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1.
INTRODUCTION

Chirality, enantiorich molecules, and enantioselective preparations




INTRODUCTION: CONCEPTS

Chirality

A chiral molecule is a type of
molecule that has a non-
superposable mirror image.

1893, Lord Kelvin, Oxford University Junior Scientific Club

‘| call any geometrical figure, or group of points, 'chiral', and say that it has chirality if
its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.’

Enantiomer

Also known as an optical
isomer, is one of two
stereoisomers  that are
mirror images of each other
that are non-superposable.

Enantioselective
Preparation

Method for preparation of
chemical compounds which
aims to bias the synthesis in
favour of producing one
enantiomer over another
enantiomer.




INTRODUCTION: WHY ARE THEY IMPORTANT?

> Enantiorich compounds play a critical role in pharmaceuticals, agrochemicals, as well as everyday life;
> In 1987: 57% marketed drugs were chiral; 2% single enantiomers;

> In 2006: 80% drugs approved by FDA were chiral; 75% single enantiomers;

> The percentage of single enantiomer variant drugs doubled (40% to 80%) from 2000 to 2004;

> Small change in chemical structure leads to big change in bioactivity;

Challener C. A. Overview of chirality. In: Chiral drugs. 1st ed. Aldershot (England): Ashgate Publisher. 2001; 3-14.

Drayer D. E. The early history of stereochemistry. In: Drug stereochemistry. Analytical methods and pharmacology. 2nd ed., Wainer IW, editor. New
York: Marcel Dekker Publisher. 1993; 1-24.

Lin G. Q. Chiral Drugs: Chemistry and Biological Action. John Wiley & Sons, Hoboken. 2011. 472.



INTRODUCTION: CHIRAL POOL SYNTHESIS

> Chiral pool synthesis. use of enantiopure, readily available natural products to obtain more complex structures;
> Especially helpful if the desired molecule bears a great resemblance to starting material;
> Limited by availability;

k‘ >
> Not all natural products are cheap; $1750,000 per kg from Sigma-Aldrich
- $7-25per kg from Alibaba
NH
A ok /?H " HN—Z OH e
HO\(_Q — T[] s/_/ HO!- [ — OO)(OEt
2 N/ —— >

° © HO Y=o M Reo

(L)-Aspartic acid ¢} OH HO 2

Antibiotic for treating multiple drug-resistant antiviral medication used to treat and prevent

Imipenem (Primaxin) i Shikimic acid Oseltamivir (Tamiflu)
Gram-negative bacteria E influenza A and influenza B (flu)

Guthikond et. al. Pure & Appl. Chem. 1987, 59(3), 455.
Karpf et. al. J. Org. Chem. 2001, 66(6), 2044.



INTRODUCTION: ASYMMETRIC SYNTHESIS

> Asymmetric synthesis. use of various techniques to prepare the desired compound in high enantiomeric excess.
> Techniques encompassed include the use of chiral reagents, chiral catalysts, and asymmetric induction.
> The use of enzymes (biocatalysis) may also produce the desired compound (limited by availability);

Chiral reagent

(0]
e
i 40 ) i! Rl s

RL g RS

Asymmetric induction

o )
S
O

H Nu-

)
7
W\

Chiral catalyst

[Rh(cod)(OH)1, 2.5 mol%
(R)-BINAP 6 mol%

@'Cl HO‘B/\/R Cs,CO3, THF xR
7 _—
o O

Asymmetric
Suzuki-Miyaura coupling

R, aMOX, ADH

: l\ R2 02, /-PrOH

Cram et. al. /. Am. Chem. Soc. 1952, 74(23), 5828.
Midland et. al. Org. Synth. Coll. Vol. 7, 402. Colombo et. al. Clin. Microbiol. Rev. 2011, 24(4), 682.
Schafer et. al. Nature Chem. 2017, 8, 15762. Hammer et al. Science 2017, 358, 215.




INTRODUCTION: CHIRAL RESOLUTION

> Chiral resolution: a process for the separation of racemic compounds into their enantiomers;
> Animportant tool in the production of optically active drugs;

> Only 50% of a desired enantiomer is obtained;
Separation by tweezer Separation by column

hexane / EtOAc (5:1)
NO, 61% eesample

H 8.1% ee (first fraction)
CF3;  >99.9% ee (last fraction)
O,N Ny

Achiral column: enantiomer
self-disproportionation

OH O OH O
HO OH HO. ~ .
O OH O OH

Spontaneous resolution:
tartaric acid

Chiral column: HPLC

OH !

Kinetic resolution (KR) / Parallel kinetic resolution (PKR)

[Rh(R)-Tol-BINAP]IBF, o [Rh(S,5)-/~Pr-DUPHOS1BF, 0 o

0 ? 5 mol% 5 mol%
OMe 3 _— OMe
“ z = OMe

45%,88% ee 47%, 84% ee Racemic 52%,72% ee 41%, 93% ee
Andrade-Gamboa et. a/. J. Chem. Educ. 2007, 84 (117),1783. Cundy et. al. J. Chromatogr. 1983, 2817, 17.
Kauffman et. al. J. Chem. Educ. 1975, 52, 777. Soloshonok et. al. Angew. Chem. Int. Ed. 2006, 45(5), 766.

