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NOTE: All data on catalytic performance reproduced from original publications with full bibliographic
citation preceding the used artwork. The Supplementary Material is grouped into subsections according to
the main text designations. Catalyst are mentioned in alphabetical order according to coding in the main
text of the Review. Supplementary Material contains the main substrate scope data while the stoichiometric
reactions and optimization studies are omitted and can be found in original works.

3.1.1. — Reduction with molecular hydrogen — Iron Catalysts

A-Fe-1 — Ketones

R. Langer, G. Leitus, Y. Ben-David and D. Milstein, Angewandte Chemie International Edition, 2011,
50,2120-2124.

0.05 mol % 2,
0 0.1 mol % KOtBu OH

A

Ph™ 'Me solvent, 4.1 atm H,, RT Ph™ "Me

Solvent t [h] Yield [%] TON TOF/h™!
(conversion [%])"
MeOH 23 13 (23) 260 11
EtOH 21.5 94 (94) 1880 87
EtOHH 4 85 (86) 1720 430
nPrOH 21 30 (35) 600 29
iPrOH 20 9 (21) 180 9
THF 24 0 - -
- 22 0 = .

[a] Reaction conditions: 2 (0.0025 mmol), KOtBu (0.005 mmol), sub-
strate (5 mmol), m-xylene (1 mmol), ethanol (3 mL), H, (4.1 atm).

[b] Determined by GC analysis with m-xylene as internal standard [¢] T=
40°C.



A-Fe-1 — Amides

J. A. Garg, S. Chakraborty, Y. Ben-David and D. Milstein, Chemical Communications, 2016, 52, 5285-

5288.
/! Cat 3 (2-5 mol#) R
| KHMDS (6-15 mol%) | e
N CFs AH + FeToH
R Hy (60 bar), dioxane, 140 *C B
Products”
Entry Substrate Mol% Time (h) Conv.? (%) Ho™CF; (%) Amine (%)
N er
1 /@’ 1[" ’ 2 12 99 99 p-F-aniline (99)
F
0o
2 \r@ r 2 12 99 99 Isopropylaniline (99)
H_cr
3 \N,Ql f 2 12 58 52 N,N-Dimethylaniline (58)
[
HTCFa
4 ,©/ T 2 24 25 25 p-Nitroaniline (25)
O
Iy CFy .
5 O’ Wor 5 36 35 36 Cyclohexylamine (34)
H
6 W“""‘Q’CF" 5 36 23 23 Hexylamine (22)
N._cF
7 - \g’c 2 5 35 26 26 Methylamine (undetected)
H
8 Q\/"VCE 5 36 58 44 Benzylamine (58)
o
H
9 &@\J"\yﬂ} 5 36 62 61 p-Fluorobenzylamine (62)
1 u
10 \Q\/NTE": 5 36 46 42 p-Methylbenzylamine (46)
o]
il
11 pr o CF 5 36 99 99 Diphenylamine (99)
e}
CFy
H
12¢ Q"T@ 5 36 48 45 Fluoroaniline (47)

“ Unless and otherwise stated, reaction conditions were 2-5 mol% catalyst 3, 3 equiv. KHMDS relative to catalyst, 60 bar Hy, 140 °C and 1,4-dioxane
as solvent. ” Conversions and amine yields were determined by GC using mesitylene as internal standard and TFE yield is based on "F NMR.

 Trifluoromethylbe nzylaleohol was obtained and quantified by GC.



A-Fe-2 — Esters

T. Zell, Y. Ben-David and D. Milstein, Angewandte Chemie International Edition, 2014, 53, 4685-4689.

1 (1.0 mol%).
NaOMe (5.0 mol%)

o H. (25 bar)
. r - R"OH + R—OH
R” O 1,4-dioxane
40°C, 16 h
Entry Ester Yield [%]
0
1 F3CJLO/\"/\Me 717
o}
2 FSCJ\O/\/OMe 80
0 /‘I
3 78
F3C)LO =
j’\ F, Fo Fo Fp
4 F.e” 0 Cog GG o, >99
Fo Fz Fp
CH
5 FBC)LO/V » 95
i
Q FC” 0 Me o
X
7 FiC o’\© =99
X
8 Fs€C” O |\ >99
\V/‘Me
hiy
9 FiC 0/\©\ =99
CF,
1
10 FiC O’\Q 97
F
X
1 FiC 0’\0 52
0
128 FBCJLO/\O =
0O Me
13 Fsc)LOJ\ME 25
0O Me
G|
14 Fsc)LOA\ME 77

[a] Reaction conditions: H, (25 bar), ester (2.0 mmol), 1 (1.0 mol %),
NaOMe (5.0 mol%), 1,4-dioxane (2 mL), 16 h, 40°C, performed in an
autoclave. Yields based on integration of the "F{"H} NMR spectra of the
crude products. [b] 48 h. [c] Ester (0.67 mmol), T (3.0 mol%), NaOMe
(15.0 mol %), 60 h.



B-Fe-1 — Ketones

N. Gorgas, B. Stoger, L. F. Veiros, E. Pittenauer, G. Allmaier and K. Kirchner, Organometallics, 2014, 33,
6905-6914.

H, (5 bar)
0.5 mol % 2a
0 1.0 mol % KOfBu OH
R®™ R solvent, 2h, RT R 'R
Yield"  TOF
Entry Substrate Product 5
[%] ]
[o] OH
ool ea
1 R=H 99 100
2° R=H 77 770
3 R=Cl 09 100
4 R=Br 99 100
5 R =0OMe 34 34
6 R=NO, 47 47
7 R =NH,
8 R=CN
0 OH
9 é Ej 30 30
oo o
10 O O 64 64
[+] OH
11° @J‘\ CH\ 99 200
N N
OH
N N. =
o] OH
13 @/‘vk @A\)\ 10 100
H
Q/\i 45
o

“Reaction conditions: 2a (0.0125 mmol), KOBu (0.025 mmol),
substrate (2.5 mmol), EtOH (§ mL), H, (5 bar), 2 h. PReaction
conditions: 2a (0.0025 mmol), KOtBu (0.005), substrate (2.5 mmol),
EtOH (3 mL), 1 h. “Reaction time: 1 h. “Yields were determined by
'H NMR.



B-Fe-1 — Aldehydes

N. Gorgas, B. Stoger, L. F. Veiros, E. Pittenauer, G. Allmaier and K. Kirchner, Organometallics, 2014, 33,
6905-6914.

Ha (5 bar)
5 mol% 2a or 2b
10 mol% KOtBu

O
N
R)LH EtOH, 10 min, RT R OH

Yield® TOF

Entry Substrate Product 4
[%] [h7]

1 Cre ks 23 23
2 Cre o™ 99 120

S0 /@f\on

3 N o N 99 120
4 O™ Sk 99 60
5 (e e 99 120

®

z=
(\ /g
4

o
Q
-]

T

“Reaction conditions: 2a or 2b (0.125 mmol), KOtBu (0.25 mmol),
substrate (2.5 mmol), EtOH (5 mL), H, (S bar), 10 min. PReaction
conditions: 2a (0.0125 mmol), KOtBu (0.025 mmol), substrate (2.3
mmol), EtOH (5 mL), H, (5 bar), 2 h. “Reaction time: 20 min.
“ields were determined by 'H NMR.



B-Fe-1a — Aldehydes
N. Gorgas, B. Stoger, L. F. Veiros and K. Kirchner, ACS Catalysis, 2016, 6, 2664-2672.
N Al R=H N O~ S
/@/\0 o Ej\g @/\0 g\o
R
A5 AB A7

A3 R=Me
A4 R =0Me

‘AO Q/\\.o ©/M0 @/\Y\\o
A8 A9 A10 A1
P )\/\/IW X x

0 ~o
A12 A13 A14

entry S/C substrate conversion (%)" yield (%)°
1 20000 Al >99 96

2 20000 A2 >99 >99

3 15000 A3 >99 >99

4 15000 A4 98 98

5 20000 AS >99 97

6 20000 A6 >99 >99

7 20000 A7 >99 >99

8 10000 A8 7 96

9 10000 A9 >99 98

10 10000 Al0 >99 >99
11® 20000 A10 >99 >99

12 10000 All >99 >99

13 10000 Al2 >99 >99

14 10000 Al3 99 97

15 10000 Al4 99 99

“Reaction conditions unless stated otherwise: catalyst 2 (0.1-0.2
pmol, 50—100 ppm), aldehyde (2 mmol), DBU (20 gmol, 1.0 mol %),
EtOH (1 mL), 30 bar of H,, 40 °C, 16 h. "Determined by integration
of 'TH NMR spectra. “Based on integration of 'H spectra using
mesitylene as internal standard. “Reaction conditions: 60 bar of H,.



C-Fe-1 — Esters

S. Werkmeister, K. Junge, B. Wendt, E. Alberico, H. Jiao, W. Baumann, H. Junge, F. Gallou and M.
Beller, Angewandte Chemie International Edition, 2014, 53, 8722-8726.

(o] 1 mol% 4
1 % 3
R|JJ\0R2 1000r120°C, 0 bar by, R ©OH * RTOH
5 19 h, THF 6 7
Entry  Ester Alcohol T Yield®
Fc (%l
0 P i
1 Fh)LOIPr i GEOH 120 96
51
(o]
OH
OMe
2 Q)k /@ﬂ 100 87
5m 6m
Q .
e O
o} 1 molY 4 3 MeO 100 87
177, + 2. MeO
kaORz 1000r120°C, 30 bar H; . K ©OH * RTOH sn &n
5 6or19h, THF 6 7 [
= R OMe OH
|
Entry Ester Alcohol T t Yield® 4 MCO)(@)L "0 100 49
8
°a [ [1%] ? 5o &
o] (e}
- AR
1 e R 0 6 97 5 PN S \Gp % 150 ggH
5a 5p
ﬁ PR OH ?
2 Phe 0" Ph 6a 120 19 86 ove O/\OH
5b 64 . 120 85
0 q
P T 5q
3 e oone e 00 6 99 g
5¢
i Ry Cﬁk o8 oo 120 86
4 Ao i 120 19 689 5r 90
f’)d o OH
& o] OH
5 Cobg” oMo aie | T 120 19 97 8 @ @ 00 70
5: 5s 6s
P o]
6 G oot ke 120 19 67 s Hoon /©/\0H
5f glel | P % a 120 85
o a 6t
CoyHay™ " OH
7 C"Hzg)LOMe “Hzég 120 19 97 o A
5g - /©/\OH
it O/\OH 10 e FiC 120 62
gl CHLOM" 120 19 92 = 6u
5h gh 0 ﬂm
o 1o ,@A o e 120 86
NC’
gl o~ oH 1200 19 50 5v By
(o]
. AT = OH
5i 7i
f @ALOMe \
& o 12 o Q);\ 120 90
5w
10 &,0 { pH 120 19 89 0
" =
5§ 6j i " OMe l. - o
o P 13 | N 120 81
N 6x
176 (‘Lﬁ\ i/of 120 19 69 * o
CHy(CHz)3CH3 CHa(CHg)3CH; N\I/Q\ NY\GH
5k 8k S ok
149 s @s 120 63
[a] Substrate (0.5 mmol), 4 (0.005 mmol), 1 mLTHF, 30 bar H,, 6 or 5y 6y

19 h, 100 or 120°C. [b] Yield determined by GC using hexadecane as an
internal standard. [c] Alcohol 6 =7, was taken into account for yield [a] Substrate (0.5 mmol), 4 (0.005 mmol), 1 mLTHF, 30 bar H,, 19 h,
determination. [d] 4 (0.01 mmol). [e] 5h (2 mmol), 4 (0.025 mmol), 100 or 120°C. [b] Yield determined by GC using hexadecane as an

4 mLTHF, 50 bar Hj, 19 h, 120°C, 25 mL autoclave. [f] In addition, the internal standard. [c] cis-4-Decen-1-ol was used for product calibration.
hydrogenation of L-menthyl acetate (> 97% enantiomeric purity) to L-  [d] 4 (0.025 mmol). [e] 0.025 mmol 4, 50 bar H.. [f] Substrate (2 mmol),
menthol resulted in 0% loss of chiral information. [g] Yield of isolated 4 (0.025 mmol), 4 mLTHF, 50 bar H,, 19 h, 120°C, 25 mL autoclave.
product. [g] Yield of isolated HCI salt.

10



C-Fe-1 — Esters

S. Chakraborty, H. Dai, P. Bhattacharya, N. T. Fairweather, M. S. Gibson, J. A. Krause and H. Guan,
Journal of the American Chemical Society, 2014, 136, 7869-7872.

(o]
3 mol% [2]
+H —— - . N =
RAOF{' toluene or THF . R OH 4;‘1':' g%ng 1238 gg:g
4a-n 115°C 5a-n
-R'OH
(0]
@* LC e
4a (3h, 92%) 4b (3h, 90%) 4c (3h, 95%)
(0]
MeO Cl
4d (1.5h, 94%) 4e (12h, 96%) 4f (3h, 88%)

o} o}
Meo /\/\/\)L
YQJKOME oMe Owe
4i (24h, 72%)

O 49 (24h, 63%) 4h (24h 75%)

QAL
O)\ o OMe
4j (24h, 91%) 4k (24h, 50%) 41 (24h, 85%)

@/\‘* — @\*om

4m (24h, 93%) E

“General conditions for hydrogenation: 0.83 mmol of ester, 25 ymol
of 2 (3 mol % loading), 0.5 mL of toluene (or THF for 4g), 115 °C,
p(H,) = 150 or 230 psig. The numbers in the parentheses are reaction
time and isolated yield of RCH,OH.

11



C-Fe-1 — Nitriles

C. Bornschein, S. Werkmeister, B. Wendt, H. Jiao, E. Alberico, W. Baumann, H. Junge, K. Junge and M.
Beller, Nature Communications, 2014, 5.

HBH3
Y
1 mol% 3 + - N 7[> PiPr
Ar—=N = ACTNH O .
iPrOH, 30 bar Hy, : - B~
; P coO
1 T.3h 2 ' .
‘ iPra
followed by acidification ; H
with 1M HC'ME{)H :
Entry Aromatic nitrile Primary amine T (°C) Conyv, (“/n]. Yield (%)*

1 2a 70 =099 97
2 b 70 =99 96
3 2c 70 =99 82
4 2d 70 =99 99
5 2e 100 =09 81
6 2f 100 =09 09°
7 2 70 =99 84
8 2h 70 =99 88
9 2i 70 =99 92
10 2 70 =99 98
11 2k 100 =99 99
12 21 100 =99 71
13 2m 100 =99 81
14 n 130 =99 78
15 20 100 99 88
16 p 100 >99 92

12



Entry Aromatic nitrile Primary amine T (°C) Conv. (%)t Yield (%)}

M. f-’“ A it &
17 1 7 1 | - 100 >99 80
e ~
T NH3 ©f
18 ir M J/\ ’ 2r 130 >99 92
o NT
.’-'T_ﬂ
HN ) §
19 1s T TSN, 2s 100 =99 40
~F
20 1t 2t 100 =99 58’
~|"'““‘» NH CI
= 4 I
21 1u /-xn/“ = 2u 130 =99 75
O
T
22 v | 2v 100 =99 93
Cl HeN™ 7
5 S NHs o
23 1w A JI /;]/\ 2w 100 =99 70
T
H
U/“--l”%/““‘uﬁ, ol
N
24 Ix \ 2x 100 =99 93
)
HBH,
1 mol% 3 + o
R—=N ———————> R~ “NH,Ccr | N | .PiPr,
iPrOH, 30 bar H,, ! C e
4 70°C,3h 5 ! P | ~co
) iPr,
Followed by acidification ! H
with 1M HClypany ! i
)\/\ i - N SN - i - ~"NH. cI
NH, CI CoHyy” TNH, CgHys” NH, CI C,Hyy” NH, I CyeHas” “NH, G
5a 69% 5b 85% 5¢ 87% 5d 76% 5e 63%
+
NH, CI™ O/\N*Hs or : NH, CI @/\/NHS =
5f88% 59 95% 5h74% 5i 87%
IH, CT
+ iz
/©/\/NH3 @/\/\ NH, CI WgHa or
So
5] 89% 5k 83% 51 75%

13



1mol% 3 PR Wt Y T
N=DR— : = Cl H3N R NH; CI ! ( ,Fe\
iPrOH, 30 bar H,, | P co
6 100°C, 3 h 7 g g !
‘ 3
Entry Dinitrile Product f (min) Conv. (%)T Yield (%)1
/\/\///N Ol HN. o
1 2 NN o 180 >99 95
6a Ta
=N - &
2 N///\/\// cl HBN\/\\/\/\N'Ha o 180 =99 g7t
6a Ta
=N -+
= s 7
3 N///'\/\/ Cl HaN\/\"/\/\NHHCI 20 >99 83
6a Ta
4 NMN o~ Lo g0 >99 41
6b 7b
=N
= + -
i ﬂ/ e JE 180 >99 85
Cl HaN =
NF
6c Tc

14



C-Fe-2 — Esters

S. Elangovan, B. Wendt, C. Topf, S. Bachmann, M. Scalone, A. Spannenberg, H. Jiao, W. Baumann, K.
Junge and M. Beller, Advanced Synthesis & Catalysis, 2016, 358, 820-825.

o] 1-2 mol% 3
- 17 + 2,
R1LOR2 60 or 100 °C, 30 bar Hy R OH Rk
4 6or 18 h, THF 5 6
Entry Ester Alcohol T Conv. Entry Ester Alcohol T Conv.
[°C] (Yield [%]®)) [°Cl (Yield (%]
0
g OH
4[e] OMe 60 =99 OMe 100 >89
(99)d (92)
4h 5h
4a
o
oot MG ™""on100  >99
2 /©/\ 60 =99 CsHyy™ ™= OMe (98)
(90) 4i 5i
MeO
4b 5b o] -
100 = 100  >99
8] \““-—0 OMe W 0 {95}
3 OMe 60 >99 i
(99) 4j
cl
4c (o]
= OH
Q 116l X “OMe | 100  >99
4le] OEt /Q/\ >99 L = N (92)
(88) N 4k 5k
FiC
4d 5d
O o~ T 12lc8] j’\ 100 65
5 CyHys™ TOH >
CTH15’JL0Me (95) 0 QH (63)
de Se
4 51
[}
OH 0
Blel O/\ 100 >99
OAOM& (98) 13 \r(\)\om YTTOH 50 see
5f : . L
af O am
o
7 /\\/JJ\ Ph™~"""0H %0, =% rl] 0 |
Ph” =" “OMe (95)dl 14l - o N oH 100 =99
4g 5g \/\g, Pl (86)
4n 5n

[} Substrate (1 mmol),

[ 6 h reaction time.
2 mol% 3.

cis-4-Decen-1-0l was used for product calibration.

15

3 (0.01 mmol), THF (1 mL), 60 or 100°C, 30 bar H,, 18 h.
Conversion was determined by GC analysis using hexadecane as an internal standard (isolated yield in parentheses).
" Substrate (0.5 mmol), 3 (0.005 mmol), yield was determined GC analysis using hexadecane as an internal standard.



o 1-2 mol% 3 i, o
+ 5
rNgrz  100°C, 30 barH, R* OH
4 18 h, THF 5 6
Entry Ester Alcohol Conv.
(Yield [%]®)
(o]

1 OMe OH
MeQ HO

3[4 EtO = OEt

ne OMe
OMe

5ld] (e}

CH3(CHz)2CH5

4s
0

6l o

7lc.el
Cp

50

CH5(CH3),CHj4

>99
(96)

>99
(89)

>99
(81

>99
(97)

>99
(97)

>99
(98)

>99
(89)

3 Substrate (1 mmol), 3 (0.01 mmol), THF (1 mL), 100°C,

30 bar H,, 18 h.
[b]

Conversion was determined by GC analysis using hexa-

decane as an internal standard (isolated yield in paren-

theses).

[l Substrate (0.5 mmol), 3 (0.005 mmol), vield was deter-
h

mined GC analysis using
dard.

