Reduction

" JEE
Asymmetric hydrogenation

m Asymmetric hydrogenation is a chemical
reaction that adds two atoms of hydrogen
preferentially to one of two faces of an
unsaturated substrate molecule, such as an
alkene or ketone.

m The selectivity derives from the manner that the
substrate binds to the chiral catalysts.
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Asymmetric Hydrogenation

m This binding transmits spatial information from
the catalyst to the target, favoring the product as
a single enantiomer.

O What chemists refer to as chirality

m This enzyme-like selectivity is particularly
applied to bioactive products such as
pharmaceutical agents and agrochemicals.
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Asymmetric Hydrogenation

Ketone Reduction

m The reduction of a ketone to a secondary alcohol is a
perfect reaction for asymmetric catalysis:

° HQ H
i) Borane (BHy),
oxazaborolidine catalyst
ii) hydrolysis (work up)

Oxazaborolidine Ph Concave molecule

catalyst: hydride directed to one face.
o,
o M en How it works: B e
o B
S H—7B—H
Ny W

\
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Asymmetric Hydrogenation

Ketone reduction by pressure hydrogenation
(ie Hydrogen Gas)

BOEYY
N P2
P 2
Qe e
@)}\ @)\\\\ Very high e.e.
_— from very low
H,  solvent catalyst loadings

ee = enantiomeric excess
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Asymmetric Hydrogenation

Ketone reduction by pressure hydrogenation
(ie Hydrogen Gas)

Ph \\\\\\F’h

ph, Ph,
P\R /N F’\R /N
/ \N
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Mechanism

Lecture

Asymmetric Hydrogenation

m Rh-diphosphine complexes control
asymmetric induction by controlling the
face of the alkene which attaches to the
Rh.

m Hydrogen is transferred, in a stepwise
manner, from the metal to the alkene.

m The intermediate complexes are
diastereoisomers of different energy.
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Reduction

Asymmetric Hydrogenation

R M/L* H H
e
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PPh, oot
2
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Noyori Asymmetric Hydrogenation

m The Noyori Asymmetric Hydrogenation of
ketones is a chemical reaction for the
enantioselective  hydrogenation of ketone,
aldehydes, and imines.

m This reaction exploits using chiral ruthenium
catalysts introduced by Ryoji Noyori.

m He shared half of the Nobel Prize in Chemistry in
2001 with William S. Knowles for the study of the
asymmetric hydrogenation.
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Nobel Prize in Chemistry in 2001

William S. Knowles  Ryoji Noyori K. Barry Sharpless
1/4 of the prize 1/4 of the prize 1/2 of the prize
USA Japan USA

The Scripps
Research Institute
La Jolla, CA, USA

b. 1917 b. 1938 bh. 1941

Nagoya University
St. Louis, MO, USA  Nagoya, Japan
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Noyori asymmetric hydrogenation

m BINAP-Ru catalyst is wused for the
asymmetric hydrogenation of
functionalized ketones
02,2'-bis(diphenylphosphino)-1,1'-binaphthyl

m BINAP/diamine-Ru catalyst is used for the
asymmetric  hydrogenation of simple
ketones.
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Noyori asymmetric hydrogenation

H. H.

'z 'z
oH j-l (3)BINAP-Ry JOL OL (RIBINAP-Ru OH @
H -

TR ] - \J OEt P ’lLOEl
|0 Hy Q Ha H OH
\_S S)BINAP/diaming-Ru Jl RIBINAP/diamine-Ru ,L

P N CHy Base Phe” *CH, Base P CH
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BINAP

= BINAP (2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl) is an organophosphorus compound.

m This chiral ligand is widely used in asymmetric
synthesis.
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Reduction

H«H’

v

high enantioselectivity.

Asymmetric Hydrogenation

RVDIPAMP

) Q"“ SR

OMe More reactive -
@ leads to product
SH H
1S
N : CoH

Using Rh(DIPAMP) complexes, asymmetric reductions may be achieved in very
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BINAP-Ru Mechanism

m The BINAP-Ru dihalide precatalyst gets hydride from H,
and forms Ru-monohydride Reaction intermediate while
giving off HCI (A).

