Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity
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Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Felkin = Ahn Model
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Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Felkin — Ahn Model
- stereoelectronic effect

- L is perpendicular to the plane of the CO
- interaction between the LUMO and the antibonding orbital of the C-L bond

preferred direction

H- of approach H
M S M S
O R .
HO R
L L

S, M, L =relative size of substituents




Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Examples
0O OH OH R anti:syn
)_kr R NaBH4 z R R 02H5 57:43
Ph ph/\/ + Ph CH,=CH 70:30
CHj CH, CHj HC=C 89:11
NaBH, é%, &r
- OH
H

86% 14%

=
oy "R

14% 86%



Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Chelation Control

- donor substituents

- specific complexation (substituent, the carbonyl oxygen, LA)
- preferred conformation

a-hydroxy and a-alkoxyketones, a,B-epoxyketones are reduced to anti 1,2-
diols: Zn(BH,),, (Li*, NaBH,/La3*, Ca?*, Ce3")

OH OH OH
F“\”/L R2 Zn(BHy)- R1\./'\R2 * R1\H\ R2
O ether, 0°G  OH anti OH syn
Model: )
M +
O O Et M2+ hlflzf O F{(j(é|
OR R™H I / H™ & CEt




Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Chelation Control
B-hydroxyketones are reduced to syn 1,3-diols

R\ ~R%0OH
A Npore — F‘é_o_ /
R R N o
+R°OH g SR
H H R OH OH
R H L_  +R?OH 1
R + o' NaBH, i}:O’B‘ N 2
?:9078\91 § 70, R -R%H R Tt R
F

1) Et,BOMe Q

NaBH, { OH OH
= ‘ \ COQC(CH3)3
2) H,O, N

|
H >98% syn




Reduction in Organic Synthesis

Hydride Reduction — Stereoselectivity

Chelation Control

Chelates with BCl;, TiCl,, etc.

O OH 1) BCl, OH OH

)J\)\Ph

CHj 2) BuyN* BH,~ CH; Ph
78%, 90:10 syn:anti

Watch out!
B-hydroxyketones are reduced to anti 1,3-diols / Me,N*BH(OAC);

HO @) | OH OH

:,\)L [BH(OAC)s]™ o—B —\/y\
- SN 2
R R2 v 7 OAc 1 R

R




Reduction in Organic Synthesis

Hydride Reduction — Other Functional Groups

- hydrogenolysis

- RX, RSO,R’, epoxides
- LiAIH,, NaBH,, LIHBR,
- dipolar aprotic solvents

RX
| > Br > Cl
benzyl ~ allyl > primary > secondary > tertiary

24°C
CH,=CH(CH,)sCH.l + LiAIH; —= CH,=CH(CH,)sCHx
1h 94%
CHa, CH,
| 24°C | CH, CHs
CHEZCH(CHE)E?CH2I+ LiAIH, — (:H2:(:H((:H2)2~:|:CH3 N on
1 3

CHj CHy 3% 81%



Reduction in Organic Synthesis

Hydride Reduction — Other Functional Groups

Epoxides
H- on less hindered carbon
|
F’h(%\—ﬁ;HE + LiAH, — Ph(.|?HCH3
O OH
- cyclohexene epoxides (diaxial opening)
H H
e A
|

OH
OH

O
I LiAH
I
(CHS)SC\KI}H —2 (CHs)scM

H



Furst-Plattner Rule

The FUrst-Plattner rule (also known as the trans-diaxial effect)
describes the addition of nucleophiles to cyclohexene derivatives.

Nucleophilic opening of the epoxide can occur by attack at either the 1 or 2 position.

The major product formed is from attack at the 1 position due to the instability of the twist boat
product formed by addition at the 2 position (disfavored by approximately 5 kcal / mol).

The Furst-Plattner rule also applies to nucleophilic additions to imines and halonium ions.

"H 0 H
1
O
Nu
3 H Nu-
R..A 2 L 1 R
5@1 - 2
6 \
RCO3H H o, H
gO\JYH - Q R


http://en.wikipedia.org/wiki/File:Furst2.gif
http://en.wikipedia.org/wiki/File:Furst2.gif

Reduction in Organic Synthesis

1) H2 2) [MH4_]
R,C=X—— R,CH—XH RyC=X —— R,CH—XH
ic hyd t
catalytic nydrogenation hydride reduction
X = CR’Z‘ O, NR; X = O, NRf
3 . 4) oM.

