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1. Alcohol Activation
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1. Alcohol Activation; ketone alkylation

Ph”” “OH » PhCHO
+ OH r40h
Ph)k d:oxane A on )11\
Ru [RulH, 2
1a 2a [Ru] H,0
OH O
/l\/\/\ * )J\/\/\ 1 i
Ph Ph Ph)k/\Ph - Ph)k?%Ph
4a 5a 8
l[RU]Hz
Shim et al. JOC, 2001, 66, 9020 o
Ph/K/\Ph
4h
P “OH (1 equiv.) o R = phenethyl © 55
0 RUCI,(PPhg)s (2 mol%) 0 \64)]\ R ="Pr \94)]\/\ R 50
)l\ KOH (1 equiv.) )'k/\ Bh 0 o)
Fh 9 1-dodecene (1 equiv.) Ph 13 ~A R = phenethyl ~ A~ 9
dioxane, 80 °C, 20 h. 82% isolated yield Ph Ph 3
0 R = phenethyl 0 57
0 0
>Hk R = Ph Z)k/\ 76

Shim et al. Tetrahedron Lett.
2002, 43, 7987-7989.



1. Alcohol Activation; Ishii’s selective reduction e —ae

entry substrate  conv. (%)  product (selectivity/%)

)

99 [ ] (98)

O OH

5
¢t [r(cod)Cll , o ]
phosphine 2 91 {70) (25)
G OH Cs,C0; 0
Y e

0
1 2 37 é 96 é (94)
3 4
Table 1. Transfer Hydrogenation of O o
4-Phenyl-3-buten-2-one (1) to 4-Phenylbutan-2-one (2) ged Q 79 Q (96)
Catalyzed by [Ir(cod)Cl]; under Selected Conditions? '
entry phosphine base convn (%) yield (%) o
15 Pcyg Cs2C0O3 76 58 3 )J\/\( 99 Q (95)
2b PPh, Cs2C04 Qg 37¢
3 dppe CsC03 89 88 )JV\(
4 dppp Cs2C03 93 93 o 0
5 dppb Cs,CO3 93 87 6 M 90 /u\)\ (98)
§] 2 1
7 dppp 31 20 0 0
8 CSgCOg 42 35 o
9 dppp Na,CO3 58 52 7 78 (96)
10 dppp EtsN 25 20
4 Compound 1 (0.5 mmol) was allowed to react with 2-propanol ce o] o] _
(5 mmol) in the presence of a catalytic amount of [Ir(cod)Cl]; (2 8" W 68 W (74
mol %), phosphine (2 mol %), and base (2 mol %) in toluene (0.5 o
mL) at 80 °C for 4 h. ® Phosphine (4 mol %) was used. ¢ 4-Phenyl- )\)\/I\ (26)
2-butanol (60%) was also obtained.
0 O

Ishii et al. JOC 2001, 66, 4710.




1. Alcohol Activation; ketone alkylation

neat
0 cat [Ir(cod)Cl),
)‘I\/\/\/ + /\/\OH
1a 2a 100 °C (1)
0 OH OH
/\,/\)l\/\/\/ + /\/\)\/\/\/ + M
3aa 4aa 5a
product (%)¢

run ligand base conv. (%)? 3aa 4aa ba
1 PPhs KOH 96 80 2 7
2 PPh, 3 1 ek 1
3 PPh; CsOH 97 80 3 8
4 PPh; NaOH 98 79 trace 8
5 PPhj; K>COj3 2 1 n.d. 2
6 PPh; NEts 2 n.d. n.d. 2
7 PPh; Ba(OH), 44 27 1 15
8 PBuj KOH 84 63 2 16
9 PEy3 Kot 82 48 2 15
104 dppe KOH 85 28 2 26
114 dppp KOH 92 23 3 27
12 P(OPh); KOH 7 2 5
13¢ PPhj; KOH 94 81 3 6
14 PPh; KOH 90 76 1 7
15¢ PPhj; KOH 80 68 1 5

4 la (2 mmol) was reacted with 2a (4 mmol) in the presence of
[Ir(cod)Cl], (0.02 mmol), base (0.2 mmol), and ligand (0.08 mmol) at 100
°C for 4 h without solvent. > Conversion of la. ¢ Based on la used.
4 Ligand (0.04 mmol) was used. ¢ At 110 °C.7 At 90 °C. ¢ 2a (2 mmol)

was used.

Ishii et al. JACS 2004, 126, 72
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1. Alcohol Activation; ketone alkylation

(21, 1 eq)
HoN
HO
KOH (1 eq)
HO” R (2.1eq) R [Ru(DI\Fll)gz()C)?]C(:L?g)mol%)
KOH (1 eq) o O _ N
0, [e]
)j\ [Ru(DMSO),]CI, (:_’ mol%) Ar)l\/\R 2 Dioxane, 80 °C .
1 Dioxane, 80 °C 3 1.7
Entry Ketone 3 Entry Quinoline 8
No. Ar R Y% Yield" No. R! R’ % Yield®
1 a Ph Ph 72 1 a —(CH,)4— 88
2 b Ph 2-BrCqHy 93 2 b Ph H 94
3 c Ph 3-BnOC4H, 86 3 ¢ Ph Me 81
4 d 4-MeCgHy 4-MeOC¢H, 93 4 d Ph Et 67
5 e 4-MeCgH, 4-CIC4H, 85 5 e 4-MeCsHy H 96
6 f 4-MeCgH, 2-CICsH, 92 6 f 2-Furan H 89
7 g 4-MeC4H, 3,4-(Me0),CsH, 69 7 g 2-Thiophene H 96
8 h 4-(F;C)C¢H,;  Ph 89°
9 1 Z-Cl()Hg Ph 87
10 i 2-Thiophene Ph 45
11 k 2-Thiophene 2-BrCgHy 41

*Isolated yields after column chromatography (silica gel: hexane/ethyl
acetate).

®Yield of the related alcohol when the reaction was performed using
2 equiv of benzyl alcohol.

Yus et al. TL 2006, 62, 8988.



1. Alcohol Activation; ketone alkylation; in-situ hydrogenation

0 . 1cat [{IrCl{cod));], PPhy, KOH

Ar

M+ HOT R
) 3 2)cat 1, iPrONa, iPrOH

Entry 2, Ar 3, R Product Yield [%]" ee [%]F
1 2a, Ph 3a, nPr 4aa 75 94 (R)H
2 2b, 4MeCH, 3a,nPr 4ba 72 98
3 2c, 3-MeC.H, 3a, nPr 4ca 77 96
4 2d, 2-MeC.H, 3a, nPr 4da 52 97
5 2e, 4-MeOC.H, 3a, nPr 4ea 57 97 (R) Hl
6 2f, 4-CIC,H, 3a, nPr 4fa 58 88
7 2g, 4-FCH, 3a, nPr 4ga 15 95
& 2a, Ph 3b, iPr 4ab 51 96 (R)H
9 2a, Ph 3¢, nBu 4ac 77 93 (R)H!

10 2a, Ph 3d, CH,CHMe, 4ad 79 96

11 2a, Ph 3e, Ph 4ae 0 -

one pot two step procedure
1 itself didn’t produce high ee.

P, | \CI

[RuCl(PPh,)(ip-foxap)] (1}

Nishibayashi et al.
ACIE 2006, 45, 3819-3822.



1. Alcohol Activation; ester alkylation

(0]
PPh
)LO,Bu-t + n-BuOH 3

Ir-catalyst

Base, tert-BuOH

cat. [IrCl(cod)],/PPh
)J\ _Bu-t 4 RoH L NCodlPPhs R\)l\ _Bu-t

. n-Bu\)L _Bu-t )CJ)\O,BU_”
4a

tert-BuCK, tert-BuOH

2a 100°C,15h
yield (%)®

entry Ir catalyst base 3a 4a

1 [IrCl(cod)], [ zerr-BuOK 74 (6]) n.d.

2 [IrCl(coe)2]» tert-BuOK 60 2

34 [Tr(acac)(cod)] tert-BuOK 68 n.d.

4 [Cp*IrCla ]2 tert-BuOK 5 3

54 IrCl;+ 3H,0 tert-BuOK n.d. 51

6 [1IrCl(cod)], [ NaH 55 | 10

7 [IrCl(cod)], NaOEt 9 59

8 [IrCl(cod)], KOH n.d.c 8

9 [IrCl(cod)], Na,CO; n.d.© n.d.c
10° [TrCl(cod)], tert-BuOK 65 8
1 [IrCl(cod)], tert-BuOK 32 43
12# [IrCl(cod)], tert-BuOK 8 79
RE [IrCl(cod)], tert-BuOK 27 18
14 [1IrCl(cod)], tert-BuOK 36 15
15 [IrCl(cod)], tert-BuOK 34 12

L 16 [IrCl(cod)], tert-BuOK n.d. 74 |

1a 2 100 °C, 15 h

entry R 2 product yield (%)?
| n-CegHiz 2b 3b T8 (75)
2 n-CgH,5 2¢ 3c 79 (78)
3 (CH;),CH(CH,), 2d 3d 80 (71)

4 cvelo-Ce¢Hy1CH, 2e 3e 95(89)
5 PhCH, 2f 3f 89 (82)
6 p-CH5CsH4CH, 2g 3g 75 (64)
7 p-CH;0C¢H,CH, 2h 3h 75 (69)
8 p-CF3CH,CH, 2i 3i 71 (67)
9 p-CICsH,CH, 2j 3j 70 (67)
10 Ph(CH»); 2k 3k 75 (72)
11 2-NaphCH, 21 3l 78 (68)

Scheme 1. Synthesis of Ethylene Brassylate (8) (Musk T) from 6

et [IrCl(cod)], (10 mol%)

O

0

“ Conditions: 1a (10 mmol) was allowed to react with 2a (I mmol) in
the presence of Ir catalyst (0.05 mmol), PPh; (0.15 mmol), and base (2
mmol) in fert-BuOH (1 mL) at 100 °C for 15 h. » GC yields based on
the amount of 2a used. Values in parentheses are isolated yields. © Not
detected by GC. 91Ir catalyst (0.10 mmol) was used. ¢ tert-BuOK (1.5
mmol) was used. 7 fert-BuOK (1.0 mmol) was used. £ tert-BuOK (0.5

mmol) was used. ” Reaction was performed without solvent.