¢
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BINAP-Ru Mechanism

m The ruthenium center of the catalyst coordinates
to the oxygen atoms in the ester compound.
Because of the chirality of the BINAP ligand, one
of the two possible diastereomeric transition

statges IS favored (B
O Tﬁ transition statel on the left is favored over the

r hgcause of the large R1/ Ph ster@ drance.
% 00N AT b =
Ci( (B) C%“"Og A n<<::
RUHCH(R)binap)(sol);
b a () a
m_‘ o R vs.
o a r | S - Ui
g:? " Fomad TS UtovredTs
o
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BINAP-Ru Mechanism

m Ester gets proton, and hydride transfers from the
catalyst to the carbonyl carbon (C).

o
e
(&
(A)J‘é.\ .
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e Pt &)
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catalyst (D).
mThe (R)-BINAP-R
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BINAP-Ru Mechanism

m Hydrogenated ester compound leaves the
catalyst and solvent coordinate back to the

At‘FF‘Product
githe (9)-BINAP Ru

(Igggprmduct» -§’

TThe(R)-BINAP-Ru catalyze the synthesis the

;@Iyze th&@rﬁhess the

\<<::V\w—

RuHCI(Rybinap)soll
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3

Favored TS Unfavored TS
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BINAP-Ru Mechanism

m Again, the dehydrated BINAP-Ru catalyst is utilized by the
addition of another hydride from H2. The newly activated Ru-
monohydride re-participates in the catalytic cycle (E).

o
(A)c
A
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Reduction

Asymmetric Hydrogenation

m Other chiral diphosphines are not chiral at P, but
contain a chiral backbone which ‘relays’ chirality
to conformation of the arene rings.

PPhy RhiDiphosphine complex

PPh,
H f;
OO iPPhQ edge Q Q ace
S-BINAP o~
+—PPh, P=—Rn—R
H H "
><ojCPPh2 Chiraphos face edoe
07 =
H

PPh,

DIOP
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Applications

m An antibacterial levofloxacin is synthesized
using (R)-1,2-propandiol, which is
synthesized from hydroxyacteone using
Noyori asymmetric hydrogenation

o o
Hy F
o [RuXg{(S)-binap)] OH . | on
Moo ———— A _on —, N N
—,
hydroxyacstone (R3-1,2-propanediol N \/LCHE

levofioxacin
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Applications

m An antibiotic carbapenem is also prepared
using Noyori asymmetric hydrogenation via
(2S,3R)-methyl 2-(benzamidomethyl)-3-
hydroxybutanoate, which is synthesized from
racemic methyl 2-(benzamidomethyl)-3-
oxobutanoate by dynamic kinetic resolution.

° OH

[ Hy OH o HoH
0 = e 5
ooty IRUR)-binepf ocH, > R
+) N
o
mef

NHCOCHs NHCOCgHs
OzH
i (@s:

oxobutanoate ~Fhydroxybutanoate carbapenems

99% ee
erythro:threo = 94:6
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Reducing Agents

m There are three types of reductions
differing in how H, is added.

m The simplest reducing agent is H,.

m Reductions using H, are carried out with a
metal catalyst.
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Reducing Agents

m A second way is to add two protons and two
electrons to a substrate
H, = 2H* + 2e.
O Reductions of this sort use alkali metals as a

source of electrons, and liqguid ammonia as a
source of protons.

O These are called dissolving metal reductions.

2Na —> 2Na* +
an equivalent of Hy

for reduction

2NH; — 2°NH +
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Lecture

Reducing Agents

= The third way to add H, is to add hydride (H") and a proton
(H+).

= The most common hydride reducing agents contain a
hydrogen atom bonded to boron or aluminum.

O Simple examples include sodium borohydride (NaBH,) and
lithium aluminum hydride (LiAIH,).

= NaBH, and LiAlH, deliver H™ to the substrate, and then a
proton is added from H20 or an alcohol.

) i
Na* Hf?:H Li* H*.?I:H
H H
sodium borohydride lithium aluminum hydride
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Dissolving-Metal Reduction

N L H3C\ /H
a or ~
CH;C=CCH; —gos —
NH; (liq) e ~
2-butyne H CH;

trans-2-butene

H CH;
CH;3 CH; \C = C/
‘ Na or Li N

I
CH;C—=CHCH,C=CCH: e CHiC=cCuch, H

‘www.anilmishra.name 25

" JEE
Dissolving-Metal Reduction

Alkyne reduction to a Cis Alkene

m Reduction of an alkyne to a cis alkene is a
stereoselective reaction, because only one
stereoisomer is formed.

m Hydroboration-acidification instead of
Lindlar's catalyst can be used to get a cis
alkene.

R R
e
H

H
cis alkene

H, N
Ce—cch, — M =
CHa=C=C—CHy g cataiyst L4
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Dissolving-Metal Reduction

Alkyne reduction to a Trans Alkene

m In a dissolving metal reduction (such as Na in
NHj), the elements of H, are added in an anti
fashion to form a trans alkene.

ONa has only one electron, so, electrons for the
reduction are added sequentially from 2 Na atoms.

