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« strong, quite unselective reducing agent

acid

ester
aldehyde
epoxide

—» alcohol

amide .
—>» amine

nitrile

R-X, R-OTs — R-H

OO Cl L|AIH4 cl
Br Etzo

75% J. Org. Chem. 1958, 23, 1483.
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epoxides: typically, attack of H- on less substituted C

CH, oH CHs
0 LiAIH, >§L
—
o Hy 29 o CH,
CH, 95% CH,

J. Org. Chem. 1989, 54, 2620.

reduction of C=0: attack at less sterically hindered site

o,B-unsaturated ketones: predominant 1,2-reduction

(o] OH
LiAIH,
N > W
\ THF \
o] (o]
o 0

reduction of carbonyl compounds with LAH: typically no racemization (epimerization)

CO,Et OH
C@ LiA|H4
ﬁ
N Et,0 N

94%
4 J. Chem. Soc., Perkin Trans. 1 1981, 909.
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LiAIH,
THF
56%
J. Chem. Soc., Perkin Trans. 1 1980, 212
. H H
“, z LiAIH, O-:>:
T~ Et,0 S~
a H"f_, 95% NG
oN  CO:zMe OH

J. Org. Chem. 1989, 54, 1548.
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* reduction of esters to alcohols (in the presence of carboxylic acids, amides, nitriles)

H
®
LiBH, L H-8H
H
F
O,N . 0 cocH, - O,N L0 =/OH
H 4 B
s H 1 =2 s H
° _~ 83% N
Synlett. 2000, 1363.

BH,; : sold as BH;. THF or BH;.Me,S
* reduction of carboxylic acids in the presence of esters and other functional groups

* hydroboration of alkenes
s NOH
H

o \\/COOH o
I3 = 5
< <

J. Am. Chem. Soc. 1980, 102, 2117.
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LiEt;BH (Super Hydride) L Et—é?H
Et

« donor of strongly nucleophilic hydride

* reduction of halides, sulfonates, opening of epoxides (attack on less sterically hindered C)

\\\Q ‘\\OH
Ej LiEt,BH E)
()
99% J. Am. Chem. Soc. 1973, 95, 8486.

HO O, .adenin LiEt;BH HO 0. ,adenin
ﬁ
THF, DMSO

TsO  OH 82%

J. Am. Chem. Soc. 1983, 105, 6736.
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Selectrides

* bulky donors of hydride

L-Selectride

K-Selectride

* frequently used for diastereoselective reductions (substrate control)

0

NH
L-Selectride
_>

THF
>70%

OH

J. Org. Chem. 1988, 53, 4006.
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oH enantioselective reduction

chiral boranes

Alpine-borane é“'ﬁ@
(o) OH
Q)H(omu Alpine-borane @(OtBu
(o) - - (o)
92% ee
\B\£
"o

H |
),BCI - AL
lpc,BCl "
* more reactive @)‘\/\ __leeBCI @/\/\

Ilfe)

98% ee

. . Ph Ph
chiral oxazaborolidines + BH; H \o

* catalytic amount ! B

. . . \ o
« activation of BH; by complexation / CHj, oxazaborolidine 5%
Br  BH3.Me,S, THF < “Br
99% OH

96% ee
J. Am. Chem. Soc. 1993, 115, 4419.
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oH enantioselective reduction

Corey-Bakshi-Shibata reduction (CBS reduction)

thh
0 =

P
_ z HO, ,H
R1JLR2 +  BHgligand  + NP — £,
\

R' "R?
R3
R! > R2 ligand: THF, Me,S etc. cat.
alkyl, aryl
HPP Ph HPP Ph
C?r'( BH3.ligand Ci/(
o) > [o)
/ -’
N\B\ ,N B\
R3 H’IB‘ R3
HH
H R? R
2 \0"’< o=(2
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catalytic hydrogenation (of B-ketoesters)