(I mL)
solvent.

* n-Octane

PPh; (30 mol%)

tert-BuOK (4 mmol) f-BUOWOBu-t

tert-BuOH (2 mL)

fa  + HO%OH

was used _as the solvent jTJ'\lllPllP (]

mL) was used as the

“DMSO (1 mL) was used as the solvent.

6

5 100 °C, 15h 52% Isolated Yield

20 mmol 1 mmol /N
0.0 O

O 0O ©
hydrolysis )I\/(,;\/”\ reference 9d
— - HO 9 OH ———— 8

7

Ishii et al. JACS 2010, 132, 2536



1. Alcohol Activation; nitrile alkylation

Et)°

in boling EtOH
Cat (5 mol%) Table 1. Catalytic ethylation of (la)
0, e oo
NaC,0; (110 mol%) 1 Catalyst? Time (h) Yield (%) of (2a; R' =
R
|
CHoCN : CH—CN RuH2(PPh3)4 11 78
+ ROH —s /E:j/ RM&(mm M 24 92
R 3
RhH(PPh,, ) 48 75
— 374
(Da R=H (2)a R=H a
RhC1 ;. 3H,0-PPh, 48 86
b R=cCl b R=cl
RhCl(PPh3)3 96 75
d
Grigg et al TL 1981, 22, 4107. IrC15-PPhy 48 9
2.5 mol% [IrCp*Clol, oN
15 mol% base Q
I C
100 °C
2.5 mol% [IrCp*Cl]» . 1a 2a 3a
P e 15 mol% KOH /E entry base 3a (%)*
Ar” CN + R” TOH > A7 CN -
100 °C, 12-17 h ! f?i% ":8
2 ’52C0O3 =
. O%EM\%' - 3 KO'Bu <10
= : 4 NaOH 84
5 KOH >09
6 CsOH 05
Grigg et al JOC 2006, 71, 8023. ! O, 0

21a (1 mmol) was reacted with 2a (3 mmol) under the influence of

[Cp*IrCla)> (2.5 mol %) and base (15 mol

b Conversion estimated by 'H NMR spectroscopy based on 1a.

%) at 100 °C for 13 h.




1. Alcohol Activation; homologation followed by hydrogenation

phNoH [Ir(cod )Cl], (5 mol%)
dppp (5 mol%) Pha_"~
P CO,Bn
~ “CO,Bn 0
PhsP 2 Cs,CO3 (5 mol%)
33 toluene, 150°C, 72 h. 34
71% isolated yield
Williams et al. AdvSynCat 2006, 347, 591.
N
Ph™ "OH o complex 35 (5 mol%) Pha A~
AN COan
“ “CO,Bn ol i
PhzP 2 vinyl silane (5 mol%)

33 toluene, 80 °C, 20 h.

80% isolated yield 34

Williams et al. ChemComm 2004,90.

Ph”” Ok Ru complex 37 (5mol%)  Ph
2~ - on
PhgP CN toluene, 70 °C, 2h.
38 87% conversion 39

Williams et al. JACS 2007, 129, 1987.

7 | PPh,
N ,"Rlu"CO
| v
AR A "PPhg
Ho
37

most reactive



1. Alcohol Activation; alcohol B-bromination and Michael addition

o

H

MeA Ph
40

OH
43

45

Al(O'Bu); (1 equiv.)

PhCOMe (10 mol%) OH
Br
PyHBrz (1.5 equiv.) Ph
dioxane, 25°C, 28 h. a1
60% conversion
_ OH
MeCH(CN); 42 (1 equiv.)
Al(O'Bu); (10 mol%)
KOBu (1 equiv.) CN
cyclohexenone (10 mol%) Me
CH,Cly, 100 °C, 24 h. 44 (N
90% conversicn
+Hy
CN
© 0
N H-X
CN CN
Me
CNMe CN
46 47

B-bromination; (modest yield)
Williams et al. Synlett 2003, 124.

v-alkylation product from allylic alcohol
Williams et al. ACIE 2001, 40, 4475.

4 N

OH  AI(OBu); OH

(1 eq)
60%
CN
NC Me




1. Alcohol Activation; alcohol B-alkylation

OH OH RUCIl,(PPhs3)s (5 mol%)

OH
Ph) )\Ph KOH (3 equiv.) Ph/\)\Ph Shim et al. OM 2003, 22, 3608.

1-dodecene (5 equiv.)
10 40 dioxane, 80°C, 40 h.
(2 equiv.) 80% isolated yield

Ru(dmso)4Cl, (2 mol%)

AN )\ . o = Ph
\ Ph KOH (2 equiv.) \ Yus et al. TL. 2006, 62, 8982.
o) dioxane, 100°C, 7 d. O

51
98% isolated yield

OH [Cp*IrCl5 (1 mol%) OH
Ph) NaO'Bu (1 equiv.) Ph Yamaguchi et al. OL 2005, 7, 4017.
53 toluene, 1107°C. 17 54 Peris et al. OM 2007, 26, 6050
(1.3 equiv.) 78% isolated yield ' P '

[Cp*IrClzls (1 mol%)

- CaHy
CHI g1 KO'Bu (40 mol%) \/\l/\
55 1,7-octadiene (10 mol%) CaH-, Ishii et al. JOC 2006, 71, 8306.

2 equiv.) xylene, 120°C, 4 h.

56
98% conversion
71% isolated yield



1. Alcohol Activation; oxidative esterification

e

Lr

-

HN
N o
Ph Ph
OH s °
ketone, Suzuki et al. Synlett 2005, 1453..
1a KoCOs 2a
rt,20h
Me
\/’"\CN )CJ)\
2.5 equiv
Bn”” “OH (2.5 equi) -~ B 0~ “Bn
1 [Ru] (5 mol%)
3 (5 mol%) 2
PhMe, reflux
24 h, 85% conversion Williams et al. Synthesis 2009, 1578.
o OO0
_ OC~p, —H
(Rul="" ppyp=Ru=yj o
PPhg
PhoP 3 PPhy
cat. ° O
ZN [IrCl{coe),lp (3 mol%) )—J\ Ishii et al. TL 2006, 47, 9199.
R OH - N
0 R @ R
1 95 "C,15 h

open air



1. Alcohol Activation; oxidative esterification

28 (0.1 mol%)

HO\//"\n :
Bu " bhwe, reflux, 6h

proposed mechansm

No base
No H, acceptor

Milstein et al. JACS 2005, 127, 10840.

H

_P BUZ

_{ N Ru Cco
NEt2

ELN g
(-H elimination
0]
R™ NOH similar process




1. Alcohol Activation; dehydrogenative hydroacylation

10 mol% [Rh(PPhg)sCl] 3a

PhCH,0H  + 2F O\ -

1a 22 100 mol% 2-amino-3-picoline 4a

130°C, 72 h

O
Ph)l\/\/\
5a

74 %

Jun et al. ACIE 1998, 110, 145.

_ - .
o
3a 4da |
1a - [ PhCHO] - S
6 C
2a SN H”  ph
7
2a 3a
CH
/ 3
H-0O |
ba —~ =~
—4a N ﬁl
C
~pPh




1. Alcohol Activation; alcohol a-alkylation using activated olefin (very early examples)

HO {Ir{cod)Cl)z (3.75 mal %) HO HO
L BIPHEP (7.5 mol %)
Ry e Ry 0 Ry
BuyNI {10 mol %) {
DCE (1 M) 3
85°C 61‘59?2{.:1‘(‘!?6 .
> 98:5 symant Krische et al. OL 2008, 10, 1033.
o} H H
IL As Above
Ry —— Ry R4
~PrOH (400 mol %) |
§1-96% Yield

7-331
> 95:5 sym.anti

b Ph H CHz H3
18807 Ny = ’
Ph CHjq
CHa Hj
Ry SH RUHCI(COXPPhal 78% Yield 63% Yield
= (L (5 mol%) 1.5:1 dr 1.5:1 dr
| R2 DPPF {5mol%)  Ph HO Ph
THF, 95°%C = CHa =

4
RuLn l H 3 Krische et al. ACIE. 2008, 47, 5220.
R4 o / 72% Yield 84% Yield
[ ‘ IL 21 dr 1-1 dr
Hay R3

e 1,3-Enynes as Allenyl-Matal Equivalents

Nucleophile-Electrophile Pair o Carbonyl Propargylation from Alcohel of Aldenyde [O]-Level
via Hydregen Shultlling

