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Chapter 0. Introduction
Trans Fat Problem
Trans Fat < Substance in margarine, shortening, etc
 Byproduct made throughout the manufacturing process
* Potential risk of coronary heart desease (CHD)

& Hydrogenation is used in the manufacturing process of margarine.
ex) Hydrogenation of oleic acid

Oleic acid [oi] T ¢ T Stearic acid [solid]

i Trans Fat
i (unsaturated fat with trans-isomer fatty acid)

M Hydrogenation has solved several problems in food market.

Butter Margarine
» Unstability for supply (made from milk) improved | . stapiiity for supply (made from vegetable fat)
« High cost * Low cost
+ Perishable (impossible to store long time) » Nonperishable (conservable)

Hydrogenation can be applied for food business because of its efficiency.

Industrial Hydrogenation
Hydrogenation is True Green Chemistry.

ex1) Haber-Bosch Process Efficiency
Fe * Excellent Atom Economy
N, + 3H; —> 2NH; * High Cost-Effectiveness
x2) Hydroformylation (Oxo Synthesis) * Step Ecoﬁ”y

Rth
RN+ CO + Hy /\/LL I

ex3) Fischer-Tropsch Process

Fe
(2n+1)H, + nCO —> C,Hz,:2 + nHy0

Creating C-C bond through
effective catalytic hydrogenation

TODAY'S THEME :
~ Catalytic Hydrogenative C-C Bond Formation ~

Chapter 1. Krische's Work

Chapter 2. H,-Mediated Coupling of Acetylene

o] MLn (cat.: OH =

2 HCSCH +
R1)LR2 Hp (1 atm) R1R =
2

Chapter 3. Catalytic Allylation via Auto-Transfer Hydrogenation

OAc OH MLn (cat.t oH
Y + U MRZ
R4 R

R

Chapter 4. Conclusion
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Chapter 1. Krische's Work

Krische group mainly focuses on "Metal(Rh, Ir, Ru)-Catalyzed Hydrogenative C-C Bond Formation™.

Three Important Pillars in Krische group

—— (1) Catalytic Reductive Aldol Coupling
0 . )I(L MLn (cat.) O XH
—_—
R1)Jm Rs H, (1 atm) RHYKR:;

— (2 ) Catalytic Vinylation of Carbonyl Compounds via Transfer Hydrogenation

XH  MLn (cat) B
Ri—R, + : —* R, X-TR,
R3 R4 R R3
2
L—— (3) Catalytic Allylation / Propargylation from the Alcohol Oxidation Level
e R XH MLn (cat.) - I
/\r 2 4 h _— —NR
~ 3
R1 R3 R1 Rz
Time-Line of the Major Wor
O]
2002 2006 2007 2008 2009
enone enone
(1) Aldol + aldehyde Eilioborda + aldehyde
(intramolecular) Y [asymmetric]
- - yne (conjugate) yne acetylene ------ yne -------
(2) Mnglaton + ketone + ketone + ketone i + alcohol :
allenéwg allene + alcohol
+ alcohol [asymmetric]

(3) Alylaton e/

+ alcohol [asymmetric]

-

diene allyl acetate + alcohol

=5 e iefoous on [ H,-Mediated Coupling of Acetylene (Chapter 2.)

Catalytic Allylation via Auto-Transfer Hydrogenation (Chapter 3.)

Review
1. Acc. Chem. Res. 2007, 40, 1394 5. Aldrichimica Acta 2008, 41, 95
2. J. Org. Chem. 2007, 72, 1063 6. Angew. Chem., Int. Ed. 2009, 48, 34
3 Synthesis 2008, 17, 2669 7. Chem. Commun. 2009, ASAP
4. Chem. Lett. 2008, 37, 1102
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Chapter 2. H,-Mediated Coupling of Acetylene

2-1. Background

(J. Am. Chem. Soc. 2009, 131, 16054)

Idea
Hydroformylation Hydrogenative Coupling
X
MLn (cat.) H O MLn (cat.) H YH

RN R S O W [t EE S WL el S

C H, (1 atm) Ry H 5 R4 H,(1atm) Ry RaRa

Olefi Carbon Hydroformylation R,
e Monoxide > 7 Million Metric Diverse Substrate General Hy-Mediated
Tons Annually Combinations C-C Coupling

Data so far

SCHEME 7.  Asymmetric Hydrogenative Coupling of Conjugated Alkynes to Activated Carbonyl Compounds and Imines: A
Step toward Hydrogenative Reactions Involving a-Olefins and Styrenes