R H

NH, N

H R
trans alkene

CH,
- Na R /H
oo g b
2-butyne ° H  CHy

trans-2-butene
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Dissolving-Metal Reduction

Alkyne reduction to a Trans Alkene

m Dissolving metal reduction of a triple bond
with Na in NH; is a stereoselective
reaction because it forms a trans product
exclusively.

m Dissolving metal reductions always form
the more  stable trans product
preferentially.
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Dissolving-Metal Reduction

Alkyne reduction to a Trans Alkene

m The trans alkene is formed because the vinyl
carbanion intermediate that is formed is more
stable when the larger R groups are further
away from each other to avoid steric
interactions. Protonation of this anion leads to
the more stable trans adduct.

|
The larger R groups are further \c_ g \ &
anzy from ezch otrer. E f E|
more stabla vinyl carbanion

| Steric interactions destabilize
trans alkene this vinyl carbanion.
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Dissolving-Metal Reduction

m Metal (Li, Na, K) is reducing agent;
OH, is not involved
OThere are four steps
= Electron transfer
= Proton transfer

m Electron transfer

= Proton transfer
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Reduction

Dissolving-Metal Reduction

Mechanism
m Step 1 (Electron Transfer)
O Transfer of an electron from the metal to the alkyne to

give an anion radical. M*
R—C=C—R' + M- R—C=C—R

" JEE
Dissolving-Metal Reduction

Mechanism
m Step 2 (Proton Transfer)
O Transfer of a proton from the solvent (liquid ammonia)
to the anion radical. R

C=C—R

R—C=C—R

H—NH, :NH,
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Dissolving-Metal Reduction

Mechanism
m Step 3 (Electron Transfer)
O Transfer of an electron from the metal to the alkenyl

radical to give a carbanion. M+
R
: AN
C=C—R + M- /C:C\
H H R’
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Dissolving-Metal Reduction

Mechanism

m Step 4 (Proton Transfer)

O Transfer of a proton from the solvent (liquid ammonia)
to the carbanion .

H—NH, )
R H :NH
RV \C /=
c=¢ "~ =cC
VA
H R' H R'

Dissolving-Metal Reduction

Alkyne reduction to a Trans Alkene:

Steps [1] and [2] Addlition of one electron and one proton to form a radical
A « Addition of an electron to the triple bond In
T HENH H Step [1] forms a radieal anion, a species

R_QC.R ——— R-f=¢-A —— [=¢-R containing both a negative charge and an

0] oo @] H unpaired electron.
Na —=Na* + &~ foal anion radical  Protonation of the anion with the solvent
+ NH, NHg in Step [2] yields a radical. The net

effect of Steps [1] and [2]is to add one
hydrogen atom (H+) to the triple bond.

Steps [3] and [4] Addition of one electron and one proton to form the trans alkene
+ Addition of a second electron to the radical

H R H R : )
=C-R —— o= — c=c< + NH, in Step [3] forms a carbanion.
e B ; ] 7 W  Protonation of the carbanion in Step [4]
Na —»Na' + o camanion HD"Hz forms the trans alkene. These last two

steps add the second hydrogen atom (H')
‘to the triple bond.
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" JEE
Dissolving-Metal Reduction

Summary of Alkyne Reductions
m Three methods to reduce a triple bond

H H
2H, 1l
M Pac > CHQCHE—(IB—(ID—CHECHQ
H H
hexane
CHiCHy  CHiCHs
\
CH4CH,—C=C—CH,CH; —thr» /c=c\
3-hexyne catalyst H H
cis-3-hexene
GH4CH, H
N/
= 5 c=
NH,
H CH,CH,
trans-3-hexene
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Reduction

" JE
Birch Reduction

m It converts aromatic compounds having a
benzenoid ring into a product, 1,4-
cyclohexadienes, in which two hydrogen atoms
have been attached on opposite ends of the
molecule.

m It is the organic reduction of aromatic rings in
liguid ammonia with sodium, lithium or
potassium and an alcohol, such as ethanol and
tert-butanol.

m This reaction is quite unlike catalytic
hydrogenation, which usually reduces the
aromatic ring all the way to a cyclohexane.
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Birch Reduction

m The original reaction reported by Arthur
Birch in 1944 utilized sodium and ethanol.

m Subsequently A. L. Wilds noted that better
yields result with lithium.

m Also the use of t-butyl alcohol has become
common.

m The reaction is one of the main organic
reactions utilized in all types of syntheses.
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Birch Reduction

O -
NH, ROH
H H
Na, NHy, -78°C @
EIOH, Et,0 75- 80%
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Birch Reduction of Benzene