OH © on
S(% N\/'Y‘-\
5 [RuBFCO)s ™ CaHs)] (5 mol %) Me Ph o] Me Fh
(CHO), orRCHO ) LOUPPh (3 mol %) #6% Yield il
n g .
R, PhMe, 75 °C bl Krische et al. OL 2008, 10, 2705.
1, 1-Disubstituted [ i-PriOH (400 mal %) ] OH OH
All
ENEs X"ﬁ =
Me oTBES Mg Ph
OgN
T6% Yiekd BT% Yield

21 dr



1. Alcohol Activation; What Prof. Krische has done....; addition of activated olefin to the carbonyl

J or - RZ L ~ R R,
R , ML R L RTTEWG EWG
X _R or L, Me : o Me
) + 2%alcohol L
ML, R - n
o) h ! M
H\_‘ y R or R EWG R2
MLn\/RZ H-X .
M-H receptors Krische et al. ACIE 2014, 53, 9142. AIIyl-SpECieS

OAc
/onps . \ é\/OAc AN /\[O/Eo\
7\ <juLn /H Me 0
= |
| R = H, silyl or alkyl /\(OAC

/
(terminal alkyne RO C/\/\OBOC
. 2
synthon SiMey
Me CO,Me
R' é \\‘ OAc 2
/
\?/ Me/ 1 /\C(F /[\/Cl \ COzMe
3




1. Alcohol Activation; What Prof. Krische has done....; addition of activated olefin to the carbonyl

[RuH,(CO)(PPhs)3] [RuH,(CO)(PPh3)s]
[RUHCI(CO)(PPh3)3] (5 mol%) (5 mol%) (7 mol%)
(R)-DM-SEGPHOS (5 mol%) DPPF (5 mol%) (S)-SEGPHOS (7 mol%)
: e -
B PhMe, 95 °C _ BINOL Acid (10 mol%) TADDOL Acid (14 mol%)
THF, 95 °C MEZCO, 95 °C

Q@mﬁ

Me

Me
Ar, Ar
O:l)‘ap.,o
o) /(O OH
Ar  Ar
Me

Cl
8] p
% Q ghz ?\ MeO P:2 *..
:;,,d,lr:-‘ "l‘u
LES o | 1 '”"eo Z 5 |
O
(S)-SEGPHOS CI MeO-BIPHEP {—J-TME!T:P:}
ON X
(5 mol%) NO; (5 mol%) (5 mol%) NOs;
etc.......

Krische et al. ACIE 2014, 53, 9142.



1. Alcohol Activation; alcohol amination by metal oxide (heterogenous)

NH, N“TR R
+ RCH,0H _cAtalyst |
s sNve
R
1a 2
entry catalyst R T (°C) no. yield (%) no. vyield (%)
] S10, H 362  3a 20 4a 25
2 S10, Me 385 3b 47 4b
3 S10, Et 385 3¢ 37 de 12
4 S10, Pr 400  3d 27 4d 9
5 S10, Me 400 3b 28 4b S
6 V,05—S10, Me 400  3b 66 4b 15
7 Al O35 H 400  3a 32 4a 50
8 y-Al, 05 H 400  3a [5 4a 2
9 y-AlL03 H 375  3a 24 4a 1§ >
[0 y-AlLOs H 200 3a 41 4a 5

“ Prepared from Al(OPr);.

GAS PHASE

[3 -~ Brown etal. JACS 1924, 46, 1836.

Prasad et al. JCS ChemComm 1992, 1204.

Arata et al. BCSJ 1991, 64, 2605.
Zhu et al. Appl. Catal. A. 1996, 134, 53.



1. Alcohol Activation; alcohol amination by metal oxide (heterogenous)

ot

5.

(0.02 mo %
K {32 mol%)
xylene, 150 °C

Ni particle from NiO

Frazza et al. JACS 1954, 76, 6174.

Q UOH Ni (38 mol%) O on
* N
HN' TN PhMe, reflux, 24 h K/f

11 12 13 (15 %)

Daasch et al. JOC 1958, 23, 1352.

1 6 7
entry R! R? no. yield (%)
1 H H Ta 89
2 H Cl 7b 78
3 H Me Tc 89
4 H MeO 7d 84
5 Cl H Te 87
6 Me H 7t 93
7 MeO H 7g 88
OH . o N
N Ni (200 mol%})
+ J\ > N
N R "R® AI(OBUY); (400 mol%) —R?
PhMe, reflux, 3 d R’
da 9 10
entry R! R? no. yield (%
| Me Me 10a 90
2 Me Et 10b 94
3 (CH)s 10c 70

Nicoletti et al. Synthesis, 1977, 335.



1. Alcohol Activation; alcohol amination by metal oxide (heterogenous)

Simple Cu or Cu-oxide easily lost catalytic activity probably due to reduction.

CuCr,0,4-BaCr,04

RULRE OH (75 mol%) RL R
H R "R*  H, (125 atm), R3J\R4
180-250°C, 4-12h
20 9 21
entry R! R? R’ R* no. yield (%)
1 CH3(CHa»)4 H Me H 21a 39
2 CH;3(CH,)4 H Me Me 21b 43
3 CH3(CH,)4 H Et H 21c 15
4 (CH>)s Me H 21d 31
5 (CH»)s Me Me 2le 46
6 (CH»)s (CH>)s 21f 59
7 PhCHMe Me Me H 21g 67
8 Bu'CHMe H Et H 21h 61
CuCr,04-BaCr;0,4
Et. _Et (14 mol%) Etu.N,.Et R/\N,Et

N

H, (380 atm), 250 °C,
22a  10h

Et  RCH,OH (2, 33 mol%), R)

23 (63-66 %)

+

R

J

24 (7-19 %)

Ba- stabilize Cu complex

Cr- increase the metal surface area

Holowchak et al. JACS 1934, 56, 153.
Holowchak et al. JACS 1934, 56, 153.

Adkins et al. JACS 1939, 61, 3499.



1. Alcohol Activation; alcohol amination by metal oxide (heterogenous)

m CuO-metal oxide f E E) n
HoN OH -

H, {60 mL/s) N
29 30
entry metal oxide (solvent) n T (°C) no. yield (%)“
] v ALLO I 200 304 90 Schmitt et al. JOC 1981, 46, 754.
-AlU3 2 R :
2 v-Al,O3(MeOH) 1 225 30a 45 (13)
3 MgO (MeOH) ] 225 30a 62 (38)
4 y-ALO; 2 210 30b 75
5 v-Al,O3(MeOH) 2 225 30b 89 (10)
6 MgO (MeOH) 2 225 30b 62 (37)
7 y-AlLO;5 3 225 30c¢ 05
8 MgO (MeOH) 3 225 30c 84 (13)
Commercially available
NH OH Cu0O-ZnO-Al,04 HN
L NHy o - L
2 RI7TR2 H, {100 atm), r1” g2 NH2
200°C, 8h
31 9 32

entry R! R? no yield (%)

| H H 32a 2] Ogawa et al. Cat. Comm. 2004, 5, 291.

2 Me H 32b 50

3 Ph H 32¢ 45

4 (CH»)s 32d 73




1. Alcohol Activation; alcohol amination w/o Transition metal

NH; §
KOH (16 mol%) /©/
-+
225-240°C,1h | R Y~
R l%z
1 40
entry R Y Z no. yield (%)
l H N CH 40a 63
2 Me N CH 40b 50
3 MeO N CH 40c¢ 71
| EtO N CH 40d 68
5 H,N N CH 40e 73
6 EtO CH N 40f 60
o O
M+ RCHOH F'h)-LNH
Ph™ "NH, J
R
41a 2 42 (39-73%)

Miyano et al. Chem. Pharm. Bull. 1965, 13, 1135.

Reid. Am. Chem. J.. 1911, 45, 38.



1. Alcohol Activation; primary alcohol amination

RZ R2 RZ
e S RUCL(PPho)s\ R
. (0.5 mol%) N
RyNH + CH;(CH3),OH R™(Y)
120°C, 2 h n
R! R’
1 2 43 44
entry R R2 o, vield (%) o, yield (%) Aliphatic amine; Roundhill et al. Inorg. Chem. 1989, 28, 4562.
| H Me  43a 13 44a 74
2 H Et 43b 10 44b 88
3 H Pr" 43¢ 15 44c 79
4 McO P 43d 7 44d 91
5 Me Pr"  43e 15 4de 85
64 H Pr" 43¢ 79 d4c 6
7¢ MeO P 43d 99 44d
“1:1 ratio of compounds 1/2.
Porzi et al. JOMC 1982, 235, 93.
) RUCI,(PPhs)s o)
O 2 mol%
+ R2CH,OH (2 mol) R1JLNH
Fe R “NH, 180°C, 4-12 h 2)
NH R
2 @_/OH RuCl,(PPh3)s a1 2 s
(3.5 mol%) N
+ Fe OH o >~ entry R! R? no. yield (%)
== 1 Me Me 64a 43
R N 2 Me CH3(CHa)s 64b 24
~ 3 Ph CH3(CH,)s 64c 74
1 50 180 °C. 24 h R 4 PhCH, Me 64d 15
G| 5 Pr" CH3(CH»)g 64e 28

Yamamoto et al. JOMC. 1999, 584, 213.

Watanabe et al. BCSJ. 1983, 56, 2647.