11

enantioselective reduction

y PPh,
NS O

(R)-BINAP

o RuCl,[(R)-BINAP] OH
—>

H, R /'\Rz

o o RuCl,[(R)-BINAP] OH O
%

o o RuClL,[(R)-BINAP] OH O
—>
CI\)J\/U\QEt H,, EtOH CI\/'\)LOEt

97% ee

JC
S PPh,

g™

(S)-BINAP

J. Am. Chem. Soc. 1988, 110, 629.
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DIBAL : i-Bu,AlH

« formation of stable tetrahedral adduct after first reduction -> another reduction does not proceed
» reduction of esters to aldehydes (low temperature)

DIBAL =
1”7 "COEt  PhCH,, -78°C | CHO
88% Org. Synth. 1996, 74, 194.

* reduction of nitriles to imines (which are hydrolyzed to aldehydes during work-up)

o o
| DIBAL |
NC 7 — =  OHC )7
HO '/|< Et,0, -78°C HO ,,|<
56%

J. Am. Chem. Soc. 1993, 115, 3146.
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NaBH, Na
H
* selective reductant: reduction of aldehydes, ketones and acid chlorides in the presence of other reducible
groups
(CO,R, CN, NO,, epoxides)

« compatible with alcoholic solvents
I
‘y, NaBH4 rkfl,,
—>
m, O opy  MeOH
~100%
)—7/\/\ }—7/\/\ J. Am. Chem. Soc. 1992, 114, 3162.

a,pB-unsaturated ketones: 1,2-reduction (in combination with lanthanide salts - Luche reduction )

OH OH
+

51% 49%

CeCl;

y GHs 1. NaBH,, CeCl, H
3 ""oBoM MeOH - TIPSO ¥ "oBoM
0
J. Am. Chem. Soc. 1997, 119, 10073.

2. TIPSCI, imidazol
87%

o
/
o
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Stryker reduction: 1,4-reduction

» complementary to 1,2-reduction of a,B-unsaturated ketones, aldehydes, nitriles, sulfones
* highly chemoselective: isolated C=C, C=0 and many protecting groups typically not affected
* [(Ph;P)CuH], commercially available

[(Ph;P)CuH]q
%\/Wo > Xy OTBS
i TBSCI, PhH

H
93%

fo) | (o) |
[(PhsP)CuH]g é\i
—_—
THF, H,O

Tetrahedron Lett. 1990, 31, 3237.



Kamil Paruch Reduction Organic Synthesis C4450

15

reductive amination: NaBH,, NaBH(OAc),;, NaBH;CN

« selective reduction of imines and iminium salts; stable under mildly acidic conditions

R! R W® r R e R! R®
Y~0 + HN —» =N® — N
R2 R4 _H20 R2 R4 R2 R4
Ph Ph Ph Ph
0< HCHO 03
< — <
H =vH NaBH,CN N—Z"H
CHs 84% H,C CHs

J. Am. Chem. Soc. 1988, 110, 4329.

NH, HN/O
NaBH(OAc),
+ —
AcOH, CH,Cl,
o]

NO, 66%

Tetrahedron Lett. 1984, 25, 5449.
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alkylative amination

« formally analogous to reductive amination -> complex tertiary amines (frequent motifs in medchem)

* but historically difficult to carry out

Secondary amine 1

c

R, _R?
N

|
H

Secondary amine

0

) 'R R2
HJ\ Radical-based N
H I—R* ————>»
carbonyl alkylative amination °R B

|
!

Iminium ion

a Scope of aldehyde component

Bn. _Me
N

X /\)\J'Pr

Ba, T6% (X = Me);

Eb, 63% (X = COzMs)

5c, 73% (¥ = CHaGH,CI)®

16

5i, 61%

H
Aldehyde Alkyl iodide Complex
‘ | tertiary amine
In situ iminium ion formation and
alkyl radical generation

Allkeyl radical

*R

Aldehyde 2 (1.2-2 equiv.)

== H
addition

H

Radical Fast H ,O
.

H-atom transfer
Me Me Me Me

Aminium radical cation Ammonium salt

2-3 equiv. (MezSi)

35+H

Nature 2020, 581, 415.