Rh{COD),OTT {5 mol%)
!R) 3.5-tBu-4-| MeOMeOQ\PHEP

R W 9 (RXYyWALPHOS (5 mol%)
v 4 T PhCCOH (T mal%] &
il LA 72% Y!e!cl 78% Yteld 2% neld 76% Yield
90% ee 94% ee 5% ee 92% ee
RI(CODLOTS (2 mol%) BocHN.
(RI-XYWIWALPHOS (1 moit) ?\% y\%
OCH OCH Et o)
\/ % pn,coozw 1 moi%) HeloH T R e oM T B
gég :g‘% 87% Yield 98% Yield 92% Yield 80% Yield
90% ee 90% ee 92% ee 91% ee
AC
Rh{COD),OTF (2 mol%) Ph
(RI-XyMWALPHOS (2 mai%) ~ BocHN BocHN. -
Ry Roe Anng O (R-TOHBINAP (2 moft) ~ ); J-H:/ N 2
L e ————————e i %
\} I PhyCCORH {2 mol%) HO T> HO CHy HG H
Hy (1 atm) ma ‘(leld 89% Yield . 82% Yiekd 76% Yield
DCE, 40°C 97% ee 90% ee 92% ee
RN(CODL,OT! (5 mol%) SackN L Hy
nj\o __BIPHEP (Smoi%) _ f\‘;\j*oa - & .
f n,.,s, T maam atm) NHSOR NHSOR HSOR NHSOR
DCM, 25-35 °C 94% Yigld 68% Yield 92% Yiekd 2% Yield
=955 dr >955 dr >495:5 dr >95.5 dr
Silhtigies I activated carbonyl compound / imine Cationic Rh cat, Result - moderate yield
" | conjugated alkyne Brensted acid eSUt= 1 high ee

Proposed Mechanism

H.C o] R O Rh catalyst coordinated to alkyne
3 OEt
FPEt & OFEt R Rz
Ll"l |’|| LBRrh"“qCHE \ ‘/,J(\,/ 2 e Ry
i I R{” RhlLn RhYLn
H— H N
o R
® Q L S OEt
LnRh! Slow -oH Lngn  QCHs Back Donation
R o] H Q ’.....
- A
/\%\f‘l\ E’A o Le |-PE‘ P’“k /;%\QLI.PE‘ ‘6 low valent Rh!  alkyne
n LnRh /
B Wy ( n-Back-Bonding Confers
[ . Nucleophilic Charact
D R’k _-H — . — - =
0
c

A-D . Hz oxidative addition through high energetic four-centered transition state
A - B -C - D : metallacycle protonolysis with carboxylic acid, followed by hydrogenolysis of rhodium carboxylate

<Braensted Acid as Cocatalyst> H-H
La" Rh-o)f_
H-H H .
LR / i J \ LnRh""-H = i
)’_H 21.9 keal/mol + ix-centered TS (C) is favorable
o r H-H 1 0 and rhodium hydride is formed.
0 keal/mal \ tn"rRh .0 / HOJLH
0%
H

" 10.2kealimol - Musashi and Sakai JACS, 2002, 124, 7588 LA



2-2. Hydrogenative (Z)-Butadienylation Using Acetylene

Optimization
Table 1. Optimization of the Hydrogen-Mediated Reductive

Coupling of Acetylene and Phenethyl Glyoxalate? Rh source, phosphine ligand and additive are examined.
Rh-Catalyst (5 mol%) OH
HC=CH RDW]/?L Ligand (5 mol%! RO. o
(1 atm) o, B H; (1 atm), Additive " BIPHEP : O O
a
R = (CHPh DCE (0.1 M), 25°C Ph2P Pphz
entry Rh catalyst ligand additive 1b yield% Entry 1.2 Néid is esserifia]
I Rh(cod),OTf  BIPHEP  TPAA (PhyCCO.H) 32 T '
R s L L —— Entry 1, 3 - 6 : The rhodium(l) counterion plays a decisive role.
3 [RhCl(cod)} BIPHEP not observed
4 Rh(cod)BFs  BIPHEP 41 Entry 7 - 9 : Screening of standard phosphine ligands
5 Rh(cod),SbFs  BIPHEP 51 y ' g orsla HAAsp 9
B0 Ri(eodpp BARE | BIPHEP | TPAA L i Entry 10, 11 : Adding Na,SOj, as a dehydrating reagent

not observed
not observed

7 Rh(cod):ShFs PPh:
§  Rh{cod)ShFs  DPPE
9

Rh{cod).SbF rac-BINAP y 29 —
..ib...}iﬁ%&;a,;?égi:.:. ..... ﬁf[.P.i—.{.El:i).”“““““""""'H_: .......... S 9 .............. Afterward, Rh counteranion is changed.
11 Rh{cod),SbF; BIPHEP TPAA—Na SOl 68

[Rh(cod),]SbFs — [Rh(cod);]BARF

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

solubility small < large

Proposed Two Catalytic Cycles
There seem to be two possible catalytic mechanisms shown below.

Scheme 1. Hydrogen-Mediated Coupling of Acetylene to Pyruvate 1a (TPAA = Ph,CCO,H) and Plausible Catalytic Cycles A and B
Consistent with the Results of Deuterium Labeling

[Cycle A] : High Possibility

o}
CH:
Os-OR RO)I\( :
- o}
@ FTNCHs 1a B e HCECH
il i, (]
LnRA | LnRh @
TPAA c B ®
"CYCLE A" Lr;f*hl
Ox OR
0
CH
%O CH3 @m 3 /\ “
PhsCCO—RA" | D—Rh RO
LA \e= E LA HO CHz I D
D PhaCCO,D E deuterio-1b

A - B - C : acetylene dimerization to form a cationic rhodacyclopentadien, then carbonyl insertion

.......................................................................................................................................

