-1-ol {2)

Ho o+ Pt - ~ ¥ B 1
HOH ho RO " a catalyzed by {CpRuPF }-2-pyridinecarboxylic acid derivative combined
1 2 3 systems fcf. Eg. (1))
a CrHOHCH, a %zmnvl ” Entry Alcohol Ligand 1 {h}% Yield {26}
b -CoH, h CoHCHOCH X
c 2ndany! 1! CgHsCOO(CH, ) T
d: CyHsCHZCICH ) J: CH0CH,D(CHy) 1 1a £y o 6 (3} 90 (93)
& GH;~CHOHCHCHLH, k' {tCHaKCeHs ) SIOCHz ) PR
k Cefls 2 1a 10 S(0.5)  66(589)
OH
[N
3 1a e 0505 1611
0.5 {0.5) 20 {1.3%)
R N'Ff"“\ o 0S5 21 (579
Pt h
A L‘"}O Figure 7. Molecular structure of {CpRu{n-CyHs) {2-quinolinecarboxyl-
G kY 7+ o at0)1PE, [7; R=56-(CH),| determined by X-ray crystallographic +
O™ \ ] 7 )l ‘aE 0.5 (0.5) 2 (04)
2 ] analysis.
R ~Ru A
NN TN AT o 24 (24) 76 {90}
o L) - ¥ 5
"A?—*’O"H\.? g R?H o ano” Sy OO ro Y I 1205 24(92)
o [o} S _oR ol E 3 (24) 29 (30)
8 R > (S‘;u BnQ' é’Bn 0B8n >(0 12 (5 90 ¥ ©7)
) \ 12 {5) 24 (62)
Schere 1. Supposed catalytic cycle for allyl ether formation Y 12 (3) 92 {91)
e a7 12a 191% 133 -1 9o% 1616 90 (34
11b ...lyieid 12b - yield 13b - yield {6) {94)
3 {6} 92 (94
12 {6) 93 (92)
12 (G) 91 {9?]
B [4] Reactions were performed at 1 70° Cwuhoulsoﬁvem i 2 2000:2000:1: 1
b CHp=CHCH; ratio of 1/2/{CpRU(CH,CN) JPF,(8) /ligand. The yields were determined

by GC analysis, see the Supparting Information for details. [b] The values
in parentheses are those cbtaired at refiux temperatare in CH,Cly

14a— g
14b - yield

)=[21=500cum; (9] =

- Quinolinecarboxylic acid ligand dramatically
accelarate the reaction rate.
« Reaction proceeded under neat conditions;
1/1 substrate ratio enough.
+ Mild reaction conditions: epoxide, acetal,
Boc, Fmoc intact.
« Only allylic alcohol.

« Less nucleophilic alcohols are bad
substrates.

712

[ligand] =1 mm). [c] $/C=100. [d] 5/C=1000.



(4) Pt(0)-Catalyzed Monoallylation of Anilines and Amines (Ohshima, Mashima)?

Table 1. Ligand Effects on Pt Catalyzed Direct Anunation of

Allvl Aleohol (1ay®

Amidnes Catalyzed by Pr-DPEphos Complex®
: Piicod}Cly (1.0 mal %)

Table 2. Dizect Anunation of Allvlie Alechol with Aromatic

Table 3. Direct Anunation of Allvlic Alcoliol with
Alkylannnes Caralvzed by PrDPEphos Complex®
Piicod)Clz {1 0 mol %)