1. Alcohol Activation; primary alcohol amination

NH2 RUHQ(PPh::,)‘; H
1%
X+ (HO\/}NHCI o L | )
R A SNCly2H,0 N7
(100 mol%),
dioxane:H,0 (9:1), R
66 67 180°C, 20 h 8
entry no. R yield (%)
1 8a H 85
2 8h 5-Cl 31
3 8i 5-Me 68
4 8e 5-MeO 80
5 8j 4,7-(MeO), 21
Watanabe et al. BCSJ. 1987, 60, 3456.
NH, Ru(COD)(COT) H
\ ) (5 mol%) KY\l/N\l
Y X + R?CH,OH |
| 2/) 150-180°C, 5 h Z X R
33 2 68
entry Z Y X R no. yield (%)
I CH CH CH Me 68a 3
2 CH CH CH Me 68a 274
3 CH N CH Me 68b 79
4 N CH CH Me 68c 70
5 CH N N Me 68d 37
6 N CH CH H 68e 67
7 N CH CH Et 68f 82
8 N CH CH Ph 68g 45

Mitsudo et al. JOC. 1996, 61, 4214.

NH-

1a

180°C, 5h
70 71 (70 %)

NMez /\ﬁ
oy (1moi%) RNl O)H o
+ HO =
/\HG dioxane, @

von Koten et al. JOC. 1998, 63, 4282.



Alcohol Activation; primary alcohol amination

OH
NH,
@ :

catalyst
(5.0 mol%metal)

K;CO3 (5.0 mol%)

OO

Toluene
Entry Catalyst Temp. (°C) Time (h) Yield (%)®
1 [Cp*IrCl,], 110 17 100
2¢ [Cp*IrClL,), 110 17 30
3 [Cp*IrCl;], 90 17 52
4 [Cp*IrCll, 90 40 81
5 [Cp*IrHCI], 110 17 55
6 [[rCl{cod)]. 110 17 3
7 [Cp*RhCL,], 110 17 43

* The reaction was carried out with aniline (1.0 mmol), benzyl alcohol

(1.0 mmol), catalyst (
toluene (0.5 mL).
" Determined by GC.

5.0 mol%metal), and K,CO; (0.050 mmol) in

“ The reaction was carried out without K,CO,.

R?
OH
R‘l
NH
R2
NH>

cat. [Cp*IrCl3]2
K»,COg4

cat. [Cp*|rC|2]%

KoCOj3
n=1,2

RQ
SN
N
H
N~ ~RZ
H

[Cp*er|2]2
OH
, K,CO4
R2)\R3
NHR' _0o_ R®
Cp*Ir
RN [CpI] WR/Z
A 0
o .
D .
1
R R'NH,
[CoM—N [Cp*Ir—H
R c
E R?
H,0
N, R?
Ve
9 AN

Yamaguchi et al. TL 2003, 44, 2687.

Yamaguchi et al. OL 2002, 4, 2691.



1. Alcohol Activation; primary alcohol amination

R._OH
2 R=PhCH,
4 R=Ph

5 R= O-MeOCGH4

H2Nj<
1

~‘“\K

2.5 mol% [Ru(p-cymene)Cl,), 3 R=PhCH, 88%
5 mol% dppf 6 R=Ph 84%
10 mol% K,CO4 7 R=0MeOCgH,; 73%°

3AMS
toluene, reflux, 24 h

Table 1 Catalyst/ligand evaluation for formation of amine 3“
Catalyst Ligand Unreacted Amine 3 Ester”
(5 mol% in Ru) (5 mol%) alcohol 2 (%) (%) (%)
Ru(CO)(PPhs);H> dppf 74 0 26
Ru(PPh;);Cl, dppf 65 35 0
[Ru(p-cymene)Cl,]» none 92 0 8
[Ru(p-cymene)Cl]», PCysz (10 mol%) 90 0 10
[Ru(p-cymene)Cly]», PPhs (10 mol%) 54 36 10
[Ru(p-cymene)Cl,], Xantphos 0 39 61
[Ru(p-cymene)Cl,], rac-BINAP 12 35 53
[Ru(p-cymene)Cl]» 2,2'-Bipyridine 99 0 1
[Ru(p-cymene)Cly], dippf 0 80 20
[Ru(p-cymene)Cl,]» dppe 80 20 0
[Ru(p-cymene)Cl]», dppp 42 52 6
[Ru(p-cymene)Cl,]», dppft 0 100 0
[Ru(benzene)Cly],  dppf 5 &8 7
none dppf 100 0 0

“ Alcohol
toluene, 110 °C,

amine (1 : 1),

10 mol% K->COs, 3 A molecular sieves,

24 h. Conversions are based on alcohol. Conversion

to ester (1w0 alcohols) is given by the amount of alcohol consumed

to form it.

» PhCH,CO,CH,CH,Ph.

HsN N
2 2 |
X |
OH N N
Ph/\\/ 10 Ph/\/ X
2.5 mol% [Ru(p-cymene)Cl,]» | P
5 mol% dppf
11 mol% K,CO3
2 3AMS 11
toluene, reflux, 24 h 69% conversion
HoN
2 \Ph

5

12
5 mol% [Ru(p-cymene)Cl,], Qq\
Ph

10 mol% dppf

2 equiv. 20 mol% K5CO4
3AMS
19 toluene, reflux, 24 h 20

(L

65%2

Williams et al. ChemComm 2007, 725.

oo

1.25 mol% [Ru(p-cymene)Cl;],
2.5 mol% dppf

molecular sieves
toluene, reflux, 24 h

Nﬁﬁ

Piribedil
87% isolated yield

Williams et al. TL 2007,
48, 8263; dopamine agonist



1. Alcohol Activation; secondary alcohol amination

most reactive [Ru]-based cat. : : : :
2 mol % RUS(CO)-lz K\/ P
Ph 6 mol % Ligand, 110 °C Ph
CeHigNH, + ) —OH = CgHygHN—
CHj

HSC - H20
1 2 3
Entry Ligand Conversion (%) Yield (%)
1 None 100 74 j@ OO
2 1 100 59
3 2 100 90 o]
4 3 81 47 OO
5 4 100 97
6 5 56 33 5
7 6 85 30
8 7 82 34 @
4 Reacti >onditions: 2 | n-hexylamine, 10 | 1-phenyletha- @
eaction conditions: 2 mmol n-hexylamine mmol 1-phenyletha P/\/\P

nol, 0.04 mmol Ru3(CO);», 0.12mmol monodentate ligand (or p/\/P
0.06 mmol bidentate ligand), 110 °C, 24 h, conversion and yield \© @ @
were determined by GC analysis with hexadecane as the internal @

standard.

Beller et al. TL 2006, 47, 8881.



1. Alcohol Activation; primary alcohol amination

1(0.1 mol %), A

RCHon + NH3

» RCH;NH, + RCH=NCH;R
Toluene, Reflux, =H,0

Entry RCH,OH t[h] Conv. RCH,NH, Yield
[%6]
OH NH,
/( 1 12 100 83 (70)
OH NH,
(0.1 mol%} 2 N 14 100 N 78
_ 0
NH; + RCH,OH ™ H;NCH;R ©
PhMe , reflux, 12-25 h /©/\OH /©/\NH2
3 24 100 91
(7'5 atm) Milstein et al. ACIE. 2008, 47, 3367. F F
X" 0H X7 ONH,
4 N 30 100 |y 96
model compound 0 on 0 NH
5 | 12 100 | z 94.8
N\ \Y
gl SoH 200 97 YTONTUNH, 61 [34.6]
PN OH NH
OH 1 (0.1 mol %), 2
+ (0.1 mol ™). 4 T N, 7 @N 32 100 ©/\/ 68.8
NH, (7.5 atm) toluene, reflux, —H,0 S 5
8 ~E~"S0H 12100  ~ " NH, 94.5
) . . OH NH
15 h : hexylamine (63%), dihexylamine (3%) 9" /W/\ 18 93 /\(\ 2 67.7 (61)
24 h : hexylamine (58%), dihexylamine (189 OH NH
y (58%), y (18%) 10 O/\ 25 955 O/\ : 82 (73)
1 25  96.4 90 (84)
o) o

major byproduct — imine



1. Alcohol Activation; primary alcohol amination

. In Water; help hydrolysis imine
Milstein et al. ACIE. 2008, 47, 3367.

1(0.1 mol %), &

RCH,OH + NHj = RCH,NH, * RCH=NCH;R

RCH,OH + NH; =<—= RCH,0 NH, Water, 135 °C
Entry RCH,OH t[h] Conv. RCH,NH, Yield
[9]"

OH NH»
©/\ 18 100 ©/\ 95.4 (86)
OH NH»
2 /g 18 100 /@A 91.7
OH NH,
©/\J 36 100 ©/\/ 80.4
WOH

R™ NH, 4 24 | 924 7T UNH, 5480
s NNon 28 | 894 TN, 743
6l ""oH 30 |99 NN, 797

_ Q RCH,OH 7if STNT0H 30 | 98.7] TONH 70.0

3

[a] Complex 1 (0.01 mmol), alcohol (10 mmol), ammonia (7.5 atm), and
water (3 mL) were heated at reflux in a Fischer—Porter reactor.”’!
Conversion of alcohols and yield of products were analyzed by GC;
yield of isolated product in parenthesis. [b] Corresponding imine was the
major byproduct in entries 1-3; corresponding acid was the byproductin
entries 5-7. [c] Corresponding acids were found in aqueous layer.
[d] Hexamide was found in aqueous layer. [e] Mixture of 2 mL water
and 2 mL toluene was used as solvent. [f] Mixture of 1 mL water and
2 mL dioxane was used as solvent.

byproduct — amide, acid



1. Alcohol Activation; primary alcohol amination

1 equiv. R'NH, 5
2.5 mol % [Ru{p-cymene)Cl],

P 5 mol % dppf

R™ “OH = R7NHR'
1 toluene, reflux, 24 h 4
T equiv. R'oNH 7
1.25 mol % [Ru{p-cymene)Cl;],
2.5 mol % diphosphine
AN
1 toluene, reflux, 24 h 6
HO™
2.5 mol % [Ru(p-cymene)Cls)»
00 5 mol % DPEphos .
ey - S~
R "NH, 10 mol % K,CO3 R H R’
38 xylene, 150 °C, 24 h 39

Williams et al. JACS. 2009, 131, 1766.