Fujima et. al. Org. Process Res. Dev. 2006, 70 (5), 905. Tanaka et. al. .. Am. Chem. Soc. 2009, 737,444.



OVERCOME THE LIMITATIONS

Cyclic De-racemization (CycD)

I
Iy Kpock yield <= 100%
A = 0

Iy N ee<=100%
)/Ield <=50% ka>>kg I | ka>>kg /(B__—YP
ee<=100% I B o -

kback I .
_________________ e e e e - - - — = = — — — — — = DynamicSubstrate

I

_________________ |
I ———————————————— . .

Stereoablative reactions f | | Directed Resolution I

I (DSDRs) |

A Kraca ky P

%‘ | /

Not defined as

| I
: . Kacret) -
e ore = = = = =
: (orochiral) 11 A RECNUEI — — — = = — — i
prochiral) -~ _ :
I B PR I BLESCECLY™ | paralel Kinetic |
Kracs B Q 11 . | .
| Koaa ~ k pN [ Resolution I
racA racB 1 | B kB(/nv)\ | (PKR)
| ka>>kg e - = Q I | |
- I I ———————————————————————— -
I Dynamic Kinetic resolution (DKR) (I ky kp o . |
| P I A ACat ————> P Dynamic Kinetic Asymmetric |
. N | Transformations (DyKATs
I A P 1 “ Kacat (Dy ) |
: krac “ kA>>kB I I YCat kA' B’ ACat’ BCat>>kp>>kQ I
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B -------- > B k
I < N BCat -----2.» Q I



2.
STEREOABLATIVE REACTIONS




STEREOABLATIVE REACTIONS

> Akey reactive intermediate is formed via the irreversible destruction of a stereocenter;

> Identical or nearly identical rates of stereoablation (k .o ~ K,cg);

> Substantially different rates of product formation (k, >> kg);

> No discernible dynamic or reversible nature to the process with respect to the organic stereogenicity;

Lo P
|
(prochkaD~~~\\
B kracB kB o~ Q

kracA - kracB

ka>>kg



STEREOABLATIVE REACTIONS

Pd(dmdba), 5 mol%

| o O
H ﬂo (5)- t-BUPHOX O
5.5 mol% ﬁ
(0] —»
W 78% yield )f,;( ce

4.4:1 dr.
99% ee (-)-Cyanthiwigin F

o
Pthl\}\g

“t-Bu

Trost et al. Chem. Rev. 1996, 96, 395.

Keith et. al. J. Am. Chem. Soc. 2007, 729, 11876.
Sherden et. al. Angew. Chem. Int. Ed. 2009, 48, 6840.
Enquist et. a/. Nature 2008, 453, 1228.

Allylic Alkylation Substrate Scope
Pd(dba); 25 mol%| () o i Sr S 0 o
o o (8)- -BuPHOX ‘o i N\/ do\/ S Bn
, S
o NF __ Smol% _ (0] 5 i‘:( ! oxo OJ /~BuO
Oxidative N C-C bond !
addition formation 88%ee | 89% ee 82% ee 92% ee 99% ee
-CO, | Seto et. al. McDougal et. al. Hong et. al.  Reeves et al.
i 0
. 0 0 0 Nl-Eoc
! W S N BzN™ Y'"™\=
| Bnoﬁ ~F f‘\/{ } J
: 0 B
(6] 1 _ 0,
N . 93-99% ee 3
o N, P : Bennett et. al. BZN ~F BZN
ol Pd .
\\_ | _— o N ! o}
/Pd\ f-Bu = Q ) i é/mv up to 99% ee
Ph,P IN/g -2 | Numajiri et. al.
0 | 94% ee
| Craig et. al.
()~ -BUPHOX = | TTTTTTTTTTTTTTTTTmTmmomoosomsoosomomomooooos



STEREOABLATIVE REACTIONS

Enantioselective Protonation

0 . 32-99% yield o
dj,cozauw 60-95% ee @,R
A | /L
X X
Condiition A: Condition B:

Pd(OAc), 10 mol% Pd,(dba); 5 mol%

(8)-t-BuPHOX 12.5 mol%  (S)-#-BuPHOX 12.5 mol%

Meldrum's acid

X

o” O

0o

HCO,H, dioxane, 40 °C Meidrum's acid, dioxane, 40 °C

> substantial optimization was required for each

substrate;

> enolates were not always protonated from the

same face;
> Very limited mechanistic studies;

Mohr et. al. J. Am. Chem. Soc. 2006, 728, 11348.
Marinescu et. al. Org. Lett. 2008, 70, 1039.
Zhang et. al. J. Am. Chem. Soc. 2016, 738, 8084.