[Cycle B] : Low Possibility

—
CH
Ro/kn’ : ® F c TPAA

: - LnRh! "CYCLE B"
i 1a,R= (CHg)gph A RO o) RO 0 g
o
: RO | Rh"-D | Rh"'—0,CCPh;
E HO CH3 ™ D — Ln 7 —/ Ln i
deuterio-1b, 73% E Ph,CCO,D D

e nmEaEssssaEEsAEssssESIEETEEEEEEEERAEEEENENEERGEEETEaSEES N EEEEEEEEEEEAEEEEEasEsesstsAAEANENIEEEESEEAESARESSARESRSissensEEnEEEEanE

A -F - C : acetylene - carbonyl oxidative coupling, then insertion of a second acetylene
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Mechanistic Study

S ¢ for Cvcle A (a) ESI-MS /ESI-CAD-MS
Purpose { upporj oriyae o C—> Analysis{ (b) Computational Modeling (based on DFT)
Excluding the Possibility of Cycle B - 2 ;
(c) Experiments of Putative Intermediate

(a) ESI-MS / ESI-CAD-MS Analysis

[ESI-MS]
625
100~
i ® H
(BIPHEP)Rh —» |
O | 1. Key MS of Cycle A are observed.
g»‘phz o = (m/z 677, 900, 1188)
O 4— | (BIPHER) R@ N\
B :
—— "Derived from Cycle A" 2. Key MS of Cycle B are NOT observed.
l COLEt |
337 8 Dgar CO4ET
RPRER u’i ¢ lownen g:ijm 3. MS of intermediate E is not obeserved,
l prged it g due to rapid reductive elimination.
1o
i 5’:35 l <4 (BIPHEP)?R@
243 |
I | 509 1 900 | 1188
R % I 0 L T 110 R H ]. il
200 400 600 800 1000 1200 1400
[ESI-CAD-MS (MS/MS/MS) of the ion of m/z 1188 (intermediate D)]
100+ 716
: O TEF’“ COE . A .
! 5 ?th? Ar pores MS of intermidiate C is also observed.
I O ar .
O = (BIPHEP) th reversible
Priocd, =~ D > intermidiate C <—= intermidiate D
CO,EL l
@J/O Ar
(BIPHEP) RK f 1188
o, O e
337 Fc:)th l
! ‘ 900
| |
| 822
0 —’“j,m,, 6 M " T e sl
400 600 800 1000 1200 1400
m/z

[CAD-MS | B U2 T LBEESHEICDNT
CAD-MS (Collisional Activated Dissociation Mass) : {22554 L B2 R OHTiE
1721t H15 HRF v i— Ei5

—}B!I 0O [ BT LEBHHTE (MS/MS)

Shis o A', BY, CL BHREOWHEEIICEE. HED

: ot = B™ = o . ‘
A B, C \‘ O (DT AR 1F 2 DHEEIREY
ol | O 5 | RECAEYY
MS1 MS2
BRAG:124-R) 008K -p-Ch XL U DEE
I 145 182 s l 286
| 295 225
ci g g | £
cl o o ey B =
:@ g ! ¥ fis - = {3 180197
z % =
(o] ® & 1 e 1 = I It 253
Cl ! | i S lljl ‘ | } i i '|'I _{1
1.24-F)#00 100 200 300 iz 100 200 300z 100 200 300 iz
R g T S VR L TR AT 286 ORHDAE L FLYAIAY F Il 12,4, MUGRE YA p- S L
OIRIEI R, RUAETWE v R
MS 1 M52 AN B
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(b) Computational Modeling (based on DFT) Analysis

52% Isolated Yield in the Absence of PhaCCOzH

75% lsalated Yield in the Presence of PhaCCOxH

[Cycle A] [Cycle B]
= -, /ﬁ ....................... ’ S
iy ¢ -+ (& I akb ! Ph :
P:R’E_‘\\ — CP‘H \" — C ij _'“"' RO P\R‘“il i \FSZ"*-*- ! P~ O p-Ph R=0% I
’/// p* f/ a\-‘ Q. 0'(} L‘!x { Cp O PC;:’ i
3 3-TS 5 R ; R j
l 3A 3ATS
o ~ " N B s :
RN W, A Cr — RE
0-Rh s SRR I . P’ . Rh
oA, TASR D) e )| T
o M R R [o] 5 “(R — CyCle A
17' 7 6 5-TS _ ~--== Cycle A'
" pe -~ Cycle B
ggj_fr 4 HO \ Q: -+ TE
o Y &N | R
: s} T S )
o, 00— @
H R a H R Q
TS TA &
[
-59.7
+ H
1+ “Fqt + 2 . Estimated value (see text for details
g‘?ga/’" 3 gpf a3 ':s;:?f” 3} = . ( g )
“Rhy Lo-Rh ) O-Fh Figure 2. Computed reaction energy profile,
P Mo ¢ o < I
8 o HEg ® R .
g T - Reaction cycle should be determined by the barrier
of the first TS (3-TS and 3A-TS).
o e t (Pt Cycle A : 15.9 kcal/mol (3 - 3-TS)
)L ‘1 } C Rhe H Pl Y Cycle B : 23.3 kcal/mol (3A - 3A-TS)
H HO' HO, %
R ——> Cycle A has a priority.
9 9.TS 10
(c) Experiments of Putative Intermediate Analysis
< Experiment 1 > : < Experiment 2 >
Scheme 3. Rhodium-Catalyzed Coupling of Acetylene to Aldehyde i Scheme 4. Rhodium-Catalyzed Hydrogenation of Acetylene in
14a in the Absence of Hydrogen and Bronsted Acid Cocatalyst : the Presence of Dehydroalanine 15a Delivers the Product of
Delivers Ketone 14b. Corroborating Intervention of the Proposed i Reductive [2 -+ 2 + 2] Cycloaddition 15b, Corroborating
Oxarhodacycloheptadiene Intermediate ¢ Intervention of the Proposed Rhodacyclopentadiene
¢ Intermediate
[Rh{cod);]BARF (5 mol%) i -_ g théﬁ{;ﬂQ?’(’;ﬁ,ﬁ@?E%) B0 wits B2 s
9 rac-BINAP (5 mol%) o I \")‘oa 2 HC=CH U
prnN._J 2 HCECH ————————= PN : (1 atm) MgSO; (200 moi%)
(1 atm) DCE, 45°C : 15a Ha (1 atm) 15h (4.5.1) iso-16b
14a 14b HC DCE, 45 °C
@ @ : LoRn LnRA'
LnRA! ?/ 8% Isolated Yield in the Absence af Ph;CCO,H \(