Cl
L'.,Ru
56 Cl

2 RNH4CI R0
HN R i"
R
H;}“‘R Ln u \g H R
H
“cr

J_,H
LaRu \.N R’
H/}\R H R
H Hﬁﬂ

[ Dppf or DPEphos l
R

_H _H
LnRu LaRu’
| H | H
R-M\}’R Oy R
61 H H 9
W/
\ LyRu’ (
6o H
R
N R'NH, i
A THO WoR



Alcohol Activation; synthesis of heterocyclic compounds

OH 0
1 cat. RrR2 | H*
R A R2 T R1A/W —"Fﬂﬂ\ﬂz
o) @)
OH
1 2 3
OH 0
\
OH ©
1a 2a 3a

Scheme 2. Formation of diketone and furan.

Table 1. Preliminary catalyst screen”

Catalyst Temperature/time Conv.” 2a/3a"
[Ir(COD)ClL/dppp* 110/42 83 57:31
[IrCp*Cl,)/dppp® 110/42 95 87:8
[RhCpCL)o/dppp" 110/42 2 22:0
Rh(PPhs)y(CO)H/dppp ~ 110/42 37 14:22
Grubbs® 80/24 38 28:10
[Ru(p-cymene)Cl, L/dppf*  80/24 56 36:20
R u(PPh1)s(CO)H> 80/24 21 21:0

“ Reaction conditions: Alkyne diol (1 mmol) was dissolved in PhMe
(1 mL) in the presence of the catalyst (5 mol % Ir or Ru) and ligand
(5 mol %) and heated.

® Determined by '"H NMR analysis.

“(Cs2C03 (5 mol %) added.

4 Cs,C05 (10 mol %) added.

“ Grubbs® first generation metathesis catalyst; Ru{PCy;),Clo{=CHPh).

Table 2. Ligand screen using Ru(PPh;z):(CO)H:"

Ligand 2a® (%) 3a® (%) Conv.? (%)
None 21 0 21
PCy; 15 1 16
Dppp 0 0 0
Dppf 21 0 21
Xantphos 56 12 68
Xantphos® 18 63 81

* Reaction conditions: Alkyne diol (1 mmol) was dissolved in PhMe
(1 mL) in the presence of the [Ru(PPh;);(CO)H,] catalyst (5 mol %)
and ligand (5 mol %) and heated to 80 °C for 24 h.

® Analysed by 'H NMR.

“Reaction with addition of 5 mol % of AcOH.

co
PhaqP._ H
ach LT
PhaP” | H 0
PPhs PPh>  PPhs
OH o
\
Ph)\nne cat. PhMMG +Ph"@\Me
OH ©
1a 2a 3a
40-100%
Williams et al. TL 2007, 48, 5111. ﬂ\
R1 2
Williams et al. TL 2007, 48, 5115. —> f;l R
3
H

5



1. Alcohol Activation; intramolecular amidation

catalyst (5.0%Rh)
base (10%)

00°C

acetone
in sealed tube

LA,

2a

Sog
NH

2
1a

Fujita et al. OL. 2004, 6, 2785.

|1 [Cp*RhCly) K,COs 81
2 [Cp*RhCla)z K,COs 62
34 [Cp*RhCla]; K2CO3 72
ge [Cp*RhCla)2 K>COs f
5 Cp*Rh(0Ac)z-Hz0 K2C O3 28
6 RhC1(PPh3)3 K2CO3 43
7 [RhCL(CO)2]2 K;CO4 0
8 [Cp*RhCla)z NazCOs 46
9 [Cp*RhCla] EG:N 0

@ Reaction was carried out in a heavy-walled glass reactor at 100 °C for
20 h with 1a (0.50 mmol), catalyst (5.0% Rh), and base (10%) in acetone
(12.5 mL). ? Determined by GC. ¢ Reaction temperature was 80 °C.
4 Amount of acetone was 6.3 mL. € Reaction was carried out in toluene
(12.5 mL) instead of acetone. f1,2,3,4-Tetrahydroquinoline (32%) was
isolated in addition to a small amount of 2a (ca. 5%).

(= CI L
N

N "0
4a H 2a H

/
\_

OH

A

OH

[Rh]—O

_<

x

. OH
[Cp*RhCl, + n=1,23
NH,
lbase
=0
Q - mm
@E&N s Tk E i
N” a
Ha
A
[Rh]—H
c

b \0
A

EI;}—o-[Rm

n
I=Z
(o]




1. Alcohol Activation; dehydrogenative amidation

NH, 28 (0.1 mol%) N ng
. u
H:J/\"Bu PhMe, reflux, 7h ©/\H Milstein et al. Science 2007, 317, 790.

PR
P . e
(1

0

Ph/\NJK/O\ H
b /\/\/N\n/\o/ = - R2NH,
o)
0

@k/“r\/ﬁ O’n\n/\o/ = / | R'CONHR? |




1. Alcohol Activation; primary alcohol amidation

5% Ru(COD)Cl,
5% NHC percursor

0
5% ligand
PR ~op + HN-Bn b lig . e e
15% KOQiBu H

Toluene, 110 °C

During searching a new condition for the alcohol amination,
the unexpected amide formation was found with NHC.

Madsen et al. JACS. 2008, 130, 17672.

R-NN-r X~ R-—Nl_,\Nt - P(o-tol);  PCya(o-biphenyl)
A: R =Mes, X =Cl . R\/h’n R)( o PCy; PtBu;(o-biphenyl)
B:R-= I(BU, X= BF4 : = hMes, A= 4 PIBUH p(:‘yp?’

C:R=Cy X=8BF G: R=1{Bu, X=8BF - -

DR =Py Xl H: R = iPr, X = BF; PnBus PCyp;-HBF,

E: R = Me, X = (MeO),PO,

w/o PR, no reaction
w/ bidentate, no reaction



1. Alcohol Activation; primary alcohol amidation

Ru
X iy 1.
-Hy H,N-R' . -H ,
s N Ru 2 R 2 R
R” “OH R o’[ 2 R™ °N - R "N
H H
[Ru] —=
Madsen et al. JACS. 2008, 130, 17672.
O H Me
Ph\)j\ -Bn g3 \’J\H e
N.
Bn 83%°
n o JJT 0
N'/‘\g’/ 100'}; CI O Ph\)lx -Fh 21:0_‘,'06
H 9 N
0 N Bn 90% o H
A o N A 40%°
Ph™ "N 78% H Ph H-Bn

H M- )
0 Qﬁ( Bn go% Me
]
-Bn Bn O
/\Hfj\ﬁ 60% "y

“Isolated yield. ® Ru(COD)Cl; (2%), ligands (2%), and base (8%).
“ In mesitylene at 163 °C.



1. Alcohol Activation; primary alcohol amidation

_OH 0. o
N * N Ir(Cp™)CI N
original purpose )l\ M.. )l\ (©P) - I‘I—lir(Cp*)CI
o) Ph”™ "H (- HCI) Ph”™ "H H
P cat., NH,OH ___OH )J\ Ph
—> -~
R OH R H R NH, /
what they found i Ph Wo“lr(Cp*)Cl
s Ph NH, N.
Williams et al. OL. 2007, 9, 73. H

i) [INCp*)Clol (2.5 mol %)
Cs5C03 (5 mol %) 0

< on _MCpICR@sma%) R on Swene e refn - M,
R™ N PhMe, reflux R™ NHz i) HO-NHz.HCI, reflux, 16 h
entry? Rb t (h) vield (%F entry? R t1 (h) vield (%)
1 Z-Ph 6 91 1 Ph 24 87
2 E-Ph 6 92 2 (4-Me)CgH, 24 90
3 Z-(4-MeO)CgHy4 6 90 3 (4-F)CeHy 24 84
4 E-(4-Me0)CgHy4 6 92 4 (4-Br)CeH, 30 79
5 (2,4-C1)CgH; 8 88 5 (4-C1)CgHy 30 83
6 (4-0sN)CeHy 8 85 6 (4-MeO)CgH, 24 91
7 CaHy 4 97 7 {(4-Bn0)CgH,4 24 90
8 CgH:CH=CH 4 04 3 (4-0sN)ICgHy 36 48
9 2-furyl 12 82 9 (4-F5C)CeH, 36 56
104 3-pyridyl 16 78

@ Conditions: alcohol (1.0 mmeol), [Ir(Cp*)Cl;]; (2.5 mol %), PhMe (2
@ Conditions: oxime (1.0 mmol), [Ir(Cp*)Cly]; (2.5 mol %), PhMe (2 nL); 111 °C. ?Isolated vields after recrystallization or column chroma-
em?); 111 °C. ? Unless specified, oximes are commercially available as ography.
mixed E/Z isomers. ¢ Isolated yields after recrystallization or column
chromatography. ¢ DMF as solvent; 111 °C.