PiicodiCly (1.0 mol 9) 1108 (1,5 mal 4, %
- RL_ou OH 4 upts OTEPOs ZOmol %) o1 o NRZRD P L OH . Nu2gd DPEPIOS RO mol ¥l oy e NRZR
e sh b dixane, reflux - (1.5 cquiv)  dioxane, refiux {yoquv  doxane, mfiux
1a i 4 4aa 1 3 time 4 15 3 18h 4
faR=H Rl R (PR I NR?
bite-angle  vield R =P VT \ -
entry ligand (23 tdegh Ay 5 (R=H) §{R° = H.b
1 = ] eniry 3 time yieldof 4 yueld %1 5 entry 3y} yield of 4 {%)° yield of & (%)
: ¥ i 13y ¢ PR T 5
2 PPhy a0 1 Ll (%} (%) 1 U R 59 %
2 g (4.0} . 2 T T 79 10
3 PlOPhy, (4.0 7 1a & 8 & HN _\Hm,‘
P2 furylyy (4.0) a6 3 F /Y B 8 ]
:1 Pr2-furyly (4.0) ) 6 — 5 - " ¢ vt Y
5 DPPE (2. 85 o N
G {CyFplePCHoCHa P Cyllslg (2.0 1 o, & HgN™>" " 3k (3 0y L] 0
T DPPP2.0) a0 0 I % § 3 @0 a5 8
& PhyPCHysPPhy 200 9 i 5 I 30} B
9 DPPF (2.0} 90 29 i
10 BINAP (2.0} 03 4 4 Ta 8 82 8 6 3m {15} 8z a
11 DPEphos 2.0} 104 (106F 91 3 ida 8 70 8 . - 5
12 Xantphos (2.00 08 (08F 86 7 Ini1s 8
. . 6 1a [ B8 nd®
# 1.0 nunai seale. dioxane (0.5 mlL). ® Bite-angle of Pd complex * < Bite ) a0 K-
angle of (HgandyP1{a-allylCE complex optimized with the B3LYP fonetion Me 8 3o {15 & 3
(LANL2DZ for Ptand 6- 31G** for others) ¢ Determined by GC analysis 7 1 kNS 39 3 g8 nac
. E 3p (15} BY -
"y i
& ) 8 1a MEHN—{:} LUNRT 80 - 1 3q (1.5} o =
PFn, DPEghos PP BPh, Xaolphos  ecececmeeoccemeaes s s s e
Seheme 2 5 1 3 H 79 i i SR e R
Aeheme. 4 10 1b K] 18 92 1
P{cod)Cly e IERETY 3n 1@ 8 =

MeHN

(1.0mol %) Ph._o N
DPEghos S

3

# 4.0 mmel scale, dioxane (0.8 mL). ® Lsolated vield.

Ph OH & iy, 120 mol %) PN “40 l{:moi seale, dioxane (2.0 mi. for 1a and 0.8 ml. for 1), * Isolated e
N L i R et - 1 ] vield. ¢ Not detected in the reaction mixmupe
le | diexane, reflux S Prleod)Cl;
N 12h SN (1.0 mot %}
ib 35 {1.0 equiv} Naftifine (4bs} P‘h\/\_
ieid)
(98% yieid) (7S, gp ROWOB) ph . _NHPh , gpg
OH dioxane

+ Pt and large bite angle diphosphine ligand promote the reaction; no additional
activator required.
* Not only anilines but also aliphatic amines, generally having high affinity to

transition metal complexes, can be used.
* Monoallylated, terminal allylamines were selectively obtained.

4.2.2 Catalytic Enantioselective Allylation with Allylic Alcohols

L
== 0
“”*T'wpf_(;)

\

N.
CyzHaz

active form of
the catalyst

6b raflux, 18 h aba (8% yield}

Pi{codiCly (76% yieidi)
Me OH  (1.0mol %)
W\;ﬂ DPE| Me.
or 16, 5 (20mOl %) Moo o NHPR  TENYTRS

L dioxane 17 = 101 NHPh

s refiux, 24 h (EZ‘:’I” iy
OH 6c (rmm 1e: 43% yield 7% yield |
yield | THyieid/

- 42> 8

b
PP H,0

References: Hartwig, J. F.; et al. J. Am. Chem. Soc. 2007, 129, 7508,
and references therein. For determination of the active catalyst, see:
Hartwig, J. F.; et al. J. Am. Chem. Soc. 2005, 127, 155086.

* No reaction proceeded w/o Lewis acid activator even at reflux temp. of THF.
* Nb(O'Pr); was found to be the best stoichiometric Lewis acid activator.

. was found to be the best catalytic Lewis acid activator.

* Branched allylamines were obtained selectively.

- MS 4A was necessary to maintain the catalyst activity.

* Not only anilines but also aliphatic amines can be used as a nucleophile.

Scheme 1
[IKCODICH, NR®R? ’
& L‘
RUSSTOOH 4 RIBINH gemee RV + ISz
4

1 2 THF. 4A seives 3

Table 2. Ir-Catalyzed Asymmetric Allylic Amination of Allylic
Alcohols in the Presence of Nb{OE1);?

entry 1, Rt= Q= (Y amd
1 Ph MGyl 85 =0pi<d 92
2 Ph p-MeQCH, 34 964/ 89
3 Ph 2-MeOUsHy 66 >G6/ <y 62
4 Ph m=-MeOCHy 83 a6/ 51
R Ph p-ICHy 79 95/5 86
65 Ph #-ClCsHy 82 96/4 87
7 Ph Bn 72 96i 93
3¢ Ph »-MeOCHLCH: 66 937 20
9 Ph 2=morpholine 9C 9812 94
10 p-MeOC¢H, Ph 85 98/ 89
11 o-MeOC:Hy Ph 78 971 0
12 2-furyl Ph 70 81/19 o
132 propyl Ph 0 928 o
14 isopropy! Ph 43 88712 82
15 1-propenyl Ph 67 TOI4ITR 89

