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Introduction to Dynamic Kinetic Resoultion (DKR)

¢ Classical kinetic resolution:

fast .
Sp ——— = Pr Sg, Sg = substrate enantiomers

Ss = Ps Pg, Pg= product enantiomers

¢ Dynamic kinetic resolution (DKR):

fast
Sg ———> Pgr | Spg, Sg=substrate enantiomers

racemisation

slow
S¢ —— Ps Pgr, Ps = product enantiomers

-- DKR combines the resolution step of kinetic resolution, with an in situ
equilibration or racemization of the chirally labile substrate.

-- Racemization of the substrate can be performed either chemically,
biocatalytically or even spontaneously; conditions must be chosen to avoid
the racemization of the product.

H. Pellissier, Tetrahedron. 2003, 59, 8291-8327



Example of DKR

¢ DKR using proton transfer:

0 10 mol % CuCl/(S)-p-tol-BINAP,
R NaOt-Bu (1.7 equiv), R
tBuOH (5.0 equiv), PMHS (2.2 equiv),
R' Toluene, 26 h, then TBAF R'
() 2
O O
R very fast R..
NaOR
R’ ROH R
fast l[H] [H]  sfow
| Y
O,SI\ O,SI\
) (Y
4 R a4 R

Buchwald et al, JACS. 2002, 124, 2892

91-94% ee, 89-95% yield
>10:1 syn/anti



DKR of Chiral All-Carbon Quaternary Centers

(R-SM ——»- (R)-P
kE 1l ) kE>>k‘lRw kws (1)
(S)-SM ;:— (S)-P
""" SR
(R)-SM —»= (RSH' — (RSM —= (RS)-P
e @
(SFR 1 2

(S)-SM (S, S)I > (S,S)-? — (S,S)-P

¢ Dynamic kinetic resolution with enantiomerization of the SM. Eq. (1).

¢ Dynamic kinetic resolution with epimerization in the second step (Eq. (2)).
I'=first intermediate, [>=second intermediate, P=product.

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

¢ A cascade reaction for the synthesis of polycyclic bridgehead
enone compounds. (Shair, Ang, 2000, 39, 2714)

BrMg._ R’
R1 R2 rgo

anion-
) — XN accelerated
R3 BrMg oxy-Cope
/ Drgs —
R4
MeO™ ~O MeO” ~0O
1 2
2
BiMg~o Rt R transannular
+R® Dieckmann-like
' cyclization
—
R4

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

BrIVIgO 1 BrMgO 1
NL ke S R

MeO o MeO" OMgBr MeO” ~O
is0-2
* Kocs Ke > Koc +k002
R R’
BrMgO, __ AR’ BrMgO W’

ﬁ — 4 iISO-4 ~alf— @

¢ Possibility of 2 to undergo retro-aldo/aldol equilibrium?

¢ Retro-aldo or Dieckmann reaction — Which one is faster?

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

¢ Mechanism study of racemization

: R
0 1z =
R \/\MgBr © ‘ CeHa3
-
-
CsH1q3 toluene, THF 6
Meo™ 0 ~78°C—RT, 12
5 99% ee 67% yield 6 0% ee
Rl .~ HO
o a " ~""mgsr wxR!
foluene, THF
CeHis —78°C — RT, 15 min CeHia
MeO ~O b 2% AcOH MeO” N0
5 99% ee 82% yield 7 99% ee
R1=§
~"0TBDPS

Reaction quenched by AcOH at 0°C.
¢ Result: Kg >> K¢

BrIVIgO 1 BrMgO
MeO o MeO™ OMgBr MeO” ~O

is0-2
Ke > Koc Kocs

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259
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DKR of Chiral All-Carbon Quaternary Centers

¢ Racemization of cascade reaction:

BrIVIgO 1 BrMgO
>, C»E/\/\ kE [

MeO o MeO" OMgBr MeO” ~O

Is0-2
* Kocs Ke > Koc +k002

|||;U

R‘I
BrMgO R’ BrMgO,_ __ ‘,\Rz
ﬁ — 4 iIS0-4 ~-lf— @

-- Retro-aldol/aldol much faster than anionic oxy-Cope(AOC);

-- AOC involves highly organized TS, control relative rate of
Koct and Kqe, possible?

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

¢ Proposed DKR of the polycyclic products:

2 e
— st = (]
COQMG H

+
OTBS

@ L [rs2ff =%
BrMg

MeO,C

I
BrMgo [Ts-1]7 [ts2]*
favored disfavored

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

o CTBS
+ a
/@ 75% yield
CO,Me o yie
5 2 BuzSn 9 >95% d.r.
racemic 99% ee
OTBS
O a
75% yield
CO,Me  Bu;zSn 95% d.r.
1 12
racemic 99% ee

a) nBuLi, THF, -78°C,; MgBr,, Et,O/benzene, O°C; THF/toluene, 23°C, 18 h.