LnRH ?/
NG
J:__:Rh'"Ln

0% Isolated Yield in the Presence of PhaCCO;H

NPhth

RhM(H)LA

Isotope Check

thn\j\D 2 HCECH

(1 atm}

[Rh(cod)z]BARF (5 mol%)
rac-BINAP (5 mol%)

D
PhthN

deuterio-14b

DCE, 45°C
deuterio-14a

Coupling of acetylene to aldehyde 14a is performed
in the absence of both hydrogen and carboxylic acid.

U

f-hydride eliminated 14b is obatained.
(supported by isotope check)

corroboration of the proposed
"oxarhodacycloheptadiene intermediate"

: EIOC s
i @us
s Rh"Ln
Rh"(H)(Ln)
H
RAM(LA) .
NTs  PhaCCOM NHTs PRiGCOH
COsE GOEL Hz

Rh"{Ph;CCO3)(Ln)

Isotope Check
[Rh(cod)] SbFs (5 mol%)

Ew0,c P
a s BIPHEP (5 mol%) TsHN
2 HC=CH
TSHN\")LOEI e TPAA (5 malh)
(4 atm) MgS0; (200 mol%)
15a D5 (1 atm) D
DCE, 45 °C deuterio-15b

Coupling of acetylene to dehydroalanine 15a is performed
under the standard condition.

U

Product of reductive [2 + 2 + 2] cycloaddition 15b is obatained.
(supported by isotope check)

corroboration of the proposed

"rhodacyclopentadiene intermediate” &
[




Chapter 3. Catalytic Allylation via Auto-Transfer Hydrogenation (. Am. Chem. Soc. 2008, 130, 14891)

OH OH
0 OA OH MLn (cat.
1 1 1

1
M : B, Si, Ti, Sn, etc. + Metal Waste

Idea

i Tsuji-Trost type Reaction
i O-Allylation through conventional allylic substitution:

OC ML, (cat.)

o~ _-Ohc I P R

l

(HOAC)

TABLE 1. Reaction of 2a with 1 Catalyzed by

Ir{cod):]*BF4~ @
(o]
lincod)1'BF
CgHy70H  + W i
e Aoz Toluene, 100 °C, 5 h
2a 1 (1)

3a 4a 5a 6a

A stoichiomeric reaction of 1 with 2a afforced ally octyl
ether (3a) (23%), octyl acetate {da) (1%), octanal (5a)

conv (%) vield (%)
run 1 {equiv) 2a 1 3a 4a : 5a 6a :
1 1 84 76 23 1 ! 16 :
2 2 87 50 56 1 i1 11 ¢
3 5 96 24 86 4 P4 2z i
4 10 »99 27 9y e, ind nd:
56 0 5 3 trace nd. ind ndi
[ 10 3 I ond 1 fnd, ndd
74 10 19 1 7 11 R H
8« 10 99 21 4 13 ! nd. H
9 10 49 15 27 trace §nd. T

9 2a (1 mmol) was allowed to react with 1 in the presence of
[[r{cod)2] *BFy~ (0.01 mumol) in toluene (1 mL) at 100 °C for 5 h.
2 [IrCl{cod)]z (0.01 mmol) was used as a catalyst. © [IrCH{CO}P-
Pha)s] (0.01 mmol) was used as a catalyst. ? [Rhicod),]*BF,~ (0.01
munol) was used as a catalyst. “ NazCOj3 {0.03 mmol) was added.
At 90 °C,

ML, (cat.}
|:> ~_-ORC I\R H /\/I\R
i ﬁ\) (HOAC)
ir!_,, — R

R

Transfer Hydrogenation
C-Allylation through transfer hydrogenative coupling:

OH OH

Nucleophile-Electrophile

< Allylation of Alcohol by Ir Catalyst >
Ishii et al JOC 2004, 69, 3474

Allyllation of alcohol is difficult to be achieved
by simple Tsuji-Trost type reaction

+ Ir catalyst instead of Pd catalyst
* Optimization to lessen byproduct

Entry 8 : Transfer hydrogenative product is major.

— Conbination of Ir catalyst and base can enhance
"Transfer hydrogenation reaction" 1?