 The reaction was performed with 1 (1.0 mmol) and 2 (1.5 nunol) in
THF (0.5 mL) at 30 °C for 24 b in the presence of 2 mol % of catalyst
prepared from [IKCODYCI}; (0,010 nunol), and Sa (0.020 mmol). NB(OED;
(1.2 mmol}. and 4 A MS (50 mg) were used unless otherwise noted. » Except
entey 10, R* = H. “ Tsolated yield of branched product 3. ¢ Ratio of 3 and
4 was determined by 'H NMR analysis of the erude reaction mixture,
¢ Enantionieric excess of 3./ Determined after isolation. f The Ir caralyst
(3 mol %) was wsed. * 2 (2.0 mmol) was used. * The reaction was carried
out 4l 40 °C. * The Ir catalyst (5 mol %) and aniline (2.0 mmol) were used.
* Branched/3-phenylamino-1 3-hexadiene/linear.

Table 1. kr-Catalyzed Asymmetric Allylic Amination in the
Presence of Lewis Acids®

actvalor 5]

) (%}

1 i (1.2 8l
2 TiHOBuy (1.2} 89
3 Ta{OEt)s (1.2} 81
4 Nb{OEf)s ¢1.2) 92
59 Nb(OEt); (1.2) 92
& Nb(OE1); (0.5) 63
¥ NhOED; (1.2) 92
¥ 94
9 95

“The reaction was performed with methyl cinmamyl carbonate (1.0 mmol)
and aniline (1.2 mumol} in THF (0.5 jaL) at 50 °C for 24 b, and the Ir
complex (2 mol %) prepared from (E(CODICI: (010 mmol) and Sa (G020
mmol), Lewis acid actuvator. and powdered 4 A molecular sieves (4 A Ms,
50 mg) were used unless otherwise noted. * Isolated yield of branched
produet X, # Ratio of 34 determined by ‘H NMR analysis of the erude
reaction mixnre. ¢ Withour 4 A MS. < 1.5 mmol of miline was used.
/Ligand 5b was used. ¢ Condueted at room femperature.

Table 3. Ir-Catalyzed Asymmetric Allylic Substitutions of 1 with 2
in the Presence Catalytic BPha?

yietd® ee

enlry 1R = 2, A= %) %)
1 Ph p-MeCelly 74 §8
2 Ph »-MeOCHy 12 93
3 Ph o-MeOCH; 529 94
4 Ph #-CICeH: 53 92
5 PMeOCeH;  p-MeCelly 7 0
6 #-MeOCH, m-MeOCeH, 6l 82
7 P-MeOCH, pCICH, 60 93
8 P-MeCeH, p-MeCgH, 667 3 94
9 2-BiCH, P-MeCH, 61 29278 §7

 The reaction was performed by using 1 (1.5 mmol) and 2 (1.0 mmol)
in dioxane (2.0 L) at 50 °C for 24 h in the presence of a chiral Ir complex
(5 mot %) prepared from [[{COD)CI}: (0.025 mmol) and Sa (0.050 mmuol),
BPh; (0.08 mmoly. and -+ A MS (300 my) unless oiherwise noted. ? Isolaed
vield of branched product 3. “Ratic of 3 and 4 was determined by GC
analysis of the crude reaction mixture. ¢ The reaction was conducted for

o 812



4.2 Propagylation with Propagylic Alcohols
4.2.1 Catalytic Enantioselective Propagylation
of Electron-Rich Arenes?

Table 2: Ruthenium-catalyzed enantioselective propargylation of 2-
methyffuran with propargylic alcohols 1.%
5 HCPRUGHI (RS

oa T THF
L TFhl

References: a) Nishibayashi, Y.; et al. Angew. Chem., Int. Ed.
2007, 46, 6488, b) Nishibayashi, Y.; et al. Angew. Chem., Int.

Ed. 2005, 44, 7715; c) Nishibayashi, Y.; Nakamura, E.; et al. J.
Am. Chem. Soc. 2005, 127, 9428; d) Nishibayashi, Y.; Hidai, M.;
Uemura, S.; et al. Chem. Eur. J. 2005, 11, 1433, and references
therein. See also: Dr. Suto's Lit. Seminar Handout 2004/10/27 for
earlier studies.

