CH3E4 notes. Asymmetric Catalysis, Prof Martin Wills
You are aware of the importance of chirality. This section will focus on asymmetric catalysis, i.e. the
use of acatalyst to create new enantiomerically pure molecules. This can be achieved in several ways.

1) A metal may template the
Reaction, e.g. Sharpless
Epoxidation of allyic alcohols: N /T'\\

>L t-butyl peroxide
O. (oxygen source
o H( yg )

7, D
N
///O\\
7/ \
7

(metal for complex

formation)

OH
70-90% vyield, >90% e.e.

The oxygen atom is
directed to the alkene.

l The alkene is above the peroxide.

HO CO,Et (+)-diethyl
tartrate (source of \ / V
/

Ho™ “rco et chirality) NP
o 0
. CO,Et
/
o "11c0,Et
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2) A covaent intermediate may be formed:

Proline catalyses the asymmetric cyclisation of a diketone (known as the Robinson

annelation reaction). Mechanism is via:
this is not a . Now this IS a chiral centre- O
chiral centre O‘L-prolme S configuration
O
:/ o 10 mol%: N COH
= H

Major product

-

(0]

HO,C

3) The reaction may take place within an asymmetric environment controlled by an external source:

The chiral counterion controls theasymmetry of the reaction.

A R
. . Ew/ N The asymmetric environment
Chiral Acid R )  promotes reduction on one face
CO H of cation

|

@]
H) H
P H
O (e
|
@N( R L. (N\ O\P\ N\
- ®H O//O Oc H

R

The key features of these approacheswill be described and examples from the literature will be described.
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Oxidation reactions of alkenes: RL 4OH
This represents a good way to create chiral centres. j\ - :D LOH :QNHz :E\\\NHz
R? R3
aminohydroxylation

epOX|dat|on Dihydroxylation

Historical: The Sharpless epoxidation was one of the first examples of asymmetric catalysis (see earlier slide).
The Sharpless dihydroxylation reaction employs ligand-accel eration to turn the known dihydroxyation

reaction into an asymmetric version.

This process depends on the use of an amine to accelerate a reaction:

use of the amine below
speeds the reaction up:

Dihydroxylation

R™ R™ OH
IR
|
S L
RS L R R
R OH

A

RL:Iarge group, RM=medium group, RS=small group.

Rm OH Rm \\\\OH

DHQD gives: DHQ gives: :|\
RS R|_ RS g RL

HO OH

How to remember::

I’TI
Ph \Ii\OH ADMix-a. \I\ ADmMix- |3 Ph._sOH
N DH
Ho™ ph RGN Ph (DHQD) Ho” >ph
2 X 'OH' added 2 x 'OH' added

to lower face. in this orientation

to upper face.

Sharpless et al realised that enantiomerically-
enriched amines could change this to an asymmetric
reaction:

OMe

OMe
N N
"""oH HOY S
N~ N

Dihydroquinine (DHQ)  Dihydroquinidine (DHQD)
‘psuedo enantiomers'

ADmix-a contains a dimer of quinine '(DHQ),PHAL'
ADmix-f contains a dimer of quinidine '(DHQD),PHAL)’
(also a small amount of osmium salt + stoichiometric KzFe(CN)g

AD-mix o contains
DHQ (note both

OMe .
amine groups are
of the same
Nl OMe absolute
N=N configuration):
N\ / © W
N
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AD-mix o (DHQ)

OMe

HO O:((fls\\&o Ph Ph /\\\
O\ /I HO, | - o

X

COzEt 1 eq. MeSOZNHz

Oxidation reactions of alkenes:
The mechanism may be one of a number of possibilities:

A chiral complex
may be formed,
directing the reaction
to one face in [3+2]
cycloaddition;

abbreviated

Y

“on Hydrolysis and
Ph reoxidation.
See if you can work out the mechanism.

amine structure

or it could be a [2+2]
cycloaddition, then
ring-expansion.

®
\ NP

— Ph
o0 /j)s\
)7
. /

Ph

Most recent evidence favours the [3+2] addition mechanism:

K. B. Sharplesset a, J. Am. Chem. Soc. 1997, 119, 9907.

OH
©/'\‘/C02Et
OH

AD-mix-B, 0°C
tBuOH/H,O 97% ee

OH
1 eq. MeSO;,NH,

> Cl
AD-mix-B, rt 4 X
tBUOH/H,0 OH
98% ee Me3Si

OH

1 eq. MeSO,NH,
: o SPh AN

AD-mix-, 0°C
tBUOH/H,O OH 9894 ce

OH

1 eq. MeSO,NH,

D
©/\/\OH

N - COE

(DHQD),PHAL '
_ N CO,Et
(AD-mix-B)

OH 9296 ee
OH
DHQD),PHAL
nC6H13 ( Q .)2 > nC6H13
(AD-mix-PB) %
MesSi OH 9705 ee
AD-mix-B, 0°C
tBUOH/H,0

OH
OH
88% ee
up to 96% ee with

alternative ligand.

OH 1 eq. MeSO,NH,

AD-mix-B, 0°C 1S CH3EA Ph : oich OOC‘ Ph 0794

tBUOH/H,0 OH 1is notes “Mix-p, ce
2 LML tBUOH/H,0 HO .