42 mol% 3.

el 60°C.
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C-Fe-2 — Amides

F. Schneck, M. Assmann, M. Balmer, K. Harms and R. Langer, Organometallics, 2016, 35, 1931-1943.

Q
U ge 2-10 mol% 2a el E H
1 - N.
R & 2 i0ec sobart, | R OH - RIUCRS
R 24 h, THF
entry amide §/C Temperature / °C conversion[l / % alcohol (yield / %) amine (yield / %)
1 )CJ)\ g Ph"OH Ph—NH,
Ph H’ 10/1 70 94 90 93
30/1 70 57 45 45
50/1 100 =99 99
CF.
2 3 Ph~ T OH
o
o /( J§
PR CFz
10/1 70 99 82
50/1 70 57 53 53
Q P i
OH Ph—NH;
? F CJJ‘ N i
3 H 50/1 70 =99 (n.d.) 99
B (o Ph T aH —NH,
Py
H 10/1 70 0 ] (n.d.)
10/1 100 14 4 (n.d.)
a o~ H
5 N JLN/ Ph" " OH N
| 1041 70 36 14 (n.d.)
10/1 100 53 50 (n.d.)
[%] ey PR
6 B HO H
N
A 10/1 70 0 0
1041 100 0 0
o CFy CFy
) Yy
@ CF4 HOWHA\‘/\CE
10/1 70 0 1]
10/1 100 0 0
3 o HOMH,Ph
L/N Ph
1041 70 0 1]
10/1 100 49 41l
5 Eé; CF, [
~<
L \__é HO o~y oF
oF; N 3
1041 70 84 70l
10/1 1000 99 921l

“Reaction conditions: substrate {1.00 mmol), precatalyst 2a (0.02—0.10 mmol), and m-xylene (1.00 mmol) as internal standard and THF (5 mL).
bConversion and yield were determined by GC analysis using m-xylene as an internal standard. “Isolated yield.
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C-Fe-3 — Formamides

N. M. Rezayee, D. C. Samblanet and M. S. Sanford, ACS Catalysis, 2016, 6, 6377-6383.

0.33 mol % Fe-2a
1.66 mol % KaPOy
a 20bar H, H H H
HJ.L'“."R1 THEN0RC rVRz * 4 lon
RZ
Entry Substrate conversion  yield TON
o]
1 HJL@ >99% >99%" 300
(o]
o]
2 - >99% 99% 300
2
(o]
3 AL Ph >99% 95% 300
H
o OMe
4 . ,@ 69% 57% 207
H
o]
5 - - >99% 94% 300
H
o Br
6 ol ,@ =99% 96% 300
H
oBr
7 | JLND >99% 97% 300
H
o]
8 ok 12% 12%" 36
H
9 b
9 - 1% 1% 3
2

“Conditions: 3 mmol of amide, 10 gmol of Fe-2a, 50 ymol of KyPOy, 2 mL of THF, 20 bar of Ha, 110 °C, 3 h. Yields are isolated yields of the amine
product. Conversions (based on DMF) and TONs (based on CH;OH) were determined by 'H NMR spectroscopy. “Yield determined by 'H NMR

spectroscopy based on CH,OH.
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C-Fe-3 — Amides

N. M. Rezayee, D. C. Samblanet and M. S. Sanford, ACS Catalysis, 2016, 6, 6377-6383.

0.33-4 mol % Fe-2a
1.66-20 mol % KaPO.,

OlL 20-50 bar Hy H
R3 N-“‘ THF, 1130';13c|°c rRVrz ¥ relon
RZ
Entry Substrate conversion yield TON
[+
1° A >99% 88% 50
H
5 o
2 PR iy >99% 96% 50
2
o
3 iy 38% 36% 9
|
o
4 el gy >99% 95% 25
H
o
5 B L, N =99% 99% 25
2
0
6 O’“‘Nth >99% 93% 25
F
0
7 D)L NPhy =090, 94% 25
FiC
[8]
8 O)‘anz =09% 94% 25
NC
o
9 N NPh, =09% 95% 25
W
o
10 ﬁ”p“ <1% <1% <1
MeD ” ~F
114 4% 44%9 120

FaC NBn
¥

“Conditions unless specified otherwise: 0.25 mmol of amide, 10 gmol of Fe-2a, 50 umol of K;PO,, 2 mL of THF, 50 bar of H,, 130 °C, 3 h. Yields
are isolated yields of the amine product. Conversions (based on amide substrate) and TONs (based on ROH) were determined by 'H NMR
spectroscopy. “Conditions: 0.50 mmol of amide, 10 gmol of Fe-2a, 50 gmol of K;PO,, 2 mL of THF, 30 bar of H,, 110 °C, 3 h. “The nitrile
functional group was also hydrogenated. 9Conditions: 3 mmol of amide, 10 gmol of Fe-2a, 50 umol of K;PO,, 2 mL of THF, 20 bar of H,, 110 °C, 3
h. Conversion was determined by '“F NMR spectroscopy and yield by 'H NMR spectroscopy based on 2,2, 2-trifluoroethancl.
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C-Fe-3 — Nitriles

S. Lange, S. Elangovan, C. Cordes, A. Spannenberg, H. Jiao, H. Junge, S. Bachmann, M. Scalone, C.
Topf, K. Junge and M. Beller, Catalysis Science & Technology, 2016, 6, 4768-4772.

_N
= 1 mol% 2 o
o S R = NH,
N 3 h, 70 °C, 30 bar H» =

Entry Nitrile Amine Yield® [%]
1° =N =" NH 95
2 =z | 2
\ e
=
2 ZN /©/\NH2 84
o
F

3 F = R, /\NH 41
I 2
/ 445
L F
41 ZN /@/\NHz 88

FsC
5 ZN /©/\NH2 93
/©/ Ph
Ph
64 //N NH, 63"
HO
o]
7t //N | = /\N|-|2 95
Pro o
Pro
0
0
8 N /©/\NH2 70/
Q/ HzN
HoN
9 NH2 N NH; 94
Z f
& 81
NH,
10 =N " NH, 11
o "
P N
N

d
11 N S 90
s. 7 < NH,
N\

“ Conditions: 1.0 mmol of nitrile, 1 mol% 2, 2 mL of iPrOH, 30 bar
H., 3 h, 70 °C, b Determined by GC analysis. © 0.5 mol% 2. 4 30 bar
H,, 100 °C, 3 h. * 1 mol% 3, 30 bar H,, 100 °C, 3 h. I Isolated yields
of ammonium salt. ¥ 5 mol% 2, 30 bar H,, 100 °C, 3 h.
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1 mol% 2
“NH,

ZN
Z Alk
A 3 h, 70 °C, 30 bar H,

NH
NH 2 e
O/\ 2 @/\ CeHi™ NH;

66% vyield 87% yield 79% vyield
AN
NH HzN o~~~
©/\/\ 2 : NH;
92% vyield* 99% yield

Scheme 3 Yield of different alkyl amines using 2. Reaction conditions:
1.0 mmol of nitrile, 1 mol% 2, 2 mL of iPrOH, 30 bar Hy, 3 h, 70 °C; *

100 °C, ca. 8% of C—=C hydrogenation.
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C-Fe-4 — Formamides

U. Jayarathne, Y. Zhang, N. Hazari and W. H. Bernskoetter, Organometallics, 2017, 36, 409-416.

0
2
J\ _Rz 00700018 mol% 1 i P
1 _—
RE N Wamb, THE  ~Ns T HOT TR
R? 100°C, 4h
o : : 0.070 mol% 1 0.018 mol% 1
Entry siibstrate TON (Conv.)® TON (Conv.)”
CF,
(o]
L ,JI\N /©/ 1390 (>99%) 4430 (79%)
|
H
e Br
: J\NQ >1390 (>99%) 3360 (60%)
I
H
)
3 . LN/"“ >1390 (99%) 3240 (58%)
|
H
o Me
4 HJLN/@/ 1390 (=99%) 2610 (47%)
|
H
o OMe
. sl ¥ /Q/ =1390 (>99%) 1920 (34%)
)
H
[s]
6 HJL\N,PH 60 (4%) -
|
Me
)
7 HLN/P“ 1190 (85%) -
|
Ph

s}
8 H)LN’\ 1360 (97%) 2000
o]
,J\ ~Ph 50 (<5%) -

9 M T
H
o]
10 Ph)I\N’Ph 130 (9%) B
|
H
[}
1 Fgc)Ln’Ph 160 (11%) -
|
H
o]
12 HJ\N’ME No conversion —
|
Me
o]
13 Ph)-LN,Me No conversion =
|
H

“Reaction conditions: 30 atm H, (~450 psi), 5.0-1.25 gmol of 1 (0.07-0.018 mol %), and 7 mmol of amide in § mL of THF at 100 °C for 4 h.
“Determined by NMR and GC analyses of the product amine or alcohol (in the case of highly volatile product amines) as well as residual starting
material. Each entry is the average of two or more trials.
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M-Fe-1 — Nitriles

S. Chakraborty, G. Leitus and D. Milstein, Chemical Communications, 2016, 52, 1812-1815.

2 (1-5 mol%
R—=N &. ANHE
NaEtyBH (1-5 mol%)
KHMDS (3-15 mol%)
THF, 140°C, 60 bar H;
Entry®  Substrate Mol% (2) Time (h) Conv.? (%) Yield® (%)
o
1 MeO 1 19 99 99
‘ . CN
2 Z~OMe 1 36 99 99
CN
3 M90/©, 2 36 92 92
OMe
CN
1 /©/ 1 19 99 99
o
5 .. 1 16 99 99
CN
6 ; 5 48 99 97
F
CN
G FO 5 24 99 98
o
8 a 5 48 99 99
CN
9 /©/ 5 48 99 84
Br

o
z
1]
=]
BTl

10 36 63
Br
CN
11 2 36 78 78
('\j(CN
12 e 5 48 68 68
o
13 1 39 99 99
CN
14 1 48 94 90
CN
15 MeO 2 60 99 99
OMe
e &
16 5 48 90 90
S SNeN _
17 5 48 81 81
CN
18° \( 5 48 83 83
~._-CN
19 5 36 99 99
20° N 1 36 85 66

“ Conditions: nitrile (0.4-1 mmol), 2/NaHBEt;/KHMDS ratio 1:1:3, H,
(60 bar), and THF (2 mL), heated in an autoclave at 140 °C bath
temperature. ® Conversions and yields determined by GC-MS or 'H NMR
using m-xylene or toluene as internal standard. ¢ The reactions were carried
out using toluene as solvent.
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M-Fe-2 — Esters

P. Gajewski, A. Gonzalez-de-Castro, M. Renom-Carrasco, U. Piarulli, C. Gennari, J. G. de Vries, L.
Lefort and L. Pignataro, ChemCatChem, 2016, 8, 3431-3435.

Table 4. Substrate screening for the hydrogenation of esters in the presence of preca-
talyst 1.2
1 (1 mol%)
MezNO (2 mol%)
TEA (20 mol%)
o H, (70 bar)
L re RI™SOH + REOH
R" "0 toluene, 90 °C
Entry  Substrate Yield®™ Entry  Substrate Yield™
[%] (%]
1 e
@ )
1 FiC” 07, 100 1 FJCJLO ~ 100
S1 S1
0 NO
A 0 ’
2 FiC” 70 100 12 Y o
F,.C” O
S2 S12
fo) o F: F
3 A 100 13 0
- SR Fc o F
F
S3 513
X i
il
4 FiC 0/\@ 100 14 CHFZ)LO/\ 0
5S4 S14
o [e]
Il
5 Fsc)ko/\ 100 15 FZBrCJLO/\ 0
S5 S15
o o]
1l Il
6 Fic \Ol\ 87 16 Ao, 0
S6 100 S16
0 Ly
S il
7 F;,C)LO/‘\/ 50 17 | 07 R, 0
F
s7 100 517
8 100 18 0 0
F_;CJLO
S8 S18
o
,(L)L O,N o~
9 FoC™ 0TS 60 19 o
Z
NO>
59 100 S19
(o] /@ o]
10 0 20 e~ A o
F;,CJ\O o~
s10 100" 520
[a] Reaction conditions: substrate (1 mmol), 1 (1 mol%), Me;NO (2 mol%), toluene
(0.25 mL), reaction time=17 h. [b] Determined by analysis of the reaction crude by
YF{"H} NMR spectroscopy. [c] Pretreatment with TEA (20 mol%) was necessary at this
stage owing to the formation of TFA in our ageing batch of S1. [d] Substrate was pre-
treated with TEA (20 mol%) before hydrogenation. [e] Our analytical method did not
allow us to determine whether the olefin was hydrogenated or not. [f] Determined by
GC with dodecane as an internal standard.
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M-Fe-2 — Aldehydes

A. Tlili, J. Schranck, H. Neumann and M. Beller, Chemistry — A European Journal, 2012, 18, 15935-

15939.

™S
fj\ co 1-2 mol% 2a R‘)\DH !
+
B j0par  2G0a (1 equiv)
H,0/DMSO: 111 L
100°C, 20h .
Fe(CO)
2a
Aromatic Product 2a Yield®!
aldehyde [mol %] [%]
o]
OH
l " 1 99 (96)
o
"o
OH
' " ~o 1 99
&
0
\O 0 \O
4 0 | B H ] | b : "
R -
o)
‘A\‘"/\OH
. BES PhH,CO™ ~F 1 97 (92)
2
0
6 Fe H /T(,: | ; oH ; 5
F’ko F™ 0
o
OH
L O 1 99 (95)
L
OsH OH
8 8 1 99
o
OH
’ " F ! 99
F
0
“=r" "OH
10 H o L i 55
cl
o]
OH
! " 1 82
FsC FsC
3
i "™ oH
oy D
12 | § _ s , y
e NE
o
o OH
: j\ f©)l i /LLN/©/\ 1 96
N H
o
H HO l\ iy
: ) “N ! 66 (59)
N A
Oy-n OH
v @g 2 78 (76)
= g g
ﬂ 7
16 5O 4 1 ;
H OH




Aromatic Product 2a Yield"

aldehyde [mol %] [%]
}H OH

17 R 1 9%
a o
Ls) s
a &

18 o ~p° o 1 59

H OH

[a] Reactions performed with aldehyde (1 mmol), base (1 mmol), 2a and
CO (10 bar). [b] GC yield calculated with hexadecane as internal stand-
ard. Yields of the isolated product are in brackets.

TMS
[e] i 1
FUJ—LH . co 1-6 mol% 2a R"0H = o
K2COs3 (1 equiv) ] |
obar L SOMSO 101 : rms
100°C, 20 h ' '
Fe(CO);
2a
Aliphatic aldehydes  Products 2a Yield!"

[lTlU] cyo] [0/'9]

o
1 WH /L‘\/\/J\/\OH 3 % (93)
o]

" oH
2 O)’LH U 1 99
- (o]
8 Lt L7 % 1 %
o]
OH
4 M” ol 1 % (96)
\
5 \/WH H 1 0
Q
/\/WWH /\AM i
6 o 5 62
[a] Reactions performed with aldehyde (1 mmol), base(l mmol), 2a and
CO (10 bar). [b] GC yields calculated with hexadecane as internal stand-

ard. Yields of the isolated product are in brackets [c] Reaction performed
with 2 mmol of base. Isolated yields in brackets.

RE 0 2 R2 OH
1 mol % 2a fite 20N
RV H RVI%[,/LH + R H
3 KzCO3 1 mmol 3
R H,O/DMSO 1:1 R? !
100 °C. 20n
OH
OH OH OH
e SN
9 L (
3 E)
Y=99% 4.8:5.2 Y=72% 5.4:4.6
(94%)
oH OH
j w‘. OH OH
Y=99% 7.4:2.6 Y=88% 7.6:2.4

(97%)

Scheme 3. Iron-catalyzed reduction of o.f-unsaturated aldehydes Reac-
tions performed with of aldehyde(l mmol), of base (1 mmol), 2a
(1 mol% ) and CO (10 bar). GC vields calculated with hexadecane as the
internal standard. Yields of the isolated product are in brackets.
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M-Fe-3 — Aldehydes

S. Fleischer, S. Zhou, K. Junge and M. Beller, Angewandte Chemie International Edition, 2013, 52, 5120-
5124.

1a, K,CO4 ' j.\H
R'"R® 30 bar Hy, iPrOH, 100 °C, 17h R R?
5
R = aryl, heteroaryl
R? = H, alkyl
Entry Product 1a (mol %) Yield® [%)]
OH
1 ©/ 5b 0.1 94 (89)
OH
2 @ﬁ 5c 0.5 99
OH
3 Q/k 5d 0.1 98
Cl
OH
4 /@j Se 0.1 99 (96)
MeQ
OH
5 /@2 5 01 99 (96)
0N
OH
6 D) sg 1 98
FoC™
OH
7 /@2 5h 1 >99
F4CO
OH
8 N /@2 si 0 >99
"
OH
9 MeOYC[/K 5§ 0.5 76
(o]
OH
10 i /©) 5k 0.1 99 (92)
N
H
OH
1 m 51 05 95
N
H
oH
]
=
12 d 5m 0.1 >99 (97)
MeO
OH
3
13 I sn 05 82
a” s
CH
14 @CFz 50 0.5 >99
OH &
15 = 5p 0.5 99!
OH

[a] General reaction conditions: aldehyde or ketone 4 (1.0 mmol), 1a
(0.01-1 mol %), 5-fold excess K,CO; (0.05-5 mol %), iPrOH/H,0O

(0.5 mLf0.2 mL), H, (10-30 bar) for 17 h. [b] Determined by GC analysis
using hexadecane as an internal. Yield of isolated product given within
parentheses. [c] cis/trans ratio 4:1.
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0.1-1 mol% 1e or 1a
)Ci 0.5-5 mol% K;COs /?\H
1
Alkyl o R iPrOHIH,0 Alkyl A R’

30 bar Hy, 100°C, 17 h
R'=H, Alkyl
OH OH
OH
X‘}\) | OH
6
5q: 85% yield 5r: 99% yield 5s: 94% vyield 5t: 98% yield
1e: 0.5 mol% 1e: 0.1 mol% 1e: 1.0 mol% 1e: 0.1 mol%
OH
OH
/&\
5u: >99 % yield Sv: >99% yield Sw: 98% vyield
1a: 0.1 mol% 1a: 0.1 mol%

1a: 0.5 mol%

Scheme 2. |ron-catalyzed hydrogenation of aliphatic aldehydes and
ketones into allylic and secondary alcohols.

R2

RSN o

R3
6

0.1-0.5 mol% 1a

0.5-2.5 mol% K,CO;

iPrOH/H,0
30 bar Hy, 100 °C, 17 h

RZ
R! ’%/*OH
RS
T3

©/\\/\OH

Ta: 82% conv.

mOH

Th: >99% conv.

L
4

Tc: 98% conv.
80% yield >89% yield (93%) 94% yield (92%)
1a: 0.5 mol% 1a: 0.1 mol% 1a: 0.1 mol%
Ph

o
s

WOH

r O

Td: >99% conv. Te: >99% conv.

» Tf. 99% conv.
98% yield (97%) >99 % yield (98%) 9% yield (91%)
1a: 0.1 mol% 1a: 0.1 mol% 1a: 0.5 mol%

M\OH

7g: >99 % conv.
98 % yield
1a: 0.1 mol%

P e T T
7h: >99 % conv.
>09 % yield
1a: 0.1 mol%

Scheme 3. |ron-catalyzed hydrogenation of «,[3-unsaturated aldehydes
into allylic alcohols.
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M-Fe-4 — Ketones

P. Gajewski, M. Renom-Carrasco, S. V. Facchini, L. Pignataro, L. Lefort, J. G. de Vries, R. Ferraccioli,
A. Forni, U. Piarulli and C. Gennari, European Journal of Organic Chemistry, 2015, 1887-1893.

H, (30 bar)
(R)-CK2 (2 mol-%)
i Me;3NO (4 mol-%) OH
R R2 2
s PrOHMH,0 (5:2), 70 °C R P
Entry Substrate Conversion [%]™ ee [%)],7

absolute configuration'!

3 100 51,8
o
sa
o
4 = 4 68, S
.
s5
o
5 [ 99 51,8
o
s6
o
6 T 35 50, 5
o~
N
s7
i
7 @’) o7 57,8
S8
o
8l @é 25 7.8

©
‘
z ;w
(o]
>
Pl

100
s10
0
=
10 | 78 59, R
o
s11
o
11 O)‘L 89 61,8
s12
[}
12 )VU\ 76 0
§13
o
13 ><Lk 22 77,8
514

[a] Reaction conditions: substrate/CK2/Me,NO = 100:2:4, Py,
30 bar, solvent = iPrOH/H,0 (5:2), co(substrate) = 1.43m, T
70 °C, reaction time 18 h. [b] Determined by GC with a chiral capil-
lary column (see the Supporting Information). [¢] Determined by
GC or HPLC with a chiral capillary column (see the Supporting
Information). [d] Assigned by comparison of the sign of optical
rotation with literature data (see the Supporting Information).
[e] Substrate/CK2/Me;NO = 100:5:10.
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M-Fe-4 — Ketones

P. Gajewski, M. Renom-Carrasco, S. V. Facchini, L. Pignataro, L. Lefort, J. G. de Vries, R. Ferraccioli,
U. Piarulli and C. Gennari, European Journal of Organic Chemistry, 2015, 5526-5536.