1. Alcohol Activation; C-H activation

S

Ph

Kempe et al. JACS. 2010, 132, 924.

\FN + 2 P OH - NN
KO'Bu, 110° C, 24 h OH
NH; H,0 HN_Ph [IrCl(cod)],
@ PyoNP(-Pr), Q OMe
cHy + - (el
KO'Bu, diglyme, 110°C
- 5
Table 1. Ligand Screening® OMe H20
Entry Ligand TON  Yield®
. Cat. Load. {Hetero)arom. X - ik
1 PPh; 137 41 Entry [mol%Tr] educt Prod. TON  Yield
2 Py:NP(i-Pr): 243 73 o
3 Ph,PC;H.PPh, 97 29 | 5.0 g sa 4 71
4 2,2"-bipyridine 200 60 N
3 l,3—biS{2.6—d?plethylphenyl)-i.lﬁ—qihyd roimidazole 0 0 5 50 LN sh 15 74
6 1.3-bis(2,6-diisopropylphenyl)imidazole 0 0
7 none (COD) 227 68 | =
3 5.0 .N Sc 8 38
N
=
4 5.0 | N 5d 7 33
=
5 5.0 ' Se 9 45
=
6 5.0 P 0 0

=




Alcohol Activation; asymmetric alcohol amination

-

(0]
g
H HN" “tBu
Our approach O 0 R™ R
1]
OH H,N" " “tBu S 6
Hg i HHNT“Bu + 1,0
R™R .. 1. . <
R’ R
2 catalyst 3 6
stoichiometric stoichiometric
oxidation reduction
1 Q
(0] .S,
)L — : N" “tBu .+ H,0
R' R stoichiometric
Lewis acids R' R
4 5

Dong and Guan et al. JACS. 2014, 136, 12548.

9]

O 1 mol % Ru-Macho it

OH .S
Hi  * .S - HNS By H o

, H-N" ~ “tBu 15 mol % KOH, toluene : .
R R 2 : N B —
120 °C, 6-12 h R R H-N-Ru—CO

2 1 6 [ Y
PPh,

Still limited to symmetric alcohols and benzyl alcohols, aliphatic alcohols — not suitable




1. Alcohol Activation; asymmetric alcohol amination

OH dynamic kinetic asymmetric amination? NHAr
Rg\g\Rﬂ + H2NA[ - Rz\{'\ R3
R 3 R 4
mixture of essentially
four isomers one isomer!
" ONpar @ DHd [ NHATr
\ R2 X RZ
— R3 - R3
R1 B Kiast R 4
[IrH4] u
'
HX NHAr
2 HaNAr 2
R1 R1
A H,0 ﬂ c
Onpar @ lrHd i NHAr
R2 X R2
— R3 ———————————— - R3
R1 B kslow R‘I 4[3

Zhao et al. JACS. 2015, 137, 4944.



1. Alcohol Activation; asymmetric alcohol amination

OH 5 mol % [Ir], 10 mol % acid NHPh NHFh
Ph Ph Ph
})\Me + PhNH; AAMS Me ° =" “Me
Me 110°°C, 24 h Me e
21dr  3a [0.2 M] in toluene 4a epi-4a
: II :Q\S Zhao et al. JACS. 2015, 137, 4944.
r -
| N oY
HN
P
NG 2a )
a)
/Me OTBS S mol % 2a NHPh NHPD
I . AN 10mol % 1e  1BgQ or TBSOLA
2
Me”™ "OH . 4 AMS
(1)-5a 1.2 equiv toluene, 110 °C Me  6a Me &b
prepared from E:‘E):AZPPE; 96 h, 72% yi&ld 96 h, 67% yield
meso-diol >08:2 dr, 97.5:2.5 er >98:2 dr, 96:4 er
b) o)
Me. .OTBS same asle_lbove NHPh )L
I using aniline TBSO\I/LMe 1. TBAF o~ “NPh
2. DIPEA
Me™ ~OH Me triphosgene  Me Me
(#)-5b 6a 7
?rgengac;fgm 96 h, 66% yield

-

>98:2 dr, 97:3 er

86% yield
>98:2 dr, 97:3 er




2. Amine Activation; transimination

RuClx(PPhg)s
(2 mol%)
RNH, > RoNH
185°C, 5h
80 47
entry R no. yield (%)
| Pr 47i 724
2 Bu" 47j 96
3 CH3(CHy)s 47g 08
4 CH5(CHy)y4 47k 99
5 PhCH, 471 99
6 (CH,)sCH 47h 90
@THF used as solvent.
RUCL(PPh3);
~NS (3.5-9.5 mol%) !
R’J 180°C, 1.5-7 h hl‘/ l
26 46
entry R no. yield (%)
| Prt 46a 684
2 CH;(CH»)4 46b 804
3 CH;(CH,), 46¢ 78
4 Ph d46d 90

“Reaction performed using THF as solvent.

Porzi et al. JOMC 1981, 208, 249.

Porzi et al. JOMC 1982, 231, C31.



2. Amine Activation; transimination

RUuCl>(PPhs)s )
(2-2.5 mol%) f (E n-2

HoN .
WNHQ Ph,O, 180°C, 5 h H Porzi et al. JOC 1981, 46, 1759.
127 30 (78-90 %)
(n =3-5)
R —
NH, RUCI,(PPhs)s K
“ (5 mol%) N\ 4
N (\/}NPr”QCI ~ N
|/ P 2 SnCly2H,0 N/
R (100 mol%),
dioxane:H-0 (8:1),
Q
66 128 180°C, 20 h 129
entry no. R yield (%)
] 1292 H 57 Shim et al. Tetrahedron 2000, 56, 7747.
2 129b 6-Cl1 34
3 129c¢ 6-MeCO 63
4 129d 6-Me 64
5 129¢ 6-MeO 58
6 129f 7-MeO 50
7 129¢g 8-Me 45




2. Amine Activation; transamination; more challenging than alcohol

1 mol% catalyst H
il RN
N aniline " ©/ Beller et al. ACIE 2007, 46, 8291,
- 3
Entry Catalyst Yield [%6]®
1 _ _
2 [{Ru[(+)-binap](C)}] -
3 [Ru(Cl),(bipy,])-2H,0 -
4 [RuCO(H),(PPhs);] 2
> [Ru(Cl),(PPh;)] > ph 0" "O._Ph
6 [{Ru(Cl) (cod)},] - %h Ph
7 [RuCp,] - Ph ‘\RU,HER - Ph
8 [{RuCp*Cl,}] - Ph o i L “co Ph
9 [RuCp*(cod)Cl] - oc co
10 [{Ru(p-cymene) (Cl),},]*° 14 1
11 [{Ru(p-cymene)(Cl),},]/TsDPEN! -~
12 [{Ru(p-cymene) (Cl),}.]/dppf 9
13 [Rus (CO) - €9co p,
14 [Ru;(CQO),,]/cataCXium PCy - O—RU
15 Shvo (1) 94 — Ph
16 Shvo—H, (2) 70 N
Ph ~Ru=0O"  Ph

[a] Reaction conditions: 1 mol% catalyst relative to n-hexylamine, Ph ocC" i
2 mmol n-hexylamine, 4 mmol aniline, 150°C, 24 h. [b] Conversion and oC
yield were determined by GC with hexadecane as internal standard. 2

Conversions and yields are based on the conversion of n-hexylamine and
N-hexylaniline. [c] 4 mol% K,CO;. [d] 2 mol % ligand, 4 mol % K,CO,, 4-A



2. Amine Activation; transimination

1mol% 1, 150 °C

- | 2.
N 2methyloutan-2-ol H Beller et al. ACIE 2007, 46, 8291.
2 +  Aryl-NH, N~~~
—NH3 Aryl
— ; . NH, N
Entry  Aniline Product Yield [%] /@’ /@/ NN o7
NH, H cl cl
~TT
O . w
Me Me 10 /©/ 94
NH, H o Br -
~NT
(X X : e
Me Me 1 /©/ 20
Me Me H O:N O,N
3 Nz N 34 NH, N
12 ,©/ Q’ 76
Me Me Me Me NC NC
TSN
- 1 e O T »
MeQ FiC F.C
H
\ |
OMe OMe 14 - _N 83
MeO NH,  meo N O o
T
H
N.__NH
6 q7 = 2 Noo N~~~
MeO: ; MeO: ; 15 | | 96
OMe OMe = Z
NH, H N I Na
s ™.
16 == FO VAN 77
7 0 /Q/ 86 7 NH, N
0 H
\——O \.__O
H [a] Reaction conditions: T mol % Shvo catalyst 1 relative to n-hexylamine,

NH, N~~~ 2 mmol n-hexylamine, 4 mmol aryl amine, 2-methylbutan-2-ol, 24 h,
8 /©/ 99 150°C. [b] Yields of isolated product are based on n-hexylamine.
F



2. Amine Activation; double transimination

0 -0

Ph \‘-H.." Ph
Ph Ph%
Ru" H“““Rﬁ/ Ph
Ph ph '\ Ph )
© / i} (1 mol%) N Beller et al. ChemComm 2008, 3199.
S

2-methylbutan-2-ol, 150 °C | =
24 Ve
R
66 30 131 (25-68 %)
{n=12)
. o o
ph \\\H," Ph
4 Ph Ph
PHi Ru~\"H“‘“Ru/ Ph Ph
Ph /o od \co
N I\ﬂ-lz (1 mol%) _ "
R dimethoxyethane, 170 °C,
24 h
132 45 133 Beller et al. TL 2008, 49, 5142.
entry R no. yield (%)
| Ph 133a 58
2 4-MeOCgH4 133b 89
3 PhCH, 133¢ 75
4 CH;(CH>)g 133d 90




2. Amine Activation

? Ph
4 } ©)'LH precatalyst (2 mol%) Fg—
+
N
2a

e

N toluene, 140 °C, 18 h jl
1 Ph F"h
a Ja 4a
91/9
89(82)
Ph
H* + ( ) 1a (*') |
N I
Ph) [Ru] kP|'1
mﬁu]H'; H*
[Ru]H H* RU (RUIH
Ff P
S
Hydrogen source 2a I\ph
(amine or formic acud) PhCHO "
dialkyiated pmducts ©q l \B
pyrroles, enamines Ph N Ht
(detected) §
+ Ph
o
N 1

[RuCl,(p-cymene)],
[RuCl,(p-cymene)],
[RuCl,(COD)]n
Ru3(CO) 1,

Shvo’s cat.