4.2.2 Catalytic Enantioselective Propagylation
of Acetone?

& moita [{ e
Ar\'/ =N 0 BE,
& Q CICHEHC! o
5 50°G Table 1: Ruthenium-catalyzed asymmetric propargylic alkylation of prop-
argylic alcohols (2) with acetone ™

. ; (b ki $ mel% Ru complex 2
Entry Ar 1in]  Yield of 3 %] e of 3 (%) \/ Y 10 Mok NHBF, AnerZ s o
1 Ta Ph 3 3a,75 7 e S0°C. 61 ¢
2 1b, pMeCH, 3 3b, 67 32 acetone 3
3 ¢, o-MeCH, 3 3¢, 44 86 o
4 1d, pMeOCH, 6 3d, 40 81 o - -
5 Te, pCICH, 3 e 63 68 Entry 2 Ar 3, yield [%)* ee of 3 (%]
6 £, 0-PhC,H, 5 3f 52 94
7 TgpPCH, 3 377 83 ! 2w;;Ph 28,5 it
8 1h 35PhCH, 3 3h, 83 76 2 2b, o-MeCH, 3b. 61 72
5 1i. 1-napthy! 6 3059 86 3 2c, p-MeQCH, 3¢, 14 68"
0 1j, 2-naphthyl 3 3j 67 33 4 2d, pCICH, 3d, 57 68"
nE o 1abh e 3k 59 " 5 2e, 1-naphthyl 3e, 42 70
[a] Al reactions of1 (€.20 mmol) with 2. methylfurm {2 DOmmol) were 6 2f, 2-napthyl 3£ 50 70
carried out in the presence of a Ru complex {0.010 mmol, generated 7 2g, p-PhCH, ig, 50 70
insitu from [{Cp*RuCl},] and 2a) and NHBF, {0.020 mmol} in 8 2h, 3,5-Ph,C.H, 1h, 58 82

CICH,CH,CI (S mL) at 60°C. [b] Yield of isolated product. ] Determined
by HPLC (see the Supporting Information for details). [d) 2-Ethylfuran
(2.00 mmol; 10 equiv) was used in place of 2-methylfuran at 80°C

40, 92% vor
{43% yieid)

Nhde,

4g. 81% o0
{53% yieid) ener

Nhe.

hiMe,

Scheme 2. Reactions of 1.aryl-2-prapyn-1-ols T with N.N-dimethylani-
line in the presence of chiral thiclate-bridged diruthenium complex,
generated in situ from HCp*RuCH,! and chiral disulfide 2a. Al yields
are of the isolated product.

4.2.3 Expeimental Supports of Bronsted Acid

{a} All reactions of 2 (0.300 mmol) with acetone were carsied out in the
presence of ruthenium complex (0.015 mmol, generated in situ from
[{Cp*RuCl},} and 1h) and NH,BF, (0.030 mmol} in acetone (4.5 mL} at
60°C for 6 h. [b] Yield of isolated product. [c| Determined by HPLC.
[6 Deatarmined by (10

- interaction

Scheme 1. Nucleophilic attack of acetone on the C, atom of the
allenylidene complex.

+ Reaction proceeded with terminal propagylic alcohols.
- Addition of catalytic amount of NH4BF 4 improve the reactivity of the
neutral di-Ru catalyst.

CR e
excha ngR

anio
Ru intermediate.

» All reactions are supposed to proceed via Ru-allenylidene intermediate.
- Electron-rich, soft nucleophiles are generally used; high loading of
nucleophiles are generally recommended.
» The best ligand was the same for both reacitons.

Cooperation®?