H, (30 bar)
(R)-1b (2 mol-%)
j‘\ Me3NO (4 mol-%) /Clﬁ\H
1 2 1 L 2
B s B 5:2iPrOH/H;0, 70 °C R P R
ee (%),
Entry  Substrate %Zr)}‘..’] absol.
config.¥
o
1 ©A S1 100 50, S
o]}
2 ﬁ S2 100 46, S
FaC
0
3 /@A S3 64 50, S
MeO
(0]
4 ﬁ sS4 100 51,8
Cl
[o]
5 S5 43 68, S
[a]
6 S6 99 51, 8
[e]
7 = s7 35 50, S
N/
[o]
8 ©)K/ s8 97 57, S
o
gl @iﬁ 59 25 77. 5
aQ
10 @j’ s10 100  13,R
o]
11 @Eg S11 78 59, R
[o]
12 OA s12 89 61, S
13 J i s13 76 0
(e]
14 S14 22 77,8

%

[a] Reaction conditions: substrate/(R)-1b/Me;NO 100:2:4, Py, =
30 bar, solvent: 5:2 [PrOH/H 0, ¢,(substrate) = 1.43 M, T=70 o
reaction time: 18 h. [b] Determined by GC with a chiral capillary
column (see Supporting Information). [¢] Determined by GC or
HPLC with a chiral capillary column (see Supporting Infor-
mation). [d] Assigned by comparison of the sign of the optical rota-
tion with the literature data (see Supporting Information). [¢] Sub-
strate/( R)-1b/Me;NO 100:5:10.
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M-Fe-5 — Nitriles

S. Chakraborty and D. Milstein, ACS Catalysis, 2017, 7, 3968-3972.

1, tBuOK

e
2R—CN ——7—7—= R
30 bar H, i H
90 °C, CgHg
-NH5
Entry* Substrate Product 1 Time Conv’ Yield"

mol% (h) (%) (%)
1 CN . 1 <36 >99 97

: N/\@\

MeQ Meo’©/\ OMe

2 <36 >99 93

O oo

-
41 CN O/\N’\Q 2 18 81 52
\N/©/ \h‘l T/
I .
5 CN /©/\ N’\©\ 1 24 >99 79
IO ‘
E
oy
6 Q/CN Q/\N’\Q 4 36 >99 56
| 1 F F
74 ©:CN @\/‘\\N/D 4 36 59 28
F F F

=)

2]
Q
z

/@/*N/\Q\ 4 14 >99 99
Cl Cl

9 N /@ﬂ\n/\@\ 4 12 >99 99
/@’ Br

10! CN | | ~ | | 16 >99 70

1 4 14 80 61

12 8 36 61 61

13

“Conditions: benzonitrile (1—0.125 mmol), 1 (0.01 mmol), tBuOK (1
equiv relative to 1), and 2 mL of C¢Hg (1 mL for 4 mol % and 8 mol %

cat loading), heated in an autoclave at 90 °C under 30 bar H,. byields
and conversions determined by GC-MS and '"H NMR analysm using
m-xylene, or toluene as internal standard. “Isolated yield. Differences
in conversions of nitriles and yields of secondary imines indicate
formation of partially hydrogenated intermediate imines and their
trimerized products.
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M-Fe-6 — Ketones

A. Zirakzadeh, K. Kirchner, A. Roller, B. Stoger, M. Widhalm and R. H. Morris, Organometallics, 2016,
35,3781-3787.

Table 1. HY Results Obtained with Complexes (R,R,S;.)-
9a—c and (§,8,S;.)-10”

entry complex substrate” time % conv % ee abs config

1 (RR,Sp)-9a  ACP 2h 96 81 S
) (RR,Se)-9b  ACP 2h 93 74 S
3 (RR,S;)-9c  ACP 2h 96 79 S
4 (8,5, )-10  ACP 2h 92

5 (RR,Sp.)-9a  2-Cl-ACP 16 h 62 61 S
6 (R,R,Sp.)-9b  2-Cl-ACP 16 h 60 56 S
7 (RR,Sp.)-9¢c  2-Cl-ACP 16 h 61 61 S
8 (5,5,5:)-10  2-CI-ACP 16 h 60

9 (RR,S;)-9a  4-CLACP 2h 92 79 S
10 (RR,Sp)-9b  4-CI-ACP 2h 91 72 S
11 (RR,S.)-9c  4-CI-ACP 2h 94 78 S
12 (855S:)-10  4-Cl-ACP 2h 90

13 (RR,S;.)9a  2-E-ACP 16 h 64 65 S
14 (RR,Sp)9b  2-E-ACP 16 h 62 60 S
15 (RR,Sp.)-9c  2-F-ACP 16 h 62 64 S
16  (RRSp)9a  4-CF3-ACP 2h 92 66 S
17 (RRSp)-9b  4-CF,-ACP 2h 91 39 S
18 (RR,Sp.)-9c  4-CF;-ACP 2h 92 65 S
19 (RR,Sg.)-9a  4-MeO-ACP 2h 95 80 S
200 (RRSy)9b  4-MeO-ACP 2h 93 73 S
21 (RR,S;)-9c  4-MeO-ACP  2h 95 78 S
22 (RR,Sp.)-9a  4-Me-ACP 2h 96 80 S
23 (RR,Sr.)-9b  4-Me-ACP 2h 91 73 S
24 (RRSg)9c  4-Me-ACP 2h 96 79 S
25 (RR,S.)-9a  PEK 16 h 89 68 S
26 (RRSp)9b  PEK 16 h 80 63 S
27  (RRSy)9c  PEK 16 h 88 67 S
28 (RR,S;)-9a  PBK 16 h 88 70 S
29 (RR,S;)-9b  PBK 16 h 82 66 S
30  (RRSy)9c PBK 16 h 86 69 S
31 (RR,S)-9a  TETN 16 h 48 26 S
32 (RRS;)9b TETN 16 h 43 20 S
33 (RR,S;)-9c  TETN 16 h 47 25 S

“Substrate: 1 mmol, c.atalyst 0.01 mmol, KOBu: 0.04 mmol, 20 bar
H,, reaction time: 2—16 h. bACP, 2-F-ACP, 2-CI-ACP, 4- -CF;-ACP, 4-
MeO-ACP, 4-Me-ACP, PEK, and TETN determined by GC on a Beta
Dex 110 (30 m) column, and PBK determined by HPLC on a
Chiraldex OD-H column.
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M-Fe-7 — Ketones

S. A. M. Smith, P. O. Lagaditis, A. Liipke, A. J. Lough and R. H. Morris, Chemistry — A European
Journal, 2017, 23, 7212-7216.

Table 1. Results of ketone APH as in Scheme 4 with catalyst (S,5)-9.2

Enty R R’ Conversion [%]®  Time [min]  ee (S) [%]"™
1 CH, H ~ 99 90 95
2 CH,CH; H - 99 120 9%
3 CH, ol ~ 99 90 93
4 CHy H 38 90 62
5 CH, m-(CF5), 8 60 86
6 CH, p-Cl - 99 60 90
7 CH, p-CH, ~99 60 94

[a] Reaction conditions for (5,5)-9: 10 bar H,, 0.1 mol% catalyst, 1 mol%
KOtBu, 50°C, 10 mL THF. [b] Conversion and ee wvalues determined by
chiral GC.

o] 0 o]
LI o
O U d

12 13 14

99% 61% 99%

890 min 80 min 60 min
90% (S) 90% (S) 95% (S)

\])?\ >HCJ)\
15 16
99% 0%

B0 min 90 min
45% (R)
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M-Fe-0 — Ketones

C. Sui-Seng, F. N. Haque, A. Hadzovic, A.-M. Piitz, V. Reuss, N. Meyer, A. J. Lough, M. Zimmer-De
luliis and R. H. Morris, Inorganic Chemistry, 2009, 48, 735-743.

Q H,, Catalyst, KOtBu, HO  H

iPrOH
Me - Me

Table 2. Catalytic Hydrogenation of Acetophenone®
entry C S:C:B T (°C) PH, (atm) time (h) conv. (%) e.e. (%)

1 2. 2250415 50 15 18 5=15

2 2 225115 20 25 18 3,

3 2. 225:1:15 50 25 18 70—95

4 3 200:1:8 50 10 14 14

5 4 225:1:15 50 25 18 80

6 &5 225:1:15 50 25 24 3 <5
7 6 225:1:15 50 25 18 -+ 61
8 T 2250115 20 25 18 4

9. A 2250:15 50 25 18 99

“ 8 = PhCOMe, C = catalyst, B = KOrBu.
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3.1.2. — Reduction with molecular hydrogen — Cobalt Catalysts
A-Co-1 - Esters

D. Srimani, A. Mukherjee, A. F. G. Goldberg, G. Leitus, Y. Diskin-Posner, L. J. W. Shimon, Y. Ben
David and D. Milstein, Angewandte Chemie International Edition, 2015, 54, 12357-12360.

Entry Ester t[h] Mol% Product Yield
[%]lb]
N cyclohexanol 85
1 T g 2
hexanol 79
SOy~ 43 2 hexanol 67
& v 43 4 hexanol 87
" St G T 2 pentanol 67
o 48 4 pentanol 85
(o]
4+ O/ \ﬂ/ 48 2 cyclohexanol 61
Ll
5kl ‘>’ \I[l/ 48 2 tertbutanol 67

)
6! G 1!/ 48 4 cycloheptanol 83

O
7€) O/\O'Jj\ 48 4 cyclohexylmethanol 51

ol

i ﬁ ] 48 4 3-methylbutan-1-0l 65
IS 70 4 3-methylbutan-1-ol 80
(o]
gkl /\/\)Uf\ 48 4 2-heptanol 52
L
10K @T 48 4  phenol 65
1 Mc"'gL{:; 70 4 1,4-pentanediol 50
v]
12 @»)\om 48 4 no reaction =
¥
13 CF N0 CF, 48 4 no reaction =

[a] Reaction conditions: substrate (1.0 mmol), precatalyst 2 (4 mol %),
NaHBEt, (8 mol%), tBuOK (25 mol %), THF (1.0 mL), H, (50 bar), 130°C.
[b] Yields were determined by GC. [c] Yields of methanol and ethanol are
not reported.
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A-Co-1 — Nitriles

A. Mukherjee, D. Srimani, S. Chakraborty, Y. Ben-David and D. Milstein, Journal of the American
Chemical Society, 2015, 137, 8888-8891.

0,
Ar—=N + H, (30 bar) (e Thoi %) AT
NaEt;BH (2 mol%)
NaOEt (4.4 mol%)

Benzene, 135°C, 36 h

NH,

Entry Substrate Product Conv. (%)° Yield (%)°

o NH, 99 99

Q

CN
2 Q Q/\ NH, 99 99
CN
NH
3 O g G 99 99(85)°
MeO MeQ
CN NH;
4 99 99(88)°
OMe OMe
cN
NH
5 ,Q/\ 2 99 99(92)°
MeO MeO
OMe OMe
cN
6 /@’ /©/\ NH; 03 83
F F
cN
7 Q gNHZ 87 78
F F
cN
8 @ @(\NHZ 99 99
F F
9 cl cl o o
10 5 . 30 6
TCA o R
1 e FsC 98 57
i NH,
e D @
ot
13 86
e N 95
[ el [ NHp
14 P - 77 71
N N
» o
> 5 35 30
8 N CN N~ NH:

“Conditions: nitrile (1 mmol), 4 (2.0 mol%), NaEt;BH (2 mol%),
NaOEt (4.4 mol%), H, (30 bar), and benzene (2 mL), heated in an
autoclave at 135 °C bath temperature. ’Conversions and yields
determined by "H NMR spectroscopy with respect to toluene or
dimethylformamide as an internal standard or by GC analysis. “Yields
in parentheses refer to isolated product.
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4 (2 mol%)

R—=N + H, (30 bar) R™NH,
NaEt;BH (2 mol%)
NaOEt (4.4 mol%)
Benzene, 135°C,60 h
Entry Substrate Product Conv. (%) Yield (%)
NH,
CN
1 @A ©/\/ 85 85
CN NH,
2 Q/\ 99 99
CN NH,
3 MeQO’ ; MeO’Q/\/ & ne
OMe OMe
4 HoN H,N 85 85
/@/\CN /@/\,NHZ
5 . =
O,;N OsN
CN
. O O™ e s
7 ~~"CN o~ NH; 67 67
8 /\/\CN /\/\\,NHz 70 65C€

“Conditions: nitrile (1 mmol), 4 (2.0 mol%), NaE;BH (2 mol%),
NaOEt (4.4 mol%), H, (30 bar), and benzene (2 mL), heated in an
autoclave at 135 °C bath temperature. “Conversions and yields
determined by 'H NMR spectroscopy with respect to toluene,
dimethylformamide, pyridine, or mesitylene as an internal standard or
by GC analysis. “Formation of secondary amine was observed.
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C-Co-1 — Ketones & Aldehydes

G. Zhang, B. L. Scott and S. K. Hanson, Angewandte Chemie International Edition, 2012, 51, 12102-
12106.

Q OH
I - 12 mol %) PN
HIBAFF (J(Et;0); (2 mol %)
or + Hp - or
4 o 4
NI,R THF, 25-60°C iR
R3J\H R3J\H
Entry Substrate Product t Yield" [%]
(h] (NMR)® {GC}"
(o] OH
1 ©)\ d\ 24 89 (98)
(o] OH
21 @\)k Ej\ 43 36 (94)
Br Br
O OH
31 Q)A Q)\ 24 92 (98)
0 _0
o] OH
418 | =r" CF, ‘ Xy” "CF; 48 91 (99)
= #
sl @3:0 @:}m 43 97 (99)
o] OH
- P 24 {100}
I<l [e] OH
7 ,)Lv/\v// P 65 {99}
o] OH
8 ©)LH ©) 24 86 (92)
(o] OH
9 d‘ H d 24 96 (100)
Br Br
o] OH
101 i H 24 92 (98)
s 3
ne YT B 24 91 (99)
= O/ = 0/
0] OH
128 J o L~ 92 (100)
2
N = N
136 ©/\ /\© ® H/\© 42 84(89)
S '*rN/ N
IEAE H 72 88 (98)

Q0 J
156 @\1 ©/\ﬁ = 48 65 (70)

[a] Conditions: substrate (0.5 mmol) in THF (2 mL), H, (1 atm), 25°C.
[b] Reactions run at 60°C. [c] Reactions run at 25 °C under 4 atm of H,.
[d] Reactions run at 50°C. [e] Reactions run at 60°C under 4 atm of H,.
[f] Yields of isolated products. [g] Yields determined by NMR spectros-
copy. [h] Yields determined by GC analysis.
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C-Co-2 — Esters

J. Yuwen, S. Chakraborty, W. W. Brennessel and W. D. Jones, ACS Catalysis, 2017, 7, 3735-3740.

(@] Cat.1 (2 mol%)
),I\ R-ICHEOH + REOH
R-' OR2 THF, 120 °C
Hs (55 bar), 20h
entry substrate conv.(%)  product yield (%)°
1 i 97 - 97
Ph OH
ph 0" Ph
d 7 24 - 15
2 Ph OH
PhAOMe
3 i 94 < 90
Ph OH
PhA OEt
4 2 32 AT 30
e OMe OH
5 9 82 T 67
/\)\oa OH
o]
6 doMe 45 O/\OH 26
o]
7 O/”\OEt 91 OAOH 89

0
o)
o AN 100 PhN"oEt 20
Ph OEt P ;
Ph OH 98
d i 64 MeOH 8
10 e
H” oM
0

11 HOOC o MO9%I~on o
4 OEt 4

“Reaction conditions: substate (0.5 mmol), catalyst 1 (2 mol %), THF
(1.0 mL), H; (55 bar), 120 °C, 20 h. “Yields were determined by GC.
“Product yields are ratios at 100% conversion. Yields of methanol and
ethanol are not reported. “Toluene was used as solvent.
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M-Co-1 — Ketones & Aldehydes

S. Rosler, J. Obenauf and R. Kempe, Journal of the American Chemical Society, 2015, 137, 7998-8001.

3
fo) NaO'Bu OH
A, the N
R" "R? 2-methyl-2-butanol  R'" "R?
RT
Entry  Product Cat. loading [mol%]  Yield™ [%]

i oH

@”L R 0.25 >99

R=CHs

2 R=CH.CH, 05 >99
3 R=(CH.),CH3 05 >99
4 R=H 0.5 >99
5 OH
6 oH

\OQ)\ 025 >99

O\
7 oH
/@)\ Lo 98 (941))

R’ R=F

8 R=Cl 1.0 >99

R=Br 2.0 64

9
Q
10 U_< 30 o1
OH
(j)\ 3.0 95
P
12 OH
J O,

3 R=Me 05 >99 (971¢)
14 R= OMe 05 97
OH
] Py 05 98
16 on
O\O o5 >99
Cé
17 OOH
0.2 >
. Tl 5 99
18 R=Ph 05 >g9 (93l)

19 OH
55 OH
1.0 > 2le]
/@ 99 (921°)

HO
2 sl 05 >99

= WOH Lo >99 (971)
OH

23 Y\/Y\/ 0.5 >99
OH

24 /L/NQA 05 >99 (951)

“Reaction conditions: 3.0 mmol of carbonyl compound, 2.0 mL of 2-
methyl-2-butanol, NaO'Bu (2.0 equiv with respect to the precatalyst),
20 °C, 24 h, 20 bar H,, precatalyst 3. PDetermined via GC with
dodecane as internal standard. “Isolated yield.
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M-Co-2 — Carboxylic Acids & Esters

T. J. Korstanje, J. Ivar van der Vlugt, C. J. Elsevier and B. de Bruin, Science, 2015, 350, 298-302.

Table 2. Hydrogenation of carboxylic acids using Co(BF)»-6H,0 and triphos. General conditions
used, unless otherwise noted, were 0.15 M substrate, 1:1 ratio of Co(BF 4),:6H;0 and triphos (mol %
loading shown), distilled THF, 80 bar initial H, pressure, 100°C, 22 hours. In the substrate columns,
catalyst amounts are given per acid group, and in the product columns, conversions are shown with
GC yield/isolated yield in parentheses.

Substrate Product i Substrate Product(s) | Substrate Product

] o o : o
H H /!

OH : OH : tﬁ;)u\OH Tﬁj\cm
OH 6 {0

5% 95(92)

::O
Q
I

5% (4h) >85 (65)
2.5% =85 (62/39)

io i

: o4 O OH H o
. /©/\O " ; )\/\JI (_7/ L oH Hon om
1 f H

2.5% =99(71)

; °
g
o

Cr
5% =99 (82/70) | 10% >99 (ether: 14, E025% 94(81)
i diotsa) P01% 78 (48Y)
o o o &
i & EHO\B/\)I\OH 2 HO A~~~ | JE
JoadNoal 55 e
5% >99 (96/84) | 2.5% >85(lactone:23, 1 0.5% >99(76)
: diol: 61) P025% 56(229)
o ; ;
/©)LOH H /\i i
o o /©/\D OH  ~"0oH F07 “OH  F30” ™ OH
5% 98(98/82) | 5% >99 (95) i 125ppm 97 (501

0.1%" 53(17/5

o

5% =90 (89/66) |

I
(o]
o
]

*Neat conditions. 136% GC yield and 24% isolated yield of butyl butyrate obtained. Isolated yields
shown here are the amounts present in the isolated mixture of 1-butanol and butyl butyrate, because it
proved difficult to separate these compounds by distillation (probably because of azeotrope forma-
tion). $31% ethyl acetate obtained. §29% methyl formate formed. ||Based on fluorine-19
nuclear magnetic resonance. Mass balance is completed by an unknown side product.
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Table 1. Hydrogenation of esters using Co(BF4)>-6H,0 and triphos. General conditions used, unless
otherwise noted, were 0.15 M substrate, 1:1 ratio of Co(BF4)>-6H20 and triphos (mol % loading shown),
distilled MeOH, 80 bar initial H; pressure, 100°C, 22 hours. In the substrate columns, catalyst amounts
are given per ester group, and in the product columns, conversions are given with gas chromatography
(GC) yields in parentheses.

Substrate Product Substrate Product(s)
o :
o OH : o o OH
sadion O & e
10% (5h) 98 (95) 10% 98 (ether: 25,
5% 99 (79) diol: 63)
o o)
©)Lo)< ©/\OH ‘(cjlo/ (CTOH
: Hzm Hy 18
10% >99 (98) 10% 86 (75)

50 (47)

NS0

99 (90)
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M-Co-3 — Nitriles

R. Adam, C. B. Bheeter, J. R. Cabrero-Antonino, K. Junge, R. Jackstell and M. Beller, ChemSusChem,
2017, 10, 842-846.

Table 1. Hydrogenation of various aromatic nitriles.”’
Co(acac)s (4 mol%)
L3 (1.1 equiv to Co)
2N KOtBu (10 mol%)
Ar/’ bl L ArAWZ
Hy (30 bar), T(°C}

IBUOH, 18 h
Entry Nitrile Amine TICl Conv. [%]® Yield [%]"™
CN
NH.
1 O’ ©/\ : 80 100 99¥
CN NH;
L OO 120 100 98

CN oy

oL

4 S H,CO P 100 100 97
cN NH;

5 H300/©( cho’[;/\ 80 100 96

OCH; OCH,

cC, oo

6 Ao, ety 100 100 76
CN NH,

i S s 120 100 77"

S
8 120 100 97
HzN = HaN
CN NHa
9 100 100 83
NH; NH;
Y ©:CN @[\NHz
10¢ 120 100 86
NHz NH;z
o
1 100 100 99
FiC FiG
CN NHa
12 100 100 96
F F
CN NH,
13 120 100 86
cl i
CN NHy
14 N 120 100 87
Cl Cl
o S N o /©/‘NH2
15 A A - 80 100 96"
H H
CN NH;
16 f\j = 80 100 99
N? N7
CN
= =7 UNH,
17 U @/\ 120 100 98
N
18 LN 140 100 79
N
H H
NG =y HN o
19 g %) 120 100 86"
N N

S
| 80 100 617

21 120 100 80
NC H;N.

20
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Table 1. (Continued)

Entry Nitrile Amine TI°Cl Conv. [%]"® Yield [9]"

CN NHz
22 @I 120 100 79
CN NH,

[a] Standard reaction conditions: nitrile (0.25 mmaol), Co(acac), (4 mol%),
L3 (4.4 mol%), KOtBu (10 mol%), dry tBuOH (2 mL) under 30 bar of H,,
during 18 h. [b] Conversion and yield were calculated by GC using hexa-
decane as external standard. [c] Colacac); (8 mol%). [d] Run at 48 h.
[e] Yield of product isolated as the ammonium salt.

Table 2. Hydrogenation of various aliphatic nitriles.”!
Co(acac); (5 mol%)
L3 (1.1 equiv to Co)

_N  KOfBu {10 mol%)

R Hz (30 bar), 140 °C RN,
1BuOH, 24 h

Entry  Nitrile Amine Conv. [%]"®  Yield [96])"!
1 CyHg”™ "CN T 100 83

2 CsHir” CN Caly N2 100 99

3 CeHag™ ~CN oty N2 100 91

41 Cety7” "CN Catey N2 100 99

59 GigHy” ON G e 100 98

6'd CisHy” "CN Ciaty N2 100 70

CN NH,
7 100 99
CcN -
8 V @/\ z 100 90

9l )\,CN )\/\NH 100 92
NH
N N 2
108 ©/\ m 100 71
CN T . _NH2
| A | 100 87
3

CN
MNH
12 @N ©/\/\ 2 100 89

[a] Standard reaction conditions: nitrile (0.25 mmol), Cofacac), (5 mol%),
L3 (5.5 mol%), KOtBu (10 mol%), dry tBuOH (2 mL) under 30 bar of H,
during 24 h. [b] Conversion and yield were calculated by GC using hexa-
decane as external standard. [c] Run at 48 h. [d] Co(acac), (8 mol%).
[e] Yield of product isolated as the ammonium salt.
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3.1.3. — Reduction with molecular hydrogen — Manganese Catalysts

A-Mn-1 — Esters

N. A. Espinosa-Jalapa, A. Nerush, L. J. W. Shimon, G. Leitus, L. Avram, Y. Ben-David and D. Milstein,
Chemistry — A European Journal, 2017, 23, 5934-5938.