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



DKR of Chiral All-Carbon Quaternary Centers

OTBS 0]
O
L 00
COM BU.S 93% yleld
e Uson 0 '
8 12 62%dr g0 H
racemic 99% ee 14

OTBS
&(@
* ‘
g
CO,Me Bu3Sn 4 % yield

>95% d.r. H
11 9 TBSO . .

racemic 99% ee

a) nBuLi, THF, -78°C,; MgBr,, Et,O/benzene, O°C; THF/toluene, 23°C, 18 h.

Xu, K.; Lalic, G., Sheehan, S. M.; Shair, M. D. Angew. Chem. Int. Ed. 2005, 44, 2259



Deracemization of Quaternary Centers - Introduction

¢ Stereomutative versus stereoablative enantioconvergent catalysis.

K
(A —= (-)B
Stereomutahve

enantioconvergent
catalysis ks
= K >> Ky > K3 (A ----» (+)-B
1l (--A K - (1B
sterecablative \ C el
enantioconvergent (achiral)
catalysis /kr Pt N

-- The term “stereoablative” describes the conversion of a chiral molecule
to an achiral molecule.

Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M, Angew. Chem. Int. Ed. 2005, 44, 6924



Deracemization of Quaternary Centers - Introduction

¢ Enantioselective Tsuji Allylations:

Py @wo

s Ph,P N\,’) Ph,P
N AN 1 Bu O OTMS
0~ "o

[Pds(dba)s] SN - [Pd,(dba)s]
—>._
THF, 12 °C diallyl carbonate
90% vield, 89% ee TBAT, THF, 25 °C
95% yield, 87% ee

Stoltz. JACS, 2004, 7126, 15044

¢ However, enolization not selective for the synthesis of 4 (R = COzaIIyI or TMS):

0 CO,Bu
— —
o
x>
9 3 CO,Bu CO,Bu
5 7

Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M, Angew. Chem. Int. Ed. 2005, 44, 6924
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Deuterium-labeling experiments

¢ Deuterium-labeling experiment with 8:

D
1(12.5 mol%) \Q/ \)\
[Pd,(dba)s] (5 mol%
THF, 25 °C, 2 h

1.07:1.00

8 88% vield, 87% e6l'?

¢ Crossover experiment with 8 and 9:

b)
0 /lf/
o)Lo D
of
8

THF, 25°C, 2 h
88% vield, 87% eel'?!

0 f
o O 1(12.5 mol%)
@xCDs [Pd,(dba),] (5 mowT
2 3 o
9

-- A discrete achiral ketone enolate 10 must exist.

10 (R=H,D) |

D incorporation

mixture of
six isomers

Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M, Angew. Chem. Int. Ed. 2005, 44, 6924



B-Ketoester synthesis and decarboxylative allylation

¢ Nonselective synthesis of 6
OR Ozz‘Bu

COztBU

_>
O
>
CO,tBu CO,Bu
7

¢ Enantioselective synthesis of 6 via decarboxylative allylation.

CO,iBu

O

GQ%“Q

1. LDA, THF (S)-tBu-phox (1)
0
0 = O _CO,Buy  \B:25mol%) COztBu
N C)l\o/\/ [Pds(dba),]
R 0o yield COzallyl (2.5 mol%) “
L.
2 K,CO, Et,0, 30 °C
o
2 R=H +)-12 73% yield —)-6, 86%
. _ Br\)k ( ) 0
11: R = CO,allyl OfBu
86% yield

-- Above process solved the nonselective enolization of 3;
-- 12 was racemic throughout the reaction.

Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M, Angew. Chem. Int. Ed. 2005, 44, 6924



Catalytic enantioconvergent decarboxylation allylation

¢ Enantioconvergent decarboxylation allylation of 2-carboxyallylcyclohexanones.