Oxidation reactions of alkenes:

_CsHyy Diastereoselective reactions:
OH
1 eq. MeSO,NH, ' Asymmetric Ne)
> WwOH : Y% c dihydroxylation E_~(CH2)oN3
AD-mix-B, 0°C /\/\5:/( H2)2N3 —— EtO,C
tBUOH/H,O 94% ee EtOzC 0Os0, + oxidant
2 OH A
__Si(tBu)Me; A'B OH
1 mol% OsO, with no ligand: 2:1 S e CHALN
Ph 3 eq. KsFe(CN)g : (DHQD),PHAL: >20:1 po,c” Ny N N
wPh ; (DHQ),PHAL: 1:10 2 E
(DHQD),PHAL, OH g
0°C, tBUOH/H,0 93% ee
Shar plessaminodihydroxylation is a closely-related process
0
o I
)J\ HN OBn
BnO NCINa = >15:1 regioselectivity
CO,Et X ; !
~ 2 _— _COEL 930t e
/ 4 mol% K,0s,(OH), s
5 mol% (DHQ),PHAL, OH
TN t, tBUOHH,O, 45% 1N catalyst -
5 mol%
Himm H
Jacobsen epoxidation of alkenes: =N_ _N=
Mn
The iodine reagent transfersits oxygen atom But o/ ~o tBu
to Mn, then the Mn tranfersin to the alkene 0

ina second step. The chirality of the catalyst tBu But
controlsthe absol ute configuration.
Advantage? You are not limited to allylic Iy

alcohols ©/ o)
(hypervalnet iodine

reagent)
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Reduction reactions of Double bonds (C=C, C=N, C=0)
This is a major area of asymmetric catalysis
- atom efficient, low waste, Iow energy

Rl

H source might be H, gas, hydride, or
an organic molecle (transfer hydrogenation)
: 4 H
R H source = _R H source OH NR source NHR
I )I\ “catalyst N )I\ catalyst o
catalyst \“ 2 3 2 3 R2
R2 R3 R R R R
H .
OO PPh,

R3
PPh,

P
edge face
PPh,
O‘ Chiraphos/Rh(l)
H
O
S-BINAP

Rh/Diphosphine complex- ligands

DuPHOS (R Me, Et etc)
create a chiral environment at the metal
PPh,

T

Chiral enwronment

Q\ oS
R
P—Rh—R R
PPhZ Rll\lllll E’: m
(often used >< face edge
with Ru(ll) lomllE PPh, S
4 R
DIOP/Rh(I)
Examples of generalised applications (specific examples to follow). R B: The acyl group co-ordinates to Rh,
H H H = reducing flexibility in transition state
MeOCHN.__CO,Me MeOCHN_ = _cO,Me HN = _CO,H N
| H, deprotect P—rpn—R CO,Me
e S - /] I
R catalyst RS RS z 4
amino acid R R
MeOCHN H MeOCHN deprotect H,N R RE R
J\ st J&‘H ''''' > j\H N o
catalys \ ' <
RZ ScoMe 00 RPTSCo,Me R?” SCO,H P\<( I=p or
@ ol
Two diastereoisomers may be formed, energy difference influences stereochemistry

R
\ J/R §:|
z R® ,R3
. :R H R
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Reduction reacti

ons of C=C Double bonds using Rh(l) complexes- representative examples:

Examples of specific examples to follow: co-ordinating group
H (NHCOMe, OH, OCOMe etc) Y
MeOCHN._CO,Me MeOCHN. &_coMe | 4~ N O_CO,Me \n/O = _CO,Me
| 6.5 atm H, . I \"/J/ 4 atm H, 5 j/
—_ -
0.2 mol % c c =B © 0.4 mol %
I [Rh(SS-DuPHOS)]* 99.2% ee B [Rh(SS-DUPHOS)]+ 99.8% ee
(R=E1), 2h, MeOH. Addiition of hydrogen is relative (R=Et), 12h, DCM.
to the co-ordinating group H
MeOCHN_ & s CO.Me 5atmH;  Eo.C CO,Me
MeOCHN.__CO,Me 6.5 atm H e s CO;Me / AN EtO,C 2 o2
-2 atm Hz R P >
> , A Q P(CgH11)2 1.1 mol% [Rh(D)]+
0.2 mol % [Rh(A)]+ EtOH. 99 % ee
25°C, benzene. P(CgH11)»
97.2% ee O
O
H ° o I
MeOCHN._CO,Me MeOCHN, = CO,Me L L YP\‘OMe
0.2 mol % [Rh(A)]+ 1as Oereo'somer Ph\"/o EEES)S-ELI:AF;%O'_'S)H N
25°C, benzene. 98.2% ee : ’ ' O 96% ee
H O
MeOCHN - ~COMe 1 tm 1 MEOCHR S ~COMe ?/> ButO,C VB _>
atm .
| 2 _ Single BUtO,C B! a5 atm H utO; B\o
> ) diastereoisomer © atm Ry
sio 1 mol % [Rh(B]+ e >
R3S| 20°C, CICH,CH,CI. R3SIO f 95% ee 5mol% [Rh(E)]+ 94 % ee
-5°C, toluene.
NHCOMe H NHCOMe FsC
25 atm H, g O O CF
' o) 3
O‘ 2 mol % [Rh(C)ol+ \P/N PPh
20°C, CICH,CH,Cl. o D P CF,
C O Fe @
CF; 7
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Reduction reactions of Double bonds using catalysts derived from Ru(ll) (C=C):

Directing groups on the substrate help to improve rates and enantioselectivity:
(BINAP or similar biaryl ligands are generally favoured)