Table 2. Catalytic hydrogenation of esters using the manganese precata-

lyst 1.0
j’\ _ 1 (1%) / KH (2%) -
R o R R7TOH + ROH
100C / 20 bar/ Tol
Entry  Ester t Conv  Alcohol Yield
hl  [%]™ [%]*
0

1 e~~~ 23 99 NSO gg
o]

am g 50 99 S 98

(o]

e OH

qa Ao O 43 99 (f 99
)OL OH

419 N\/,O\ 43 99 A 98

[a}
S ~"0H

5t Q/\AO/\ 21 99 O 99
9 e

6 Shaic i 2 99 I~~~ 99,90

F—

= oH

g \
7 ® ’\© 43 99 p 99
- OH
8l @AO 50 99 ©/\ 98

9u ,Avﬁvﬂxo,l 28 95 A g
TR 00\ 28 99 ©/\/OH 99
O
1 @a 36 99 Ho O gl
i F
2 prooTs 28 99 heon [ 7899
o F
13t E\/F o~ 60 99 Pl o wo ™ 97/96

OH
14060 @A o 60 75 NC,©/\ 60
NG

[a] Reaction conditions: substrate (1.0 mmol), toluene (1.0 mL), internal
standard (xylene, 1 mmol), 100 °C. [b] Conversions and yields were deter-
mined by '"H NMR spectroscopy with an internal standard (xylene). Prod-
ucts confirmed by GC-MS. [c] Yields of methanol and ethanol are not re-
ported (see Supporting Information). [d] The diol is insoluble in the reac-
tion mixture. Isolated yield. [e] No hydrogenation of the vinyl group was
observed. [f] 1 (3%)/KH (6%). No hydrogenation of the nitrile group was
detected.
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C-Mn-1 — Aldehydes, Ketones & Nitriles

S. Elangovan, C. Topf, S. Fischer, H. Jiao, A. Spannenberg, W. Baumann, R. Ludwig, K. Junge and M.
Beller, Journal of the American Chemical Society, 2016, 138, 8809-8814.

1 (1 mol%)
? -BuONa (3 mol%) ?H
R ~ —_— R.-ﬂ.H
10 bar H, 60 °C
13 toluene, 24 h 14
Ph
2 = A T B
Il/w,.- ~=-"0H (\s./ B H [ j/\/ “OH CeHy——,
- o L+  CHy(CH3)4CH; OH
= » i

14a 99% (83%) 14b 92% (87%) 14c 90% (81%)"

1 _ . "
\ﬂ “OH Ho,__/}—-(> & E-’
e

14g 57% (B9%)?

14d 99% (96%)

14e 78% (69%)° 14f 90% (64%)*®

“100 °C, 30 bar H,. 3% saturated alcohol observed. Reaction

conditions: substrate (1 mmol), 1 (0.01 mmol), +BuONa (0.03
mmol), toluene (1 mL), 24 h, 60 °C, 10 bar H,. Conversion was
determined by GC (isolated yield in parentheses).

o 1(1 mol%)
i t-BuONa (3 mol%)  @H
12 —/—/—™— ™ 1 -
R 11R 30barH, 100°C 12R‘
toluene, 24 h
OH iH QH CPH l/ £ o
L/j/\ C““/ LY T%‘T\ ["ﬁ/\CFa b il
~pF = . il = [
N ? N ~F OH e ¥
122 99% (91%) 12b 98% (95%)  12c 99% (92%) 12d 99% (90%)  12e 98% (96%)®
i) EH OH
Yoo O D S ¢
[y ke L) -, T S
~ N ~F o e e U |
OH L‘Ph

ek
12 98% (86%) 129 99% (77%) 12h 96% (90%) 12i 99% (9B%)™®  12j 99% (97%)

“GC yield. ?48 h. Reaction conditions: substrate (1 mmol), 1 (0.01
mmol), +-BuONa (0.03 mmol), toluene (1 mL), 24—48 h, 100 °C, 30

bar H, Conversion was determined by GC (isolated yield in
parentheses).
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1(3 mol%)

Ar—=N {-BuONa (10 mwl%) A NH
= iy den 2
50 bar Hp, 120 °C
24 h, toluene 8
+ - - 2
~,
(8] Cl el Cl
8a 94% 8b 87% 8c 86% 8d 958%2 8e 62%?
\ | +
cl 3 = Br F3C Ph
8f 83%° 8g 80% 8h 88%2 8i93% 8j 99%
- -
NH; CI
NH; Cﬁ/‘NH 0O NH
[ 2
HN OO N L~
8k 42% Bl 62%° 8m 69% 8n 65%

“Isolated yield. Reaction conditions: substrate (0.5 mmol), 1 (0.015
mmol), +BuONa (0.05 mmol), toluene (1 mL), 24 h, 120 °C, 50 bar
H,. Conversion (>99%) and yield were determined by GC analysis
using hexadecane as an internal standard.

1(3 mol%)
| 0y
R_=N {-BuONa (10 mol%) R/‘*\NHZ
50 bar Hy, 120 °C
9 10

24-60 h, toluene

NH; Gl 5
[ 2 =N, C T NH -
= 5 | CsHy7 " NHy

10a 98%, 36 h 10b 53%%, 38 h 10¢ 87%2 36h  10d 69%, 36 h

-~ e S “NH,Cl
CeHis” NHz  CgHyg NH Gl CriMa NH; (:\Haﬁ\/”\)/ ’

10097%°,36h  10f95%, 36h 109 93%2, 24 h 10k 80%, 48 h
CugHa? "NH, Gi CraHa™ ™~ NH3 CI R TN
10h 85%, 24 h 10§ 90%, 24 h 10§ 78%, 60 h

“GC vyield. #25% corresponding saturated amine. Reaction conditions:
substrate (0.5 mmol), 1 (0.015 mmol), +-BuONa (0.05 mmol),
toluene (1 mL), 24—60 h, 100—120 °C, 50 bar H,. Isolated as a HCI
salt. Conversion (>99%) was determined by GC analysis using
hexadecane as an internal standard.
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C-Mn-2/3 — Esters

S. Elangovan, M. Garbe, H. Jiao, A. Spannenberg, K. Junge and M. Beller, Angewandte Chemie
International Edition, 2016, 55, 15364-15368.

3 (2 mol%)
(0] t-BuOK (10 mol%) - 5
R1JJ\OR2 110 °C, 30 bar H, Al ¥ ROk
6 24 h, dioxane 7 8
Entry Substrate R' R? Yield™ 7 [%]
1 6a CeH, Me 97K
2 6b CeHs t-Bu 98
3 6¢C p-MeCgH, Me 86
4 6d p-MeOCH, Me 95
5 6e p-CF,CeH, Me 75
6 6f p-CIC,H, Me 91
7 6g p-FCeH, Me 89
8 6h 2-MeOC,H, Me 95
9 6i 3,4,5-(Me0);CeH, Me 89
10 6j 2,5-CLCeH, Me 87
11 6k 2-naphthyl Me 86
12 6l 2-furyl Me 871
13 6m 3-pyridinyl Me 78K

[a] Substrate (1 mmol), 3 (2 mol %), 1,4-dioxane (2 mL), 24 h, 110°C,
30 bar H,. [b] Yields of isolated products are given. [c] Determined by GC
analysis using hexadecane as an internal standard.
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Entry Ester Alcohol Conv. (yield) [%]
\ OMe OH
. lJ o 4 /©/\/
1 9aR=H >99 (79)
2 9b R=Cl >99 (87)
3 9cR=F >99 (93)
4 9d R=1-Bu >99 (95)
o
OH
Oyt O
5k 9e 98 (83)
o
Pl Ph”""0H
PR ""0Me
6 9f >99 (93)
: O)K 77 oH
7t 9g 97 (88)
O ey
CiHis™ “OMe Githis™ "OH
gkl 9h 92 (71)
/\/\/L:"L\O ’WOH
9 9i >99 (82)
o] OH
Br Br
10 9j >79 (57)
ggo HO/\/\/OH
111 9k >99 (88)
o}
Meo\(\)\ _ N
o]
121 9l >93 (66)
MeQ : o} : OH
o OMe HO
13 9m >99 (95)
MeO_ /N ,OMe
5 HO\/@\/OH
0 0
148 9n >99 (58)

[a] Substrate (1 mmol), 3 (2 mol %), 1,4-dioxane (2 mL), 24 h, 110°C,
30 bar H,. The conversions were determined by GC using hexadecane as
an internal standard. Yields of isolated products are given in paren-
theses. [b] 48 h. [c] 3 (3 mol%), 48 h, 120°C. [d] The GC yield was
determined using hexadecane as an internal standard.
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C-Mn-4 — Ketones

M. Garbe, K. Junge, S. Walker, Z. Wei, H. Jiao, A. Spannenberg, S. Bachmann, M. Scalone and M.
Beller, Angewandte Chemie International Edition, DOI: 10.1002/anie.201705471.

o} O o} 0 O
Tb96% T7c61% 96 %8 Ta>99 % 7d 26 % 7e 96 %
85:15 er 87:13 er (R) 92:8 er(R) 86:14 er 90:10 er

o] 0 (0]

7f 94 % 79 >99 % 7h 46 % 7i >99 %91 7j >99 %

81:19 er 7525 er 81:19 er (S) 84:16 er 65:35 er
Figure 3. Manganese-catalyzed hydrogenation of aliphatic ketones.
General conditions: Substrate (1 mmol), 6 (1 mol %), KOtBu
(5 mol %), tert-amyl alcohol (2 mL), 4 h, 40°C, 30 bar H,. Conversion
was determined by GC using hexadecane as an internal standard.
[a] 4 h, 80°C. [b] 6 (2 mol %), toluene (2 mL), 4 h, 50°C. 6% cyclo-
hexanol. [c] 6 (2 mol %), tert-amyl alcohol (2 mL), 4 h, 80°C.

salsadisalsalve

9a>09 (88) %  9b=>99 (89) % 9c¢ >99 (64) % 9d 76 % 9e >99 %

59:41 er (S) 60:40 er 60:40 er 85:15 er 85:15 er
9f 99 % 9g 70 %, 99 % (S) 9h 96 %
8713 er an:10 er 92:8 er

Figure 4. Manganese-catalyzed asymmetric hydrogenation of aromatic
ketones. General conditions: substrate (1 mmol), 6 (1 mol %), KOtBu
(5 mol %), 1,4-dioxane (2 mL), 4 h, 30°C, 30 bar H,. Conversion was
determined by GC using hexadecane as an internal standard (Yields of
isolated product in parentheses). [a] At 60°C.
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M-Mn-1 — Ketones

F. Kallmeier, T. Irrgang, T. Dietel and R. Kempe, Angewandte Chemie International Edition, 2016, 55,
11806-11809.

o] [3?] OH
X KO'Bu X
e R1 —_— 1
RZ.LKJ)-L 20 bar Hj, toluene Rzr\j/LR
& &
4a-u
Entry Product Cat. load-  Yield [%]
ing (%]
OH
1 @R R=CH, 4a 0.1 > 99
2 R=CH,CH, 4b 02 97
3 R=(CH,),CH; 4c 1 >99
4 R=(CH,);CH; 4d 1 > 99 (98')
5 R=CH(CH,); 4e 11 99
6 R=C(CH,); 4f 11 82
OH
7 /©)\ R—Cl 4g 01 97 (96")
R
8 R=Br 4h 0.1 97 (951)
9 R=0CH, 4i 0.2 >99 (919)
10 R=CN 4j 2 89
n R=C(0O)OMe 4k 1 520
12 R=CH, 41 0.2 >99
OH
13 d R=cl 4m 0.2 98
R
14 R=F 4n 1 > 99 (921
OH
N
15 40 0.5 > 99 (9219
OH R?
16 R=H,R'=H 4p 05 > 99
Rd
17 R*=CH,, 4q 05 75
R*=H
18 R*=H, 4r 05 >99
R*=CH,
19 R =H, 4s 0.5 > 99 (93
R*=0CH,
OH
20 /©) R=H 4t 0.1M > 99
R
21 R=NO, 4u 1 > 99

[a] Reaction conditions: 3 mmol substrate, pre-catalyst 3b, KO'Bu,

1.5 mL toluene, 20 bar H,, 80°C, 4 h. [b] 40°C. [¢] Yield of isolated

product. [d] Determined by GC with dodecane as internal standard.
[e] 24 h.
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[3b]

KO'Bu

20 bar Hs, toluene

OH
) :\f')/L
BE“H#B‘ = e TR

Sa-i

Entry Product Cat. loading [%) Yield® [%4]
OH
1 - 5a 0.5 >99
OH
‘ /\/\)\ B 02 s
H
OH
OH
4 Soe ik P 0.1 >99 (954
OH
5 M 5e 0.2 98 (86")
OH
6 O/ sf 0.1 98
_OH
7 Q 59 0.2 96
P
OH
e~ ”

[a] Reaction conditions: 3 mmol substrate, pre-catalyst 3 b, KO'Bu,
1.5 mL toluene, 20 bar H,, 80°C, 4 h. [b] Determined by GC with

dodecane as internal standard. [c] Yield of isolated product.
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M-Mn-2 — Ketones & Esters

M. B. Widegren, G. J. Harkness, A. M. Z. Slawin, D. B. Cordes and M. L. Clarke, Angewandte Chemie
International Edition, 2017, 56, 5825-5828.

0 50 bar Hs, 1 mol% 5a, OH
)L 10 mol % tBuOK, 50 °C )\
R Rg Ethanol, 16 h Ri™ Re
6e-6r 7e-7r
7e 7f 79
99 % (86 %) 99 % (96 %) 99 % (96 %)
85%ee 91%ee 87%ee
OH OMe OH
99 % (89 %) 99 % 85 %) 99 0/ 91 %
80 % ee 88 % ee 80 n/: {ee 0)
OMe OH Ccl  OH OH
Cl
F
7k 71 m
99 % (87 %) 99 % (92 %) 99 % (91 %)
61 % ee 72 % ee 78 % ee
OH C ¢
\ NH
cl cl NBoc
7n 70
99 % (84 %) 99 % (77 %) 99 % (90 %)
70 % ee 82 % ee 82 % ee
HO OH OH QH
N -
‘ -~
/
7q 7r
99 % (76 %) 99 % (44 %)
97 % ee, d.r. =36 85%ee,dr. =27

Scheme 1. A range of functionalized ketones hydrogenated in presence
of the chiral Mn catalyst 5a. Typical reaction conditions: 0.34 mmol
substrate, 0.003 mmol catalyst, 0.034 mmol base and internal standard
(0.06 mmol) in 1.6 mL ethanol (0.2 M) under 50 bar of H, at 50°C for

16 h.
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Table 2: Hydrogenation of esters.l
50 bar Hy, 1 mol% 5a,

i 10 mol % tBuOK, 75 °C
- N
Ry” "OR; 'PrOH, 18h Ryl GH
8a-i 9a-i
Entry R, R, Conversionf®!
%]
1 8a 4-F-Ph CH, 99 (86)
2 8b 2-Br-Ph CH, 99 (90)
3 8c Ph(CH,),- CH,CH, 99 (84)
4 8d 4-H,N-Ph CH, 91 (80)
5 8e 4.0,N-Ph CH,EH, 0
6 8f 2-Naphth £l 99 (87)
7 8g  4-(Ph-C=C)CH,  CH, 99 (n.d)H
8 &h nPr nBu g2l
9 8i MeOQCOCOQMe 99 (86)!

[a] Typical reaction conditions: 0.34 mmol substrate, 0.003 mmol cata-
lyst, 0.034 mmol base and internal standard (0.06 mmol) in 1.6 mL
isopropancl (0.2m) under 50 bar of H, at 75°C for 16 h. [b] Conversion
was estimated by 'H-NMR using 1-methylnaphthalene as internal
standard (8-10 pL). Isolated yield in brackets. [c] '"H-NMR analysis
showed the presence of =20% alkene. [d] Reaction run neat with

0.1 mol % 5a and 2 mol % base at 90°C for 15 h. [e] A 50:50 mixture of ¢is
and trans isomers,
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M-Mn-3 — Esters

R. van Putten, E. A. Uslamin, M. Garbe, C. Liu, A. Gonzalez-de-Castro, M. Lutz, K. Junge, E. J. M.

Hensen, M. Beller, L. Lefort and E. A. Pidko, Angewandte Chemie International Edition, 2017, 56, 7531-
7534.

0.2 mol% 2
[e] t
75 mol% KO'Bu ~
1 + R2
Rﬂlko» R? 1,4-Dioxane, 100°C R "OH ROH
— 50 bar H, 16 h
Aliphatic -
o (o] (o]
/\/\)LD/ /\/\)J\O/\ /\/\)LO/\/\/\
A1 90 (69) A2 88 (69) A3 81(81)
Conversion (Yiald) e it 2 /@
s ) )Loﬁ/ Lk A
Aromatic A4 99 (99) A5 99 (99) A6 89 (89)
B1 95 (87) B2 96 ( 95) B3 99 (98) B4 89 (89)
Chemoselectivity ? B8589 (81) B6 89 (78)

o
— - N -
o] o
W\)LO/ M ©/\)L

f y f
D N NP w oH @N\OH

C1 98 (98) €295 (95) 3 99 (99)
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3.2.1. — Transfer Hydrogenation — Iron Catalysts

TH-Fe-1 — Ketones & Imines

C. Sui-Seng, F. Freutel, A. J. Lough and R. H. Morris, Angewandte Chemie International Edition, 2008,
47,940-943.

X OH HX H o)
B S CalhOBY _ _  pope + AN
X =0, NPh S/C/B = 200:1:8, 22 °C

Entry Substrate t Conv. ee TOF

[h] (%] [76] [h™]
10l Ph-CO-Me 0.4 95 29 (S) 907
2H Ph-CO-Me 0.7 33 39 (S) 93
3 Ph-CO-Me 0.4 95 33(S) 454
4 (2'-Cl-C¢H,)-CO-Me 0.2 >99 18 (S) 995
5 (3'-Cl-C¢H,)-CO-Me 0.4 99 24 (S) 495
6 (4'-Cl-C¢H,)-CO-Me 0.2 94 26 (S) 938
7 (4-Br-C¢H,)-CO-Me 0.2 93 33(S) 930
8 (4-Me-CgH,)-CO-Me 0.6 86 33(S) 279
9 (4-OMe-CgH,)-CO-Me 0.5 69 23 (S) 260
10 Ph-CO-Et 3.6 95 61 (S) 26
11 CyoH,-CO-Mel! 0.3 94 25 (S) 564
12 Ph-CO-Ph 0.4 94 - 470
13 Ph-(CH,),-CO-Me 0.6 100 29 (S) 315
14 Ph-CHO 2.4 94 - 77
15 Ph-CH=N-Ph 17 100 - 12
16 Ph-CMe=N-Ph 17 <5 - -
17 cyclohexanone 17 0 - -
18 Ph-CO-Mel 26 34 76 (S) 28

[a] The reactions were carried out in a glovebox under Ar at 22°C. S/C/
B=200:1:8, [cat]=1.04 mM, 5mL iPrOH. The catalyst is 3 unless
otherwise noted. [b] S/C/B=400:1:8, [cat.]=0.1 mm, 10 mL /PrOH.
[c] S/C/B=200:1:2, [cat]=0.1 mm, 5 mL iPrOH. [d] C;oH,-CO-Me =2-
acetonaphthone. [e] Reaction catalyzed by 4. S/C/B =substrate/catalyst/
base.
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TH-Fe-2 — Ketones

A. Mikhailine, A. J. Lough and R. H. Morris, Journal of the American Chemical Society, 2009, 131,
1394-1395.

0 2/KOBu/iPrOH OH
M A ©
R R’ 22°C R™ +» R’
time conv ! TOF

substrate S/C/B (min) (%) (%) (A
1 Ph-CO-Me 600/1/8 8/30  75/90 83/12 3400
2 Ph-CO-Me 600/1/4 20 75 81 1350
3 Ph-CO-Me 2000/1/8 30 90 82 3600
! Ph-CO-Me” 2000/1/8 30 75 84 3000
5 Ph-CO-Me* 2000/1/8 30 80 83 3200
6 Ph-CO-Et 1500/1/8 25 90 94 3375
7 Ph-CO-tBu 500/1/8 200 35 99 53
8 Ph-CO-(cvelo-CyHy) 1000/1/8 40 95 94 1425
9 Ph-CO-(cvelo-CeHyp) 1000/1/8 85 76 26 536
10 PhCH;CH,-CO-Me 1000/1/8 30 98 14 1960

11 (4-Cl-CHy)-CO-Me 1500/1/8 18 96 80 4800
12 (3-C1-C¢H,)-CO-Me 1000/1/8 13 98 80 4523
13 (4-MeO-C¢Hy)-CO-Me  1000/1/8 40 65 54 930

14 (3"-MeO-Cglly)-CO-Me  1500/1/8 30 80 85 2400

15 iPr-CO-Me 1500/1/8 60 86 50 1280
17 1-aceto-naphthone 1500/1/8 60 93 92 1380
18  2-aceto-naphthone 1000/1/8 11 90 84 4900
19 Ph-CH=N-Ph 1000/1/8 240 41 — 100

“TOF 1is calculated at the conversion and the first time noted.
b NaOrBu was used as a base. ¢ KOH was used as a base.
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TH-Fe-3 — Ketones

K. Z. Demmans, O. W. K. Ko and R. H. Morris, RSC Advances, 2016, 6, 88580-88587.

o
o OH /U\
)j\ 1, TBA'BF ", KHCOO /i R R'
R R R™" TR subcat conv. (yleld)?
1:1 water:MeTHF, 65 °C time ee
0 0 0 Q o]
1001 20% 10011 35% 100:1  >99% (85%) 200:1 >99% 10011 94%
16h 1% 15h 0% 15h 53% 15h  31% 13h
o]

& oot o ot o~

10011 >99% (97%)  100:1 >89% (96%)  100:1 >99% 200:1 99% (96%) 20011 >89% (93%)

1.3h 76% 1h 59% 1h  65% 1h  55% 1h 66%
o)
o}
e o FiC
N |
cl CFy
20011 >99% 20011 91% 200:1  >99% 20011 >99% (98%)
1Th  52% 1h  24% Th  NA° 1h 52%

Fig. 4 Substrate scope under optimized conditions®. # Constant argon
flow was used to purge the reaction flask. All values are in equivalents
relative to the iron catalyst: 0.006 mmol 1, 2000 eq. KHCOO, 1 eq.
TBA"BF;~, 2 mL reaction volume (1:1 water : MeTHF), 600 RPM
stirring rate. © Isolated yield using the specifications found in the ESI.¢
¢ Gas chromatography could not separate the (R) and (S) alcohols
accurately.
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W. Zuo, A.J. Lough, Y. F. Li and R. H. Morris, Science, 2013, 342, 1080-1083

Table 1. Transfer hydrogenation of ketones and imines catalyzed by complexes 2a to 2c. General conditions for ketones: [Cat] = 6.73 x 107 M, [KO'Bu] = 5.45 x
107" M, [ketone] = 0.412 M, [PrOH] = 12.4 M, 28°C; for imines: [Cat, 2a] = 5.89 x 10~* M, [KO'Bu] = 4.71 x 10> M, fimine] = 5.89 x 107 M, [PrOH] = 12.4 M, 28°C. The
absolute configurations were obtained by gas chromatography or high-performance liquid chromatography by comparison to known standards.