STEREOABLATIVE REACTIONS

Enantioselective Protonation

o 32-99% yield 0 Meldrum's acid
_ COsallyl  60-95% ee % R X
o —— | 00
X/‘ X/\
oo
Condition A: Condition B:

Pd(OAc), 10 mol%
(8)-t-BuPHOX 12.5 mol%
HCO,H, dioxane, 40 °C

Pd,(dba)3 5 mol%
(S)-t-BuPHOX 12.5 mol%
Meidrum's acid, dioxane, 40 °C

> substantial optimization was required for each
substrate;

> enolates were not always protonated from the
same face;

> Very limited mechanistic studies;

Mohr et. al. J. Am. Chem. Soc. 2006, 728, 11348.
Marinescu et. al. Org. Lett. 2008, 70, 1039.
Zhang et. al. J. Am. Chem. Soc. 2016, 738, 8084.

Cross-coupling Reactions

NiCl,-glyme 10 mol%

(R)-(/-Pr)-Pybox o B
13 mol% 1 0 2O
Bn. R Bn. R i L= ) N 1
N Ny R N
Ph Br DMI/THF Ph Ry g
pMi= | \_ 51-90% yield N
- g T 87-99% ee
o}

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

Gregory C. Fu
Altair Professor of Chemistry, Caltech
Professor of Chemistry, MIT

2012 — present
7999 - 2012

Selected publication (35 in total from 2005 - 2017)

Negishi. (a) Do et. al. J. Am. Chem. Soc. 2013, 735, 16288; (b) Liang et.
al. J. Am. Chem. Soc. 2014, 736, 5520; (c) Liang et. al. J. Am. Chem.
Soc. 2015, 737,9523.

Suziki: (a) Saito et. al. .. Am. Chem. Soc. 2008, 730, 6694; (b) Lundin
et. al. . Am. Chem. Soc. 2010, 732, 11027; Wilsily et. al. J. Am. Chem.
Soc. 2012, 734,5794.

Hiyama:. Dai et. al. J. Am. Chem. Soc. 2008, 730, 3302.

Kumada: Lou et. al. . Am. Chem. Soc. 2010, 732, 1264.
Zirconium-Negishi: Lou et. al. J. Am. Chem. Soc. 2010, 732, 5010.

Cross-coupling Reactions

NiCl,-glyme 10 mol%

(R)-(-Pr)-Pybox o S
13 mol% | 0 0
Bn. R Bn. R i L= ) N 1
N NJ\( Q,N N
Ph Br DMI/THF Ph Ry 3
DMI= | \_ 51-90% yield N
- g T 87-99% ee
(0]
"""" a s R
. N R \R'
Negishi: + alkyl-ZnBr +aryl-ZnEt +aryl-Znl
Br 0CO,Ar
0]
Br Br
R
Ar)\R + QTZnBr Ar)j'?<B + aryl-ZnCl F3C)\R + aryl-ZnCl
r
0]
Br N
Suzuki: Ar\/\R R
+ alkyl-(9-BBN) €l 4 aryl-(9-BBN)
R |
2 ¢
Ph,N FPrag e~ A
(ONN©)
O 0 |
Misc: AI’OJ\(R + sz—Si(OMe)3 )K(R' + aryl-MgX
Br R 5 + vinyl-ZrCp,Cl
r

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

R
N R —Ni(1) R
2/ L/L N
R
\,R'
L—lili(lll)-Ph L NiCI)-Br
L L
R\gR, PhznBr
L—IEIi(II)—Ph Z0Br,

Schley et. al. /. Am. Chem. Soc. 2014, 736, 16588.

Cross-coupling Reactions

NiCl,-glyme 10 mol%

(R)-(-Pr)-Pybox o S
13 mol% | 0 0
L= N
B AR By AR (T N
Ph Br DMI/THF Ph R4 $
DMi= _ \_ 51-90%yield N
Y 87-99% ee
(0]
_______ T
R R
. R \R'
Negishi: + alkyl-ZnBr + aryl-ZnEt +aryl-Znl
Br 0CO,Ar
Br
R
+ QTZnBr Ar)j?(B + aryl-ZnCl F3CJ\R + aryl-ZnCl
r
0]
Br N
Suzuki: Ar\/\R R
+ alkyl-(9-BBN) €l 4 aryl-(9-BBN)
Ph,N /_Prfsf\)\R
(OBN0)
0]
. . 0 aryl-MgX
Misc: ArOJ\(R + sp2-Si(OMe) 5 R)K(R' + .y 9
Br 5 + vinyl-ZrCp,Cl
r

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

_________________________________________________

' Ni cat
1
B
! ' . DME, rt, 4 h Ph
Ro_|  Nn-Bu /\n—Bu
N T™S ™s”
BArF,
O/w"‘\k O/w“‘\k

\ ’N_Ti(l)_Ph 35% yield

59% ee | 82% ee
R —N —N
0 O\)T/
"L'—'ITI'(TIT)'-'Ph “““““““““““““““ =TTqnny mer
LL LL
R
\8/R' PhZnBr
~ L
L IIII(II) Ph Znér,
L

Schley et. al. /. Am. Chem. Soc. 2014, 736, 16588.

| -
\ N-Ni(iD-Ph 77%y|e|d% .