Transfer Hydrogenation Under Basic Condition

OH MLn OH
/\IOAC —_—
Base, LnM )( )C Base, LnM
Base-H 5 LnM.o Base-H
=~ Mn || — 5

Optimization
Table 1. Selected Optimization Experiments lllustrating the Effect
of Basic and Acidic Additives and Iridium Source in the Transfer
Hydrogenative Allylation of p-Nitrobenzyl Alcohol 1m?®

OH IrLn (5 mol%) OH
0,
A~ OAC kAr BIPHEP (5 mol%) /\)\Ar
Base (20 mol%)
10 equiv. im Additive (10 mol%) 3m
100 mol% THF (0.2 M)
Ar=p-NOPh 100 °C, 20 hrs
Entry Base Additive Iridium Source  Yield (%)
=f1 Cs,CO; m-NO,BzOH [Ir(cod)CI], 80
2 K;CO3;  m-NO,BzOH [Ir(cod)Ch2 21
3 Na,CO;  m-NO,BzOH [Ir(cod)Cl]a 15
4 Li,CO3  m-NO,BzOH [ir{cod)Cl] 12
e TENOZBZOH fircodClly | <5
g |6 Cs,C0; [ir(cod)Cil, 47
& 7 — - [Ir{eod)Cl], 10
ol 8 - m-NO,BzOCs [Ir{cod)Cl], 72
£1.9...G500; mNOB2OCs  lifcod)Cll, 79
§ 107 Cs,C0, T 0 NO,BZOH ircod)Cip, T 39"
11 CsaCO;  p-NOy;BzOH [Ir{cod)Cl]2 49
12 CsyC04 BzOH [Ir(cod)Cl]z 39
13 CspCO; p-MeOBzOH [Ir(cod)Cl}, 42
14  Cs;CO;  m-FBzOH [Ir(cod)Cl], 41
1505200y mNOJBzOMe  [rcod)Cll, 47
£ [1677Cs,C0, L [ir{cod){BIPHEP)EARF 41"
E|17 Cs,C0; m-NOBzOH [Ir(cod)(BIPHEP)IBARF 72

Base, additive and iridium source are examined.

SaW S
ol SO &,
a Ph,P PPh, F4C A

m-NO,BzOH BIPHEP BARF

Entry 1-5: Cs,COs5 is best.

Other carbonate bases

No bases added ] far less effective

Entry 6 - 9: Base is essential,
Acid promotes the reaction.

Entry 6, 10 - 15 : m-NO,BzOH is also crucial.

Entry 16, 17 : neutral Ir complex = cationic Ir complex
[Ir(cod)Cl], [Ir(cod)(BIPHEP)]*
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Table 3. Selected Results from an Assay of Chiral Ligand in the
Transfer Hydrogenative Allylation of Cinnamyl Alcohol 1a and
Effect of Temperature on Enantiomeric Excess®

Table 7. |r-Catalyzed Transfer Hydrogenative Allylation of Benzylic
Alcohols 1m-—u®

OH  [Icad)Cll, (2.5 mol%) OH
OH [Ir(cod)Cl]> (2.5 mol% OH R)-BINAP (5 mol%
oac U Ch(iral l).ig]azn(d (5 rnol"}:»)} AORC I\ﬁ\r il /\/'\Ar
e R el i e b 0 e e R ) Cs,CO0; (20 mol%)
. Cs,C03 (20 mol%) 10 equiv. 1im-1 U m-NO,BzOH (10 mol%) 3m-3u
10 equiv. 12 m-NO,BzOH (10 moi%) 3a 100 mol% THF (0.2 M)
.‘I_DO mol% THF (0.2 M) 100 °C, 20 hrs
R=CH=CHPh 1g0°cC, 20 hrs
Entry Aryl Moiety Alcohal Product Yield (%)} ee (%)
Enty T°C Chiral Ligand Yield (%) ee (%) | p-NO:Ph Im Jm 72 91
= 2 -(COMe 77 93
= (1 100 (R)-C1,MeO-BIPHEP 71 91(R) = ’géi:ﬂ:ﬂ? % }L‘ g:: ik ;‘,
iy 80 (R)-CI.MeO-BIPHEP 61  93(R) 1 A % 3p 6 »
|3 120 (R)-C|.MeO-BIPHEP 59 90 (R) M »-BiPh 1q 3q 2% "
4 100 (R)-MeQ-BIPHEP 69 80 (R) 6 o-MeOPh fr Ip 20 92
5 100 (R)-BINAP 64  90(R) 7 p-MeQOPh Is 3s 73 93
6 100 (R)-tol-BINAP 51 88 (R) 8 3.5-CLPh It 3t 61 92
7 100 (-)-TMBTP 59 82 (R) 9 2-(N-Me-indolyly 1u 3u 55 90
8 100 (S-C1-TUNEPHOS 80  70(S)
2o 100 (R)-C2-TUNEPHOS 7 TR
2|10 100 (S)-C3-TUNEPHOS 72 78(5) Table 3. Cl_MeO OMe Cl
= 100 (S)-C4-TUNEPHOS 57  80(S)
[ . .
=12 100 (R)-H8-BINAP 68 85(R) Ligand : D O Temp. : 100°C
9113 100 (S)-BIPHEMP 68  80(R) Ph,P PPh,
14 100 CTH-(S)-P-PHOS 71 86(S) (R)-Cl,MeO-BIPHEP
15 100 (R)-SOLPHOS 41 40(R) Table 7.
16 100 (S)-SEGPHOS 69 78(S) able moderate vield
117 100 (R}-SYNPHOS 69  83(R) Aromatic substrate scope —> [ high ee y
Mechanistic Study “ortho-cyclometalated iridium(lll)-z-allyl complex"
. . . Str ined by single-crystal X-ray diffraction
< Xjray Diffraction Analysis > ucture determine: y single-cry y di i
Preparation

80°C
1h

[Ir{(cod)Cl], in THF (1.0 eq.)