0.016 to 0.05 mol% 2a - 2¢ o 1.0 mol% 2‘3 0.
) t ,PPh, 8 mol% KO'Bu " PPh
0.033 - 0.40 mol% KO'Bu - - 1 2 o - \.M;
—— < - - &
RJ\ R 'PrOH, 28°C, R1)‘\H R "Me 'PrOH, 28°C, Fa
10 sto 1 hour 10 sto 3 min
. HO
Comparison of catalysts HO e CFs \\-Me(m Amine O‘:Pth O“PPh
{ R) H products HN  Me Y 5
; ¥ @A) Yo
H using 2a s . W A
CF3 i A H
2a 2b 2b*  2¢ 2a 2¢! 2a 2a
Time to equil.: 180s 180s 1000s 180s 180 s 10s 20s 180s
Yield: 82% 83%  83% 82% 89% 100% 100% 100%
TON at equil : 5000 5100 5100 5000 8060 2000 100 100
TOF at 50% conv.:  119s!  152s! 12¢' 7057 147 571 200 s 1057 557
seat10s: 88% 86%  86% 92% 81% 98% >99% >99%
ee at equil.: 78% 70% 80%  90% 90% 98% >99% >99%
HO M OH OH
Alcohol & B o oH OH
products OO H O O >_< g W ©/\OH o
using 2a A S
Time to equil.: 180s 1h 10 min 1h 6 min 6 min 25s 4 min
Yield: 84% 73% 88% 67% 98% 84% 99% 55%
TON at equil.: 5140 4470 5400 4100 6000 5140 6060 3370
TOF at 50% conv.: 158 s 4g! 385! 3s! 100 s 61s! 2425 145"
ee at10s: 92% 34% : 57% 25% 51% = 40%
ee at equil : 83% 33% : 54% 24% 31% . 40%

*[Cat, 2b] = 6.73 x 10~ M, [KO'Bu] = 1.35 x 10~ M, [substrate] = 0.412 M, [PrOH] = 12.4 M, 28°C. tKetone: Cat ratio = 2000:1 to prevent poisoning by the acidic alcohol product.
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3.2.2. — Transfer Hydrogenation — Cobalt Catalysts

C-Co-2 — Ketones, Aldehydes & Imines

G. Zhang and S. K. Hanson, Chemical Communications, 2013, 49, 10151-10153.

Entry  Substrate Product Isolated yield (%)
o] OH
0 OH
S o Ol o QI
Br Br
(o] OH
~o ~o
o} OH

99°

l (0] OH
=R
)(L/\/)Oi/\/

8 95°

9 o= )—é HO— >—€ oged
0 OH

S C AN e
[} OH

L & o &
F F

N N | S

147 H A o
\N/ N/

15 H 96

% Conditions: substrate (0.5 mmol) in isopropanol-THF (3:1 (v/v),
2 mL), 25 °C, 24 h. b Reactions run at 80 °C. ¢ GC yield. 4 Ratio of
cis: trans alcohol = 33:67.



TH-Co-1/2 — Nitriles

Z. Shao, S. Fu, M. Wei, S. Zhou and Q. Liu, Angewandte Chemie International Edition, 2016, 55, 14653-
14657.

R—=N 1 mol% Co-l, NH;BH4 . RANHZ
n-hexane, 50 °C, 16 h
1 2
A NH
R 2
=

R'=H 2a 91 R'=4-Me 2b 93 R'=3-Me 2c¢ 96
R'=2-Me 2d 86 R'=4-OMe 2e 95 R'=3-OMe 2f 92
R'=2-OMe 2g 88 R'=4-tBu 2h 80 R'=4-CF; 2i 920

R'=4-F 2j 96 R'=3-F 2k 95 R'=4-ClI 21 84
R'=2ClI 2m 71 R'=4-Br 2n 67 R'=3Br 20 71
R'=4 52 R'=4- 002Me 2q 66
Q ‘
2t
sglal
g[al aolh] 38
/,\,/\“‘NH2 HZN,\/WNHZ
NH,
2x 2y 2z
golal gplbl 71lal

Scheme 3. Cobalt-catalyzed transfer hydrogenation of nitriles to pri-
mary amines. Reaction conditions: 1 (0.5 mmol), AB (0.8 mmol) in
1 mL of n-hexane, GC yield (%) were shown using biphenyl as the
internal standard. [al The reaction temperature was 100°C. [b] The
reaction temperature was 120°C.
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R——N 0.5 mol% CO'“, NHaBHs = RAN’\R
HFIP, RT, 13 h H
1 3
i = N =
R'—+ —R'
s -
R'=H 3a 89 R'=4-Me 3b 88 R'=4-OMe 3c 86
R'=3-OMe3d 95 R'=4-tBu 3e 91 R'=4-SMe 3f 91
R'=4-F 3g 80 R'=3-F 3h 80 R'= 4-Cl 3i 84
R'=2Cl 3j 92 R'=4-Br 3k 77 R'=3-Br 31 76
R'=4- 3m =4-CF; 3n =4-CO,Me 30 76

(l,\/C

N H
H Etozc/\vN\’AcozEt

3r 3s

3 H
©/\/N \A@

3t

52

[a]

O”'\O

53

Scheme 4. Cobalt-catalyzed transfer hydrogenation of nitriles to sym-
metric secondary amines. Reaction conditions: 1 (0.5 mmol), AB

(0.8 mmol) in 2 mL of HFIP. Isolated yields (%) are shown. [a] The

reaction temperature was 50°C. HFIP = Hexafluoroisopropanol.
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0.5 mol% Co-ll, NH;BH; _ RL o

R'RZINH + R—=N

HFIP, RT, 13 h ﬁz
4 1 5
©vah [ j NP ©/vah
5a 5b 5¢c
98 golal 26
H H
~~
o oM Lo
Br N7 MeO
5d 5e 5f
80 g7lbl 91
s CO,Et H
/©/\H Ph pp >N C02 Ph/\VN\/\/\
H
Cl i
e o 42[b]d]
87 71lel
NN R S N P H/\Ph
5i 5 5Kk
Ph
/ H
OMe HN N_ Ph
HN - OH
HO ﬁ O/
Ph
51 5m 5n
78lc] 73lel g7lcl
i O O
I\/vah N_ Ph N FPh
84(v] 55(bl 75lcl
| l Ph
N, _Ph N .
i S~ CO,Et Hﬂﬁ
Ph~
5r 5s 5t

Scheme 5. Cobalt-catalyzed reductive amination of nitriles to unsym-
metric secondary and tertiary amines. Reaction conditions:

1 (0.6 mmol), 4 (0.5 mmol), AB (0.8 mmol) in 2 mL of HFIP. Isolated
yields (%) are shown. [a] 1 (0.5 mmol), 4 (0.6 mmol). [b] 1 (0.5 mmaol),
4 (2 mmol). [c] 1 (0.5 mmol), 4 (1 mmol). [d] The reaction was carried
out in 2 mL of n-hexane at 100°C.
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3.2.3. — Transfer Hydrogenation — Manganese Catalysts

C-Mn-1a/b, C-Mn-2 & TH-Mn-3 — Ketones

M. Perez, S. Elangovan, A. Spannenberg, K. Junge and M. Beller, ChemSusChem, 2017, 10, 83-86.

Table 2. Transfer hydrogenation of ketones with complex 5.
)OL Precatalyst 5 (1 mol%) OH
R R, {BUOK (2 mol%) R R,
iPrCH
70°C, 24 h
Entry  Substrate Product Conv.™ [%]  Yield [%]
) OH
1 ‘, IJ ! % g6
o OH
2 [ { J 96 91
0 ’ OH
3 R A | 97 90
o OH
| ]
4 [ | JI | 86 84
Me(Y MeQ
0 OH
5 t‘ ~ .~[ ~ 97\=I 84
s s
? OH
6 “ ‘ ” | 97 79
F F
o OH
= c { (l cl ] I.l. 55 g5
0 OH
| |
8 I M >99 99
cl Cl :
i iy
9 M [ > 99 91
s |
IO OH
0 Ly S8 saal
NG NG
o OH
e e
il J i > 99 72
I :
o] OH
e} OH
12 iPro. l ;_,,] >99 96
g
?H
13 [ ] ® 95 95
oH
14 ) i -‘“‘“ J >99 98
OH
A
15 I 771 73
16 g . éH 96! 64
0 OH
pI g
17 [ ] [ ‘ =99 90
é. .c;)H
18 ‘*n‘l [_N,\ >99 90¥
] ]
0 OH
> A A
19 [ > g9 97
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Table 2. (Continued)

Entry  Substrate Product Conv.™ [9%]  Yield [%]
i OH
20 N0 -'"J‘»,' = 97t 96
\ 7 \ 7
— —
0 OH
) \1_,,0 ) “r’o‘ dl
| | =
21 LZ—> L </v—\§ >99 93
0 OH
22 NS NS > 99 97
I A ‘*-/‘
=0 “—CH
i /
3 S C\ N >99 96
\f"S, N o ,_‘S,

[a] Reaction conditions: substrate (0.5 mmol), complex 5 (0.005 mmol),
tBuOK (0.01 mmol), iPrOH (2.5 mL), 70°C, 24 h. [b] Conversion was deter-
mined by GC. Isolated yield is given. [c] Reaction conditions: substrate
(0.50 mmol), complex (0.025 mmol), tBuOK (0.030 mmol), iPrOH (2.5 mL),

70°C, 24 h. [d] Isolated as the HCI salt. [e] GC yield.
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TH-Mn-1 — Ketones

A. Zirakzadeh, S. R. M. M. de Aguiar, B. Stoger, M. Widhalm and K. Kirchner, ChemCatChem, 2017, 9,
1744-1748.

Table 2. THY results obtained with complex (RR,5.)-2a.”
o OH
JL 1 mol% cat wnH
. 'PrOH, r.t., 5-16h |
R™ R '5u0K (4 mol%) R
Entry Substrate t[h]  Conversion [%]  ee®™ [%]
o]
1 @J\ 5 95 85
¢]
2 @\)k 16 73 65
Cl
o]
3 @ﬁ"\ 16 77 69
F
o]
4 /(j)k 5 94 83
Cl
o
5 [ 5 90 76
F3C =
¢]
6 O)k 5 95 84
MeO
o]
7 ﬁ 5 9 85
o
8 @*/ 6 93 84
R )
9 O 6 62 82
o
10 16 58 79
o
1 Ejé 16 60 25
12 Fe o 16 37 20
e]
13 B A 5 80 74
[a] Reaction conditions: Substrate (1 mmol), catalyst (0.01 mmol), KOtBu
(0.04 mmol), iPrOH (5mL), 25°C. [b] Acetophenone, 2-fluoroacetophe-
none, 2-chloroacetophenone, 4-trifluoromethylacetophenone, 4-methox-
yacetophenone, 4-methylacetophenone, phenyl ethyl ketone, and 1-tetra-
lone determined by GC on a f-Dex 110 (30 m) column and phenyl benzyl
ketone and 1,3-diphenylpropan-1-one determined by HPLC on a Chiralcel
OD-H column. Acetylferrocene determined by HPLC on a Chiralcel OJ
column."™
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TH-Mn-2 — Ketones

A. Bruneau-Voisine, D. Wang, V. Dorcet, T. Roisnel, C. Darcel and J.-B. Sortais, Organic Letters, 2017,
19, 3656-3659.

1 (0.5 mol %)
o tBUOK (1 mol %) oH
o —_—
R" R? iPrOH (0.25 mol L") R‘fﬁz
conv (yield) conv (yield)
g SRR prdict at80 °C.20 min  at 30 °C, 16 h
1 b1, X=H, Y =Me >99 (93) >89
2 o OH b2, X =H, Y =Et 99 98 (84)
s A v X b3, X=H,Y=iPr > 99 (95) >99
4 Y b4 x=HY=tBu 92 98 (99)
5 b5, X = H, Y = cyclopropyl 77 (82) 50
6 b6, X = 2Me, ¥ = Me 94 (38) 75
= g on BT X = de, Y = Me 95 (87) 87
8 b8 97 94 (89)
9 b9, X =4-OMe Y = Me 83 66
10 b10, X =3,450Me)3 Y=H >099 (99) g2lb!
1 B11,X=4Ph, Y=H > 991l (92) 98
12 b12, X =4, Y = Me 26 > g9 (gg)l¥
13 b13, X =4-Br, ¥=Me 98 98 (87)
14 b14, X =2-Cl, Y = Me > 99 > 99 (99)
15 o on BIS X=4FY =Me 96(85) 91
% X X b16, X = 4-CF; Y =Me > 99 > 99 (96)
17 Y ¥ b17,X=H,Y=CF; > 99 (58) 20
8 b18, X = 4CN, Y = Me >99 89 (78)
19 b19, X =4-NO; ¥ = Me o7 >99(99 )
20 b20, X=4-N O Y=Me 73 30
-y
21 b21, X =NE, Y=H 97 (83) 74
22 b22, X = NH, Y =Ms 82 sglel
23 b23, X =NHC(O)CH3 ¥ = H o 2%
JX= (O)CH, ¥ = > 99 (80)l""
o
24 )'\/\rro\/ o b24 gglal 118l
o o
o OH
25 b25 95 (93) 80
/Gi\)l\ /e%B\A
H
26 b26, n=1 > 99 (99) >99
27 b27, n=2 96 94 (94)
n n
o OH
28 b28 (. o
>99 (99)("
o o
o OH
2 @é @Q b29 67 50
o OH
30 ©A\)J\ @/%)\ b30 goll 92 (87)
o OH
31 SN % b31 o 87
100 (90)11
o OH
32 ©,A\) @/\) b32 92 (80) @ 5
cl cl
3 B P ‘ il b33 b 80
V4 Y 96 (96)
34 7 o] I w 0 b34, d-acetyl 56 "
35 No# N~ b35, 2-acetyl 13 10

“Typical conditions: To a Schlenk tube, under argon, were added in
this order: catalyst 1, iPrOH (0.25 mol L™!), ketone or aldehyde (0.5
or 2 mmol), and tBuOK. The conversion was determined by '"H NMR
on the crude mixture. Isblated yield in parentheses.
alcohol: aldol byproducts of 67:33. “5% of aldol condensation
byproduct was detected in the crude mixture. 91 week, due to low
solubility of the starting material. °72 h. 1 h BSelectivity -
valerolactone /Isopropyl-4-hydroxypentanoate 84/16 at 80 °C and
77/23 at 30 °C. "2 h, iPrOH 4 mL. ‘Enol 95%, 4-phenylbutan-2-ol 5%.
/2 h, 7% aldol condensation byproducts were detected in the crude
mixture.

67

Selectivity



3.4.1. — Coupling and Dehydrogenation Reactions — Iron Catalysts

B-Fe-1 — Synthesis of Secondary Amines

M. Mastalir, B. Stoger, E. Pittenauer, M. Puchberger, G. Allmaier and K. Kirchner, Advanced Synthesis &
Catalysis, 2016, 358, 3824-3831.

M. Mastalir, M. Glatz, N. Gorgas, B. Stoger, E. Pittenauer, G. Allmaier, L. F. Veiros and K. Kirchner,
Chemistry — A European Journal, 2016, 22, 12316-12320.

S _-NH; 4..4 (2 mol%) ~.. .R? + H.O
RETOH % e KO-+Bu, toluene  R' "N g
80°C, 16 h
En-  Product Yield | En-  Product Yield | En-  Product Yield En-  Product Yield
try [%] : try (%] | try (%] ity [%]
: ! : P
e Rl L I T e
1 8B T 4 '3 Y
f«N P2 N : N 63 ! L H 93
: /J H :
: 11 : 12 : 13 :
VOan or o )
~ E s : MeQ -~ : S L VR
e P g E MeO L MeN
: 3 1 : 17
i : 15 : d 5
' IS I IS SR P« ¢
9 H © 10 MN/[\ o7 M A s ' 0 12 Ay 34
: H : H S
18 § 19 ] 20 : 21
= » < = »
N g W S B oUW s i .
" <\ B : W AN & (15 T N 82 | 16 SINUNTSS 9
; g H f N.z : bt H
23 24 : 25
cl

s : Q/ : _._OMe A OMe
17 NS 88 18 Qﬁ/‘ 73 10 - 74 1 20 -~ AJ, 87
/H\ : _,J 1 | = N : I = N
/ﬂ\\ HN : =~ H omMe . 2 H

- | ; = ; ' i =_N
21 NN 21 22 0 =N 90 |23 N 71 1 24 N 74
H ' = H | H ' H
F 5 E E
30 : 3 i : 33
v )

: £ .
235~y 82 CSTNTONT 76 ?ET\QLN- = 5l (YN s
NN : | J A ; H\Q\,H i A H ol
E ; ¢
29 fj» /\Qj\

OMe

l4 Reaction conditions: 1.0 mmol aleohol, 1.2 mmol amine, 1.3 mmol KO-+-Bu, 2 mol% catalyst, 4 mL toluene, 80°C, 16 h.
I*l Tsolated yields.
e With 4 mol% catalyst.
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Table 2. Dehydrogenative coupling of alcohols and amines to form
imines utilizing catalyst 1.

1 (3 mol%)

N 3A MS R2
R™ TOH * HN—R? RN 4,0 4 1y
toluene
140 °C, 16h
Entry Product Entry Product

N/©/ — <° :©/\,,
o

LT 0 w
5™ 68% 6, 17%
L

™ [

N N
9 ©/\ /\© 86% 10 /@A /\0 92%
MeO'
’: 87% 12 Q/\’\)\ 73%

[a] Reaction conditions: 1.0 mmol alcohol, 1.4 mmol amine, 0.3 g 3 A Ms,
3.0 mol% catalyst, 4 mL toluene, 140 'C, 16 h. [b] Isolated yields.

Table 3. Coupling of alcohols and amines catalyzed by 3.

3 (3 mol%)
N 3A MS R
R™ TOH + HN—R? iGiuene R? i + O
140 °C, 16h
Entry Product Entry Product

1 ©/\H <:D/\g©/ 82%

5 ~ H/O/ 80% 6 /\/\u/©/ 61%

g
N bt
9 N 82% 10 89%
"eQ’
/O 82% 12 Q/\H/\)\ 79%

[a] Reaction conditions: 1.0 mmol alcohol, 1.4 mmol amine, 0.3 g 3 A MS,
3.0 mol% catalyst, 4 mL toluene, 140 °C, 16 h. [b] Isolated yields.
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C-Fe-1/4 — Synthesis of Ketones

S. Chakraborty, P. O. Lagaditis, M. Forster, E. A. Bielinski, N. Hazari, M. C. Holthausen, W. D. Jones
and S. Schneider, ACS Catalysis, 2014, 4, 3994-4003.

2] H,BHg
OH 0.1-1 mol% )OI\ - i —P(Pr)
- . > E
R"J\Rz reflux, 8-48 h R “R2 M —Fi_co
olune:or THE isolated yields
=P}
(Pr)z
2

Secondary alcohols

saeoalealvalasallive

A (24 h, 89%) B (24 h, 92%) C (24 h, 80%) D (48 h, 69%) E (24 h, 83%) F(;;’hd'gﬂ:ﬂ
(with 0.1 mol%)
@ Q* J@’K O CO/K J@”K
G(12h 78%) H (12 h, 87%) (12h,65%) J(24h 64%) K (12h,67%) L(12h, 94%)
75%. 48 h 76%, 48 h 59% 48 h
(with 0.1 mol%) (with 0.1 mol%)  (with 0.1 mol%)
Diol substrates
24n
& HOL A~~~ OH — .
96% 59%
OH O
24h 24h
P ~OH - i OH OH OH
o 67% 61%
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C-Fe-1 — Synthesis of Lactones and Lactams

M. Pefia-Lopez, H. Neumann and M. Beller, ChemCatChem, 2015, 7, 865-871.

Table 2. Iron-catalyzed synthesis of substituted y-butyrolactones 2a-j."”!