Tabde 1. Propasgylic substitubon reaction of propargylic akoehol 2a with EIOH, H

- Based on DFT calculation, 1) spontaneous dehydration oy Oy, i
from the vinylidene intermediate was very diﬁlcult and 2) L, v 1 gy R
al ntly. 2a 3
- Without alcohols as solvent, catalytic NH,BF, adde Rutheniam catalyst (ol & )" it oo md "‘io;m' I L
. . . T . O proin
might work as an activating agent to facilitate dehydratio TR, = —
. . o ) (3 15 RS
step through Brensted acid cooperation. ? 2 TROCHSMEL (10) 5) NHLBF, (1) /15 4 (s
- . 5 NHBE, {10y GlH1S 0
2. Reaction Pathway for Mono- and Di-Rutheni
:lcigr?r;?uiene Ceclpi:mzlg;( Fzrﬁf;no;rorﬁ?aﬂg Propa?gy?%lrj:?hni" AG= "":I 5 kcal/mol when one @ ] [ﬂu g?] ©
o ; t MeOH involved; ~7 kcal/mol  [Rul-[{Rul X IRl X
oy 46§ Ui when two MeOHs involved. Gl - NH,BF, o
1b: mene-Ri e 4 i d 4 e s
b e | oo Gro fhcabinOl] 22 . R _NH J*—Q B'F4
H ﬁ LoH 0 - OH " OH;
Hox e ' '
G-CEC-H 28 (+2.2) . ;o H
HO 2b(-14.6) 3b -39 a0.8 5-*2‘ 4
| «101 |08 +20 ::r ;".‘ S} e @ @
" - .H +123 HE AL [Ru] [Ru] X [Ru] L[Ru] X
5 H H i* A i) Ih i e II
Rul=C=C; o & w10t 3 SR
g o e -on TR B3
i i - M Jkr J\(B?:@
-7 {+12. L | : § e 4
?[(-zzdé 55“!:((1-1?).??}; 4b (-4.5) o HERE -!”’03 Ha H
| %. ®
. B E : Ru Ru]
E' 21 (Ry=0=C=C k] NH3 [Ru-{A H
S -34.8 H CI ”
LT a0y 20t
e 8 (139 o — NH,4BF,4 J\
g HiO T 2 3 4 8 6 1 8 H” R
+ +
« ers to Ta fCpCHRIG-SMe):RuCp] ) or 1 ({CpRuPH 7). = Hz0 5 1
I'm_ EE:‘;L;:t hh ::\h;:c |eE=lr1:{re 1o (;-;rclz CﬁlvDI,l,ld{ru‘!‘llruuuuux Frqu:cj CCF;:—‘ZQIEW,‘_ diagram (kealmol) for the reaction of 1 with Schene. PlaLESIble Mechanlsm of

oman and monoruthensnum i talic). Enesgy changes are shown above

Ao oded thuovghout this armicle,

aropargyl aleohol. Di- Fn (red) and mono-Ru reactions {black) are colos

Brensted Acid Cooperation g/q2



5. Carbocyanation of Alkynes with Nitriles

5.1 Backgroud and Mechanism

5.1.1 Background 5.1.2 Mechanism aryl/alkenyl/alkyl/alkynylnitriles
s + alkynes/allenes
L M---N=C-R Ameap\ Phies k] s 1 o
r I P .
N E(Nk L M:P,Nuo} . Mejp'm“ NEC-Ar
N ‘ B e o > 13 Ni-catalyzed Lewis acid
L ‘MH' L L WO ? Iy ot carbocyanation of assisting C-CN
n-nM, 0 N 2]
S M=Fo.An M =i, Pd, &Y i alkynes bond cleavage
"SiR% oneof L= SIRY P1, Rh Ar N R R?
Scheme 2 Possible modes of activation of C-CN bonds by H}\\;,‘, o l
e ——— 4y 1-cyano-2-aryl/alkenylialkylialkynyl-
« Low efficiency of carbocyanation of ; alkenes/propenes

alkynes without Lewis acid co-catalysts
was sometimes problematic.
(ex. R = electron-rich aryl > very slow)

el

-t

i MeyP R
A, PMey Ar
RN M|
CN NeT L
E MegH®
cheme 5 Plaosible mechanism of aryleyanation of alkynes, of Ni(”) is also pOSSIbie-

5.2 Selected Examples of Carbocyanation of Alkynes
5.2.1 Aryl/alkenyl/alkylcyanation of Alkynes?

Review: Nakao, Y.; Hiyama, T. J. Synth. Org. Chem., Jpn. 2007, 65, 999.

« Initial migratory insertion of CN to
alkyne followed by reductive elimination

tewis acid h\"‘m 43 ?

TN,
References: a) Nakao, Y.; Hiyama, T.; et al. J. Am. Chem. Soc. 2007,
129, 2428; b) Nakao, Y.; Hiyama, T.; et al. Angew. Chem., Int. Ed.
2007, 46, Early View, and references therein.