1 2
1-2 equiv. TBSOTF H"N"Fl
|—R* >
4 K MS, CHoCl, g’ R
RT, blue LED H
Alkyl iodide 3 (2-3 equiv.) Complex tertiary amine 5/6
Bn Me Bn Me
Bn. _Me N7 N
| ) /\)\ ” TN e I
0 N P -~
Me Pr o oFs A | "
N F iPr -~
(o} N
be, 51% 5f, 5% bg, 67% 5h, 58%°
Brn. _Me
Bn. _.Me Bn. _Me Bn., _Me
iPr N N N
Me
Pr 1Pr iPr
Me

5, 62%

5m, 62%* 5n, 78%
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R-N=N=N —» R-NH,
Staudinger reaction

N, NH,
Ph;P
-
H,O0, THF
NO, 90% NO,
CsHy4 N3 PhsP CsHyq NH,
\‘ 'l —> AN 'I
H o H H,O, THF H o H
87% Tetrahedron Lett. 1983, 24, 763.
R, RsN o)
.o .o .o e .o - “
R-N=N=N —— 3 R=N—N=N-PPh; — 3 '}l,']‘ —_— ] ——3» RNH, + Ph-P
- ® Ph—=P-N Ph—P PH{
PPh; © /) N PH’ ! H,0 Ph
Ph'ph Ph

17

iminophosphorane
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»ionic hydrogenation*

» combination of proton donor (CF;COOH) and hydride donor (Et;SiH)
« typically selective with ketones, alkenes and lactoles

Et,SiH
—_—
CF3;COOH
> 65% Angew. Chem. Int. Ed. Engl. 1999, 38, 2934
R
_é: — i
R OH
Smi,

* reduction of aldehydes and ketones in the presence of carb. acids and esters

Smlz HO

THF, H,0
97%

OTBS

CO,CH;

J. Am. Chem. Soc. 1990, 112, 7001.
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Clemmensen reduction
« strongly acidic conditions; limited use

o

\
cl Zn(Hg) Cl
_>
HCI
cl 56% cl

J. Org. Chem. 1969, 34, 1109.

reduction of thioacetals (thioketals), also thiols, thioethers, sulfoxides and sulfones

- Ra-Ni (+ H,)

Ra-Ni

EtOH
85%

Heterocycles 1991, 32, 663.
19
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traditional protocol:

NH,-NH,
_>
o KOH
HO OH
~ N0 N\

210°C
90%

low temperature variant: t-BuOK, DMSO

©

<N © BH |-|><|-|
— —_—

1i\R2 .N2 R1'|!I\R2 R1 R

Can. J. Chem. 1979, 57, 1064.
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Shapiro reaction

» ketones (aldehydes) —> tosylhydrazones -> alkenes

Ts Ts

| U
.NH ,N:@ Li@
R R
R1 R’ @ -TsLi
LiG3
1. TSNHNH,
ﬁ

2. LDA (base)
76%

reduction of tosylhydrazones by hydrides

Li @ H,0 H
R1'\/R2 R1J%/R2

Can. J. Chem. 1983, 61, 1111.

* mild & chemoselective (esters, amides, nitro, nitriles... tolerated) removal of O from carbonyl

Ts Ts
NH ® H, _NH
N~ H N® NaBH;CN

R1JI\/R2 — R1J|\/R2 >

1. TsNHNH,
—_—
o 2. NaBH,CN

21 OtBu > 68%

-TsH

NNH H
N G
R N R
H =N2 H

J. Org. Chem. 1991, 56, 2947.
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OH H

Barton-McCombie deoxygenation

CN
AIBN: >'\N¢N\K
Bu,SnH CN
l AIBN
. ,SnBu; ,SnBu;
S Bu;Sn S o S
R'-0” “R? R1—0)'\R2 OJ\RZ
- BuzSn’ l Bu;SnH
RH
)
oH ~s%
NaH, CS, AIBN
ﬁ
Mel, THF Bu;SnH