[Ru(p-cymene)Cl, ], + dppf

Bruneau et al. JACS 2011, 133, 10340.



2. Amine Activation

cat. 2 (1-5 mol %)
NaOH (0-6 mol%])

B
N H,O-solvent (1:1 v:v) R L““N
H H

e L2
solvent = N”

R—

dioxane, 2= \ H pr
toluene, lutidine 'Pr"P RukaI
'Pr’ \ Pr
cr
Milstein et al. JACS 2014, 136, 2998.
proposed mechanism
cat.2
- Ha +H0 + -NH;R' R
R._NHR'z——= R.___NHR' —thO R._-NHR" ~ 77727
T2 OH
cat2: -H,
¥
R NHR'

T

0

————

1=

75 [70]

cat.2
+H,

H

cat.2
“H, + OH

G

O

R




2. Amine Activation

1d (1 mol) =

Clhﬁ
Ve N—C )R
R~

R® 4a:R'.RZR®=H

OMe, R? = H, R® = NO,
1e: R' = NMey, R? = NO,, R® = H
1d: R' = OMe, R? = H, R? = OMe

NO—OMe N—C}—onne
\ / /
1e 11

- R HO, Fs 1b: R’ =
@ |=3|:: C'Et TFE, 30°C s OEt
12 h o
a-u Ja-v
0.5 mmol 2.8 equiv
R R
| ST L
o M’t OEL

Ba(R=H;74%) O
b (R = PivO; 52%)
B¢ (R = Mel); 62%)

8d (R = H. 65%)
Be (R = CI: 28%)

N.r"

6g (229 6h (1891

Xiao et al. ACIE 2015, 54, 5223.



3. Alkane Activation; alkane dehydrogenation

1) Heterogeneous Alkane activation

i H
0.5 %Pt-Li/ALO; s L
I~ 2% WO4/SiO, _ alkanes y Sli \o Zi/ox; | \\O " o
399 °C, 62.2 atm. ~ovy “ow—‘/’ \? "f\‘O"fl“ O"/’AI\O »
~ o W ]|
Burnett and Hughes k e g e
Basset

2) An early homogeneous examples of alkane dehydrogenation by C-H activation

Crabtree et al. JACS 1979, 101, 7738. Bergman et al. JACS 1982, 104, 352.  Felkin et al. JCS.ChemComm 1983, 788.

‘ hv, [Rh(PR;),(CO)CI] \‘ (TON>100), still require H, acceptors w/ H,

Crabtree et al. JACS 1987, 109, 8025. Goldman et al. JACS 1989, 111, 7088.;
Saito et al. JCSChemComm 1988, 161.

low turnover number and low stability




3. Alkane Activation; alkane dehydrogenation

PBuY, PBu',
| o o )
25°C
‘ \H pentane H/ S
PBu', PBu',
(2 3)
130 °C
vacuum
Kaska and Jensen et al. JACS 1997, 119, 840.
H,
PBUIZ
TON up to 1000
..ﬂ“’H
I
>
Not required H,, but still required tert-butylethylene PBU',
as hydrogen acceptor @
dehydrogenated/hydrogenated
substrate time (h) T(°C) products (mol/mol of 1) C—C bonds
cyclohexane 1 150 cyclohexene (44) 0.98
benzene (54), tha (211)
cyclohexane 0.5 200 cyclohexene (80) 1.02
benzene (77), tha (310)
methylcyclohexane 1 150 methylcyclohexenes: 1 (8). 3 (20). 4 (41) 0.97
toluene (11). tha (103)
methylcyclohexane 1 200 methyleyclohexenes: 1 (27). 3 (39). 4 (70) 0.96
toluene (54). tba (310)
methylcyclohexane 120 150 methylcyclohexenes: 1(67). 3 (13), 4 (25) 0.97
toluene (65), tha (310)
decalin 72 150 octahydronaphthalenes (24) 0.96

tetrahydronaphthalene (8)
naphthalene (4), tha (71)
decalin 1 200 octahydronaphthalenes (69) 0.96
tetrahydronaphthalene (16)
naphthalene (7). tba (159)




3. Alkane Activation; alkane dehydrogenation

400

300
- w/o H, acceptor
£
)]
c
S 200
% Kaska, Jensen and Goldman et al. ChemComm 1997, 2273.
o PButg
> H

'
” 100+ &'Bjtﬂ TON up to 360
up to
C1oH CioHig+H
107720 eflux (201 °C) 107718 21
| | | | | maximum build-up of
0 ¢ . o .
0 5 10 15 20 25 olefin inhibits further
t/h .
catalsis
Fig. 1 Cyclodecene formation (total, ca. 3: 1 cis:trans) vs. time; (PCP)IrH-
in refluxing cyclodecane (1.0 mm, 201 °C)
R-P Ir; PR
2 i 2 (tBu),P Ir——P((Bu),
/4?
R = tBu (1) H H

R=Pr (2) (3)



3. Alkane Activation; alkane dehydrogenation

X 1. THF, 2.1 equiv. NaH, X
1 h reflux
2. 2.1 equiv. ({Bu),PCI
1 h reflux

HO OH o (0]

saf (BuP o o P(Bu)
| X 5 [%]°
5a| MeO 82
5b| Me 87
5¢| H 93
5d| F 96
be | CgFs 91
5f | Af 90

ANMR purity ca. 95%

Brookhart et al. JACS 2004, 126, 1804.

X [(COD)IrCl),, toluene,
2-16 h 150° C

({Bu):P P(tBu)2 {fBu)-P

Sa-f Cl 4da-f

P(fBu)



3. Alkane Activation; alkane dehydrogenation

cat. KQ 1
O (n‘Eiu)zF’7Ir.,,/H—P(rE!u}2 ©

+ 200° C +
,_> Brookhart et al. JACS 2004, 126, 1804.
X
/7< /7<
cat. cat.
daf or 11
9 i 9 l r |
(fBu)zP?llr—P(tBu)z (tBu),P H'llr P(tBu)y
“ cat N:IOIBU
' byproducts
Table 1. TONs for the Transfer Dehydrogenation of COA and
TBE Catalyzed by 4a—f and 11 Plus NaO{Bu Obtained at 200 °C /\©

. '--"-'
and the COE:1,3-COD Product Ratioa ©‘H2 O-Hz Q [Q
— .-‘k“

a b c d e f 11

MeO Me H F CeFs Arf H
8 min 806 811 022 840 1150 1162 156
(COE/COD)? (100/0) (100/0) (99/1) (99/1) (94/6) (94/6) (100/0)
31 min 1226 1087 1194 1108 1401 1424 198
(COE/COD)?  (93/7) (95/5) (93/7) (93/7) (90/10) (89/11) (100/0)
178 min 1564 1356 1514 1380 1699 1735 216
(COE/COD)? (86/14) (87/13) (86/14) (85/15) (83/17) (82/18) (100/0)
918 min 1674 1413 1512 1465 1863 1893 212
(COE/COD)? (83/17) (87/13) (86/14) (85/15) (80/20) (79/21) (100/0)
2398 min 1904 1484 1583 1530 2041 2070 227
(COE/COD)? (81/19) (86/14) (84/16) (84/16) (78/22) (76/24) (100/0)
6170 min 2017 1488 1609 1605 2175 2186 230

(COE/COD)? (78/22) (86/14) (83/17) (83/17) (75/25) (75/25) (100/0)
20 305 min 2047 1485 1603 1633 2170 2210 230
(COE/COD)? (78/22) (85/15) (83/17) (82/18) (75/25) (75/25) (100/0)




3. Alkane Activation; alkane metathesis

Tandem catalysis

2M 2MH, R 2MH, 2M R
X R XA . R olefin R/\/ . R/\/
e B o = \/ melathesis
+ H:(':(‘H: v 2 H»;("(_-.H;
iPr iPr
X—PR . N
\2 R=tBu, iPr I Q
L, X=CH2, 0 (ch}(FEC]ECO“WIMD%CHC(CH -
|l =H. H. C.H (H3C)(F5C),CO 372
X_PRE n 27 4, =274
Developed by Goldman and Brookhart ITCy3
..\'LCI
Ru=—
cl” | —\ph
PCy;

Goldman and Brookhart Science, 2006, 312, 257.