Cross-coupling Reactions

NiCl,-glyme 10 mol% 1
(R)-(i-Pr)-Pybox o [
13 mol% | 0 0
Bn. R Bn. R i L= ) N 1
N NJ\( ﬁ,N N
Ph Br DMI/THF Ph Ry g
DMI = N/_\ 51-90% yield N
YT 87-99% ee
(0]
"""" a s R
. N R \R'
Negishi: + alkyl-ZnBr + aryl-ZnEt +aryl-Znl
Br 0CO,Ar
0]
Br Br
R
Ar)\R +E>annBr Ar)j?(B + aryl-ZnCl F3CJ\R + aryl-ZnCl
r
0]
Br N
Suzuki: Ar\/\R R
+ alkyl-(9-BBN) €l 4 aryl-(9-BBN)
R |
2 ¢
Ph,N FPrag e~ A
(ONN©)
Q 0]
Misc: Arok(R + sp2-Si(OMe) 5 )K(R' + aryl-MgX
Br R 5 + vinyl-ZrCp,Cl
r

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

R
SN |
N R L—NiCh
i
I T N |
! Ni cat. !
! TEMPO 0.02 eq. '
i (LR
: Br DME, r.t., 4 h /P\h :\8
R.U =~ ~n-Bu —— p n-Bu |
\\\'. T™MS No reaction ~ TMS !
L—lTili(III)-Ph L=Ni(ID-Br
L L
R
\8/R' PhZnBr
S SN
C/TI(") Ph ZnBr,

Schley et. al. /. Am. Chem. Soc. 2014, 736, 16588.

Cross-coupling Reactions

NiCl,-glyme 10 mol%

(R)-(-Pr)-Pybox o S
13 mol% | 0 0
Bn. R Bn. R i L= ) N 1
N NJ\( ﬁ,N N
Ph Br DMI/THF Ph Ry g
DMI= _ | 51-90% yield N
YT 87-99% ee
(0]
"""" a e R
. N R \R'
Negishi: + alkyl-ZnBr + aryl-ZnEt +aryl-Znl
Br 0CO,Ar
0]
Br Br
R
Ar)\R +E>annBr Ar)j?(B + aryl-ZnCl F3CJ\R + aryl-ZnCl
r
0]
Br N
Suzuki: Ar\/\R R
+ alkyl-(9-BBN) €l 4 aryl-(9-BBN)
R |
2 ¢
Ph,N FPrag e~ A
(ONN©)
0] 0 |
Misc: AI’OJ\(R + sz—Si(OMe)3 )K(R' + aryl-MgX
Br R 5 + vinyl-ZrCp,Cl
r

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

R
X R

Ni(ll) cat.
Br DME, rt., 4 h Ph
oMErnan B

TMS

No change in ee

\\8R
R
SR
L—lili(lll)-Ph L—l}li(ll)—Br
L L
L\ R
\8R' PhZnBr
L—l}ll(ll)—Ph ZnBr,

L

Schley et. al. /. Am. Chem. Soc. 2014, 736, 16588.

Cross-coupling Reactions

NiCl,-glyme 10 mol%

(R)-(i-Pr)-Pybox o B
13 mol% i 0] z o)
Bn. R Bn. R i L= ) N 1
N NJ\( ﬁ,N N
Ph Br DMI/THF Ph Ry g
DM| = N/_\N 51-90% yield N
- g T 87-99% ee
o}
_______ T —
R R
.h.’ \(Rl \Rl
Negishi: + alkyl-ZnBr + aryl-ZnEt +aryl-znl
Br 0CO,Ar

Br 0 R Br
Ar)\R + Q}*ZnBr Ar)j'?<B + aryl-ZnCl F3CJ\R + aryl-ZnCl
r

0]
Br N
Suzuki: Ar\/\R R
+ alkyl-(9-BBN) €l 4 aryl-(9-BBN)
Ph,N /_Prfsf\)\R
(ONNe)
Q 0]
Misc: Arok(R + sp2-Si(OMe) 5 )K(R' + aryl-MgX
Br R 5 + vinyl-ZrCp,Cl
r

Fischer et. al. J. Am. Chem. Soc. 2005, 727, 4594.



STEREOABLATIVE REACTIONS

Traditional Cross-coupling Reactions Cross-Electrophile Couplings
R : 1/2 M(IX
R 1 2 2
R L=Ni(0) \R : Ni©Q)Ln _ "oPX
&/L Br |
1/2 M(0)
R | 'TSPZ
\8/R i X—Ni()Ln X—Ni(Il)Ln
R |
% R' :
L—Ni(lll)-Ph L—Ni(I)-Br 1/2 M(0)
(\_/1 (\_/L ' Rsp?Rsp3
R 1
x , PhZnBr !
\8R | Rsp? Rsp? 1/2 MU X,
C ! X—Ni(llhLn NiCl)Ln
E Rsp3
L=Ni(I)-Ph a— \¥
L |
| Rsp3X

Schley et. al. J. Am. Chem. Soc. 2014, 736, 16588. " Lucas et. al. Nature Rev. Chem. 2017, asap.



STEREOABLATIVE REACTIONS

\/\/\/O\/)
X "

A
L ®
7 N° N N™N\
Ni(cod), 5 mol% =N N=
L 5 mol%
MeMgl 2.0 eq.
PhMe, r.t.
/\W w~_OH /\/\/w\\\
47% yield Dictyopterene A
5:1dr.
o) 0)
L= p—
Cl n-Pr N/ \N ]'o,l/n—Pr
n-Pr n-Pr

NiBr,(diglyme) 10 mol%
L 10 mol%
Mn(0) 3.0 eq.
TMSCI 0.75 eq.