R2 R1
Fe-MACHO-BH (0.5 mol%)
HO OH - 0
S K,COj3 (10 mol%) R2
R R t-amyl alcohol, 150 °C, 5 h R3
1a-j 2a-j
Entry  Diol Product Yield [%]™
O
F‘\Y\OH
1 Lt \/OH 1a 0 2a 92

Me
3 \©i:OH 1c Yy 2¢ 989
OH Me—./
0
Cl OH Cl -
4 oH 1d | o 2d 29

C|/ ~
O
OH
5 OH Te o) 2e 93
Me Me
0
6 o 1f [< 2f  80¢
OH |:/o
0
OH
7 QOH 19 Ijo 2g 79"
Ph bh
o}
MEI\OH Me
8 " OH 1h o 2h 65
& Me
0
OH . ]
9 OH Ti o) 2i 83
o]
OH _ -
10 OH 1j o 2j 8l

[a]l Unless otherwise specified, all reactions were performed with the diol
(1 mmol), K,CO; (0.1 mmol), and Fe-MACHO-BH (0.005 mmol) in tert-amyl
alcohol (1 mL) at 150°C for 5 h. [b] Yield of isolated product. [c] Mixture
of regioisomers: 5-Me/6-Me (1:1). [d] Catalyst loading: 1 mol%; reaction
time: 24 h. [e] Yield was determined by NMR spectroscopy by using
durene as an internal standard. [f] Catalyst loading: 1 mol%.
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Table 3. Iron-catalyzed synthesis of different-sized lactones 4 a-h.”!

Rz R1
- 1)\1“;’0“ Fe-MACHO-BH (0.5 mol%) ﬂo
HO I K,CO5 (10 mol%) R?

t-amyl alcohol, 150 °C, 5 h "

3a-h 4a-h
Entry Diol Product Yield [96]"!
OH 2
1 3a 43 n.d.©
OH o
o}
OH ,
2 3b 0 4b g1l
OH
(0]
|/"‘\%‘~ AOH
0
3 7 OH 3c O ac 98
0]
OH
4 3d o] 4d 55t
OH
0
Et
OH Et 5
& OH 3e 4e 61
Et Et
(@]
OH 5
6 - 3f 4f 82
0
OH
7 3g o 4q 72
g™ ®
OH o
8 C 3h o 4h  g3f
OH

[a]l Unless otherwise specified, all reactions were performed with the diol
(1 mmol), K,CO; (0.1 mmol), and Fe-MACHO-BH (0.005 mmol) in tert-amyl
alcohol (1 mL) at 150°C for 5 h. [b] Yield of isolated product. [c] n.d.: not
detected. [d] Yield of the mixture of isolated regioisomers: isochroman-1-
onefisochroman-3-one (85:15). [e] Yield was determined by NMR spec-
troscopy by using durene as an internal standard. [f] Reaction was per-
formed in toluene with Fe-MACHO-BH (1 mol %).
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Table 4. Iron-catalyzed synthesis of different-sized lactams 6 a-i."”
(0]

R2 =4
g 0
HDA\H\\-" NHa Fe-MACHO-BH (1 mol%) NH
R n K2CO3 (10 mol%) R2

t-amyl alcohol, 150 °C, 5 h "

Sa-i Ga-i
Entry Amino alcohol Product Yield [%]"™
r\OH J:(O .
1 5a 6a n.d.“
Ph™™ NH, gl
O

OH el
2 NH, 5b NH 6P n.d.
OH A
3 5¢ N 6c 86 (83)"
H
o]

OH
4 5d NH 6d 75 (64
NH;
0
6e 49 (91)="
OH =N
6 5f 6f g2l
NH,
O
OH
7 5g NEBn 6g 85 (77)14
NHBn
OH
8 Q 5h NH 6h 82 (749
NH
[“\JOH g
9 5i NEn 6i  41(95)"
<" “NHen C

S5e

[a] Unless otherwise specified, all reactions were performed with the
amino alcohol (1 mmol), K,CO; (0.1 mmol), and Fe-MACHO-BH
(0.01 mmol) in tert-amyl alcohol (1 mL) at 150 °C for 5 h. [b] Yield was de-
termined by NMR spectroscopy by using durene as an internal standard.
[c] n.d.: not detected. [d] Yield of the isolated product is given in paren-
theses. [e] Catalyst loading: 2 mol%. [f] Yield based on recovered starting
material is given in parentheses. [g] Decomposition observed during iso-
lation by chromatography on silica gel.
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C-Fe-4 — Synthesis of Amides

E. M. Lane, K. B. Uttley, N. Hazari and W. Bernskoetter, Organometallics, 2017, 36, 2020-2025.

o)
10,
CHiOH + RoNH Q1 mol%)_ /U\
THF,80°C

-2H, NR;

Entry Amine TON

1 m ) 600°

2 i 564"

O
3 [jj 503

4 (CH;CHy):NH 213
5 (C4H:CH,),NH 126
6 (CoHs),NH <10
7 [(CH,),CH];NH <10
8 i 0°
NH
[*]

9 é []b' e
NH

“Reaction conditions: 3 pgmol of catalyst (0.1 mol %), 3 mmol of
alcohol, and 12 mmol of amine in § mL of THF at 80 °C for 8 h. Each
entry is an average of two trials, and the TON was determined by GC
analysis of amide production unless otherwise indicated. “Determined
by 'H NMR spectroscopy. “Only one trial.

K

o
A—— 1(0.1 mol%) )]\
z THF,80°C R N
-2H,

(o)

entry alcohol TON
1 CH,0H 503
o) CH,CH,0H 50
3 CH,(CH,);OH 13
4 CgHy(CH,),0H 10
5 C¢H;CH,0OH 10
6 CF,CH,0H o”

“Reaction conditions: 3 pmol of catalyst (0.1 mol %), 3 mmol of
alcohol, and 12 mmol of amine in § mL of THF at 80 °C for 8 h. Each
entry is an average of two trials, and the TON was determined by GC
analysis of amide production unless otherwise indicated. “Determined
by 'H NMR spectroscopy.
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M-Fe-2 — Synthesis of Amines

T. Yan, B. L. Feringa and K. Barta, Nat. Commun., 2014, 5, 5602.

a
NH, 5 mol % Cat. 1 o
Me;NO 10 mol %
= 2ml CPME
Jdgr + ROH e
= 120-130 °Ca .
4-62h
1a—q 2a-1 3
b N N
HN 73 HN/\ HN"A\ 2y HN/\ HN 7y
OMe OH
3aa, 91% 3ba, 42% 3ca, 49% 3da, 84% Jea, 91% 3fa, 94%

YRR ST Vs NS N Ty Ty S T (e T

cgeNeNeWeNeNe

Br COOMe CN
3ga, 13%  3ha,77%,  3ia, 76% 3ja, 58% 3Ka, 8% 3la, 0% 3ma, 0% 3na, 0%
d HO OH '
HN/Q} HN/\ HN’(\ NeL 5
6eq. 2i ;
NH, 5 mol % Cat. 1 HN/\ ;
Me,NO 10 mol % :
NHz " omi cPME N
130 °C :
i 42h :
30a, 90% 3pa, 52%! 3qa, 58% : 3pi, 45%
HNTS BN HN/\/OH HN-"Ph HN
OMe
3ab, 69% 3ac, 85% 3ah, 75% 3ai, 74% 3ak, 43% 3ag, 12%' 3ae, 12%' 3af, 14%'

Figure 3 | Selective monoalkylation of functionalized anilines with various alcohols. (a) General reaction conditions. The main products are N-alkylated
aniline derivatives (3). Possible side products are imines. No dialkylation is observed. (b) N-alkylation of various aniline derivatives with pentane-1-ol.
Reactivity strongly depends on the substituents on the aromatic ring. Anilines bearing electron-donating groups in the para position were most reactive and
3fa, 3aa were obtained in 4 and 7 h, respectively. 3ba, 3ca, 3da, 3ia, 3ja were obtained at prolonged reaction times at 120 °C, by addition of molecular
sieves. IGC-FID selectivity is given. (c) Reactions of p-methoxyaniline with various alcohols. Selective monoalkylation was also observed with ethane-1,2-
diol and hexane-1,6-diol (3ai, 3ak). (d) Direct 2,3-dihydro-quinoxaline formation from ethylene glycol and o-phenylenediamine.
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\'n
OH 5 mol % Cat. 1 { b3
N

Me;NO 10 mol % NH
\ or 120-130°C | = or | =
4-50 h, CPME \o
R

P
A~ OH
Ho” ] i
n
7a-g n=1,23 8 9
=1 (2m); n=2 (21); n=3 (2K) nE2 S

RRNRNYRIRRY
444 L L

8aa, 62% 8ba, 80% 8ca, 87% 8da, 94% 8ea, 95% 8fa, 43% 8ga, 30%i
F F
9cm, 60% 9¢l, 62% 9ck, 67% 9bk, 85% 9dk, 68% 9ek, 66%

Figure 5 | Reactions of various benzylamines with pentane-1-ol and diols. (a) General reaction conditions. (b) Reactions of various benzyl-amines with
pentanol. Benzyl-amines bearing electron-withdrawing substituents in the meta position were highly reactive, for example, for 8ca, 8da and 8ea, no
dialkylated amine or imine were observed. Benzyl amines 7a and 7g were less reactive, with these substrates small amounts of dialkylated and imine

products were also observed. (¢) Construction of 5-, 6- or 7-membered N-heteracyclic rings using benzylamines 7b, 7c, 7d and 7e and butane-1,4-diol
(2m), pentane-1,5-diol (2I) or hexane-1,6-diol (2k).
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T. Yan, B. L. Feringa and K. Barta, ACS Cat., 2016, 6, 381-388.

Table 2. Amination of Benzyl Alcohols with Secondary

Amines”
OH %
Cat14-6mol % N‘R
H Me;NO 8 - 10 mol % 2
N, LN N
| R Ri™ Rz 48.24h, S0l 135°C | g
2 Mol. sieves 100 - 200 mg &
1 3
Entry | Substrate 1 Product 3 Yield [%]"
1 1b OH  3b MeO. f\ 88
MeO
0
- L5 Wy
2 1c

3¢ Q,NCO 60
3d CJO\/,O 40
3e CSK, G 74
3 \Q,N l,\;N B 78
3g ’ C;@AQ 69

~

Sae

3i /S 80

Q

(%)
—
f="

Q

EO T
=

PR
Ll —
-+ o
Z\m
o
o b o

- 4

(=)}
-
-
e
[e]
f =

e}

3h

o ~
— "
e a
\Em Q
o
o
z I

9 1a OH 3j ,/’/ 65
v (o Ve
10 1a OH 3k (@ 91
- Loy
11 1d OH 3l ol Q 63
Cl
I QL
12 | 1g . C OH  3m r (@ 69
"N\
13 la C OH 3n \@\/O@ 89
N
14 1 S, OH 3 79
15 | 1h

Z\ (o]
o]
=

= N

“General reaction conditions: general procedure (see page S2 in the
Supporting Information), 0.5 mmol of 2, 2 mmol of 1a, 0.02—0.03
mmol of Cat 1, 0.04—0.06 mmol of Me;NO, 2 mL of solvent, 18—24
h, 135 °C, 95—105 mg of molecular sieves. For specific conditions see
Tables S2a and S2b in the Supporting Information. “Isolated yields.
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Table 3. Amination of Benzyl Alcohols with Primary
Amines”

OH i
Cat14 -6 mol % “Rs
x _NH, Me;NO 8 - 12 mol %
| JR * R 18 - 24 h, Sol. Temp. il
2 Mol. sieves 100 mg =
1 5
Entry | Substrate 1 Product § Yield [%]*

1 1 OH HN
b _ @j Sa Voo 4@_/ N 54

2 la C OH 5b C HN’\/\/ 61
3 1c @_/OH Sc @_"}N’\/\/ 59

4 1 OH d HN
B C , sd C NS s3
5 1i Se 42

H
FaC OH FiC N~
: OH 5g H 60
8 1c @_/OH Sh @_’j“\_@ 61
9 1f O@ﬂm Si QCFJ 60
Lo i : HN

s - N
11 | 1a S PH sk HN_@_OME 66
: OH

12 1c sl

“General reaction conditions: general procedure (see page S2 in the
Supporting Information), 0.5 mmol of 2, 2 mmol of 1a, 0.02—0.03
mmol of Cat 1, 0.04—0.06 mmol of Me;NO, 2 mL of solvent, 18—24
h, 135 °C, 95—105 mg of molecular sieves. For specific conditions see
Table S3 in the Supporting Information. “Isolated yields.
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M-Fe-2 — Synthesis of Pyrroles

T. Yan and K. Barta, ChemSusChem, 2016, 9, 2321-2325.

Table 2. Direct synthesis of N-substituted pyrroles from anilines and 1,4-
diols.”

HO
Nz =y Cat 14 mol % ﬂ

= 22 OH MeNOBmol% )
Lot o _on 18 toluene X
; N/ @ R
2b
0.5 mmol 2 equiv. 3
Entry Amine (1) Alcohol (2) Product (3) Conv. 1 Select. 3%
[%] [96]

-
o
2
::} =
@
[S]
]

3b 92 90 (80)
NH,
2a 42 - (36)
2b >99 90 (59)
2 1c¢ 3¢
NH,
F 2a 33 -(30)
2b 91 75 (47)
3 1d 3d

Z
e
5

2b 85 63 (45)
2b¢ 98 72 (54)

~
-
m
: Q
w
m

4
X
(9

@
L)

w
u—y
-

2b 3f 94 61 (44)
NH;,
NH;,
6 1g Q 2b 39 >99 68 (37)
0P
7 1h Q\OCHS 2b 3h 77 42 (36)
NH;
8 1i Q\ 2b 2i 90 52 (25)
NHy
9 1j F 2b 2j 56 36 (15)
NH,

[a] General reaction conditions: General procedure (see Supporting Infor-
mation, page S2), 0.5 mmol 1a, T mmol 2a, 0.02 mmol Cat 1, 0.04 mmol
Me;NO, 2 mL toluene, 18 h, 130°C unless otherwise specified; see also
Table S2. [b] Based on GC-FID, isolated yields shown in parentheses.
[c] The reaction was operated in a sealed 20 mL vial with 4 equiv. 2b in
22 h.
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Table 3. Direct synthesis of N-substituted pyrroles from anilines and 1,4-

diols.”
Akl Cat 14 mol %
2 HO MesNO 8 mol % =
5 + = o Alkyl—N___
OH , loluene,
0.5 mmal 2a _ 130 °C 6
2 equiv
Entry Amine (5) Product (6) Select. 31!
[%]

NH,
1 5a @4 6a 90 (61)
NH2
2 5b cn—@—’ 6b 85 (57)

6¢ 73 (52)

4 5d @J"Hz 6d 88 (55)

5 5e C|©J‘”2 6e 87 (65)
NH,
6 5f @4 6f 87 (65)

7 59 g@_}‘”? 69 83 (55)

N= NH,

8 5h \ 6h 92 (76)
o]

9 5i Q\,NHz 6i 71 (43)

NH
10 5j @J : 6j - (41)

1 5k Ay NH;

12 51 QNHZ

6k 86 (42)

6l 85 (33)

[a] General reaction conditions: General procedure (see Supporting Infor-
mation, page 52), 0.5 mmol 5, 1 mmol 2a, 0.02 mmol Cat 1, 0.04 mmol
Me;NO, 2 mL toluene, 18 h, 130°C; see also Table S3; in all cases full con-
version was obtained. [b] Based on GC-FID, isolated yields shown in pa-

rentheses.
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M-Fe-5 — Synthesis of Aldimines

S. Chakraborty, G. Leitus and D. Milstein, Angewandte Chemie International Edition, 2017, 56, 2074-
2078.

1 mol% 3
1 mol% BuOK e R2
RI-CN + HN—R? ~ RUONT
10-20 bar H,
60 °C, CgHs
. =
y @”\N”‘csw N /©/\\NA05H11 N CsHys /©/\N/\CSHH
= 3 4
98%(14h)  MeO 96“/{12 h) : sa%nz h) b 97% (12h)
@f\ Can 2 :
[c] ©/\
Br 66% (18h) gﬁ% (14h) Q/\ 81% (20h) 96%(12h)
" A @»
9)0@/\ /\Qc 1ol/©/\ /\©\ 11)[ j L
Me |
99% (12h) cl 56% (12h) sa%(wsz ] 64%{12h)[b]
- O/\ C5H|I ‘ CsHqq CsHﬁ
[d]
F™ 2% (12m 89% (14n)% 96%(20 h)' m o

N S e
MNO C/\ CsHyy \N/C 20) @/\/\N/\%H”
% 8] ¥ O/\ gl
5% (30 h)lé! 10% (30 h)™ 52% (20n)'1 58% (30 h)

[a] Conditions: benzonitrile (1-0.125 mmol), amine (1-0.125 mmol), 3
(0.01 mmol), tBuOK (1 equiv relative to 3), 20 bar H,, and C¢H, (2 mL),
heated in an autoclave at 60°C. Yields and conversions determined by
GC-MS and NMR analysis using m-xylene or toluene as internal
standards. [b] 10 bar H,. [c] 2 mol % catalyst used. [d] 8 mol % catalyst
used. [e] 24 mol % tBuOK, 30 bar H,, 90°C. [f] 8 mol % 3, 8 mol % tBuOK
and 90°C.
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3.4.2. — Coupling and Dehydrogenation Reactions — Cobalt Catalysts

A-Co-4 — Synthesis of 1,2,5-substituted Pyrroles

P. Daw, S. Chakraborty, J. A. Garg, Y. Ben-David and D. Milstein, Angewandte Chemie International
Edition, 2016, 55, 14373-14377.

cat. 1 (5 mol%), 150 °C
R . R—NH, (5 okl R,ﬂ\R

x
4570
=

LS b ol
B NaHBEL; (5 mol%) N
{BUOK (5 mol%) R
toluene
Entry  Diol Amine (RNH,) t[h] Yield of pyrrole [%]
OH
1 HiGs™ NH; 24 ggltl
OH
OH
2 )\/Y HiCs™ ~NHz 24 93t

o
=

2
)
N

S
o
I
{
o—
I

NH; [b]
m 24 86

o NHz 24 90t
OH
OH
o NH;
5 )\/Y U 24 70M
OH
OH
NH;
6 )\q/ @’/\/ 24 620

o
I

59
B

24 g9t
OH
OH
B NH;
8 )\/\( I bl
N 36 68
OH
OH
NH.
9 )\ﬁ/ /©/\ o240 gt

o
=

=
(=]
5 O
I
o
a
\
Ay />
=
NI
(2]
=3
=z

24
OH
i” s NH:
n b @ 36 254
OH MeQ
OH ‘A\VNH?
12 )\/Y Meo™ 36 229
OH OMe
OH NH,
13 )\/Y ,/\/J: 36 78
OH U\)
OH
. ph)\/YPh Hios™ 36 560
OH
OH
15 K/\ HisCe ™ NH, 24 589
OH

[a] Conditions: diol (0.5 mmol}), amine (0.5 mmol), toluene (2 mL), and
4 A molecular sieves heated in an closed Schlenk tube for the specified
time. [b] Yield of isolated product. [c] Yield determined by GC.
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B-Co-1/2 — Synthesis of Secondary Amines

M. Mastalir, G. Tomsu, E. Pittenauer, G. Allmaier and K. Kirchner, Organic Letters, 2016, 18, 3462-

3465.

entry

|

11

13

product
(yield)

P
6("92%}

8 (85%)

o

10 (92%)
W
B

12 (75%)

coasd

14 (79%)

18 (59)% :

20 (81%)

“Isolated yields.

NH
R‘A“OH - 2

product
(yield)

21(91%)

1 (2 mol %)

{-BuOK, toluene
16h

entry

RZ
R'/\H’

product
(yield)

. entry

product
(yield)

7 /O’i.@/ 18 Qfﬁ

19

21

23

25

27

29

22 (91%)

cl

34 (0%)

20

22

24

28

30

23 (79%)

cFi

25 (90%)
27 (93%)
Q)
N
o
29 (84%)
N/
L
o
31(80%)

.,
el

33 (0%)



MNH
/\ L e = e 4:2mol%:
OH R - 3AMS loluene ,\
130°C, 16 h R'

product . product
(ield) P (yield)

2 J@/\u’@/

’ 10 (78%)

oY oY

11 (66%) : 13 (80%)

5 C@A/@ o~y

s (76%) : 15 (89%)
k| SO
L grTT e U
29 (73)% : 27 (91%)

“Isolated yields.