(R)-BINAP  (2.0eq.)
m-NO,BzOH  (4.0eq.) 80°C 15 emove

Cs,C053 (40eq.)

hexane crystalize
—— precipitate ———

THF-ether

3h  m-NO,BzOCs

——— Filtration + _~_OAC

(2.0eq.)

Complex V

0

NO,
View Down C;—AXIS View Facmg Plane of n-Allyl

:) Does Complex V serve as an active catalyst?

Confirming the Activity of Complex V

71 Scheme 1. Experiments Corroborating Intervention of

Ortho-Cyclometalated Iradlum{!II}Av-Allyl Complex V as a
Catalytically Relevant Entity”

[Standard Condition]lo [Ircod)Cllp (2.5 mol%) OH
0,
~ohe I RBINAPEmoy) o A
) Cs,C0; (20 mol%)
10 equiv. 2N ;NO,BzOH (10 mol%) 3n, 74% Yield
100 mol%  i_prOH (200 mol%) B6% ee
Ar= p-COzME THE (0_2 M)
100 °C, 20 hrs
[Using Complex V] OH
A~ OA 'k {CompiexV Emol%)i _~
) Cs,C05 (20 mol%)
10 equiv. 2n i-PrOH (200 mol%)  3n, 90% Yield
THF (0.2 M) 6% ee

100 °C, 20 hrs

Check 1 : Reactivity / Selectivity of Complex V

When using complex V,

Superior Conversion
Opt:cal Enrichment

LnIr—-—O

are observed.

Structure of 0
: NO,
i is important in reactivity and selectivity '?

............................

[ Table 4. Selected Optimization Experiments lllustrating the Effects

of Substitution of m-Nitrobenzoic Acid on Conversion and
Enantiomeric Excess in the Transfer Hydrogenative Allylation of
Cinnamyl Alcohol 1a®

OH  [ir(cod)Cl; (2.5 mol%)

A~ Ohc I\ (R)-CMeO-BIPHEP (5 mol%)/\/l\
. Cs;C03 (20 mol%)
10 equiv. 1a  Acid Additive (10 mol%) 3a
100mol% ° THF (0.2M)
R=CH=CHPh 1009, 20 brs
Entry Carboxylic Acid Yield (%) ee (%)
= 1 Ry=Rp;=Rz=H R, O 71 91(R)
2 No Acid Additive N 8 47 (S)
3 Ry=Me,R;=R3z=H OH 48  B5(S)
4 Rz=Me,Ri=R3=H R; R 50 67(R)
5 Rz=Me,Ri=Rp=H 69 91 (R)

Check 2 : Effect of Substitution of m-NO,BzOH
Entry 1, 4, 5 : (R)-isomer

The preferred site of cyclometalation remains free.
H Olrkn Lnir—O

o O
NOZ N02

Entry 3 : (S)-isomer
Methyl group blocks the preferred site of cyclometalation.
Me OlrLn

e
NO,
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Scheme 2. Ir-Catalyzed Transfer Hydrogenative Allylation of
ally Labeled Allyl Acetate®

Benzylic Alcohol 1n Employing Isotopic

1 ebl

9%

OH
BIPHEP (5 mol%)
—_—.

Cs,C03 (20 mol%)

/y OAc

DD

m-NO,BzOH (10 mol%)

1n, 100 mol%
Ar = p-(CO,Me)Ph

THF (0.2 M)

10 equiv.
100 °C, 20 hrs

[} Scheme 3. Experiments Establishing Rapid Redox Equilibration in

Advance of Carbonyl Addition”

OH Standard Conditions

Employing BIPHEP
A~ OAC kPh mploying i
10 equiv. 1p, 100 mol% ﬁ\ '

Ph{p-NO;)
2m, 100 mol%

? Standargr Conditions
A~ OAG LPh Employing BIPHEP
10 equiv.  2p, 100 mol% PH '

Ph(p-NO,)
1m, 100 mol%

cf. Redox ability of [Ir(cod)CI],

Oxidation of benzyl alcohol to benzaldehyde

[Ir{cod)Cl]; (2.5 mol%)

/\)\Ph

! 95% Yield

Check 3 : Deuterium Labeling of Allyl Acetate
Equimolar quantities of deuterio-3n and iso-deuterio-3n

OH
/Y\Ar :> rapid interconveésion through z-allyl complex
DD
io- : OH g
deuterio-3n : P pnpl | wbPh,  PhoPel PPh,
83% Yield RS Ar i ~0
1:1 Isomer Ratio : DD :
OH { deuterio-3n e o
D U e
= Ar \ D D/ NOZ \\\\ \

iso-deuterio-3n

ol [ g

1o
0
NO,

Check 4 : Competition Experiments
Similar product distribution is observed.