3. Alkane Activation; alkane metathesis

\ \ iPr iPr
X Ir(L) X Ir(L)
N 3
O— PR: (X—RPCP)[T PR:’_ (H3C)(F3C]QCO“‘“'MU\
(X-RPOCOP)Ir (H3C)(F5C),CO CHC(CH;),Ph
2a: R=t-Bu,X=H
1: R=1-Bu, X=H 2b: R=i-Pr, X =0Me

L=CyHy H, L = H,and/or H,

1 (10 mM), 3 (16 mM)
NN > C2-C15+

(7.6M) (0.75M) + 6 h

(1.57M) + 4 d, then adding fresh Schrock cat.

(2.81M) + 5 d
Entry Ir catalyst ELBHE: T?:E;]' Time c c c c P;oductcconcenctratlos (mMc) c c c Total product (M)
2 3 4 5 7z 8 9 10 11 12 13 14 =15
1 1-CH, 0 125 6 hours 123 105 183 131 73 70 47 10 4 2 1 0.3 0.75
24 hours 233 191 319 234 133 122 81 22 9 5 2 1 1.35
2 days 261 215 362 265 147 138 89 25 11 6 3 1 1.52
4 days 264 218 372 276 154 146 95 26 12 6 3 1 1.57
Added additional 3 (8 mM)
5 days 502 436 721 420 239 223 1583 T4 30 18 10 5 281
2 1-H, 20 125 1 day 458 345 547 258 151 139 95 29 13 6 3 2 2.05
3 2a-H,” 20 125 23 hours (131) 176 127 306 155 37 49 232 18 4 4 10 2 1.25
Added additional 3 (6.4 mM)
46 hours (189) 255 193 399 208 61 81 343 31 9 9 22 7 1.81

Goldman and Brookhart Science, 2006, 312, 257.



3. Alkane Activation; alkane metathesis

1 (10 mM), 3 (16 mM)

- C2-C15+
(7.6M)
D M ey A
+2M
o2 Ml/
/\/\/ melathesis m—
W e T g cH? N cH,
l isomenzatuon 1 lSﬂn\Cl'i/ﬂll()"
/\/\/ _—
/\/\/ /\/\
e CGHT, X C,H,
l metathesis l metathesis
\/\/\/
7 CHY N
\/\/ \/CSHII
+2 MH,
\ pra /
\/\/\/
N AT

Goldman and Brookhart Science, 2006, 312, 257.



3. Alkane Activation; alkane metathesis

Alkane cross metathesis reaction of Cé6 and C20

Table 2. Concentrations of C, to C,, n-alkane products resulting from the metathesis of n-hexane

(4.36 M) and eicosane (n-C, H,.; 1.09 M) by 1-C_H, (7.14 mM) and 3 (11.43 mM) at 125°C.

Product concentration (M)

Time Total product
c2—5 c?—lO c11—1-’-1 c15—19I c21—2-’-1 c25—35_’5

1 day 0.44 0.36 0.24 0.31 0.14 0.066 1.56

6 days 0.56 0.64 0.31 0.27 0.12 0.070 1.97

Compatibility of Ir-pincer with heterogeneous catalyst

Ir(pincer) (9.1 mM), 175 °C
P U U = alkanes
Re,0//Al,05 (16 mM)

(heterogeneous olefin metathesis catalyst)
thermally stable

G, Cis

Cie
Cz
Cas Ci;

Observed GC trace

- |

Goldman and Brookhart Science, 2006, 312, 257.



3. Alkane Activation; alkane metathesis

P'Bu, P'BuMe

|rH2 |rH2

xzc
/ /
O 1 PBu, 2 “—PBu,
'Bu 'Bu (BUPCP)IrH, (BUSMepCP)IrH,
PRy =/
|er$~"—» |er M= cxz
O_P\IBUQ iPT

XEC_ IHCaHa)
Moy ete. / (HO)(FsCCOny, 2 g,
~ 7 ——=, higher 3 O-PBu, (HiO)(F5C12C0”  NGHC(GHa)oPh
GO CO O oligomers, (BPOCOP)IrCyH,) 4
polymers
Cycloalkanes (% by weight)
Cat. TBE/mM Time/h Cﬁ Cj Cg C]5 C]ﬁ C]'." C34 C31 C_:,_g C_1_(] Sum C5_1.[] pfﬂd. Insol. % % Conv. Cg
1° 10 24 00 1.3 79 00 0.7 03 03 02 01 0.1 38 7.8 21
1” 10 72 0.2 27 61 0.1 1.9 0.6 07 04 02 0.2 7.8 16 39
1° 20 24 01 27 73 0.1 0.7 04 0.3 0.1 0.1 0.1 53 11 27
1“ 20 72 03 40 47 0.1 3.2 0.7 1.2 05 02 03 11.5 29 53
1“ 100 24 03 53 45 0.1 0.7 04 0.3 0.1 0.1 0.1 8.2 32 55
1“ 100 72 0.5 56 43 0.1 1.3 04 06 02 01 0.1 9.9 33 57
2 20 6 01 02 41 00 14 0.3 94 46 0.1 2.2 32 4.0 59
24 20 12 01 03 20 00 14 0.3 10 56 02 27 34 10 80
¥ 20 24 00 03 42 00 15 0.2 10 40 0.1 1.2 37 5.6 58

“ Heating beyond times given did not afford significant additional pmduct Other ring sizes, formed in lesser amounts, are described in the
ESI ® Insol. = material 1moluble in toluene at ambient tcmperdtur-:: CgzH s (0.75 mL 625 mg); 1 (44 mg: 10 mM); 4 (3.7 mg 6.5 mM).
4 CgHyg (0.75 mL, 625 mg); 2 (4.2 mg; 10 mM); 4 (3.7 mg; 6.5 mM). “ CgH ¢ (1.5 mL, 1. 25 £); 3(14.0 mg: 15 mM)_ 4 (11.5 mg: 10 mM)

major component of insoluble material — PE (Mw = 49,600, Mn = 29,700, PDI = 1.67)

Goldman and Brookhart ChemComm, 2008, 253.






Quiz 1.

R 1a

NH
©/ Ph O H
\H\N/
1b [RuH,)] Ph’<\iph

OC- Ru
R 1a OC
I

N
©/ Ph OH

HN Ph-§§?Z£:Ph

thermodynamically H-oN

favorable V/R /4 oc
NH
NH3 ©/ : NH,



Quiz 2.

Lolr LnirHD
D DD D Ln / 9
“_~. | b C2Ds
Dscygi%'* CD3(CDp)s0-Ir-H — DJX o
D D
O D DD D 1 C,DgOH
Ph aldol condensation ;_:1
H HH H LnlrHD
i CoDs
O DHD D J\]/IX 2Us JYEEDE
base
2 W 3
D HH H
B

major product A was derived from a-deuterium proton exchange by H,O or excess alcohols.



Quiz 3.

H
N
-PC}»’S ( 7
H N-H
[Ru]—NQ R
—
@-CH | — "1 R = Si(OMe)s
R =H, alkyl

R R
H
u uj—
o<
}&_\ & CH>=CH»
n "

a-CH l
BTN
[Ru]—<”



1. Alcohol Activation; vinyl ether synthesis

(]
cal,
ROH + Abgy —lreodClla () | | o
2
Table 1. Reaction of 3 with 2 to 4 Catalyzed by 12
run additive (mmal) conv./% yield/%®
1 NaxCOs (0.6) 100 quantitative
2¢ Na,CO, (0.3) 100 82
3¢ NaxCOs (0.01) 86 67
4 none 3 1
3 NaQAc (0.6) 100 82
i) NaHCO; (1.2) 09 93
7 K-.COs (0.6) 39 3
8 Cs,C0O, (0.6) 30 6
9 pyridine (1.2) 2 1
104 Na,CO, (0.6) 08 96
11¢ NaxCOs (0.6) 85 84
12f Na;CO5 (0.6) 08 a7

AcO”x + ROH

4 N
4 5

l[erI(cod)}leap_COg

OR
/=<
Lo, (0
ACOT X 04< R
4 8 6
Lnlr—OR Lnlir—OAc

mwg

\ ACOH ROH
5

~

/

73 (1 mmol) was allowed to react with 2 (2 mmol) in the bplescnce of 1
(0.01 mmol) in toluene (1 mL) at 100 °C for 2 h under Ar.
(5 mmol) was used. 90 °C, 3 h. ¢1.4-Dioxane (1 mL) was used as a

solvent. f Vinyl benzoate (1 mmol) was used instead of 2.

Table 2. Reaction of 3 with 2 to 4 Catalyzed by Several
Transition Metal Complexes?

run catalyst conv./% yield/%?

1 1 100 quantitative
2 [Ir(cod)2] T BFs- 72 70

3 [Ir(cod ) CH3CN)] "BFs~ 98 90

4 [rCI{(CO)FPPhz)2 no reaction

5 [RhCl(cod)]2 28 3°

6 RuCla(cod) 4 :

7 PtCla(cod) 9 1

8 Pd(OAc)./PPh;y no reaction

GC yield.” 2

@ Reaction was run as shown in Table 1 a. ? GC yield. ¢ n-Octyl acetate
(25%) was produced.

n- CBHW \/

99% 86%

/\OAH/\O/\

91%

o
4 %\0

75% 92%
O/% @/ 0\/
95% 98%

88%

oo

94%

o

78%
(GC vyield)

Ishii et al. JACS 2002, 124, 1590.