_ RC—Y ——= R,C—H + H—Y

dissolving metals

reduction by metals _
Y = halogen, oxygen substituents,

o—to carbonyl groups

% L3
R2C=X + M —_— ch_ — RzC_CRQ Qr REC=CR2
X=0 M- = Na°, Ti', Sm'l

reductive coupling

R’3ZH
R,C—Y —— R;C—H
hydrogen atom donors
Y = halogen, thio ester
Z=2S8n, Si



Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)

Reduction of alkynes

- Na or Li/NH,
- Na/HMPA/t-BuOH

Example

”| Olle OTBS D,\©\ MNa/NH; (49%)
\\l/'\z/-\/‘ OMe

protecting group is als

OMe OTBS OH Mote that the benzyl
: 0
- removed.



http://www.chem.wisc.edu/areas/reich/syntheses/pironetin-syn.htm

Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)

Reduction of aromates

Birch reduction

- partial reduction of aromates (Li or Na/NH,)
- ROH (H source)

- isolated C=C much less reactive

- Benkeser reduction (LI/HNRIR?)

H H H H H H
- S—H - S—H
GG = v G O
H H

Why not 1,3-diene?

EQ - zO Og 11:’@12; z@ 2@2

average = A =4/3




Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)

Reduction of aromates
Birch reduction

ERS protonation in ortho position

OCHs OCHs
Li, NH
C,HsOH

EWG protonation in para position

CO,"

Li, NHg
C,HsOH

Na, NH;
EOH

(I &= UK
0



Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)
Reduction of aromates
Birch reduction

Methoxybenzenes
- via hydrolysis of enol ethers

OCH,4 Li, NH; OCH; Q-+ O
J T =0T

Tandem reactions

O CH,OCH O CH,OCH,
: 1) K, NHa,

@[C\I\D -BuOH, 1 equiv @C\D
2) LiBr, C,Hql |




Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)

Reduction of a,B-unsaturated ketones

- Li/NHj,
- ROH (H source, excess)

L;b LI, NH,
ROH -4

R

T

R = alkyl or H

|
Watch out! m 1) Li, NH5
o 2) n'C4Hg|

47%




Reduction in Organic Synthesis

Addition of Electrones and Hydrogen (3)

Reduction of ketones

- via ketyl intermediate o O-

| e |
RCH,—C—R — RCH,—C—F’

ketyl
N
protonation RCH,—C—R i__ RCH,C—R’
SH :
SH ||4
i 7S
| dimerization
RCH,—C—R g I:*(3"'2_(|3_(|3_CH2H dominat process
ketyl R R
O on

disproportionation F{CH2—(I3—F{’ + |:{C|_|=(|3|:pr
I
H




Reduction in Organic Synthesis

Reductive Removal of Function Groups (4)

Dehalogenation

Li or Na/THF/t-BuOH

X __SH
RX_“'RX__"“F{—-F{—"F{H

Na, +-BuOH ‘ \]i /3
THF

Cl" Cl 69%

Cl
Cl cl O,CCHg4 0,CCHj

Cl Na, CHsOH

c d QELZZ /

70%




Reduction in Organic Synthesis

Reductive Removal of Function Groups (4)

Dephosphonation 0

- vinyl phosphonates I

- ketone — vinyl phosphonate — alkene R1O”F\ R3
R?0

O |iNR, OPO(X),

| .
RCH.CR’ ACH=Cr - FNH
(X)2POCI t-BuOH

X = OEt or NMe,

RCH=CHR’

Example
O
H

|
OP(OCoHg), (CH3)oC
(CH3),C Li CHj,
CHj 4 |

C2H5NH2 \\\\ (:H3
\\\“ CH3 (CH3O)QCH
(CH30),CH



Reduction in Organic Synthesis

Reductive Removal of Function Groups (4)

Dephosphonation
- aryl phosphonates
- ArOH — aryl phosphonate — arene

O
[l oe~ ) )
AfOP(OC,H), — [ArOPO(OEN),2~ — Ar~ + (EtO),PO,

Example
Ti (0) in situ (TiCl/KITHF)

O

[
orgscn—Hon SO O omy,0n—{_)

92%




Reduction in Organic Synthesis

Reductive Removal of Function Groups (4)