Table 2. Nicket-LA-Catalyzed Alkenyicyanation of 4-Ociyne (2a}

Table S1. Optimization of a cembination of a ligand and Lewis acd for the Table 1. Nickel "LA'G&{&!‘{ZE{I AW!CYRH&’.:OF‘- of Alkynes
nicksl-catalyzed addition of 1a across 2a., %), igand (2 mot ) i i H: at L ;ém)ﬁ;'f;r%% Phdeg (4 mat %)
={ =+
Hlrige ‘e A GN 12 Tokeno 80°C
g a 4
LA
amp. line A : Py 0
tolsene GG (n) proausls), yiau (%) enry  wheni-Ch time [h) i3
Rz
Y 1 o B ey A8 0
b \f"’kar
Lewisaend GO vaeld of R (5§ Pr .
Ligand ot AlMe AIMe (] e 50 1 San, 95 # [ ]
iR ATk 2 AblMe, Ardde ! Do 0 o5 g £
UMe 3 ab B 1 50 42 3ca, 90 :
; 8021 Jda 87 5 N %
Prai-Buy, W 61 41 <1 50 47 3ea, N LNy
o " " s 2F 3ta, 72 ;
WMo, 7 s > <l 0 I8 g0, 04
PPhMe 92 02 oy <1 Moy P P zveny ‘d %
PP T us 50 < 100 13 (\r,’.\;, gy 0w 70% Pr
PLE-MEO-C ), 53 29 o <l Me P N
PhPCEHLL P o 72 66 <t ) PP\_’:’T 5 .ﬂh-‘\;’f:\cN “ 2
Other Lewis acids inciuding AMeCL AMORS, (R = Et, P, and Ph, 8 r/IQ, W A 50115 ,4\% N i sus
AP, BOC Fop,, BEL, and BF OB, ective. “G" yields estimated tsing oy [:l ! e
dodecane as an intemal stadard e B "kf"lnlcrl _vu:ld.;.m‘ somerieally pire products }mIe-‘A. otherwise n-m:-d
ACLCHy  CN NG Coledtt P 4Z4E == 84,16, ¢ The reaction was carried out usinig Nifeod): (4 mol %),
i i ianifi i il o ppb (4 ). 7 %3, % An isomer was also oblimed
. Lewis acid Co-catawsts 5|gn|f|canﬂy i SRR o 1{12{} ‘:‘:EI;‘I &), and BRI {16 mol %3, # An isomer was also oblamed m
H : i ! 60 32 9gh, S3%P  3gb,27% ke
enchanced the reaction rate W a8 Malmece m gl
. g Mo, SMay2c A" B0 13 3ge7O%  Fge W inkeal-t A-Catalv iy i
e i N R EN R Table 3. Hickel-LA-Catalyzed Alkylcyanation of Alkynes

« The most suitable combination of

«Condition A. PPhMe; and AlMe,Cl; condition B. PPhaCy and AlMe;.

Nifeod), (8 med %), Fgand (16 mal %)
oA F'n(dsn - ARyl ON

phosphine ligand and Lewis acid is
likely determined by experiment.

- Sterically congested tetrasubstituted
alkenes were obtained in good yields.
= Aryl, alkenyl, and alkyl C—CN bond
could be activated in the presence of
Lewis acid.

* CN was preferencially introduced into
less-sterically crowded side of alkynes.
* Aryl-Cl and Br bonds were intact.

*Isolated vields of isomerically pure prodacts. anless otherwise noted. ©
= 2LTHPOCUH N el “ The reaction was carried out wsmy Nifeod
mol %), ligand (10 mol %), and AIMexCl {20 mol %), 7 The reaction was
carcied out using 1.2 equiv of the alikyne. / PPloMe was nsed as a bgand
£(E)-3gh was also obtained in 5% yield " PPhoi-Pry <10 mol %) was
used as o hgand. | (EV(Z) = 5941 (7822 we S b/ (B} = 47:533 (3743
at 12 .

5.2.2 Alkynylcyanation of Alkynes/Allenes?

CN
Ph~==5—CN  [Ni(cod] (10 moi 55} PR, :
{1a, 1.0 mmol) E{alr(ktc:hcs](’.ﬂ :1; ;b;’ t\g\ Ph N
‘ . o N OCN* | LPh.CN {1}
pyp--===-py toluene, 100 °C, 3 h /:_< N(_/m\\/
{2a, 2.0 mmol) ey by . F;h
3aa
PPhy PPh; no additive; 1% 66%
,,,,J\l e ,L\j with BPh, (30 mal %} 69% 7%
LI
S {\k CN
N = CN
/ Ph
xantphos Ph J{l‘ =\
"Ni(Q)Ly —— - Ni(ll)Lp
NC{ N Ph
Ph |
Ph—==—-=cCN
Ph Ph CN
NG CN  _Ni(O)Ly NC ==
s | Ny,
Ph Ph/CN Ph =
CN/Ph CN/Ph Ph/CN s

Scheme. Cyclotrimerization of alkynes.