Y

- r:
D :
o-deuterio-3n }

OH

3p:3m, 1:3.7 ©

/\)o\H """ rapid redox equilibration in advance of C-C coupling
al E(pNOg) } Oppenauer / MPV type redox?
3m
........................... e
/\/?:' (ﬂ" Oxidation ﬁ\ :
Z7 "Ph Ph Ph
3p :
£ 50% vied iM—Ln  H—I"-Ln
Spidm, 120 ; :
OH (o] 2
OH :
/\/k k MPV-t IL
& Ph(p-NO;) Ph(p-NOy) ~ MPV-type Ph(p-NOy) §
T 1 B ey sats A am ey pA R e sy nedm A h AA SRS A A SRS AN AA L H

by various catalytic

system *
— S == s Entry 6 : [Ir(cod)Cl]; itself doesn't have redox ability.
Entry Catalyst Acetone (ml) Yield
(‘3’:'} b N02 NOZ
o] 0,
1 [Cp*IrClyl, 10 13 — GF i BEER
2 [Cp*ErCly), 10 71 - i ,
R = ¢
' p*IrCls, 3 7
5 None h i
ave the ability of hydrogen transfer redox?
) B
7 [Cp*RRCLL],
8 RuClL(PPhy), 10 3
Yamaguchi et al J. Organomet. Chem. 2002, 649, 289
< Proposed Catalytic Cycle >
NO, NO, NO,
e . . o
K ] Sl O@ _~~.Onc | lIb :Anion is stabilized by
/’ d_ ) T, e Hoac O, o-carboxy and p-nitro group
NS Ln’L‘OYR DYR L " -
2 . ore .
0 R H o} IV -V : Rapid equilibration
Vil | lib . . . . %
) do (X-ray diffraction / isotopic labeling)
Lo R Lol
noi
i H?% HEc VI : Homoallyl iridium alkoxide
liib o : R
. ’\\ . NO, NOy NO; (disability of g-hydride elimination)
/\)\ < —_— ]
# R OZTQ ‘To e = o ©oac | VI - VI : Change for reactant alcohol
Me,CHOH éRR =R'=Me) Ln/:'r‘O R T L"/lr\ﬂ Ln/lr\/\\‘
Reactant Alcahol (R' = H) Vi J V. X-Ray Struclure i
Ln = (R}-BINAP
oIV Other Proposed Pathway | e
: NO, NO, _~_-OAc NO; : .
fo A 2 OS5 Duration of catalytic cycle may be longer
i = D AP — ~ Vi |when fixed attachment of the ortho-C-benzoate
et /D;'b o linkage is remained.

" lia* iridium carboxylate  llia : acetate-mediated six-centered TS

Me e
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< Model Accounting for Absolute Stereocontrol >
[+]
:: ). ?‘T,Ph : > I
E‘?/—[ r
AN
=== A ===
S %
/S /),
CH-r-Interaction Nonbonded Interaction

Favored Mode of Addition  Disfavored Mode of Addition

Based on single-crystal X-ray diffraction data,

Favored Mode : weakly attractive aldehyde C-H n-interaction

Disfavored Mode : severe non-bonded interaction
(sterically hindered)

Allyl -Methyl Allyl Acetate as Crotylmetal Reagents (J. Am. Chem. Soc. 2009, 131, 2514)
Table 1. Optimizing Relative and Absolute Stereocontrol in
Transfer Hydrogenative Carbony! Crotylation from the Alcohol sSteraacantrol>
Oxidation Level®
OH [Ir(cod)Cl]; (2.5 mol%) OH : 3
H 10, - s
2 OAC ngénd (5 mol%) /Y\Ar : O,N lr%H
Me Additive (10 mol%) Me ’ A 2R Me
Cs,C0O; (20 mol%) NC R 9
1e, 100 mol% THF (M), T°C de o
Ar = 4-(CO,Me)Ph Stereocontrol will be
determined by the same
Favored Mode of Addition mechanism as allyl acetate.
Entry Ligand Acid OAc (eq) THF (M) T°C Y (%) dr (ee%)
; g:gggg ';‘ 13 g‘: 183 gg gg} Scheme 2. Experiments Aimed at Probing the Origins of )
/ B4 Stereoselection in Ir-Catalyzed Transfer Hydrogenative Crotylation
3 BIPHEP c 10 02 100 10 2.01 (Ar = (4-(CO,Me)Ph)*
4 BIPHEP D 10 02 100 68 221 ;
5 BIPHEP E 10 02 100 50 1571 OH g‘ag‘:‘f’r d OH
6 BIPHEP  F 10 02 100 78 2.3 OAc il A (ean. 1)
7 BIPHEP G 10 02 100 93 261 i Ar BIPHEP = Ar
8 BIPHEP H 10 02 100 B0 241 CsHi (5 mol%) CsHyy
9 BIPHEP [ 10 02 100 70 3.0 4 2equiv. e, 1equiv, 5, 62% Yield
10 BIPHEP  J 10 02 100 65 3.5 (agmic) o il imesnicl
1. BIPHER K...10..... 02,100 86 241 As Above % Yi
15 BIPHEP i 5 02 100 57 AT P k,q, ol 1% (o2
W16 BIPHEP ... LI 2 s 02..100 55 .43, CsHyy
17 BIPHEP i 2 05 100 77 481 (R)-4, 2equw 1e, 1 equiv.
18 BIPHEP I 2 1.0 100 75 7.1 98% ee
19 BIPHEP ! 2 1.0 90 78 751 OH Sieet Yioke
20 BIPHER 201000, 42 L T8 _— _Asdbove  IZACLESREE i
21 (S)-BINAP | 2 1.0 80 75 3.5:1(95) /'\';/ Af (5)-SEGPHOS Recovered 4 )
22 (S)-MeO-BIPHEP | 2 1.0 90 63 581(94) CsHiy (5mol%)  46% Yield, 39% ee
23 (8)-CI,MeO-BIPHEP | 2 1.0 90 67 3.0:1(96) (R)-4, 2 equiv.  1e, 1 equiv.
24 (S)}-SEGPHOS | 2 1.0 90 70 7.4:1(95) 98% ee i
25 (S}C2-TUNEPHOS | 2 10 90 68 7.7:1(91) OH  aens i i,
£ 26 (S)-C3-TUNEPHOS | 2 10 90 77 8.0:1(97) P o HNET, L RIS {ean. 4)
27 (S)—C4-TUNEF'HOS | 2 1.0 90 71 6.4:1 (92) = z Ar (R)-SEGPHOS Recovered 4
CsH1s (5 mol%)  59% Yield, 30% ee
0N co,H A, R=H D,R=0Me G,R=Cl J,R=NO; (R)-4, 2 equiv.  1e, 1 equiv.
:@’ B,R=Me E,R=NHAc H,R=Br K R=CF, 98% ee
R C,R=Ph F,R=F ILR=CN OH As Above .
Ry o) = OAc Ar (S)-SEGPHOS Recovered 4 (ean. )
O OO ¢ CsHyy (5 mol%)
R’ PPhy =PFh2 o PPhy (HiC) L PPh 4 2equiv. 1e, 1equiv.
Ra PPh, O O PPhy <O PPhy PPhz (racemic)
R?; H, R = MeO S Time (h) Recovered (S)-4 Compound §
(S}MeO-BIPHEP n =2, (S]-C2-TUNEPHOS 6 59% Yield, 22% ee 37% Yield, 95% ee, 11.3:1 dr
Ri=gyRamien, SR RO e Emos 12 53% Yield, 27% ee 45% Yield, 95% ee, 12.6:1 dr
(8)-CIMeO-BIPHEP : 24 52% Yield, 22% ee 48% Yield, 94% ee, 11.3:1 dr
48 48% Yield, 21% ee 56% Yield, 94% ee, 10.8:1 dr