1 atm H, HC H Allyliic alcohols provide a good example of
2/ how the directing group works.
co H 0.5mol% 2
[(R-BINAP)RU(OAC),] COH alcohol is directing groupg

MeOH/DCM (5:1)  me0 >97% ee
dlrectlng group
MeO OH
135 atm H, - >99 5% ee
N _H  05mol% -
eO y 0.2 mol% 0.2 mol%
| \Ic])/ '[\(/Is-gll_'NAP)Ru(OAc)z] \Icl)/ RU(S. BINAP)* 2 Ru(G. BlNAP) Ha
Ar e AT oH
F 5 atm H s N
\/k 2 > 90% ee HsC H H CHs
CaHr = COH 1 mol% CO.H Hydrogen on front face Il
[(R-BINAP)Ru complex] 2 relative to OH H
N MeOH, 50°C. HaC OH
e s
3L
H oz Hydrogen on front face
100 atm H, relative to OH
N O > N 0]
\Ir 1 mol% \"/
[(R-BINAP)Ru complex] 0O ie OH
© o° MeOH, 50°C. o < OH Z
100 atm H, 7 =
\ o Hu, Y y
= 0.2 mol%
C,oHs o [(R—BINA(I)D)Ru complex] CsoHg O 95% ee
DCM, 50°C.
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Reduction reactions of isolated C=C double bonds can be achieved with variants of Crabtree's catalyst:

Crabtree's catalyst works well on isolated (i.e. no nearby co-ordinating group) C=C, bonds:

The catalyst is prepared with a cycloactadiene

N + + Rl R RL ? R* (COD) Iigand. but this is hydrogenated at the start
| PC _ X Ha Y of the catalytic cycle. The 'parent' Crabtree
_N_ Y = I _N_ Oy | m’ «H  catalyst is, of course, non-chiral.
|I‘\ Ir R2 R3 R2 R3
D
PFe No directing group required
Asymmetric versions of the Crabtree catalyst CH .
(prepared as COD complexes, but with the 3 ‘ 0.1 mol% catalyst A
COD left off for clarity): X 50 atm H,
B 4 B ] n, CH2C|2
Il,,
X @)
| | ITPhZ 1 mol% catalyst C .
=N P(oTol), o7 X —IrcoD) A - 89% ee
Ir(COD) CH 50 atm H, CH,
i B ﬂ MeO * rt, CH,Cl, MeO
B(3,5CeHa(CFa)ls Bu -
Bé(SRSFC6H3(CF3)2)4' N OH 0.5 mol% catalyst D ©/\§(\OH
- 4+ B oy 50 atm H, H cH, 99%ee
O + 3 rt, CH,Cl, Steric control - not OH group.
PPh
|2 CHsq H CHy
oY N/Ir(COD) PPh, \ 1 mol% catalyst B N 92% e
™ IrCoD >
\—Q_ c Ph (COD) 50 atm H, CHs
N iPr 4 b D rt, CH,Cl,
B((3,5-CH3(CF3)2)s” B((3,5-CeH3(CF3)2)4’
(BARF)
Vitamin E precursor
AcO

AcO

Particularly challenging application:

1 mol% catalyst B

R

50 atm H,
rt, CH2C|2
M Wills CH3E4 notes
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Reduction reactions of C=0 Double bonds using organometallic complexes:

The same principle regarding directing groups also applies to C=0 reduction, Ru and Rh are most commonly used:

/,,
7

“—PPh,
\
H /RuBrZ
O O 0.1mol% [(R-BINAP)RU(OAC),] ;iH/l(I)\ o L2 o PPh, H OH
86 atm H T HiC > L
HSCJI\/U\OMe 2 3 OMe JI\/\ > A\/\
7 51h, 20°C, E1OH.100% 99% ee HyC sph  S0amH HsC SPh
30h, rt, 100% 94% ee
directing group 0.25mol% mOP(Cng)Z
H (CsHg),P.
O o 0.2 mol% [R-BINAPJRUCI ;i"'/ﬁ o Rh(OCOCFy)| . H OH
> P 2 S
P 4 atm H HsC N JI\/ > )\/
H CJ\/ ~ 2 3 OMe > NMe,.HCI
: E)M%Me 72h, 25°C, MeOH,99% >950 ee\ OMe H3C NMe2HCET 50 atm 1, HaC
18h, 20°C, PhMe, 100% 99% ee
0.5mol% H H
& bromine is directing group §
O Br  0.1mol% [(R-BINAP)RU(OAc),] '+ OH Br O
: 2 2 o E RhO).J H OH
36 atm H T HC iBu But  complex NHMe.HCl
HsC atm H, 3 NHMe.HCI 10 atm H,
62h, 20°C, EtOH,97% > 99% ee
>92% ee 18h, 50°C, MeOH, 92%
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Reduction reactions of C=0 Double bonds using organometallic complexes:

Dynamic kinetic resolution can result in formation of two chiral centres:

Principle: The substrate is rapidly racemising and one
enantiomer is selectively reduced:

H/ OH O
2/<\(u\ ~ 2M
R 3 OMe R OMe
H R R
fast T H, catalyst "l y reduced very slowly
o~ "o 0 0

R R™ enol
0 0 H OH O
! datmH, ~ I|:|>
HaC \"OMe™ 017mol% . HC™ Y \OMe
OMe Ru/R-BINAP N OMe
AcHN 65h, 25°C, MeOH H NHAc
94% de
>98% ee
100 atm H2