Adp-GH ¢ R WAL }ﬂ{
7w 2 tok U
[]
ety alkyh- CN slkyne vond® tmed)  poduct yinkd (%7

HOMC  ON may 7
7 [
P Pr

con

F Me-CN  Ta 2 [ 4
2 CLDeCN Tady 2 c 5

MoSi—

3 MeSI”CNTH 28 '] 17 Y= e
o e
B EN
4 ECN Vo 2a D 20 pd Bee 24
PP
Mk CN
5 T Moz SMay O 12 e Boe  T4Y
2 Ho!  Shle

7 Cendition C. PPhp(r-Bu) and AlMe;. condition D, 2-Mes-CH - PCly-
ad AlMe.ClL * Isclated yields of isomerically pure products. unk
otherwise noted. © The reaction was carried with a 10 mmol seale. ¥ 9%
deuteriation. © The reaction was carried out nsing 2.0 equiv of 7a and
Nifcodh, (10 mol %),/ PPhCya (20 mol %) and AlMe;Cl (40 mel %) were
used. #{ZWAE) = 919 (93.7 ar 3 b).

* Lewis acid co-catalyst changed the reaction pathway from
cyclotrimerization of alkynylnitriles to C-CN bond cleavage.

R i o
e AT . i
\ /NI :i 1 L i
L " g rd N/ o
; i/
R ON-B snc YR
R? 3
i~ ranlphos 8~ BPh, I
*L ¥ L
3 R I
o / Y i : =
\ 7 et
Ni ‘ Long F
v enes 20 gL
2 e B-NC R?

sible mechanism for the nickel/BPh,-catalyzed alky-

nylcyanation.

10M12



Table 1: Nickel/BPh-catalyzed alkynylcyanation of alkynes
Nifeodia) 0 1 Table 2: Nickel/BPh;-catalyzed alkynylcyanation of 1,2-dienes.

R R
W . . [Nifeody,} 12 mol %)
R-ZZ-CN + R'z==-Rt S oN f e OBIMMD amphes (2 mat %) Buble.Si o Bubde 5
4. 1.0 mmel) (2. 1.6 mmol} \3—'=~\‘\ Yt 4 BFti, {6 mo! %) 4 Buble i ‘__.:‘\ IN 2
RYOR R' R o folyens, 50 °C \]'/ R [
3 ¥ & 5 5 Ne”
{4. 0.80 mmaol}
Entry 1 2 no T[CH th]  Major product C ]
yield,® 373 Entry  1.2-Diene tih]  Major product,
MoO._x, MO, yield, ™ 5/51
i i L BuMz;Si -, CN
1 S 2a 0100 2 P e S, 4
11 N 1 e 19
LA
2n ped: Ph
2 e 2a 0 8 2 2 an 24
1c oN
Hax 3 P knswm"“‘ﬁ“ 17 ) T ~ 0 giMe U
3 N 2a 10 100 3 5¢.69%, 5 6%, 928
WubdeSi. CN
P ;"‘;" Y ’ ‘ Wk -
2 . 4 ?\,} 59 Lo
i Gl B 4d e
4 o oy 2a 10 100 3 50, 74, 5'd, <5% 056
Buble,S . Sle.nBu
ELS., 5 s 0B 66 i
5 “en 22 180 4 Y P “ NG
18 P 56, <5%, S'e. 55% 5785
3ta 95
. . BuMe,Si. ON |a] Yield of isolated product. [b] Calculated based on yields of isolated
e St "‘-"wT»;“\h products. [c] Estimated by 'H NMR analysis of the isolated mixture of 5a
6 w oM 2a Tog0 2 & and Sa. [d] £/Z=11:89,
Jga. 9% R
bl S BiblesSi ' | 1 sore {L"Mv
X Lo \ )
7 2a 380 2 / L
th TON
BuMe,Si-.
F 1g 140 15 Ty
3gh + Fgb. §5%, 83 17
A BuMe,Si (E:N
3 1g ¥ oy P 140 15 -l
3gc. 79% Yge. 17%, 82187
s BoMe,Sin,_ % PR
W g o ;:@ D e s - @ infact 8-ne
& M:g; <30, 2 Scheme 7. A plausible mechanism for the nickel/8Ph,-catalyzed atky-
V. D1
. TN N00Ne : nylcyanation,
n o 1g & T, POMe 4 g 17 e
3ge + I'ge 83%, 8217
o~ BuMeS. N « The present reaction system were also applicable
7 1g [ s a5 18 i for terminal alkynes and allenes.
u > - Alkylnitrile moiety intact.
3gf + 3'gf 86%, 955

a] Yield of isolated product based on 1. [b] Estimated by 'H NMR analysis of the crude product or an
isolated mixture of 3 and 3'. [c] 2.0 mmol of 2a was used. [d] Calculated based on yield of isolated
product. [e] 1.1 mmol of Ze was used.