J. Am. Chem. Soc. 1986, 108, 3443.
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AHH — VIH
X

radical dehalogenation

» radical source: Bu;SnH
* Br a | more reactive than Cla F
» also useful for removal of NO,

Br o AIBN o
SR,
Bu;SnH Bu

Bu

80%

J. Am. Chem. Soc. 1991, 113, 8980.

Bus;SnT
A, EtOH

J. Org. Chem. 1979, 44, 151.
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H

dehalogenation with Zn/AcOH

* chemoselective reduction of a-haloketones, o,B-unsaturated ketones

Br, CO,Me H CO,Me
\\Kgo Zn ‘\}Qﬁo
_>
H;C o AcOH H,C o
96% o
O‘glu-Ac4 ‘glu-Ac4

J. Org. Chem. 1988, 53, 1100.

o (o]

HO “ OH Zn HO ‘l o
—
/ - 52% /

J. Org. Chem. 1989, 54, 2781.

24
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catalytic hydrogenation (of alkenes)

* substituted alkenes are typically less reactive
* syn- addition from sterically less hindered site

but: addition of H, can be directed using proper polar substituents

heterogenous: typically with Pd/C, Pd(OH),, Pt, PtO, etc.

"y,

Tetrahedron 1972, 28, 3583.

0 H oj
OD = oy
QO — i
MeO

CO,Et MeO CO,Et

0 H Oj

O e, :
CTI ™

MeO MeO OH

J. Chem. Soc. 1957, 3107.

25
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homogenous

Wilkinson catalyst: RhCI(PPh,),

» compatible with CO, COOR, CN, NO,
* stereoselective cis- hydrogenation

x_NO, H, NO,
@/\/ . @/\/
cat. RhCI(PPh;),

H;
1)
R “oH  [Rh] & ="""0H
/\

93% N

J. Am. Chem. Soc. 1985, 107, 4339.
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Crabtree's catalyst:

« frequently used for directed hydrogenations 5"\@ )~ |

H,
_> +
/ cat. 7 7,
HO "'r HO "( HO ”(

Crabtree: >99.9% <0.1%
Pd/C 20% 80%

Organometallics 1987, 2, 681.

0

H
H,
_>
fo) Crabtree o)

(Pd/C: cis-isomer)

H

1,

u,o

T

J. Am. Chem. Soc. 1983, 105, 1072.

sz K Crabtree R J. Org. Chem. 2017, 82, 3382.
TIPSO  OTIPS HO ©OH HO ©OH

27 (only the desired diastereomer)
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asymmetric catalytic hydrogenation (of olefins)
» complexes of metals with chiral phosphines

2n

HAc MeOH
85% ee

H,
Xy °02Me  RuBr,[(R)-BINAP] -COzMe
N > HAc

H,

Ru(OAc),[(R)-BINAP]
M\OH y OH
MeOH
99% ee

J. Am. Chem. Soc. 1987, 109, 1596.

g
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reduction with diimide

N=N_ N=N
. . . H H
* In Situ generation Y E—— H H
R3 \__ ! R4 R3)_<R4
* selective cis- reduction of C=C R1) <R2 R; R,

» tolerated: C=0, C=N, NO,, OBn etc.

Q KOZC co2
o >
AcOH, DME

77%

A*P_> o
(0) (0)

J. Am. Chem. Soc. 1985, 107, 256.

J. Org. Chem. 1977, 42, 3987.

alternative generation of diimide: thermal decomposition SO2-NH-NH,
Tetrahedron 1976, 32, 2157.
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H H
\, /
- — (111D QL
/c C\

ED EA
1. Na NH3 1. Na NH3
2 ROH 2 ROH
EA

©e

OH

H,CO
OTIPS

30

Birch reduction

* Na, K, Li in liquid NH; -> reduction of aromatic rings

* product is generated from the corresponding radical-anion

(regioselectivity is given by its stabilization -> depends on substituents)

d
Q..

1. Li, NH,
D E—
OTBS 2. t-BuOH

92%

1. Na, NH;, MeOH
-
COOH 2. NH,CI

94%

Li, NHs, iPrOH OH 05, MeOH

H,CO Me,S

OTIPS

J. Org. Chem. 1977, 42, 2032.

/©\COOH J. Am. Chem. Soc. 1963, 85, 41.