Milder Reducing Agents

- Zn, Ca

- Al-Hg

- Sml,

Reactions: a- deacetoxylation or a- dehydroxylation of ketones

Zn:—O0O O O
I | S—H ||
F{—C—(|3HF{—- R—C=CHR —= RCCH,R
COAC
0O o OH OH OH
| Sml T Sml )
RCCHR % mécHr M RGcHR' ™2 RCCHR' —- RC=CHR

| | | |
O,CR” O,CR” O,CR” C,CR”



Reduction in Organic Synthesis

Reductive Removal of Function Groups (4)

Examples

CHg

NH

3 80%

Al-Hg CH; CH, CO,H

— . TBDPSO : -

CHj

O 75%




Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

e one-electron process (radicals)
L ax
| .
R2C=X + M _— RQC_ -_— R2C_CR2 or R2C=CR2
X=0 M- = Na°, Ti', sm'

reductive coupling

Formation of Diols

Pinacols
e Mg-Hg, Mg-HgCl,

Mg—Hg

(CH3)20=O —_— (CHS)Q?_?(CHS)Q
HO OH



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)
Formation of Diols

e low-valent titanium: Ti(ll) resp. (HTICl), or TiCl,
TiCl,/LiAIH,
Mg-Hg or Zn/TiCl,
TiCl;-Mg/catechol
TiCl,;/Zn-Cu

solvent: THF
especially ArCOR and ArCHO

H—H
RSN, ol L cmio - oTillel
_T|—\(—:I/ |—\;:I/T|- _— T“”“Til\ - . R 1 R
CR)\
o~ e C/‘/

+ RQC=O RQ



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Formation of Diols

low-valent titanium

Examples
@) @)
[ [ Mg-Hg
CH,CCH-CH,-CCH -
TTETETTS Tic,
(|:|) TiCls, Mg
CH
PhCCH, THF, catechol

CH
. ~OH

“"OH
CH,

81%

OH c|>H
PhC—CPh
CH5CHj

95%

OH

©/OH


http://upload.wikimedia.org/wikipedia/commons/8/84/Catechol2.png

Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Formation of Diols

Sml, or SmBr,

R! R!

Sml, | ] Sml;
R(Ier RC—CR ArCH=0 — Ar(|3H—(|3HAr
O o d OH OH
1,4-diketones and 4-ketoaldehydes
- cyclizations
Sm%t Sm§+ Sm3+ S 3+



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Sml, or SmBr,
Cyclization of enones

O C_)H CH2COQCH3

Sm|2 -
é/ (CH,),CH=CHCO,CH; —™
= 87%
VCl,/Zn

- preparation of diols (formylamides, amidoaldehydes, phosphinoylaldehydes)
- chelated intermediates

R’ R OH

R R~ o R

T Y~ “CHRcH=0R CHJ\O- ver Boeo NR’
DI i i T

V2 v+ o+ v+



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

McMurry Reaction
e formation of alkenes
¢ low-valent titanium:

TiCly/Zn-Cu or Zn(_[)
TICL/CeK, TiCl/  Na*
?aTi/C' cTi'o  OTi'cl
RC=0+TiC, = RCJICl — g R
e R R
R,C=0

cTio  oTicl 7z cmi'o) (oTi'cl R R
— TR y=
R R R /A
R R \ R R AR
HO  OH
R” ‘R

R R



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

McMurry Reaction

Examples
OC(CHy), OC(CHs),
TESO OTBDPS TESO OTBDPS
H TiCl H
CH, 3 CH,
O=CH CeK

HO

O O C.H ‘

I “® Tic, _ Ll
HO@C@O(CHQ)QN(CHs)g . —
2 9Rg
(CH3)2N(CH2)20

26%



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Acyloin condensation (formation of a-hydroxyketones from esters)

- Na/inert solvent
- H,0 or H;0" work up

@) O -0 O
I | g 1.
RCOR + Na —= RCOR’ _. RC—CR
I\ /I
RO OR’
N R 0O O
K |2 || || 2Na ] ] H* ||
F*C CF*—~ RC—CR — RC=CR — RCCHR
R Or o

Watch out!
Na/ROH (Bouveault-Blanc Reduction)

o .0 107 EoH _ OH o OH  EoH OH
M Ao T A, /0 A e A

F =3 R R F R



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Acyloin condensation (formation of a-hydroxyketones from esters)

Look insight!