H H H
H H  NaNH, H H
H H CH;0OH H H
H H H
(80%)

Product is non-conjugated diene.
Reaction stops here. There is no further reduction.
Reaction is not hydrogenation. H, is not involved in any way.
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Birch Reduction Mechanism

Step 1: Electron transfer from sodium

H H
H H H . H
+ eNa + Na*
H H H " H
H H

‘www.anilmishra.name a

" JE
Birch Reduction Mechanism

Step 2: Proton transfer from methanol

H
H . H
H ™ H
"
N :OCH;,

42
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Reduction

" JEE
Birch Reduction Mechanism

Step 2: Proton transfer from methanol

H H
H . H H o, H
H H H ™ H
H H H T
:0CH, :OCH,

43

" JEE
Birch Reduction Mechanism

Step 3: Electron transfer from sodium

H H
H . H H ~, H
+ <Na + Na*
H H H H
H H H H
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Birch Reduction Mechanism

Step 3: Electron transfer from sodium

H
H . H
+ eNa
H H
H H
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Dr \Wolf's CHM 201 & 20

" JEE
Birch Reduction Mechanism

Step 4: Proton transfer from methanol

:E|5CH3
Ho H
H _.. H
H H
H H
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Birch Reduction Mechanism

Step 4: Proton transfer from methanol

— o :ESCH3
:(.J.CH3
H H H H
H H H o ~. H
H H H H
H H H H
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Lecture
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Birch Reduction of Anisole

m The solution of metal in ammonia provides
electrons which are taken up by the aromatic
ring to form the corresponding radical anion B in
the first step of the reaction.

i it el Hyt HG

o g ooy B ° By

H o <A o Y ¥

P )\//ﬂ\e /J\(H B0 Y H & g H o LBGOH o "

A i i Bt [ naaED { R
N " Lo i 4 5 b E

< W v At A

H H +
& B < ] B
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Reduction

Birch Reduction of Anisole Birch Reduction of Anisole

m This is followed by protonation by the alcohol to m Next, a second electron is transferred to the
form a cyclohexadienyl radical C. radical to form a cyclohexadienyl carbanion D.

HC e
gy oy Hol,

~o Holog Mg Mgy
v\f/‘"j} i fy "o ﬁ//ﬂfm\: x v\{/c’? u bﬂ Lo # 'Hsa:
r@ et L - P fi; maws L J e b
a B € e E A 8 < 133 E
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Birch Reduction of Anisole Birch Reduction of Alkylbenzene
H H H
m In the last step a second proton leads the
cyclohexadienyl carbanion to the unconjugated H H Na, NH; H H
cyclohexadienyl product. _—
CH;OH
H C(CHy), H C(CHa)s
e e, Ko [N oL H H H
. S ray’ i N m e ~ th 0
{VQ g Hjej/ ey H:é/ Ry . zf){) Y Hﬁj (86 /0)
* ® © ° £ If an alkyl group is present on the ring, it ends up as
a substituent on the double bond.
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Birch Reduction Mechanism
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Birch Reduction Mechanism

H H
O
_—
NH,  ROH

HH

o

.

H - H H —~ H H
P ¥ RO\H RQH
O—0 S0 — Q0
¢ —=C ¢
H doh H HH

‘www.anilmishra.name 53

‘www.anilmishra.name 54

Lecture notes of Prof. Anil Mishra from www.anilmishra.name




Reduction

" JE
Birch Reduction Mechanism

m The original mechanism of the Birch
reduction invoked protonation of a radical
anion that was meta to the ring methoxy
and alkyl groups.

m It further propose that the last step,
protonation of a cyclohexadienyl anion,
occurred ortho with respect to these
substituents.
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Birch Reduction Mechanism

BECHANISN O
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Birch Reduction Mechanism

m Birch’s original mechanism was based on
gualitative reasoning,

OThat the radical anion’'s electron density,
resulting from the addition of an electron,
would be highest meta to an electron donor
(such as methoxy or methyl) due to avoiding
the usual ortho-para high density in the
neutral species
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Birch Reduction Mechanism

min 1961, simple Huickel computations
showed that Birch's proposed mechanism
was incorrect.
OThe correct mechanism O

OThe two a-priori alternative mechanisms O
and M:
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Birch Reduction Mechanism

MECHANISM ©

aoHy aowy

fmﬂ;ﬁ\aﬂg{b i
kg, (b A
-

MECHANISHN M
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Birch Reduction

m The original Birch reduction conditions
have some drawbacks, one of which is the
use of liquid ammonia as solvent.

m The use of other electron donating
reagents can permit the use of THF as
solvent.
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