88% de, 98% ee

e.g. H
o o0 90 atm H, L oH O
—_— I
05mol% H c}ﬁ(u\ 1 mo|°/
H3CMOM(§ Ru/R-BINAP 3 s oM )‘\(u\ Ru/R- BolNAP
H
NHCO,Ph 20h, 50°C, DCM

Cl 5h, 80°C, DCM Cl

98% de
99% ee

M Wills CH3E4 notes
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K etone reduction by pressure hydrogenation (l.e. hydrogen gas) can be achieved using a

modified catalyst containing a diamine, which changes the mechanism.

o (L

H, solvent

Very high e.e.
from very low
catalyst loadings

Ph \\\\\\\ Ph

Me \
Mechanism Me\éo } OH
P H
oo Ph

OQ Phe | |/H Ph P n=H—Ph
P\RU/N _— TSRuZ
IS o

“ Ph, H H2 “ph “ Ph, H Hz “ph

H, ‘
(0]
o) H OH 0.2 mol% catalyst
0.2 mol% catalyst - 0.24 mol% KOH
2.5 mol% KOH —_—
—_— > 5 atm Hy, iPrOH,
0, 0,
5 atm Hj, EtOH, 5h, 100% 97% e.e. 3.5h, 100%

M Wills CH3E4 notes
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The use of hydridetypereagents: Oxazaborolidinesrequire arelatively high catalyst loading of 10%,
But are effective in several applications.

0 H source OH
- wH .
2)]\ catalyst 2N 5 How it works:
R R3 R R Ph\
NR - Souree NHR o \ " Q\‘O/B
—_— WH i) Borane (BH3), Me Z Ph N \ Me
JI\ catalyst g AN oxazaborolidine catalyst H \ o=
R2 R3 R R3 =
H—B—n

Concave molecule
hydride directed to or% face.

i) hydrolysis (work up)
More contemporary focusis on asymmetric transfer hydrogenation and on
organocatalysis. _
Transfer hydrogenatlon — Ru catalysts.

edge/face interaction

< <

| activation ubstrate |
TSN HCO,H, EtsN —Ru
TsN
Ph/</ N o PN 4 \ /</N /</N/ o,/ Product
T Ph/</ § PR N\ TN o 0
S H N I H S H---.. S H I
PR & H " R
Ph ‘ Ph h ee >96%
HCO,H, (-COy) \ full conversion

Catalyst prepared by combining: ﬁ
Cl ﬁ Rhodium and

in iPrOH/KOH iridium complexes
are isoeletronic with

\
Pha_ _NHTs RU B _ |
~ or TsN \ —
\[ and 4 \ Cl._ 7 HCO,H/Et3N / H TsN / \H Cp' on metal in place
s ci—RU Ph I\ Ph N of arene.
NH, \CI H Iy

M Wills CH3E4 notes 13



Examples of reductionsusing transfer hydrogenation with metal complexes: add C=0 and C=N reductions.

O H
0.5 mol% SS-Ru catalyst 2
X=H, 98% ee | .
! Improved catalyst with a
HEQMITEA X=Cl, 95% ee -Ru Iinlfbetween ar¥1ine and
X 28°C, X=0OMe 96% ee TsN™|4d cl .
arene ring _
A wide range of substituents can be tolerated, except for ortho- Ph Y “H F(')tlk|10tvr\1/!ng r‘t?alC“?”s are
groups, which result in reduced selectivities. Ph\\\ wi IS catalyst.
o 0] 0.1 mol% RR-Ru catalyst H OH
0.5 mol% SS-Ru catalys /,/ cl above _ S Cl
99% ee -
@ij H(%OZH/TEA gsccc)zH/ TEA
) 28°C 0 orl X X
Oorl X=H, CI, OMe

(i.e. fused five or six-membered ring)

typically 96% ee

o 0.1 mol% RR-Ru catalyst

above
Cl N »
0.5 mol% SS-Ru catalyst = HCO,H/TEA

HCOZH/TEA
28°C,

. Other reduction products:
Precursor to jknown drug P

2
o]
/‘\ 0.5 mol% SS-Ru catalyst

H oH H OH
H LOH N __OPh
] :
0.6 mol% KOH, iPrOH % 98% ee X=0 97% ee 97% ee
CaHo 28°C, 9 0 ee
C4Hg >99% ee 97% ee X=S

98% ee — 28°C,

M Wills CH3E4 notes 14



Some imines can also be reduced by asymmetric transfer hydrogenation:

Ru
TSN~ 4 cl
Ph—</N\H
S Typically >96% ee
P
0.5 mol%
MeO RR-Ru catalyst ~ MeO S /N as above { NH
' ——
N > ,
MeO HCOHTEA o0 . N o \ o
28°C, R N N H
Ar H Ar

Other ligands can be used with ruthenium(ll)

in asymmetric catalysis (and also with Rh and Ir), e.g. (:E>""OH

Typically >98% ee

(0] Ph
BocHN /k/OH -
N -
NH,
H,>N
NH
Excellent ligand for

A NH HN
1 PPh
NHTs C§: Phao
OH
Challenging substrates:
transfer hydrogenation.