' 0 0 o0 O
, |
ACOR — RG—CR— pt—ca
RO) OR
o ' OR’ OR" OR  OR
, OR’ OR
| RCO,R B Na | | |
RCOR" — R¢—0—CR— RC—O—CR—RC—CR
T | \O/ .
o o ©
OR’ OR’ OR’ 0 O
| Na | . Na | _ |
RC—CR — RC—CR— RC—CR—RC=CR
\ ./ \ | |
-0 O 0 O 0 O



Reduction in Organic Synthesis

Reductive Coupling of Carbonyl Compounds (5)

Acyloin condensation

Examples
OH
Na/NacCl
CH;5(CH,)¢CO,CoHy —— CH3(CH2)GCH(|?(CH2)SCH3
benzene o 28%

1) Na, xylene O
CH40,C(CH,)sCO.CH, (\/i/v[
2) CH4CO,H OH 70%



Reduction in Organic Synthesis

1) H2 2) [MH4_]
R,C=X—— R,CH—XH R,C=X —— R,CH—XH
ic hyd t
catalytic nydrogenation hydride reduction
X = CR’,, O, NR’ X=0, N

_ RC—Y ——= R,C—H + H—Y

dissolving metals

reduction by metals _
Y = halogen, oxygen substituents,

o—to carbonyl groups

R, C—Y — R, C—H

hydrogen atom donors
Y = halogen, thio ester
Z=S8n, Si

% L3
R2C=X + M —_— ch_ — RzC_CRQ Qr REC=CR2
X=0 M- = Na°, Ti', Sm'l

reductive coupling




Reduction in Organic Synthesis

I
Hydrogen Atom Donors — Group IV Hydride Donors (6)

Silicon Hydrides (R;SiH)
- weak hydride donors (stable to mild acids and oxidizing agents)
- carbonyl, imine reduction in presence of LA, BA or nucleophilic catalyst

Aromatic and aliphatic aldehydes and ketones
-reduction to alkylarenes (R;SiH/H-acid)

+  R.SiH
ArCR + H* —= ACR _2>=' ACHR == ArCHR + H,O
I CF,COH | ;

I
O OH OH
AICHR + RgSH — ArCH,R

- reduction to alkanes (R;SiH/BF;)
BF, =
% OBF, R R
*O  EtySiH | \+/ Et;SiH
| —— R—C—R — C  —— RCH,R
RCR | |
H H



Reduction in Organic Synthesis

I
Hydrogen Atom Donors — Group IV Hydride Donors (6)

Silicon Hydrides (R;SiH)

Reductive Condensation
- R3SIH/TMSI or TMSOTf, Cu(OTf),, etc. (cat.)

RICOR?*ROSiMe, » R,;R,CHOR

RCH=0 + *SiR"; == RCH=O0'SIR",
RCH—OSIR” RCH Qﬁsm"

RCH=O'SIR"; + ROSIR";—= | _J = — 15 | 3 RCH=O'R’
N SiR",

7N\

R SiR% R/

RCH=0O'R" + H—SiR", RCH,OR" + R”;Si*



. Reduction in Organic Synthesis

I
Hydrogen Atom Donors — Group IV Hydride Donors (6)

Silicon Hydrides (R;SiH)
Reductive Condensation

Examples
TMSI
Oro v o0 g2 OO
Et,SiH
75%
O
| TMSOTf
PhCCH, + PhCH,OTMS _ PhCHOCH,Ph
Et,SiH |
CH;  100%
TMSI

PhCH=CHCH=0 + (CHa),HSIO(CH,)5CHs

PhCH=CHCH,O(CH,)5CHs
88%



Reduction in Organic Synthesis

Other Reduction Reactions

Meerwein-Pondorff-Verley
- aluminium alkoxides

3R,C=0 + AIOCH(CHj),]3; == [R,CHOJ5Al + SCH?,(l?CH3
O
Bu,;SnH
- hydrogenolysis of RX
- RI > RBr > RCIl > RF G
. H,C—C—N=N—C—CH;
- initiator (AIBN) & &
In- + BugSnH — In—H + BusSn-  (In- = initiator)
BuzSn- + R—X — R- + BuzSnX
R- + BugSnH — RH + BusSn- w /\‘H30><CH3 HAC
SC N, & — T+ 2
J q N



Reduction in Organic Synthesis

Reductive Deoxygenation

A) Reductive Deoxygenation of Carbonyl Group

- to alkanes to alkenes

B) Reductive transformation of diols to alkenes




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

1) Clemmensen Reduction
- Zn/HCI, Zn(Cu)/HCI in EtOH, Et,0O
- substrates: arylketones (good) > aliphatic ketones > unsaturated ketones

(C=C also reduced), mechanism: unknown
- variations: hot EtOH/HCl(conc.). Zn in Et,O + HCI (a). etc.