CL
Cl
1,4-dioxane, r.t.

Sor =S

74% yield
84% ee

Erickson et. al. .. Am. Chem. Soc. 2016, 738, 14006.
Poremba et. al. .. Am. Chem. Soc. 2017, 139, 5684

Sertraline

Cross-Electrophile Couplings

172 M(DX, ,
Ni(O)Ln Rsp™X
1/2 M(0)
X—Ni(l)Ln X—Ni(ll)Ln
Rsp2Rsp3
Rsp? Rsp2
| |
X—'}ll(m)Ln Ni(I)Ln
Rsp3 \.¥
Rsp3X

Lucas et. al. Nature Rev. Chem. 2017, asap.

1/2 M(0)

1/2 M X,



ANY QUESTIONS ?




3.
DYNAMIC KINETIC RESOLUTION




DYNAMIC KINETIC RESOLUTION (DKR)

> Involve reversible racemization prior to the selective reaction of one enantiomer with the chiral catalyst;

> Interconversion of enantiomers must be rapid and independent of the catalyst (fast k.,.);

> One enantiomer of substrate with the chiral catalyst must occur with a significantly higher rate than that
of the other enantiomer (k, >> kg);

> The equilibrium between A and B shifts according to Le Chatelier’s principle as reaction proceeds;

Krac “ ka>>kg



DYNAMIC KINETIC RESOLUTION (DKR)

Asymmetric Hydrogenation

o o _ . - . O OH
0 H 0 71% yield
2 80% ee

MHNI = Modified activated nickle prepared by hydrogenlysis of nickle oxide

O OH
)‘\i\ (2R, 3S)
57%
O OH
(2R,3R)
0 0 Ni* 21% Fig. 1. Schematic repre ion of the plex be-
~ O)‘\i‘\ ! tween I(keto form) and (R,R)-tartaric acid on the MNi
catalyst. The complex gives (25,3R)-III by the at-
O OH
rac)-S
(rac) Y (25,3R)
. ~
71:29 dr.
AN O OH
80%, 71% ee (5)-s o 0 kg I
, , 0 . SR ENGEN (25,35)
SN o .
: " 8%

~
Fig. 2. Schematic representation of the complex be-

tween I(enolate) and (R,R)-tartaric acid on the MNi

catalyst. The complex gives (25,3R)-III by the

Tai et. al. Bull. Chem. Soc. Jpn. 1979, 52, 1468. attack of hydrogen from the catalyst-side (si-face

attack).



DYNAMIC KINETIC RESOLUTION (DKR)

Asymmetric Hydrogenation (Noyori Reduction)

(R)-BINAP-Ru(ll) O OH

Hz, CH2C|2 \O Y
kfast _\NH
o)\Ph
97:3 dr.
93% ee
(R)-BINAP-Ru(ll) O OH
H,, CH,Cl, ~0
ks/ow NH
O)\Ph

kfast/ks/ow =15
k/‘nv/kfast =6.7
kinv/kslow =92

Noyori et. al. Bull. Chem. Soc. Jpn. 1995, 68, 36.
Noyori et. al. J. Am. Chem. Soc. 1989, 777,9135.
Noyori et. al. Org. Lett. 1999, 7, 11109.

‘The absolute configuration at C-3 is governed by the
handedness of the BINAP ligand while the C-2 configuration
is dependent on substrate structures.’

X
CP\I OH ¢
P—Ru---0 31,
N Lo~ T~ -
HOK 99:1 dr. S
92%, 93% ee anti
¥
P—Ru---0 \ OH O
Ru—0 -y 32U
' O:l l\'l _ o
""" >— 9733 dr HN
H O 93% ee ?f
syn



DYNAMIC KINETIC RESOLUTION (DKR)

Asymmetric Transfer Hydrogenation (ATH)
NBn

NBn
’NN Ru?(CO)12h0.3;3eq, ;NN
PhTNH /~-PrOH, heating b b
“Ru—CO
s -2COo
Ph™ “NHTs PR NHTs CO
ATHcycle @——@
N-H insertion
/kOH )OJ\
H
NBn NBn
Ay A
H
_ Ph N\R{J/—‘CO

N
Ph N\R{.I co s[
L7 N\ NN
PN O Kast Ph
s

—~ 0 O o O -
OH © Krac
R /\)LR R»I)j\-/U\ R3 R1)l\rlL R3
Y Rs R R
R, 2 4
ﬂ ® | @ DKR cycle
OH O R, O
R Ry HOM%
L R, R, -

Wang et. al. Chem. Rev. 2015, 775, 6621.



DYNAMIC KINETIC RESOLUTION (DKR)

NBn
[ N Rus(CO);, 0.33 eq.

N : .
Ph /~PrOH, heating

TNH

Ph™ “NHTs -2C0

H
NBn NBn
(Y | N
N /NH
Pha _N<
Ph N\R{j-—CO \[ /Ru/_\_;co
L /7 N\ -
PN cO Keost PRNT CO
S Ts
-~ O O
OH O k
= )j\/u\ rac
R1/\;)LR3 Ri™ X Rs
R, R2
OH O
R7Y R,
L R2

Wang et. al. Chem. Rev. 2015, 775, 6621.