0.5 mol% [RuCl,(arene)], H OH
O O 1.25 mol% ligand
o]

5 mol% NaOH, iPROH 90% ee
28°C, 16h, 96%

H OH
0.5 mol% [RuCl,(arene)],

N
~
~
~
-

1.25 mol% Iigaaj

5 mol% NaOH, iPROH 99% ee
28°C, 22h, 99%

M Wills CH3E4 notes 15



Asymmetric transfer hydrogenation by organocatalysis: H H
CONH,
Inspired by Nature's NADH; fj/
Use combination of a chiral acid with a hydride source: & coenzyme which transfers hydride ™

R R

H H

QP

O/K * /P\
OH O “OH N
|
Me

R

Homochiral acid (directs reaction)
R=aryl ring, trialkylsilyl etc., usually a
bulky group. Catalytic amount needed.

x*

H H H
CONR, R,NOC~ A ~CONR: OH
T — W1

|
N @

Z—Z

e

R,NOC CONR;
* | | Source of hydride - stoichiometric

amount needed. Similar to NADH used in
biological transformations. Known as

'Hantzsch ester'.
H

(Either use a preformed imine or via reductive amination) HH
- R,NOC CONR; [o\ P @,l\l\/ll
Mechanism: O\ // .\ | . AN o e
O E 1
Rl o) + N [ Me H ﬂ/A R2 > R N\
\f W OR? . sl |@ g o@ R,NOC CONR, H>(2
R condensation Y NS R3 R
R? Ny
close ion pair formed |
Me
Some examples of reductions: fully heteroaromatic rings can be reduced:
P 1 mol% cat where W H
HN N R=bulky aryl
N 1 mol% cat H -
' where R=H N 2.4eq. Hantzsch ester
_— toluene, 60°C, 12h 90%
1.4 eq. Hantzsch ester 93% ee MeO 95% MeO o€e
Toluene, 35°C, 71h, 91% MeO MeO
OMe . . L
/@/OMG /©/ Asymmetric reductive amination: 1'\'18
HN Ts 10 mol% cat where Y
N 1 mol% cat H /(j/\)
| where R=H N SiR3 HN
— L 93%
1.4 eq. Hantozsch ester 90% ee 12 AT oee
Toluene, 35°C, 60h, 80% i €q. nantzsch ester
M WI||S C 3E4 noteS Tquene, 4OOC, 48h, 90% 16
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Formation of chiral centres by nucleophilic additionsto unsaturated bonds.

EtO,C o
EtO,C n© Oz o s OH NR N NHR
e —_—
| 2N 3 2 )I\ 2J:\ 3 2)1\ 3 R273 3
R*” RS R="R R R3 R "R R R SR
NU NG Nu
Results:
mol% DAIB used Yield E.e.
(relative to Et,Zn
O OH
4 _EtZn, toluene (solvent) 0 (i.e. none) 0% i How come a little bit
of amino alcohol
(-)-DAIB (see below) 2(0.02 eq.) 97% 98 catalyses the
reaction, but a lot of
100 (1.0 eq.) 0% - it doesn't?
H H
Answers - the stoichiometric (100% ligand) reaction forms the wrong reactive species: acid workup \O\éH
Me2 Ph
N .
Et.Zn Me; i - reduction
NMe, ———— N CHz=CH, O>Zn H product!
~_ H \
-EtH O———Zﬂ ,
OH \A’_\ \¢ O H
OQIT'H Ph
With excess Et,Zn, a dimer is formed. the Ph
dimer splits and enters the catalytic cycle: M Me,
Et,Zn ~ A Zn
2 /Zn\ J}( o~ \O H
Me, O—_ /5 \Zn/
N—, PhCHO zn—0) 'ph o
n
O/ o Et.Z J Ph
\Zn/ t2 n
_—— "N
v PhCHO ve, ) ] o H HO H
N—_ + _———n
Another interesting fact: DAIB of 15% ee will give a O/Z” Ph g wo.rku
product of 95% ee! Thisis because the dimer made P Ph
from one of each enantiomer ismore stable, anddoes M Wills CH3E4 notes 17
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M ore applications of organocatalysis

Some time ago, it was found that proline catalyses the asymmetric cyclisation of a
diketone (known as the Robinson annelation reaction).

this is not a . Now this IS a chiral centre-
chiral centre O‘L-prollne S configuration
(0]
/ Q 10 mol%: ~N COzH
H
> Major product
(0]
The enantiomeric
compound is:

Mechanism is via:

eel

HO,C

This is now the basis for many other reactions e.g.:

Examples of common

organocatalysts:
L-proline
CO,H
H

or pyrrolidines:

Lo~

N
H

p h\\\\\DN\ Ph

H

or other N-heterocycles:

Aldols: (>‘L-proline 90% yield 0 e
N 0 10 mol%:™N CO2H ? H )
H)H HJ\ H HJ\E/H 4:1 anti:syn Ph \ CO,H
Me Me DME Me Me anti product e.e.: 99% H
OtBu
and even more complex 0nes: 50 mojog 68%, major product: D-fructose

O
mmQ
T

O
precursor o

O
H,N” CO,H
H 0 1 0 wo\
TBSO OTBS .
TBSO OTBS O\# 3 mol% water, rt 2 days. \$ N OjH
H™ Ny

These reactions take place via formation of an enamine which then reacts with the other reagente.g. Me Me

M Wills CH3E4 notes 18




More applications of organocatalysis which proceed via
formation of an enamine—bondsto C atoms:

C-N bond formation:

o Clloan

MeCN, 0°C \\\\\\\N\N/COan

|
nBu COzBn ii) NaBH,, EtOH, 94% nBu 1
97% ee

Ar= 3,5-(CF3)2C6H3

Ar o)
CO,E | . A
o 202EL i) 10 moive: " oA ormee
y N pcM, . 1 OTMS NH
|
CO,Et

ii) NaBH,, EtOH, 83%

O
C-Halide bond formation: 1.2eq. 5 mol% MeN
CI ? iy (0] 92% ee
Cl H
)k/\c H DCM, -24°C, 71% Ph H™ " "CeHyy
St Cl Cl |
Cl
1.2 eq. —
ii) 20 mol%:
0 0 ) ° A oy 95%ee
But tBu N
H * DCM, -24°cH OTms Br
tBu
ii tBu
Bf Br ii) NaBH,, MeOH