O OH

HCI H* 5 7n
NI I S S
R ZnCl R4 “zncl R4 ~zncl

R
k RZ - HyO R2 RZ

Zn
Zn-Hg/HCI
COOH —m— COOH
ethanol
Zn-Hg/HCI
—'...
o ether

R1




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

2) Wolf-Kiznér Reduction

1. step: formation of hydrazide

2. step: thermal cleavage + deprotonation of hydrazide with base
- substrates: arylketones, alkylketones (good)

- base: KOH, tBuOK

- solvents: DMSO, DME (b.p. 85°C), [MeO(CH,),],0O (b.p. 162°C)

- mechanism: S
ﬁ/
i 2
C
o) N2 Oon R, DR H,0
JJ\ H2NNH2 JJ\ + Hzo
RUSR2 T on | RV OR? -
_~ N—H
r?l/
- O
LN
N |
N~ H
Hz0 © o |
l - N H20 e
1""01 riwC 2 |— g Y OH
R™7N / \, HOH R/ o
g/ H R> 2




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

2) Wolf-Kiznér Reduction - variation

- reduction of tosylhydrazides

- 1. step: formation of tosylhydrazide

- 2. step: reduction

- reagent: NaBH,, NaBH;CN, LiAIH,, etc.

- a,B-unsaturated tosylhadrazides are reduced to alkenes

NNHTs
o R1/Y\R2

- mechanism:

0
H o/

0
N—38=—Ar H -/ ZNH
N s\ ( \ N-‘!§—Ar ~
/u\ \o NaBH;CN /[\lj: k\ —ArSO2e N -N, A
. 0
R2 o v

R1




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

Examples H,NNH,/KOH
/ \\_ CH; _HoNNH,/KOH ﬂ\/CH
H3C™ Ng DEG, 200 °C HsC™ g
O
NNH; KOC(CH
(CH5)s PhCH,Ph
Ph” “Ph DMSO, 30 °C
NNH502C7H7 L'A|H4 o 70%
TEo °
1) C;H;SO,NHNH,
2) NaBH;CN \
> =) 77%

NNHSO,C-H,
X NaBH,CN Z
> 70%
DMF, 100 °C



Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

3) Mozingo Desulfonylation

- 1. step: dithioacetal formation

- 2. step: desulfonylation

- reducing agent (excess): RaNi, Ni,B, etc.

- substrates: ketones, a,p-unsaturated ketones

HSCH,CH,SH, BF4
- S
O ELO s\)




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls
4) Shapiro Reaction

- aldehydes and ketones — alkenes /vinyl lithium

- base: BulLli, LDA, etc.

- substrates: cyclic or aliphatic ketones and aldehydes
- tosylhydrazones of a,p-unsaturated ketones — dienes
- mechanism




Reduction in Organic Synthesis

Reductive Deoxygenation of Carbonyls

4) Shapiro Reaction

Examples
CHalLi (2 ekv.)
98%
Et,O 2)
NNHSO,C;H-
O
1) C/H;SONHNH, (5
2 2) CHaLi o 2 99%
Et,0
1) 1.5 eq. Mes Mg
MHTs - .
N 3 eq. LICI, THF, 40°C, 3 h E
-
HrJ\ 2)2eq EX ~0°C,056-1h Ar& E-X: PhCHO,
or 10 eq. D0, 40°C, 1 min Mel, DO

W. J. Kerr, A. J. Morrison, M. Pazicky, T. Weber, Org. Lett., 2012, 14, 2250-2253.



Reduction in Organic Synthesis

Reductive Deoxygenation

B) Reductive Removal of OH groups
not direct (functionalization — deoxygenation)

PEt; (1,3-dioxolan-2-thione)
R -0 R = O,
j =s" "PR; _. jﬂ',..}%&,—WF!g —= RACH=CHR + COz+ S=PAs
g” O g’ O

Li/Napht (sulfon-esters)

C'“'IE,GE Li powdler

CHa(CHg) 5 (\ I CGH3{CHg) sCH=CH

naphthalene

L,/KI/PPh,

OH [|IJF'+F'I'|3 || -
F"FH—CHF‘ —= FHT':H—GHFI or Fili”fH—CHFI —= ACH=CHA

H PhgP*C0 PhgP+0