———————>  Ph

Asymmetric Transfer Hydrogenation (ATH)

NBn
| N
N

N/

Ru—CO
. N
PhY "NHTs CO

N-H insertion

Substrate Condition Result Ref.
NBn/O _08% vi
n/ 22 98/;y|eld Ros ef. 4l
2 * 45-99% ee 2006
L /R 75:51-99:1 dr.
o, 73-96% yield .
R R2 18-99% ee D'ggogg"/'
SO5R;, 67:33-99:1 dr.
R [RuCl(p-cymene)L*]
10 0.2-2.5 mol% 84-94% yield
s x - al.
Rz)ﬁ( RO | HCO,H-NEt,(5:2) >99% ee C°rbzegt1 ;’t a
o ° 80:20-95:5 d.r.
90-99% yield
o)
N 99% ee Chezng16:5t al
0 69:31-90:10 d.r.
Ar
o 0 [RuCl,(CgHg)1,L* 68-85% yield Seashore-
Ri o~ 10 mol% 78-96% ee Ludlow et. al.
NHR, HCO,Na-H,0 87:13-96:4 d.r. 2012




NH HZN\)OJ\ A~ 2.9

T —— T
2 steps I
63% >l

Condition A | Condition B

| '

DYNAMIC KINETIC RESOLUTION (DKR)

Asymmetric Transfer Hydrogenation (ATH)

Condition A

[Ru(cod)(n3-methylallyl),]L*

aq. HBr, H, (120 bar)
CH,Cl,/EtOH (95:5)
S/C=33,50°C,48h

. o
0
[o PPh,
[o O PPh,
0

OH O OH O |
O/\ . o
g HNIO ~g HNIO
a1l aa
OH 69% yield 77% yield !
OH <— 90% ee 92% ee !
R.S NHR, - >991dr. 97:3 dr. |
2 |
thiamphnicol QH o QH 0 !
derivatives /O/\g)ko/\ o
~g HNIO g HNIO :
a1’ a ca“~ca
75% yield 95% yield |
90% ee 94% ee :
>99:1 dr. 97:3 dr.

Condition B

Ru cat.
HCO,H/Et3N (5:2)
Et,0
S/C=100,50°C.1.5-3 h

Ru cat. = ;
|

a-RUNTs

<

Echeverria et. al. Synthesis 2016, 48, 2523.
Perez et. al. Eur. J. Org. Chem. 2015, 5949.



Q9 Lo
Ph™ "N” O

O -co,
1:1dr.

Pd(0)L* 2.5 mol%

phthalamide
Na,CO3 5 mol%
CH,Cl,, r.t.
99% yield, 98% ee Nphth

L*= \
o, &

(0]
Q)#eh prp— )
Cook et. al. Angew. Chem. Int. Ed. 1999, 38(7/2), 110.
Trost et. al. . Am. Chem. Soc. 2000, 722 (25), 5968.

DYNAMIC KINETIC RESOLUTION (DKR)

m-Allyl Palladium Catalysis

o} 0 Ph
)LN' Pd*Ln  —= )L’;l' Pd*Ln | N)\O
o 1:2.2 dr.
phthalimide
NHCOPh NHCOPh  7.9:1 1,2-:1,4- product
N F >99:1 dr.
Nphth Nphth 99% yield
0O O
5.0 MeO,C._CO,Me i) 6N HCl 0
2 ii) ion-exchange resin w
-_— —_— =z (ol
97% yield Z

Nphth 96% yield NH3*

(R)-Vigabratin
anti-epileptic medicine



DYNAMIC KINETIC RESOLUTION (DKR)

m-Allyl Palladium Catalysis: Atroposelective Reactions

> The ‘Lactone Concept’: Bringmann et. a/, 2002;
> Intramolecular cross-coupling followed by asymmetric ring cleavage;
> Configurationally unstable lactone intermediate;

_—— Br

R

OH R o intramolecular
cross-coupling

;UO @
=
]

Bringmann et. al. J. Organomet. Chem. 2002, 6617, 31.

mromaconr ||



DYNAMIC KINETIC RESOLUTION (DKR)

m-Allyl Palladium Catalysis: Atroposelective Reactions

R ty 5 (rt)
H <<1ms
Br COH 0 Pd(Il) OMe ca. 1 ms
—_— Br E——
R OH R o intramolecular ﬂ Me ca.1s
\©/ \©/ cross-coupling Et ca. 1 min
R R /-Pr ca. 30 min
t-Bu >2d
MeN
O MeN 0 o
o 5 i i-Pr
MOMO i) Pd(OAC), 35% yield O _
Br — 27775 momo oXxg ——
O .. . 0 N
Pzl H Og Q
O Lio O © H HN
NMe g?ﬁ )szd NMe Bismurrayaquinone A
: 1.
) S

Bringmann et. al. J. Organomet. Chem. 2002, 6617, 31.