6. Summary and Perspective
6.1 Summary of the Reactions Outlined Today

aldehydes 2.2 alcohols 3.2 | - Substrates containing both soft and
+ o,p-unsaturated ketones/allenes + carbonyl compounds hard moieties are generally used (2.2,

+H2

2.3,4.2, 4.3, 5.1).

- Simultaneous activation (4.2, 4.3, 5.1)

Brensted base- | yg sequential reaction (2.2, 2.3, 3.2)
promoted - Bronsted/Lewis acid (2.3, 4.2, 4.3, 5.1)

aldol condensation| 5 Brgnsted base (2.2, 3.2)

- Bond reorganization (2.2, 2.3, 5.1)

» Bond formation with a minimum

amount of side product (3.2, 4.2, 4.3)

Rul/lr-catalyzed
Brensted base transfer oxidation/

trapping the acid hydrogenation

generated in situ

Rh/Ir-catalyzed
reductive C-C
bond formation

a-alkylated carbonyl compounds

aldol adducts/allyl alcohols + H,O
aldehydes/ketones/imines 2.3 allylic/propagylic alcohols 4.2 aryl/alkenyl/alkyl/alkynylnitriles 5.1
+ alkynes + NuH 4.3 + alkynes/allenes
+ H2

Pd/ Ptl" Ir/ Hé"' Lewis/Bronsted Ni-catalyzed Lewis acid
Rh/lIr-catalyzed Brensted acid | ?a}a yze i acid activation of | | carbocyanation of assisting C-CN
reductive C-C protonating allylicipropagylic alcohols - alkynes bond cleavage

substitution

bond formation the intermediate

allylated/propagylated Nu 1-cyano-2-aryl/alkenyl/alkyl/alkynyl-
allyl alcohols/amines +H,0 alkenes/propenes
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Reference:

6.2 Perspective

- Enormous combinations of transition metal chemistry and acid/base

catalysis are available.
» The combination would make possible the reactions that cannot be
achieved by conventional catalysis methods.

Saicic, R. N.; et al. Org. Lett. 2007, 9, ASAP.

allyl moiety
aldehyde

Pd-catalyzed HOMO

Scheme 1. Attempted Intramolecular Allylation of Esters Tsuji-Trost activation
OMs allylation with enamine
| CO:Me
LDA THF L/‘
fL/ __[ 480w 0;'\J\ 5,6-membered
MeO,C O carbocycle
\
OBn LDA. THF GO:Me Table 1. [Pd}/pyrrolidine-Cocatalyzed Cyclizations of
N ——-xm-—- Aldehydes
MPA
OTBDMS _75 ‘Cton BnO" ield”
M v
e0,C SreOMS ertry reactant method®  product s 9
| kHMDS 1 Br
sl OHC
1t 2
H * W6 & " C‘\\ 72%°
MeO,C N 4 i 12
2 OTBDMS
2 OHC o B 63%°
Scheme 2. Mechanism of the [Pd]/Amine Cocatalyzed D ,O/T
Cyelization
OHC, S 5
2 ) 3 QOHC._ACO B 53%
H:0 1
Y
0 Catalytic cycle 6
I?L ) starts here Br
S
. X 4 OHC P A 5%
b 13/1
[PdLs] \ OHC Pl
\ ‘ EtO,C COEt EIOE
1 Br
M\ 5 OHC P o
L./ 03 X A : 3 %
Wy ” N " N 10/1
\gl ﬁ # Ts 8 Ts 14
~ L
3 \X/ = |
6 OHC A 680%
[PdLy] /1
]
Scheme 3. Catalytic Asymmetric Cyclizations
Br 7 ;jg | B O,\ 5%
RIS ol
SR / 10/1
OHC~ #  (RIMBINAPIPA (7 mol %) ) 10 2
Pyrrolidine, EtaN
Et0,C  COuEt THF EtG,C COREt __CHO
7 13 :
o,
0 °C, 2 h: 40%, 37% e 8 A s
20 °C, 4 h: 40%, 91% ee BnO™ 71
16 OTBDMS
OHC, Sy
(R)-(BINAP)Pd (10 mdl %) {2) @ Method A: Pd(PPha)s (5 mel %). pyrrolidine (40 mol %), EsN (1
N eqm&) THF, rt, 30 min. Method B: Pd(PPha)s (5 mol %). pyrrolidine (40
Pyrnoiidme EtsN Ts mol %), DMSOQ, rt, 30 min. * Yield of the isolated. pure compound.
14 “Isolatcd as the corresponding aleohol, after the reduction with NaBHy,
8 410 mol % of Pd(PPh;)s.

0 °C. Bdays: 27%. 53% ee
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