M Wills CH3E4 notes

amino acids.

via:

O‘COZH CO,Bn

O‘L-proline
OH CO,Bn o)
CO,H N
N 10 mol%: 2 | ~/
H)H + N/ i) mol~o: HO \\\\\\\NHz '~ LN
...... - Y

N --—-II\I/
nBu BUCOZBn
O Z-enamine, o
MeN orientated away
,,/m from dimethyls MeN
" phenyl ring %@ iy,
blocks lower face QN \
| Pn
H,O A Cl
CEHH o CsHip
S |
Cl
Cl
Cl
cl CsHip
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C=C reduction by organocatalysis

General mechanism

Asymmetric catalysis of C=C bonds can be catalysed by organocatalysts, if they are conjugated to a C=0

R? H R,NOC CONR2
'l\‘)
Me
Examples:
o 0
)NMe
H
H 10 mol% )\
°Bn N tBu
H
Ph Me
H H
EtO,C COgEt
1.02 eq. |
)
Me
O
tBu

R,NOC

H

H

R,NOC CONR;
Source of hydride. | |
N

Me
CONR,

Z—Z

/ﬁ‘H\

NMe
f‘\ 5 mol% )
“1tBu

o S

(0]
HIIIMe
O% ee EtO,C COEt 90% ee
1.2 eq.
N
(@) Me
20 mol% 7 NMe
O
Bn NW
H (@)
H H y
ButO,C CO,tBu
1.1eq. | | tBu
N

H



Additions to C=0 — aldol reactions are a very important class of synthetic reaction.

Catalytic asymmetric aldol reactions can be directed by a chiral Lewis acid (ML*n), which initially binds to the electrophilic component
the silyl enol ether is required as nucleophile (known as the 'Mukaiyama aldol' reaction:

Me3 _SIM
_SiMes P I VI Gf\ <>M|_* e O OH
O LO (O’ hydrolysis
(X | —> R? R3
RTY, — 7 R ‘H' H
R
R! R! ML*n

Silyl enol ether

Open transitions states operate in this case, rather
than chair-like cyclic ones:

22 mol% O LnM_ Favoured approach
H O Bno_? leading to major
o SMes 0 OAN ?E\

H product.
NMe H Q" MesSin " oBn “SiMe
st n 3 P L
)vosn + )\ omene MLn
H MeO N --- -
BnO S Sive. 20 MoI% SN(OTA), EEA S IR - Bno_ 9
"M€3 20 mol% SO BnO IMes Disfavoured by __— 110 |
MeCN, -78°C 97:3 syn:anti, 91% ee. steric clash. =
' e3Si o~ OB
\
SiMe3
Open transitions states operates
22 mol% O again in this case and ligand determines overall
E% O face selectivity:
SiMe . - . i LnM
o 3 o N ” o CE)S|Me3 R=Ph, 93:7 syn:anti, ~

O Favoured approach
9 BnO pp
N + Me )K/\ 90% ee (syn) H leading to major
ES H™ "R 20 mol% sn(OTf), FEfS R R=nC,H;5, 100:0 syn:anti Me3Si_ product.
Me MeCN, -78°C >98% ee

ZIIIII
(9]

OBnN
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Other examples of metal/ligand-catalysed asymmetric aldol reactions:

O
20 mol% o
-BBu
N
. Ny Ts
_SiMe; . .
0] 10 H (o) OSiMe3; No relative stereocontrol
: in this case, just absolute-
+ b
Ph/K HJ\R MeCN, 14h, -78°C Ph)J\/\R by the catalyst.
R=Ph, 89% ee 20molos @
R:nC6H13, 93% ee o
SiM _BBU
o oM N O  OSiMe;
+ pus
oo EtO)ﬁ/ HJ&R MeCN, 1h, -78°C Eto)J\/\R
oiproHO2C o 91-99% ee
. 0 0
O/SIMe3 o oiPr O-B, 0] OSiMe;
t-Bu H” "R " MeCN, -78°C tBu R
93:7 syn:anti, 94% ee
Although in some cases, the relative stereochemistry can be changed by a different combination of reagents:
H
(Y OMe H B
o SiBUMe: (o oye NMe '\O 0 HO  OMme oo IMLn
Meo)ﬁ * H/L%OMe MeO OMe
[(nBu),Sn(OAC),]

:

o~ OMe

I
Sn(0TH), BnO MesSi IFa\éj(_)uretd approach
CH,Cl,, -23°C major product, 87% ee. cacing to major

_ product.
Mukaiyama, Chem. Eur. J. 1999, 5, 121-161

OBn



Cycloaddition reactions can be catalysed by Lewis acid/chiral ligands:

Theligand and metal choice can have a dramatic effect:
0 Cu complex thought to be square planar
10 mol% tBu blocks lower face, Cp adds from other side
O @)
e,
N N

/ 7,
“,

\C X=CH, 98:2 endo:exo
X o O ~U >98% ee
\; // + \)I\N)ko J/ ",<
\/ 18h, -78°C, CH,Cl, o) ‘

TfO OTf ,<
\_/ )'\ '
X=0, 80:20 endo:exo
97% ee (endo) \ /

Yy

Mg complex thought to be tetrahedral,

10 mol%
mo OO\'><’/O Ph blocks lower face, Cp adds from other side
[ 1<
N o]
\Mg/ “, 98:2 endo:exo |
(0] (@) Ph RN Ph 91% ee N\)
I A |v| S
U~ - TA 0
18h, -78°C, CH,Cl o) 00
\_/ 2~12 N O &
This face )\//

blocked by
phenyl ring.