DYNAMIC KINETIC RESOLUTION (DKR)

m-Allyl Palladium Catalysis: Other Reactions

Dearomative
Spirocyclization via DKR

X Pd(OAc),/L* 10 mol% H

R ph NaO¢-Bu, KI |
Br ‘ THF, reflux i

| — :

OO oh 56-93% yield i
OH 84-96% ee !

Ph. Ph _ :

L= y— B |

T o e

e Pd(OAC),/L* 10 mol%
. NaO#-Bu, KI R.= Ph !
BT THRrfx [ § e !

_ 1

It 0 |

OO 83% yield O‘ :
Ph 0% ee |

Yang et. al. J. Am. Chem. Soc. 2015, 137, 4876.

RT

OH

N
&

PdLn*Br

PdLn*Br

K, fast

Re face
annulation

Si face
annulation



DYNAMIC KINETIC RESOLUTION (DKR)

m-Allyl Palladium Catalysis: Other Reactions
Dearomative Asymmetric

Spirocyclization via DKR | Heck Cyclization
* 0y 1
R+ A Pd(Oﬁc)éz{LB 1c|><lmoM, : Pd,(dbas) 7.5 mol%
Br TZF - ?l ! (R)-BINAP 7.5 mol%
I‘ _ THF. reflux S Ag3P0,4, DMA, heat E
! [ :[ o]
5:49326%y|eld i NA 14-100% conversion N
)8 ee E €o 9-51% ee H
______________________________________________________________ J.______________________________________________________________|
a
o P BN
[ Cl24) ~\] \Me
q Cié) / },-’ Q l \ \A.%Me
a C23) 4
ONe N7, Mmé

cu) ~ 7 \mzn 4 \ cmu
) \& cm‘&&)

5 qzm

1
1
1
1
1
1
1
1
1
1
1
1
|
1
) !
\ \ c2 cen !
1
1
1
1
1
1
1
1
1
1
1
1
1

Yang et. al. . Am. Chem. Soc. 2015, 737, 4876. McDermott et. al. Org. Lett. 2006, 8, 2917.
Trost et. al. .. Am. Chem. Soc. 2005, 727, 14186. Hosoi et. al. Tetrahedron 2015, 77, 2317.



ANY QUESTIONS ?




4.
DYNAMIC KINETIC ASYMMETRIC
TRANSFORMATION




DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT Type || DyKAT

> Binding of both enantiomers to provide a mixture of
diastereomeric substrate—catalyst pairs (ACat, BCat);

> Rapid equilibration through a prochiral intermediate;

> Resemble DKRs in that k¢, >> kp >> kg

> Bear similarity to stereoablative transformations in
that K ,ca ~ Keacg >> ka >> kg

> Theloss of chirality is both reversible and catalyst-
mediated;

kACat * kBCat

k
Kacat YCat R
YCat kA, B’ ACat’ BCat>>kp>>kQ B / k;~ - - Q
k racB
kB beat & kracA -~ kracB
B BCat ._____Q__, Q ka>>kg

Barry M. Trost, 2000:
A dynamic kinetic asymmetric transformation has a potential advantage over a resolution (kinetic or dynamic
kinetic)— fewer synthetic steps. If the act of converting a racemic mixture into a single enamatiomeric series is

combined with one of the structural transformations, the dynamic resolution is not an additional step in the
synthesis and thereby saves a step.



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT: Matched vs. Mismatched

Ka fast)k

(fast)k 4o
YCat
(slow)k gcat

ky fast)k

(slow)k 4.+ ‘;\
YCat MISMATCH

(fast)k gcar

Trost et. al. J. Am. Chem. Soc. 2000, 722, 5968.
Ostrovskii et. al. Vestsi Nats. Akad. Navuk Belarusi, Ser. Biyal. Navuk
1994, 60.

eep (%] ees [%]
100 100
/ ’
90 - DYKAT m?rzﬁ ee, - 90
- DKR ee// P
70 - A P 70
o DYKAT mismatch \‘e\ep 60
\
50 - \\ - 50
40 - \ - 40
30 4 KRees \\KR ee, |30
20 N - 20
10 E=lo1 \ - 10
0 I 1 1 1 1 1 I 1 o
0 10 20 30 40 50 70 80 90 100



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

There is no strict definition!

Pd(0) 0 o Ph

Ph)OLN?LO Ligand AN Pd*Ln Kinva AN Pdln| NP0
\_K_ -C0O; : Kinve A \_\=
11 dr 1:2.2 d.r.
| DKR: o DyKAT:
| Interconversion between enantiomers | ' Interconversion between diastereomers |
o Kaca =Keaca L Rearke

DKR, or DyKAT?

Cook et. al. Angew. Chem. Int. Ed. 1999, 38(7/2),110.



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

———

Beak et. al. Acc. Chem. Res. 2000, 33, 715.
Park et. al. Org. Lett. 2006, 8(73), 2667.
Lee et. al. Acc. Chem. Res. 2009, 42(2), 224.

There is no strict definition!

R TMS PR
TMSCI f=ky =0

DTR, or DyKAT?