84



C-Co-1 — Synthesis of Aldimines

G. Zhang and S. K. Hanson, Organic Letters, 2013, 15, 650-653.

entry substrate A substrate B time product GC yield %
(h) (isolated yield)

NH, 27 =y 80 (73) imine
15 amine
=

o

oH NH; 52 96 (85) imine

©/\ ©/\ NJ\/ <2 amine
3 o T 48 S 88 (75) imine
©/\ ©/\ 12 amine

a

I
z
L
5

45 93 (83) imine
e _<:> 4 amine
N
50 @ﬁ\ 99 (90} imine
50 94 (R4) imine
/@/*N/J\/
50 < } " 96 (85) imine
N
NH; 52 =y 93 (80) imine
~o

45 98 (88) imine

S0 Y 81 (70) imine
o )
o

T4 (61) imine

48 64 imine
5

=
I
"

4
I
o

= CF

of
E
3

E
QqQ
G
QO

272 272
= I
5 5

1354 48 (@ 95 (B5) imine
| |

OH \(N NJ/
I4r.d WDH NH; 48 o 70 imine
)\/ Yy 6 amine
15%4 B T NH; 50 71 imine
Cﬂ P S 2amine

N
16 OH NH; 48 \ / 56 imine
O/ Az O:N 6 ketone

“Conditions: Substrate A { 1.0 mmol), substrate B ( 1.1 mmol, exeept for sec-butylamine, 5.0 mmol), 1 mol % catalyst (1 mol % complex 1 and 1 mol %
H[BA " 4]+ (E,O),), toluene (2 mL), 120 °C. " 0.2 mol % catalyst (0.2 mol % complex 1and 0.2 mol % H[BAr' 4]+ (Et,0),).“ 2 mol % catalyst was used
(2 mol % complex 1 and 2 mol % H[BAr",]-(Et0)2). ¢ Reactions run in THF (2mL).

85



C-Co-2 — Synthesis of Secondary Amines

G. Zhang, Z. Yin and S. Zheng, Organic Letters, 2016, 18, 300-303.

R7 NoH * Re—NH;

16
17¢
18°

alcohol (R, =)

CeH;
4-Me(CzH,)
4-MeO(CgHy)
4-F(C4H,)
(CeH,)CH,
propyl
isopropyl
pentyl
heptyl

CgHg

CeH,

pentyl
heptyl

2 (2 mol %)

toluene, reflux

4 ANMS

amine (R, =)
CgH;
4-'Pr(C4H,)

4 MeO(CeH,)
2-MeO(C¢H,)
4-F(CgH,)
4-CI(CgH,)
CeHs

CgHj,

CgHq
CeHs
CeHs
CgH,
CgH,
CgHq
(CH,),CeH;
2-butyl
4-fluorobenzyl
1-hexyl

R1/\H—R2

9a-r

yieldb (%)
94 (9a)
90 (9b)
96 (9¢)
95 (9d)
82 (9e), 4% imine
80 (9f)
84 (9¢), 13% imine
90 (9h)
80 (9i), 15% imine
74 (9j), 14% imine
91 (9K)
96 (91)
90 (9m)
95 (9n)
82 (90), 11% imine
93 (9p), 2% imine
75 (9q)
86 (9r), 6% imine

“Conditions: alcohol (0.5 mmol), amine (0.6 mmol), cobalt catalyst 2
(2 mol %), 4 AMS (0.5 g), and toluene (4 mL) at reflux in a 100 mL
Schlenk tube, 48 h. YIsolated yields. “Yields determined by GC

analysis.
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C-Co-2 — Synthesis of a-Alkylated Ketones

G. Zhang, J. Wu, H. Zeng, S. Zhang, Z. Yin and S. Zheng, Organic Letters, 2017, 19, 1080-1083.

0
_1@emd%) -
N OB ma%) (5 mol %) | JR

toluene, 120 °C

7a 93‘7 Tb 75% 7c 45%
Td 90% C' B 7f 88%
Th 80% 7 21‘5’3
79, 93%
1 i @M
M @)\/\/\/\ i} u
7], 42% 7k, 48% 4%
fo) O
e | .
® g A
7m, 66% 7n, 74%

“Conditions: primary alcohol (0.6 mmol), acetophenone (0.5 mmol),
cobalt 1 (2 mol %), KOtBu (5 mol %), and toluene (4 mL) are heated
to 120 °C in a 100 mL Schlenk tube, 24 h. Yields are of isolated

products. Yield determined by GC analysis.
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(0] ~x [+
)k o i OH 1 (2 mol %) R N
R Xz KO'Bu (5 mol %) X

X=CorN toluene, 120 °C

8a, 89%
o ,)‘\/\.
O
0 8d, 48% O 8e.92% 8f 71%
39 96% Sh 60% 35%°
o 0
I RS > I RS | S
N. = l P> N_ .= _~N
8j, 95% N 8k, 98% 81, 42%

“Conditions: benzyl alcohol or 4-pyridinemethanol (0.6 mmol),
ketone (0.5 mmol), cobalt 1 (2 mol %), KOBu (5 mol %), and
toluene (4 mL) are heated to 120 °C in a 100 mL Schlenk tube, 24 h.
Yields are of isolated products. Yield determined by GC analysis.

0
HL OH _1(2mol%) m
Ry KO'Bu (5 mol %)
R1 2

toluene, 120 °C

g §0
A\ 7
Y,
A\ 4
W,
A\ 4

9a, 57% l 9b, 54% I Cl 9¢, 60%

;@m@%

9d, 65% 9e, 58% of, 52%

G C
o

"0 )
9g, 47% 9h, 38%

“Conditions: 2-aminobenzyl alcohol (0.5 mmol), ketone (0.5 mmol),
cobalt 1 (2 mol %), KO'Bu (S mol %), and toluene (6 mL) are heated
to 120 °C in a 100 mL Schlenk tube, 24 h. Yields are of isolated

products.



C-Co-2 — Synthesis of Secondary Amines

Z.Yin, H. Zeng, J. Wu, S. Zheng and G. Zhang, ACS Catalysis, 2016, 6, 6546-6550.

H
PN N Sl Alamai): 1200 N~
NH, + gL toluene @’
= R
-NHj =
7, yield
H
H H Me N A~~~
T /@/ NN
9 . &
Ta, 92% 7b, B8% Me 7c, 94%
Me H H
(j/n\/\/“\/ N~~~ /@/N\/\/\/
Me p/ Ph
7d, 41% Te, 95% 7f, 58%
H H
/@/H\/\\/\\/ @:N“”/W /@/N\,/W
MeO Mg F i
7q, 97% 7h, 51% 7i, 89%
H H
H N~ NS
N~~~ /@’N
©: MeO FiC
F F. 71, 32%
70, 71% Tk, 74% :
H
IO RPN ¢
A~ ~
Can/\ﬁ CsHiy H H CsHys
Tm, 70% 7n, 74%

“Conditions: 1-hexylamine (0.5 mmol), anilines (0.6 mmol), cobalt 2
(2 mol %), and toluene (4 mL) are heated to 120 °C in a 100 mL
Schlenk tube, 24 h. Yields are of isolated products.

1) 2 (2 mol%), 120°C i
toluene, 24 h *HCI
_— N
H

HZN/\/\/NHZ 2) HCITHF @)
10, 64% yield
1) 2 (2 mol%), 120°C
A NH2 i L NH-HCI (b)
HzN 2) HCITHF
11, 91% yield

NH, 2 (2 mol%), 120°C

toluene, 48 h ©

L e e

- NH;

NH, N
12, 52% yield

“Yields are of isolated products.
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NH,  2(2mol%), 120°C ﬂ
Alkyl-NH, + toluene “Alkyl
“NHy

8, yield

S b

8a, 92% 8b, 98% 8c, B6%
F H
H Ho 2N N
AT AR o
8d, 68%2 8e, 45%" Bf, 64%°
H
8g, 56%"° 8h, 92%

“26% homocoupling product observed; b28% homocoupling product
observed; “19% homocoupling product observed; 9379 imine product
observed. “Conditions: aliphatic amines (0.5 mmol), aniline (0.6
mmol), cobalt 2 (2 mol %), and toluene (4 mL) are heated to 120 °C
in a 100 mL Schlenk tube, 24 h. Yields are of isolated products.

2 (2 mol%), 120°C

o toluene NG
R™ "NHy R” N7 "R
- NH3 H
9, yield
P o
CaHs™ N CyHg Cot™ Nty CoHis” N Crbss
9a, 90% 9b, 98% 9¢, 96%
O,
N e N
N H \
©/\ /\O i F i
9d, 75% 2 9e, 52% of, 58%
H
H N
99, 96% 9h, 48% °

“14% imine product observed. “Isolated as a HCI salt. “Conditions:
primary amines (1.0 mmol), cobalt 2 (2 mol % relative to one half
amount of amine), and toluene (4 mL) are heated to 120 °C in a 100
mL Schlenk tube, 24 h. Yields are of isolated products.
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M-Co-2 — Synthesis of C,-Alkoxylated Products

J. R. Cabrero-Antonino, R. Adam, V. Papa, M. Holsten, K. Junge and M. Beller, Chemical Science, 2017,
8, 5536-5546.

[0} o]
Co(BF,4),6H,0
&t % Triphos (L1) g
R=— N—R — & R N—R
e H; (20 bar), 90°C
- MeOH, 18 h
Q OMe
1a-u 2a-u
Entry” Cyclic imide 1 [Co] (mol%) 2% (9]
0
1 N—Me 2.5 2a [95]
1a 0
o]
2 N—Bu 4 2b [89]
b O
0
3 N4< 4 2¢ [90]
1¢ O
0
4 @N—O 4 2d [96]
1d O
Cl
o /—/
Q
2
5 wa 2.5 2¢ [97]
1 ©
0
6 N—Ph 2.5 2f [93]
1 0

-~
é/
[
w
[
g
—
=]
=2
—

g O
0 CF;
8 NO 6 2h [91]
ih O
Q OMe
9 @::NO 4 2i [08]
1i O
[a]
1j ©O
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Co(BF)y'6H,0 -

£ Triphos {L1) ;
R— N—R ———————= R+ N—R
Hz (20 bar), 80°C e
: MeOH, 18 h
OMe
1a-u 2a-u
Entry” Cyclic imide 1 [Co] (mol%) 2% [%]
0
11 @;«N@% 2.5 2k [96]
1k O
[
12 E)\:«‘N—Q—m 2.5 21[94]
1M1 0O
0
Ph
13 N— 4 2m [99]
m O
o p—or\ne
14 @N 5 2n [99]
in O
E 0
B
15° N—Me 2.5 20 [86]
F
Fio ©
)
16 N—H 2.5 2p [89]
ip O
)
17 N—Me 2.5 2q [81]
1q
18 N—Ph 2.5 2r [89]
ir
0
0 F
19 in@ 2.5 25 [94]
0 1s
o
20 [éNAQCFs 2.5 2t [85]
0 1t
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Co(BF4); 6H;0
Bl Triphos (L1)
R'—= N—R ————————% R~ N—R
L H, (20 bar), 90°C .
- MeOH, 18 h
o} OMe
1a-u 2a-u
Entry” Cyclic imide 1 [Co] (mol%) 2b [26]
o]
_/Ph
21 N 4 2u [80]
1u
8]

“ Standard reaction conditions: cyclic imide (0.5 mmol), Co(BF,), 6H,0
(4.25 mg, 0.0125 mmol, 2.5 mol%), triphos L1 (15.6 mg, 0.025 mmol, 5
mol%, 2 eq. to Co), H, (20 bar), MeOH (2 mL), 90 °C and 18 h. When the
reaction was carried out using 4 to 6 mol% of cobalt precatalyst, 1.5 eq.
of L1 respect to the metal was added. ? Isolated yield of the product after
purification by column chromatography on silica are given between
brackets. © Run at 110 °C.
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M-Co-10 — Synthesis of Secondary Amines

S. Rosler, M. Ertl, T. Irrgang and R. Kempe, Angewandte Chemie International Edition, 2015, 54, 15046-
15050.

NH 2.0 mol% [1d] H
@/ 2 o~ KOtBu N._R
+ HO R -
toluene, 80°C ©/
3
Entry  Alcohol Product Yield® [96]
! R=CgHs 3a 90
2 R=4-F(C;H,) 3b 34
3 R=4-Cl(C,H,) 3c R 7
4 R=4-Br(CH,) 3d H\/@f 53
5 R=4-Me(CeH,) 3e ©/ 94
6 R=4-OMe(CgHa) 3f 38
. R=4-SMe (CgH,) 3g 7
8 R=4-tert-butyl(C¢H,) 3h 93
9 1-butanol 90

3 N
N
10 1-hexanol 3j ©/ \/\Hﬁ o
3k

1 CyH,OH 36

H
N
12 (=)-Nopol 31 ©’ J\®L

[a] Reaction conditions: 1.4 mmol aniline, 1.0 mmol alcohol, 2.0 mol %
precatalyst 1d, 1.2 mmol KOtBu, 3 mL toluene, 80°C, 24 h. [b] Yield of
isolated product.

2.0 mol% [1d]
e NH; HO/\© KOtBu H\/@
R— + N <
L~

toluene, 80°C gL
o 4

Entry  Amine Product Yield® %)

R=4-F 4a 86
R=4-Cl 4b 69
R=4-Br 4c \/© 72
R=4-I 4d /@’ 51
R=4-Et 4e R 76
R=4-iPr af 76
7 R=3-Br 4g \@/ \/© 57

[ R R O

_o NH,

o)
™~ o)

NH, \/@
9 \Q \Q’ 63
[a] Reaction conditions: 1.4 mmol aniline, 1.0 mmol alcohol, 2.0 mol %

precatalyst 1d, 1.2 mmol KOtBu, 3 mL toluene, 80°C, 24 h. [b] Yield of
isolated product.




N
HQNQNH * HO

2.0 mol% [1d] H

NH,

S KOiBu R
O™ o R B

N toluene, 80°C N/ 5
Entry  Alcohol Product Yield® [95]
1 R=CH, 5a H 39
2 R=4-OMe(CiH)  5b S, 61
3 R—4SMe(CH) 5S¢ I 76
4 R =4-Me(CqHs) 5d M 94
H
5 CyHasOH Se b 69
6 1-butanol 5f ﬁ \/\H/n 76
N/

[a] Reaction conditions: 1.4 mmol aminopyridine, 1.0 mmol alcohol,
2.0 mol % precatalyst 1d, 1.2 mmol KOtBu, 3 mL toluene, 80°C, 24 h.

[b] Yield of isolated product.

2.0 mol% [1d] 2.0 mol% [1d]
” KOtBu /@\ + HOR? KOBu 5 /@\
il - 1 g2
2 toluene, 80°C H JN NH toluene, 80°C Rl NOR
R 6 7

Entry Alcohol R' Alcohol R? Product Yield [%]

1 R'=4-OMe(C¢H,) - 6all H/(j\NHz 91
~o

2 R'=C¢Hs R?=C.H; 7al! O/\N’Q\N’\Q 73

H H

3 R'=4-OMe(C¢H.,) R?=CgH; 7bH H’ : ‘H 71
~o

4 R'=4-OMe(C:H.) R?=4-F-(CgH,) 7dd /@”H’QH’\@ 57
ko) F

5 R'=4-OMe(C¢H,) R*= propyl 7d4 76

6 R'=4-OMe(C¢H,) R?=pentyl 7€ N N/{\,}f\ 79

/@\H H n

~o

[a] 3.0 mmol benzenediamine, 1.0 mmol alcohol, 2.0 mol % precatalyst 1d, 1.2 mmol KOtBu, 3 mL toluene, 80°C, 24 h. [b] 1.0 mmol benzenediamine,
2.0 mmol alcohol, 4.0 mol % precatalyst 1d, 2.4 mmol KOtBu, 3 mLtoluene, 80°C, 24 h. [c] 1.0 mmol 6a, 1.0 mmol alcohol, 2.0 mol % precatalyst 1d,
1.2 mmol KOtBu, 3 mL toluene, 80°C, 24 h. [d] Yield of isolated product.
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M-Co-10 — Synthesis of C-Alkylated Amides

N. Deibl and R. Kempe, Journal of the American Chemical Society, 2016, 138, 10786-10789.

1e (2.5 mol%)

OH 0 t-BuOK (1.2 eq) 0
R) * )LN’R' R/\)J\N—R' + H0

) THF, 100 °C )
R 24 h R
2 (1.0eqg) 3 (2.0eq) 5, yield
[¢) o 0
WNM% WNM@ NMe,
6a, 83 % Me 6b, 85 % 6c, 81 %
Me
0 o) o)
WNMEE O NMe, @\/\)'kNMEg
Me 5d, 80 % O 50,78 % OMe 5f, 89 %
0 o o)
o NMe, /@NLNMeZ T NMe,
MeO” 7 &g, 86 % cl 8h, 76 %® Nz g 70 %

C%‘
o
=
F
zc

o)
NMe; O/\ANMEZ
NT 881 % 5k, 91% 51,93 %
o o
NMe; | @/\)LR

=
=
N
'
= 4
io

5m, 81 % 6n, 86 % 1
e iieo..___.. BOR=NHMe, 55 % (5 mol%)’
o 6s: R = Ph, 84 % 5p: R = NEty, 76 % (5 mol%)
/\/u\ 5t R = 4-OMe-(CgHy)-, 81 od 5¢: R = 1-pyrrolidinyl, 66 %
R N 5u: R = <(CHy)»-Ph, 82 %¢ 5r: R = 1- piperidinyl, 77 %

Lo svr= [>¢ 5%

“Alcohol (1 mmol), amide (2 mmol), +BuOK (1.2 mmol), 1e (0.025
mmol), and THF (4 mL) were heated for 24 h at 100 °C (oil bath) in
a closed system. Yields are of isolated products. bt BuONa was used as
a base. “1f (5 mol %) was used. 910 mmol scale. “5 mmol scale. /1,4-
dioxane, 120 °C, 1.5 equiv t-BuOK.

96



M-Co-11 - Synthesis of C-Alkylated Esters

N. Deibl and R. Kempe, Journal of the American Chemical Society, 2016, 138, 10786-10789.

1d (5 mol%)

OH 0 . t-BuOK (1.5 eq) o o

Toluene, 80 °C

2 (1.0eq) 4 (40eq) 4h 8, yield
0 J\ 0 /I\ ) J\
o X /@A)ko . o X
6a,70% M© 6b, 68 % 6c, 76 %
Me
(@] /'\\ (@] /k 0] /k
Kok o
M MeQO
° 6d,63 % O 6e, 53% = 6f, 77 %
(e} J\‘ (0] /l\‘ 0] J\‘
o) - o X 0
A =
OMe gg, 70 % 6h, 55 % N i, 48%
o ,]\ 0 /k 0 ,'\
cl 6, 72%  F 6k, 82 % 61, 58 %

“Alcohol (1 mmol), tert-butyl acetate (4 mmol), +BuOK (1.5 mmol),
toluene (1 mL), 1d (5 mol %), 4 h at 80 °C (oil bath). Yields are of
isolated products. t.BuONa was used as a base.
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M-Co-11 - Synthesis of Alkylated Alcohols

F. Freitag, T. Irrgang and R. Kempe, Chemistry — A European Journal, DOI: 10.1002/chem.201701211.

Table 2. Substrate Scope of Aromatic Alcohols (1 and 2).”

4¢ (5 mol%) OH
Jct KHMDS (1.1 equiv.) e
t HO Y ™Yy, R! Xy o+ HO
R! pﬁﬁ‘ toluene J\/\H TR
1 2 ~ 110°C 3a-n N
20 h

Entry  Product (3a-n) R' R Yield [%]"®
1 3a  CH, H 76

i 3b  4OMeCH, H 80
2 - r -LeMa
3 R’k/\( \j 3¢ 4MeCH, H 77
4 s F 3d  4CICH, H 79
5 3e  3-CI-CH, H 61

OH
6 @/L\/ U 3f CHsS H 44
af

7 3g  CHs 2-Me 74
8 3h  CHs 3-Me 73
9 OH 3i CH, 4-Me 79
101 @M(\—RZ 3j CgHs 2-MeQ 69
n ~ 3k CgHs 4MeQ 77
12 3g-3n 31 CH, 4-Cl 60
13 3m  CHs 4-Br 49
1414 3n  CHs 3,4-(CH), 64

[al 1 (1.5 mmol), 2 (1.0 mmol), KHMDS (1.1 mmol), 5 mol% 4c¢ (50 umol),
toluene (2 mL), 110°C (oil bath), 20 h, closed system. [b] Yields of isolated
products. [c] Reaction time: 44 h. [d] 130 'C (oil bath).

Table 3. Reaction of aromatic secondary alcohols (1) and aliphatic pri-
mary alcohols (2).

OH 4c (5 mol%) OH
KHMDS (1.1 equiv.)
/@A"’HO/\Rz;’ /@NH"" H,O
toluene
R 110°C R1
1 2 20h 3o-s
Entry  Product (30--s) R! R? Yield [%]®
1 o 30 H n-pentyl 49
2 e R2 3p H n-heptyl 51
3 = 3g H cyclopropyl 63
30-3q
4 o 3r OMe  n-pentyl 46
5 /O/J\/\Rz 3s  OMe n-heptyl 49
MeQ
3r-3s

[al1 (1.5 mmol), 2 (1.0 mmol), KHMDS (1.1 mmol), 5 mol% 4c¢ (50 umol),
toluene (2 mL), 110 °C (oil bath), 20 h, closed system. [b] Yields of isolated
products.

98



Table 4. Coupling of aliphatic secondary alcohols (1) with primary alco-
hols (2).®!