Entry 1-11:

1, J are effective as a co-catalyst.

Entry 9, 15, 16 : Heq—efv:methyl‘mimmmcessar%

Entry 9, 10, 17 - 20 :

Eqn. 2 : Racemization occurs via z-facial interconversion

Eqgn. 3, 4 : (S)-SEGPHOS is matched with (R)-substrate.

Anti-dr are increased with increasing concentratlon
Co-catalyst | is better than J under 90 °C

Entry 21 - 27 : High dr and ee are observed when using
(S)-SEGPHOS or (S)-C3-TUNEPHOS

Scheme 3. Stereochemlcal Features Assomated w;th Formatlon and Iscmenzatmn of the Purpoﬂed Crotyl lndmm Iniermed:ates (*Ln =
{8)-SEGPHOS and C,0-Benzoate of 4-Cyano-3-nitrobenzoic Acid 1)

(R)-SEGPHOS is NOT matched with (R)-substrate.

Egn. 5 : (R)-Allylic acetate 4 is consumed by rapid
stereochemlcally matched reaction.

.Lrlm‘ ’l_nlr"'
Me /\,ME ast — OAc H ——Me H Slﬂ / ==
Favored <— ﬁ/ = /?\ T ! == \ a1l
*Lnlr Lnir il H Me . OAc : Lnlr Me
Reacls to give Matched Case Matched Case Mismatched Case i Mismatched Case Reacts to give
anti-Diastereomer cis-lsomer Favored Conformer favored Conf :  trans-lsomer syn-Diastereomer
:. 5 'l.nllr“'
. OAc : Me Me
N = Y & S I S
it Me “LnifiMe it Mé H ) - “Lalr!

Reacts to give
anti-Diastereomer

E Mismatched Case
cis-lsomer

Mismatched Case
Favored Conformer :

Matched Case
Dlsfavcred Cnnformer

Matched Case

Reacts to give
frans-lsomer

syn-Diastereomer
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Chapter 4. Conclusion

© Allylation (Chapter 3.)

A~0AC + JO\H
H R

N

o]

O HJ\R

o]

>< RJLR

IrLn (cat.)

Conventional Rhodium Cataiirzed Hydrogenation- A
Reduction
H
- @ 5 ’
™ ‘r‘o A "H A = T
o} L 0 Ry—==—R, L"R/’Q—R, H: o Acidic Condition
Coupling o} Ry 5 Ry Ry (Chapter 2.)
| Cycle ¥ A L % Ry
5 Rs
H, H T
X . M ow o# ] H e ——
Dihydride Ln‘é’h,ﬂ R—="R, /grf';m H i Neutral Condition :
Cycle “H >R ® S Ry i (Hydrogenation)
L Rz ] LﬂRh@ Ry NesssssassssssassssansEsssannnat
Lol
- HX LaRh—H
o
- = ; g g o-Rhln : =
Monc hydri v | Mo fiLn | M R Basic Condition
e ™ IR ™ R Rq (cf. Chapter 3.)
Cycle EENRSESOREE, R; R,
*C-CBond Forming Hydrogenation” - A Reductive Coupling

OH

/\/LR

+ HOAc

activated carbonyl (aldehyde etc.)

unactivated carbonyl (ketone etc.)

:> Is it possible to activate by Lewis acid?

R
H-Base g
OH
Rj\/\

(0]
RJLR y Lnir-H

Ln!r---O

\}—R
HR

Ir Cycle
Lnlr’oj’R
R
\ RO

RA

Lewis Acid
Cycle

LA-Base

Base

H-Base

Lnlir

R
Base
his
‘R

R
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