0 0 S[Pé:lg(dr?a)g]1(2652mol%l)/ o
-tBu-phox (1, 6.25 mol%
. é/(o AP (S)-tBu-phox ( ,), @\/1 e
THF or Et,0, 25-30 °C
Entry R Solvent T[°C] t [h] Yield [9] ee [%6]"
1 CH, THF 25 7.5 85 88
2 CH, Et,O 25 4.75 89 88
3 prenyl Et,O 30 6 97 91
4 CH,CH,CN Et,O 25 6.5 97 88
519 CH,CH,CO,Et Et,O 25 6 96 90
6 CH,C¢H; THF 25 0.5 99 85
7 CH,(4-CH;0CH,) THF 25 10 80 86
8 CH,(4-CF,CgH,) THF 25 0.5 99 82
9l CH,OTBDPS THF 25 5 86 81
10 F Et,O 30 3.5 80 97

Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M, Angew. Chem. Int. Ed. 2005, 44, 6924



Catalytic enantioconvergent decarboxylation allylation

Entry Substrate Product T[°C] t [h] Yield [26]" ee [%6]"
0 o
COsallyl ‘_.a\/
1 25 15 94 85
26 25 24 94 86
o’ Yo o” Yo
/ s
0 o
COallyl o
3 CRRC \‘i\ SNF 30 9 89 90
0 0
|_-COsallyl _p‘\///‘
4 25 5 90 85
™~ S~
0 0
COyallyl L
5ide] @/ Hally fj ~F 30 4 77 90
0 0
CO,alyl
6 (ﬁ’ . @ﬁ A 25 10 97 92
0 0
COqallyl R~
7 d/ d ~F 25 95 83 87
o o 0
8 )J\o/\( Y 35 65 87 92
CH, CHa
o o 0
gl )l\o/\f \( 35 25 87 91
cl i
o] _ 0]
/COZQHYI -"‘\\f
10 25 25 91 92
N~ N
Bn Bn




Catalytic enantioconvergent decarboxylation allylation

¢ The enantioselective allylation cascade generating two quaternary
carbon stereocenters:

S o)
\/\OJ\O 0 [Pd,(dba)s] (4 mol%) . : P>

2 (S)-tBu-phox (1, 10 mol%) i
O/\/ >
THF, 40 °C, 6 h
76% yield (d.r. = 4:1) (-)-14

(£-13 92% ee




Catalytic enantioselective decarboxylation

6 0 [Pd,(dba)s] (1-5 mol%)

1

o _/

Qégko/\/ ligand (2.5-12.5 mol%) F
F

0

PPh, PhP N Ph,P N\& PhP N~/
O‘ % ud Me y e/TM Z"e PPh, Ph,?
3 a4 5 6 7
Entry  Ligand t[h]  Solvent  [Pd,(dba);]”  Yield ee
[mol %] (6] [%]
1 none 24 THF 5 0 —_
2 3 5 THF 5 83 11
3 4 3 THF 5 91 11
4 5 3 THF 5 94 83
5 6 3 THF 5 95 96
6 6 4 THF 2.5 95 96
7 6 10 THF 1 93 94!l
8 6 4 Et,O 5 93 96
9 6 5 CH,Cl, 5 89 25
10 6 4 THF 2.5 94 96!
11 7 10 THF 5 9 n.d.®

M. Nakamura, A. Hajra, K. Endo, E. Nakamura, Angew. Chem. Int. Ed. 2005, 44, 7248



Catalytic enantioselective decarboxylation

Entry Substrate Product Yield ee Entry Substrate Product Yield ee
[2%6]" %] 61" (%]
0 o© 0
1 1 2 95 96 /
7 /&(U o é\{we g2 85
2 0 9% 99 T T
[ COR 9 4/(
I F | g Me o © 0
R = methallyl & 8 PhJ%\O/\/ Ph,){ — 29 -
Me F Me F
i (o]
T o 2 i
. < N
! Meo/C T J\//\/‘\F 92 % 9 CHs TF o CHg)J\ 4 91 55
R = allyl L0 -~ ph—"
o
1 O // 0o 0 7
Ry CO,R P CO,R
S N >
5 E}v\/ﬂ PN %4 T 10 ) P B ﬁMe 94 95
R = allyl F R = methallyl Z
MOQR o _/ 2 9 0/
VT —F 11 ’MO/\\/ (JL 87" 84
6 P O 94 93 Me Me
R = allyl ’/
0 0
. . COsR —//
All reactions were performed with a 0.05m 12 — 89 39
~"

substrate concentration in THF for 4-10 h at 22—
25°C in the presence of [Pd,(dba);] (2.5 mol%)
and ligand 6 (6.25 mol%).

Ph

M. Nakamura, A. Hajra, K. Endo, E. Nakamura, Angew. Chem. Int. Ed. 2005, 44, 7248



Conclusion

- Shair:
0 OTBS
+ a
75% vyield
ie
=/ CoMe  Busn” N Losw dr .
racemic 59% ee TBSO 10

- Stoltz, Nakamura:

0 0 [Pds(dba)s] (2.5 mol%) 0
R _ (S)-tBu-phox (1, 8.25 mol%) R _
(£)- O/\/ - @,u‘ ~ + CO,

THF or Et,0, 25-30 °C

¢ Careful consideration — detailed mechanism study — valuable reaction.