10 mol%
10 mol% O\‘)<’/O
g,
@ " >§/ , NN
’/, N\ / 7,
SPh Ph SPh O /Cu\ Z
B OH TfO OTf

(o)
-20°C, CHCl, 95:5 endo:exo,
>99% ee

D

/
Yy

COzEt -78°C, CH,Cl,
15:1 endo.exo,OEt

>95% ee

+
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There are many other similar catalysts for Lewis-acid catalysed Diels-Alder reactions.

Intramolecular versions also work:
O—> 5 mol%

o]

OTBDMS

EH (-)-1sopulo'upone H

>99:1 endo:exo (natural product)
96% ee

=z

<
-

o)
O NMe NMe ) T
0 2 +)< I A I
o) — )< / R 2N 2N NMe
H NMe | | H
Ph —> Ph —_— |
AP Bl " 0N
R N | H Q 1 | R Ph
1
Ph o R R ||| R O
- \\u\H
O Product =
O :// Rl

Z

<

@
mT

@
c
|

8

20 mol%
G )\
A N
H
X Ph
. T %
(@) 20:1, 90% ee
20 mol% NMe Ar 10 mob
NHCbz O CbzHN Y O
= RJ\ H / | - \\\ NH2 "mnCHO
Et  ph o @

< |

>100:1, 98% ee 92% ee



P

P

Allylic substitution reactions are powerful methods for forming C-C bonds:

.

S

l

T

dL

=

Example ligand:

th
hoR

N

OAc

Attack at the other

M Wills CH3E4 notes

and catalyst is released to re-enter cycle.

Nu
Nu end of allylic system
gives alternative
Pd(0), Nu )\/\ enantiomer:
S Ph Ph
Chiral ligand PdLn The Pd is behind the PdLn
) allylic group.
Nu
PdLn ® Nu  PdLn LnPd LnPd
D N ’ . ]
S —_— —
P’ N “pp o’ N Npy Ph/\/\ Ph Ph \
PdLn ®
Nucleophile adds __—Ph
trans to PdLn group %
K Ph
/‘
Favoured conformation: the allyl group is in N
_ front of the Pd complex. u
(racemic) H -
- \\
Ph —~
Ph
_ _® Ph
_< Trans effect favours
addition to end opposite
0 H — the P atom.
Ph R r
Ph,P I\IIJ P ? S H N
R N7 1
B R disfavoured by ° \
/\//\ steric clash with equatorial Ph Ph
Ph Ph or slower to react. . . )
— - (enantiomerically enriched) 25

Nu



Allylic substitution reactions — examples of ligands and reactions:

Other ligands commonly used:

5 mol% :
| © :
0, ]
) X Ph,P N\/) 7% ee ! el Q o
P 2 Ph Ph N
X 2.5 mol% [Pd(ally)Cll,/ ™ X : NH  HN
AcO  ph - ph PPh,
NaCH(CO,Et), Et0,C7 “CO,Et PhaP
Trost Ligand
Trost ligand creates a chiral environment and many more...
through the phenyl rings on the phosphines.
- - ® CO,Et
Trost
OAc |
@/ ligand (7.5 mol%l CO,Et
NaCH(CO,Et), ~98% ee

2.5 mol% [Pd(allyl)CI],

In this example (below) the catalyst displaces one OAc selectively,
and also controls the regio and stereochemistry of the reaction. O

Trost ligand
and palladium S
@ ACO/III \\\\OAC ;» ACO//// N
(@)
O o 98% ee
Trost
_ >95% ee
ACO Ph ligand (7.5 mol%) AcO Ph
W 2.5 mol% [Pd(ally)Cll, © \:/\/
AcO - i
NaCMe(CO,Et), Et0,C77 co,Et

M Wills CH3E4 notes

cavges

R

— Ph O SN
PCy, =
PPh2  ph,po

I

ACOW Ph

AcO

0+

(t-Bu)S

(0]

Trost
Ph (@]

ligand (7.5 mol%)

N“( 2.5 mol% [Pd(allyl)Cl],
iPr

90% ee
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Allylic substitution reactions — examples of ligands and reactions:

Other transformations which can be achieved by allylic substitution - soft nucleophiles generally favoured, otherwise the only limits are your
own imagination...

PhY\/Ph

AcO

Ph Ph
Pd(0) + chiral ligand \

PhW Ph

AcO

Oom

o~

NHT

-

Pd(O) + chiral ligand m
ol T oI

K®@N
0

Ph Ph
o N Ph
Pd(0) + chiral ligand _ \‘/\/ Pd(0) + chiral ligand

3

Qo

)=o

S TsHN

> HN >

Pd(0) + chiral ligand /,/l/\l\k Pd(0) + chiral Ilgand V(j
- O

Ts M802CO OCOzMe Ph




Uses of enzymes in asymmetric synthesis

O
OH

Enzyme OH O)I\
1)\ Rz

Acylating agent >

+ :
)\ 2
e.g. ACOCH=CH, R' R

Rl/\Rz

R

one enantiomer formed
o ) ) selectively 50% max yield.
Dynamic kinetic resolution can produce 100% vyield.