4c (5 mol%)

OH KHMDS (1.1 equiv)  OH
+ HO R —————— + H0
R‘J\ toluene F{"k"\RZ :
110 °C
1 2 20h 3t-aa
Entry  Product (3 t-aa) R! R? Yield [%]®
1 aH 3t cyclopropyl  C.H. 72
2 R? 3u cyclopropyl  n-heptyl 62
3 3t3v 3v cyclopropyl  cyclohexyl 54
4 OH 3w n-hexyl (CH,),CHs 40
5 \H;K/\Rz 3x  n-hexyl n-heptyl 50
3w-3x
6 3 el cyclohexyl 70
oH ¥ e yclohexy
7 S 3z n-butyl cyclohexyl 66
" O (n 73)
8 3y, 3z, 3aa 3aa n-propyl cyclohexyl 59
(n=2)

[a] 1 (1.5 mmoal), 2 (1.0 mmol), KHMDS (1.1 mmol), 5 mol% 4c¢ (50 umol),
toluene (2 mL), 110°C (oil bath), 20 h, closed system. [b] Yields of isolated
products.
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3.4.3. — Coupling and Dehydrogenation Reactions — Manganese Catalysts

A-Mn-2 — Synthesis of Cyclic Imides

N. A. Espinosa-Jalapa, A. Kumar, G. Leitus, Y. Diskin-Posner and D. Milstein, Journal of the American
Chemical Society, 2017, 139, 11722-11725.

H, .R LR
N7 s HO [Mn] N
H OH  _4H
z 0
Q o} Q Q
drol v 00, &0,
Cl
Ta 99(92)° 7h 78(72)¢ Tc 79(69)° 7d 77(68)¢
Te 99(32): 7§ 77(64)° 79 60(56)° 7h 61(54)°
&O éﬁ/@ G e
7i 75(61)° 7j 90(88)° 7k 99(62)% 7199(58)7
o 0 O 0 0
0
b & @D QM?Q
o o 0 o 0
7m 99(67)¢ 7n 62(44)% 7o 69(42)¢ 7p 99(48)°

“Conversions based on consumption of the amine, determined by 'H 'H
NMR and GC—MS with mesitylene as internal stmdu‘d All reactions
were performed in open Schlenk tube under argon "Yields of isolated
product in brackets. “Reaction conditions: [Mn] = 1 (5 mol %), KH
(10 mol %), toluene (2 mL), 1,4-butanediol (1.0 mmol), amine (1.0
mmol), internal standard (mesitylene, 1 mmol), reflux, 40 h. ‘11,4-
Butanediol (0.5 mmol), amine (0.5 mmol), internal standard
(mesitylene, 0.5 mmol). “l,4-Butanediol (0.5 mmol), amine (0.25
mmol), and internal standard (mesitylene, 0.5 mmol).
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A-Mn-3 — Synthesis of Aldimines

A. Mukherjee, A. Nerush, G. Leitus, L. J. W. Shimon, Y. Ben David, N. A. Espinosa Jalapa and D.
Milstein, Journal of the American Chemical Society, 2016, 138, 4298-4301.
Mn cat 1 (3 mol%) .

R/\OH + R{/\NHz _— RANAR +H, + H,0
benzene, 135 °C L SR

60 h
o - o8 K SRR
! z 3 OMe
93°(97)° 95(96) 97(99)

e
@” T, L0 e O
2(55) 93(93) 78(85)
e )
TJIMBO’KD/ " \QF MEOU " MeO’@(\N

oM
73(73) 50(50) >99(>99)

10M€0/©/\N’O 1 /@ﬁ‘m’\@': 12 F/©/*N/\©

OMe
78(91) 65(71) 91(95)
Wk w OO
w SO
78(80) >99(>99) 70(75)
/©/\\ NSy /\/‘\/\‘N/[ :I
6 ¢
45(57) 30(42)

“Reaction conditions: alcohol (0.5 mmol), amine (0.5 mmol), Mn cat
(3 mol %), and benzene (2 mL) at 135 °C (bath temperature) for 60 h
in a closed system under N, atmosphere. “Yields were determined by
'"H NMR with respect to toluene or dioxane as an internal standard or
by GC analysis. “Based on the consumption of alcohol.
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B-Mn-1 — Synthesis of Aldimines

M. Mastalir, M. Glatz, N. Gorgas, B. Stoger, E. Pittenauer, G. Allmaier, L. F. Veiros and K. Kirchner,
Chemistry — A European Journal, 2016, 22, 12316-12320.

Table 2. Dehydrogenative coupling of alcohols and amines to form
imines utilizing catalyst 1./
1 (3 mol%)

S 3A MS R2
OH + HN—R! ———— = o SN Lo o,
foluene

140 °C, 16h

R1

Entry Product Entry Product

<::©/\.©/ 84%
’me

\/Q/ % /Q/ 9%
5 o 68% 6 _~, 17%
QO
T =
N N
MeO
../O 87% 12 O/\”\)\ 73%

[a] Reaction conditions: 1.0 mmol alcohol, 1.4 mmol amine, 0.3 g 3 A MS,
3.0 mol% catalyst, 4 mL toluene, 140°C, 16 h. [b] Isolated yields.
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B-Mn-1 — Synthesis of Aminomethylated Aromatics

M. Mastalir, E. Pittenauer, G. Allmaier and K. Kirchner, Journal of the American Chemical Society,
2017, 139, 8812-8815.

R cH—N

4 mal % [Mn] mz
Y=NCH + CHO0H + NH R
R? BuDK. toluena,

18 h, 130°C pat®, 1
<, [:%.CH;
¥ |
RZ

¥ = NH, NMe, §

entry product entry product entry product entry product
Nk rliv Ph OH OH
OH
o oy ~ AOA
15 16
3(72%) 4(91%) cl
17 (77 %) 13 (689)
OH
NEn; D <l N ((j’
“/ou 17 18
N CCAREREN &
cl
e 20 (64 %)
19 (55%
5(92%) 6 (85 %) (559%)
o -OH
= '
o =
N I= 19¢ ((Nj/ﬁ 200 N
\/J ”é NBny NBn, O
OH 6

OG oH 21 (43 %) 5a (443
i 8 (49%) O‘D O
- o 21 l 2 \“'O

M
! NB“: : O 23 (?549 24 (52 %)

609
9 (60 %) 10 (78 %) O (_’
on Ph
L \ \
11 (81 %) 12 (78 %) 25 (74%) 2(51%)
iBu Ph Me
11 C")/_QDH 12 CN)/_Q_ > 254 o O 26
Bu Ph
13 27{54%) 28(/?4%)
(81%) 14 (87 %)
i Me
S 8
N oH 27 d\ 28 Ci\
13 ij@:\Q 14 /é’ NEn; O
15 (61 %) il i 29 (76 %) 30 (59 %)

“Reaction conditions: 1.3 mmol of MeOH, 1.0 mmol of substrate, 1.1 mmol of amine, 1.3 mmol of iBuOK, 4 mel % [Mn], 4 mL of toluene, 130 °C.
Ylsolated yields. “2.2 mmol of MeOH, 1.0 mmol of substrate, 2.2 mmol of amine, 2.6 mmol of tBuOK, 7 mol % [Mn], 4 mL of toluene. FImidazole
as N-nucleophile.
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C-Mn-1a/b, C-Mn-2 & TH-Mn-3a — Synthesis of Secondary Amines

S. Elangovan, J. Neumann, J.-B. Sortais, K. Junge, C. Darcel and M. Beller, Nature Communications,
2016, 7, 12641.

a
1 (3 mol%) H\/@
- NHz ©/\OH +-BuOK (0.75 equiv.) /%TN
+

o ]
Toluene, 80 °C = 5
24 h -3

§ H
N \/© N \/@ N \/(j
A 3 oM S
ﬂ,. ‘jN ’I/:“\\“‘/ N E’\/ [{\T N
Me0™ A~ E0” Mes”
>99% (90%), 5b >99% (87%), 5¢ >99% (79%), 5d >99% (71%), 58
N \/O N \/EJ f i
o~ M oo . A
I i oy | )
7 i B e
OMe tBu
>99% (91%), 5 80% (619%), 5g >99% (88%), 5h 76% (70%), 5i

0 LD O
| AN LJ/ N N’\Q
= I =
\[ N

CF3 N
>99% (84%), 5j >99% (89%), 5k* =99% (90%), 51° >99% (92%), 5m

2N O N 0o -N
>99% (83%), 5n >09% (84%), 50 >99% (89%), 5p

S ~F

“ NJ:/ ‘\_O/“«\//" O ~F

>99% (74%), 5q** =9%% (91%), 5r 82% (75%), 55

Figure 5| Selective N-alkylation of various aromatic amines with benzyl aleohel. (a) General reaction conditions: aniline derivative (1 mmal), benzyl
alcahal (1.2 mmol), 1 (3mol%), +-BuOK (0.75equiv) and teluene (2ml}, 80°C, 24 h. (b) Reaction of different aniline derivatives with alcohals. Conversion
was determined by GC (isolated yield in parentheses). *Traces of reduction (<2%) of double bond were observed. **11% of N, 9-dibenzyl-9H-fluoren-2-
amine was detected.
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1]

1 (3 mol%) H R
. F{‘/\OH t-BuOK (0.75 equiv.) H_I/Q\\/Nv
Toluene, 80°C 1 =
24-48 h
1.2 mmol

>99% (81%),

MeO

96% (66%)", 6e

77% (21%), 6m

>99% (92%), 6¢

64% (519%), 61

N
NN 8 H .
Ho Ly a

81% (74%), 6j >99% (71%), 6k

=N
oW L
N \.N/ Nk\k
H n

96% (62%), 6n

o

o~ _C
H\/O/
N 2

>09% (95%), 6d

g

>99% (86%), 6h

o
o

79% (67%), 6l

n=7,99% (85%), 60
n=5,99% (76%), 6p
n =4, 99% (86%), 6q
n =3, 99% (93%), 6r

=1, 80% (49%)™, 65

Figure 6 | N-alkylation of (hetero)aromatic amines using (hetero)aromatic and aliphatic alcohols. (a) General reaction conditions: aniline derivative
(Immal), benzy! aleahal (1.2 mmal}, 1 (3mol), t-BuOK (0.75 equiv.) and toluene (2ml), 80°C, 24 h. (b) Conversion was determined by GC (isolated
yield in parentheses). 6o=6s 48h. *22% of the corresponding imine was observed. **2 equiv. of ethanol was used.
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C-Mn-1a/b — Synthesis of a-Alkylated Ketones

M. Pefia-Lopez, P. Piehl, S. Elangovan, H. Neumann and M. Beller, Angewandte Chemie International
Edition, 2016, 55, 14967-14971.

(0]
o Mn complex 3 (2 mol%
L _re + HOTRE p R1J\(\R3
=Y Cs,C05 (5 mol%)

2
tert-amyl alcohol, 140 °C R
4a-m 5a-m 6,7
o] 0 0
Q)V\Ph Q/Lv Ph Ph
MeO Br
6a, 88% 6b, 92% 6c, 73%
O 0 0
Ph = Ph
/@)’V\ Me_@)k/\ Ph
FsC
6d, 45% 6e, o-Me, 70% 6g, 92%
6f, m-Me, 76%

0 o] o)
G’)\/\Ph @JK/\Ph = Ph
Ny s \ 0 \ NMe

6h, 89% 6i, 58% 6], 80%
o 0 0
th dﬁ/\ph @/\/u\/\Ph
N/
6k, 48% 61, 83% 6m, 35%
o) o] o]
OMe CF5 MeO
7b, 76% 7c, 65% 7d, 78%
0 ‘ 0 o
Ph PhJ\/\‘f‘> Ph =
s 04
7e, 86% 7f, 64% 79, 63%
0
0 0
e ks )J\/\/\
L Ph ZPh Ph)k/\
7h, 51% N 7i, 22% 7j, 50%lal
o] 0
0
)W\ Fh AL
Ph
7k, 72% 71, 79% 7m, 85%

Scheme 2. Manganese-catalyzed reaction of ketones 4 with primary
alcohols 5. Yields are for the isolated product. [a] EtOH (1 mL) was
used as the solvent. The yield was determined by GC with hexadecane
as an internal standard.
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C-Mn-1a — Synthesis of Pyrimidines

N. Deibl and R. Kempe, Angewandte Chemie International Edition, 2017, 56, 1663-1666.

3

B (2 mol %)

OH  OH R® +BUOK (1.1 eq) N)%N

J\ + k + ,& ; . |
R! RZ  HoN™ ~NH 1,4-dioxane 1V|\ g

120°C, 20 h R R

1 2 3 — 3H,, — 2H0 4
Entry Product R 4 Yield®
1 R'="Ph 4b 79%
2 R'=PMP 4c 73%
3 Ph R'=3-Cl-(CeH,)- 4d 71%
4 N%N R'=2-thienyl 4e 73%
5 | R =3-pyridyl 4f 73%

/
6 R1V\PMP R' =iso-propyl 4g 66 %
7 R'=cyclopropyl 4h 70%
8 R'=H 4i 50%
Ph B H )

9 I R*= cyclohexyl 4j 53%
10 NT=N R? = n-pentyl 4k 62%
1 I - R?=H 4i 44%
12 R? R'=PMP 4 68%
13 N*\N R =Me 4mt 57%
14 /J\\)\ R*=NH, 4nt 62%

Ph PMP

[a] Reaction conditions: Secondary alcohol (1.5 mmol), primary alcohol
(1.5 mmol), amidine/guanidine (1 mmol), t-BuOK (1.1 mmol), B

(0.02 mmol, 2 mol %) 1,4-dioxane (2 mL), 120°C (oil bath temperature),
20 h. [b] Yields of isolated products. [c] Corresponding amidine or
guanidine hydrochloride with 1 additional equiv of t-BuOK was used.
PMP = para-methoxyphenyl.
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B (2 mol %) Ph

OH OKH /FI £BuOK (1.5 eq) NA\N
+ +
R‘J\ PMP  HN™ “NH 1,4-dioxane ] vp
RZ 120°C,20 h R PMP
i <k 3a ~3Hp, -2 H,0 R
5, yield!™
Ph Ph Ph Ph
NN NJ*N lew NS
“ > PMP %PMP Ph/k(kPMP n-Bu)\f)\ PMP
Ph Me n-Pr
4 5d, 75 % 5e, 57 % 5f, 55 %
5a:n=1,73%
5b:n=2,78%
5¢c:n=6,53%

[a] Reaction conditions: Secondary alcohol (1.5 mmol), primary alcohol
(1.1 mmol), amidine (1.0 mmol), +-BuOK (1.5 mmol), B (0.02 mmol,

2 mol %) 1,4-dioxane (2 mL), 120°C oil bath, 20 h. [b] Yields of isolated
products. PMP=para-methoxyphenyl.

addition after 5 h

! \ B (5 mol %) Ph
OH OH OH Ph t-BuOK (2 eq) A\
sl vl sk NN
R' R? PMP H,N”~ “NH 1,4-dioxane : L
120 °C, 20 h R PMP
1 2 2b 3a o =
3 Hz, -3 HO 5 yield[b] R2
Ph Ph Ph
- I\:AN "]'JQ .
Ph)\’)\ PMP PN PMP Ph)\é PMP
M M
e Me e
5e, 51 %l 5g, 57 AR 5h, 55 %
Ph Ph Ph
@ & P
Ph" N “PMP Ph)\iL/Fj\nP WPMP
n-Pr
Ph
5i,63 % 5j, 56 % 5k, 70 %

[a] Reaction conditions: Secondary alcohol (2.0 mmol), primary alcohol
(2.2 mmol), t-BuOK (2.0 mmol), precatalyst B (0.05 mmol, 5 mol %) and
1,4-dioxane (1 mL) were heated for 5 h at 120°C (oil bath temp.).
Afterwards, amidine (1.0 mmol) and primary alcohol (1.1 mmol) were
added as a solution in 1,4-dioxane (2 mL) and the reaction was heated
under reflux for 20 h. [b] Yields of isolated products. [c] The [3-alkylation
reaction was run in a closed system. PMP = para-methoxyphenyl.
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C-Mn-5 — Synthesis of Esters

D. H. Nguyen, X. Trivelli, F. Capet, J.-F. Paul, F. Dumeignil and R. M. Gauvin, ACS Catalysis, 2017, 7,
2022-2032.

Entry  Substrate T(°C) t(h) (Y;:;‘:l TON
1 - 10 72 74 123
2 o 130 72 89 148
3 o 150 24 84 140
4 ANSNS~Son 1500 240 83 138

5 (ZV\/\OH 150 24 76 127
6 C\A/\/\/\OH 150 24 8 137

7 m 150 24 80 133

8 \|/\0H 20 7 70 117

9 /I\A 150 24 74 123
OH

10 /\K\OH 150 24 67 112

11 \{/\OH 120 72 0 0
12 /\/\COH 150 24 37 6
13 ©/\°H 150 24 95 158

OH
14 150 24 88 147

OH
15 150 24 82 137
16 /©/\°H 150 24 66 110
~o

OH
17 E:I\ 150 24 12 20
o

18 HO~~"0H 150 24 95 158

¥Reaction conditions: Catalyst 1 (0.6 mol %), alcohol (12.04 mmol),
argon stream. “Ester yield determined by 'H NMR. by—butymlactone
was formed as the only product.
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M-Mn-4 — Synthesis of N-Formylated Amines

S. Chakraborty, U. Gellrich, Y. Diskin-Posner, G. Leitus, L. Avram and D. Milstein, Angewandte Chemie

International Edition, 2017, 56, 4229-4233.

R 3 (2 mol%) RL 4
Ny 0, Y Ay
! 2H
\MR{NH MeOH (1 mL) {N‘( T
110°C, t R H
Entry®  Amine Product t Conv.  Yield
6™ [9e]"
12 99 86
1 (N\J C“"\\ 12 99 72t
H S d
12 99 78
2 Q Q«CHO 1497 61
0 Vo
3 () R 24 99 50
H (o]
/CHO
4 ©/\'TH @AT 15 99 78
,CHO
5 g\N“? ©Aﬁ 14 99 70
CHO
NH ’
6 S o 129 e
MeO MaO
.CHO
7 /©/\”“2 /©/\ b 18 99 74
o
8 - e 12 83 7
NH; N,CHO
9 H 12 99 56
Cl Cl
CHO
NH; N7
10 I IR 14 99 57
F F
NH, H
1 U O’ CHO 1293 66
NH 4
: N"CHO
12 15 99 62
s =
OD 1
NHa H
13 ©/\' e CHO 24 99 53
P
P - JCHO
14 NH N 15 97 64

[a] Reaction conditions: Amine (0.5 mmol), MeOH (1 mL), 3
(0.01 mmol), heated in a 100 mL closed Fischer—Porter tube at 110°C.
[b] Yields and conversions determined by GC or NMR analysis using
toluene or meta-xylene as the internal standard. The conversions are
based on amine consumption. [c] Complex 4 as the catalyst. [d] Complex

5 as the catalyst. Differences in yield and conversion indicate the

formation of the N-methylated amine and also an unidentified side

product.
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M-Mn-4 — Synthesis of Deoxygenated Products from Alcohols

J. O. Bauer, S. Chakraborty and D. Milstein, ACS Catalysis, 2017, 7, 4462-4466.

b Cat1 (3 mol%)

NoHy = Ha0 (2 equiv.)
KOtBu (2 equiv.)
BuCH, 115°C, 48h

R H + Hy + Nat HyO

Entry Substrate Product Yield [%]°

1 Ji:rAOH OI:]/\H 99
MeO' Me

OH H
2 MeO MeO 9
OMe OMe
OH H
3¢ 99

NMe,
49 /©/\0H g" 99
Cl Cl
. O O
F F

11 R 1| P R e T 84
129 HoN"™>~""0H HoN">""H 93
r"oH ~r"H

o
13 L1 L 26

14 ©)\ @J\ 12
OH
1507 : . / OH ©/‘H 93¢

“Reaction conditions: Mn complex 1 (3 mol %), alcohol (0.5 mmol),
hydrazine hydrate (2 equiv, L.O mmol), KOfBu (2 equiv, 1.0 mmol),
N,N-dimethylaniline (internal standard, 0.5 mmol), and tert-butanol
(1.5 mL) were heated at reflux in a Schlenk flask (oil bath
temperature: 115 °C) for 48 h. "Yields of products were determined
by "H NMR spectroscopy, using N,N-dimethylaniline as an internal
standard, supported by GC/MS analysis. ‘1,3,5-Trimethoxybenzene
(0.5 mmol) was used as an internal standard. “The reaction was carried
out in a closed 50 mL Teflon Schlenk tube. “Additional formation of 1-
phenylpropane (53%) by partial hydrogenation of the C=C double
bond. /The reaction was carried out using a mixture of benzyl alcohol
(0.5 mmol) and 1-phenylethanol (0.5 mmol). fFormation of
phenylethane (19%) determined by '"H NMR spectroscopy.
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M-Mn-4 — Synthesis of a-Olefinated Nitriles

S. Chakraborty, U. K. Das, Y. Ben-David and D. Milstein, Journal of the American Chemical Society,
2017, 139, 11710-11713.
Cat 2 (4 mol%)

R TOH RN ————————— R(’ﬁl/ﬂz + Hy +HO
135°C, t CN

En- R Product t Conv. Yield
(h) ()" (%)°

44 >99 o
o
G N
SO e
AT o™
c
FaiC peye o

¥ O OMe
ﬁ - 45 99 80
(o] F e

o
F M
OMe

S

e

©/\GH [N s
9 W Lo o 60 78 78

60 69 51

n 45 58 58
s
N 7
i

%3

i ATy g L 44 73 59
CN
d oH =
e @ACN O Q 45 67 47
av A
14° /k/\OH Q/\ \CN 45 65 58

5 @/\/\OH @/\CN O Ny O 43 99 81
CN

cN 45 20 20

%

o

I
il
Zz

“Conditions: alcohol (0.25 mmol), nitrile (025 mmel), 2 (0.01
mmol), toluene {1 mL) heated in a 50 mL closed Young Schlenk tube
at 135 °C bath temperature. Y Conversion determined by GC or NMR
analy51s using N,N-dimethylaniline as internal standard. ‘Isolated
yields. “Yield by GC or NMR analysis using N,N-dimethylaniline
internal standard. °8 mol % catalyst was used.
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