O O OH

H,CO
OTIPS

J. Org. Chem. 1991, 56, 741.
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alkylation of the in situ formed radical-anion:

OCH; . OCH,
1. Liflig MHy; -~ r-Bulli;

_—

4 5 Br

x)
H5CO" "CO.H M CHgD"H’J GOsH r\/HN’r\\'
& =, T 15 Br

o
Ta. ’/r :
N j. B A,

1. GHalKL G0y 10 fpy
—_— = —_—
2. LiAlH, 2. H H

N-N
3.GIHPIC g0 A

11/DBU

31

Angew. Chem. Int. Ed. 2021, 60, 9666.
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visible light-driven Birch reduction

J. Am. Chem. Soc. 2020, 142, 13573.

a General Reaction Conditions

' PC (0.75-1.25 mol%)
A NMe.OH (10 eq)
N A MeOH/‘AmylOH
R-@ — R@ 405 nm LED
ambient temperature
arene 1,4-diene 96-144 h

b Photoredox Catalyzed Birch Reduction
O/\/OH : A OH \@/\/OH
1, 70% 2, 62% 3, 51%?
52%, 10 mmol scale

OO0 O O

4, 48%° 5, 24%? 6, 63% 7, 40% 8, 38%
@\/NHBOC U\/NHCOMe @ @/ @\/\/
9, 32% 10, 48% , 80%® 71%° 13, 47%
. CO,Me
32 14, 38% 15, 75% 16, 72% 12, 62% 18, 40%
91%, 10 mmol scale
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—C=C— —>» >C=C<
reduction of alkynes __COaMe H,
cis: H, + Lindlar catalyst (Pd/BaSO,) Z Pd/BaSO, Ccozm
\\ ch;r;;:in; _ _CO,Me

CO,Me
J. Org. Chem. 1972, 37, 4317.

note. used also for chemoselective reduction of COCI| to CHO (Rosenmund reduction)

H
/Il,' ‘\\\VCOCH Pd/BaSO4 II[,, “\\\/C H o
—>
PhCH;
93%
Helv. Chim. Acta 1989, 72, 1400.
Boc_ ,Boc H, Boc_ ,Boc
N N
clI H Pd/BaSO, H =
—>
D iy —— Y co,tBu
o 78% 0
Helv. Chim. Acta 1990, 73, 405.
trans: Na in liquid NH,
2 R? NH; . R? 2 © R? NH, H R2
R1 — R2 > — —_— ,—<_ e /_<_ — —
R" o © R' |H R' H RT
- NH2 - NH2
o Na
_>
el A NN

Bu 54% Bu (CHa)4 o

33
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— N7
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trans: modern methods: Pd- or Ru-catalyzed semi-hydrogenation

Q I
Ru/
(':I\ |

R——R' > RN

AgOTf, H,, CH,Cl,

* cyclic & acyclic alkynes
* tolerated: OH, OTs, NO,, SMe, COOH etc.

34

Angew. Chem. Int. Ed. 2013, 52, 806.

Angew. Chem. Int. Ed. 2013, 52, 355.
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elimination of H,O

Burgess reagent
« for sec. & tert. OH

OH
MeOZC N

MeOZC\@ 9 @

OTBS

Martin sulfurane
« for sec. & tert. OH

35

—ﬁ—NEQ
(o)
PN—S—NEt;
o MeO,C
.
PhH, 80°C

Fie. Phag-Ph cF,

F3c>—o’ ‘o—éca

Ph Ph
F,;C >si /

J. Org. Chem. 1973, 38, 26.

o _
o\\ ”@c02Me
N - H) MeO,C_ _N
| — S
\
OTBS OTBS
®

+ HNEt, J. Am. Chem. Soc. 2005, 127, 11176.

F;,C>—0" 0
PH N

J. Am. Chem. Soc. 1971, 93, 4327.