O
/(')\H —_— %)H Enzyme O)I\
Rl R2 Rl/-\RZ Acylating agent z
e.g. AcOCH=CH, Rl/\Rz

one enantiomer formed selectively 100% max yield.

Racemisation may be achieved via oxidation/reduction: Ph Ph

Ph—<S=—ph
OH L o)
1/'\ RZ

OH Ph|
—_— = Ru
- )]\ —_— = elogZh
CcoO
R Rl R2 Rl/\RZ ocC

Selective ring opening of a heterocycle:
1
R R R OH
>—O >—o >—o Enzyme H
/ - N/ —_— /\% "o ¢ N\/go
N P~ opy=—==N o ROH \"/

7~ 7

(0]

Hin
Hn

M Wills CH3E4 notes

this can
Invert an alcohol overall.

Mecahnism of inversion by oganometallic complex:

Ph Ph Ph Ph
PhR! /< Ph” |
—~RU
oc, ey Rl R2 oc;R‘ﬂ\“o\V
o) — > oc 1Y, }\
- /1
R2
Ph Ph Ph Ph
Ph@‘ph Ph‘?*%
Ph - Ph/Ru
OC/RU\APC) rotate OC/ \\O
ocC \\

Ph Ph Ph Ph
Ph’@% Ph@”‘
Ph™ |
—_— ~RU_
oc;R“\o - g%/ co
ocC H)\ H OH
R? + /”L
R2 RZ Rl
enantiomer
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Uses of dehydrogenase enzymes in synthesis.

Amine 'deracemisation’ using an enzyme.

(e}
)I\ Dehydrogenase /k Enzyme Over several cycles,
NH N

R! R all in situ, almost complete
NH  conversion to product is
Enzymes can be 'evolved towards //’H achieved.
particular substrates - Reetz etc. R R R
NaBH,
H H

Step 2: multicomponent coupling.

N
H
ﬁf)z(};mine % OH
; H H
oxidase M N N
(enzyme) N N X @)
37°C, | H ) :
= @) H =
N 7\ N N
_ N N ~ o)
H H e o | H o =
P c AcO N /777\\\
N \\G) H Step 3: remove OAc to give OH,
N N - )
- l then oxidise to b-keto amide)
94% ee o
\l Telepravir (Hepatitis CNS3 protease inhibitor)

Enzyme catalysis. amine oxidation.
Chem. Commun. 2010, 7918-7920.
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Review on directed evolution by Reetz: M. T. Reetz, Angew. Chem. Int. Ed. 2011, 50, 138-174.

By undertaking cycles of directed evolution, highly selective enzymes can be prepared, as shown by the example of

desymmetrisation (Bagyer-Villiger reaction) shown below:

H - H
Optimised mutant o
enzyme

0 —
(@)

H H 94% ee

H _ H
Optimised mutant
enzyme o

Clrrn O — »
O
H H
99% ee

H imi H
Optimised mutant
enzyme o

O —
O

H H

91% ee

Optimised mutant
enzyme R

[EE—

Y

o

R=nBu 97% ee
R=CH,Ph 78% ee
R=Ph 96% ee

O

\[: :]/

\) /

W /’//,
\[: :]/
\) /

WV II’//

\\ ’
\) 1
\ "y,

T
o Oinn |<::::::::::::::>:::: O
A \

P{
Me
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Optimised mutant
enzyme

E— .

Optimised mutant
enzyme

—

Optimised mutant
enzyme

[E— .

Optimised mutant
enzyme

—_—

>99% ee

\\\\\\\\

pant

>99% ee

ww

o o o
o o o

>99% ee

wn
7,
Z
Z
4

HO

(0]

99% ee



Other asymmetric reactions—

Asymmetric hydroboration:
@)

\

BH
/

O

L

for interest,

Z
N

fogl

MeO 20°C, THF, then

H202, NaOH

Asymmetric hydroformylation:
ok

Asymmetric catalysis — |somerisation.

H,, CO, 0.1-0.2 mol% ligand
0.05 mol% Rh(acac)(CO),,

Y

60°C, >99% conversion

Ph,

P
SRh

/
PPh,

1 mol%[Rh(COD)L]BF
[RN(COD)LIBEY |

AN
NMez

[Rh/S-BINAP]

Ph,P

oY
Ph,P
U

Product formed in 88% ee. Product formed in 96% ee.

88:12 Q O‘ PPh,

0]
SR O
\Oé

Ligand =

I

0
H

94% ee

Isomerisation (not a reduction!)

NMe ZnBr,
then Ho, z OH
Ni cat (to :
R-citro- reduce alkene) —

nellal, 96-99% e.e.

M Wills CH3E4 notes
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There are many other reactions which have been converted into asymmetric processes...

Catalytic Strecker synthesis:

O NR
R—NH, + )I\ —
R3

R2

Other reactions:
Hydrosilylation
Hydroacylation

Hydrocyanation

Nu@ NHR  H'/H,0O
E— —
R OR? HO,C

R? R3

e
)

N’ﬁ@)

(@1

N

Hetero Diels-Alders
1,3-dipolar cycloadditions.
[2+2] cycloadditions
Cyclopropanation

Cross coupling reactions

Epoxidation using iminium salts

Asymmetric allylation

Conjugate addition reactions

Etc. etc.

M Wills CH3E4 notes
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