R TMS
TMSCI :

(5)-3

(8)-3 (A-3

Reaction under dynamic thermodynamic control:

Entire Reaction at —78 °C equilibration at —25 °C is enantiodetermining



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT vs. Type Il DyKAT: Asymmetric Allylic Alkylation (AAA)

(n3-C3HsPdC), 2.5 mol%

0CO,Me (RR)-L7.5mol%  Me0,C.__CO,Me
0 0 THAB 3.1 eq., THF
H N
MeO™ " OMe 569 yield
96% ee
PPh, Ph,P
0CO,Me favoured by Nu
PdLn Pl (55) (j
R ! —_—
O\ Type | DyKAT
0CO,Me 1 favoured by Nu

H PdLn OPdLn (R.R)-L 3
o J

Trost et. al. . Am. Chem. Soc. 2009, 737, 12056.
Trost et. al. . Am. Chem. Soc. 1999, 727, 3543

Cul 10 mol%
L* 10 mol%
szerCL CH2C|2, r.t.

_— >
45-93% yield
57-95% ee

- oL

p

oSNt

cl > R
Cu-catalyzed AAA
\ fast
_CulLn

syn Sy2' cl

R
/Cu—catalyzed AAA
@..\\CI slow

..................... -

You et. al. Nature 2015, 577, 351.
Sidera et. al. Chem. Commun. 2015, 57, 5044.

O/CI

Type Il DyKAT

"“‘\/R



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT vs. Type Il DyKAT: [3+2] Cycloaddition

[Pd,dbaz]CHCI; 2 mol%  py, (AuCl),Ln 3 mol%

Ph (5,5)-L 6 mol% e : )
X H OMe Ph AgSbFg 3 mol% Ph
e oA PhMe, r.t. QN A ! | X CH,Cly, . He R
) o E ! _ >
A O)/_\—Ar 72;853{;3’::1 /%/ C e : No=C . 62-70% yield oMe
e | 2 93-97% ee
8:1-19:1 dr. | R 0 Me0,C
= -3
0 P(DTBM),
_ _ : 0
/ </, \‘\( ? Ph ! (OMe H Ph R
E = A | Au---4] q
E H Pdin - fast QN A >
\|>ﬁ UE Td > g E Au-catalyzed [3+2] \''OMe
| EW f E R \ fast Meo,C M
(faster) k;y, || (slower) k., i (Au=oMe*
o Tr/nv ( ) inv, 7ype/Dy/647' ! L €
‘ ) ! Type Il DyKAT
P 1
/ A :
£l ’ PdLn ﬂ ___Sj'_‘f‘_"f> QN A i MeO / ———————————— LS H Ph .
i>"o J, X/ O E E Au-- Au-catalyzed [3+2] It o
| L \/\/L _ I £ e Slow ~OMe
' H

Me02c
R

Trost et. al. Angew. Chem., Int. Ed. 2011, 50, 6167. Briones et. al. .. Am. Chem. Soc. 2013, 735, 13314.



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT vs. Type Il DyKAT: Suzuki—Miyaura Coupling Reaction

z, Pd(dba), 5 mol%
O 3 Ar L* 5 mol%
N ,Bso Cs,CO3, dioxane
1 —_—
B

42-98% yield
38-93% ee

L= Ph.Ph

Ros et. al. .. Am. Chem. Soc. 2013, 735, 15730.
Wencel-Delord et. al. Chem. Soc. Rev. 2015, 44, 3418.
Bringmann et. al. Angew. Chem. Int. Ed. 2005, 44, 5384.
Bhat et. a/. .. Am. Chem. Soc. 2013, 735, 168209.

I
OO OTf

A

C

80 °C
slow

PdLn
Oxidative
addition

PdLn
Oxidative
addition

H
Som

(slower) k,',,vﬂ(faster) Kiny

23

N

Reductive
elimination

fast Z\ﬁ

Reductive
0y

elimination
>

Favoured intermediate

Type | DyKAT
(Stoltz and Virgil, 2013)



DYNAMIC KINETIC ASYMMETRIC TRANSFORMATION (DYKAT)

Type | DyKAT vs. Type Il DyKAT: Suzuki—Miyaura Coupling Reaction

7 Pd(dba), 5 mol% Z
O N Ar L* 5 mol% O \?\I
N o B0 Cs,CO4, dioxane 1
B B

oTf b B —_— Ar
OO Ar"TS0TAr 42-98% yield OO
38-93% ee
Z=CHy, N L. ph Ph
On/"0

o' _0
Ph"pp

Ros et. al. .. Am. Chem. Soc. 2013, 735, 15730.
Wencel-Delord et. al. Chem. Soc. Rev. 2015, 44, 3418.
Bringmann et. al. Angew. Chem. Int. Ed. 2005, 44, 5384.
Bhat et. a/. .. Am. Chem. Soc. 2013, 735, 168209.

slow
........................................... -
T
PdLn
Oxidative
addition 7)/pe //Dy/64T
(Fernandez and Lassaletta,
2013)

L o

fast

son Nees




ANY QUESTIONS ?




5.
MISCELLANEOUS REACTIONS




MISCELLANEOUS REACTIONS

Type Il DyKAT Type IV DyKAT

> De-epimerization of diastereomers via rapid equilibration through a prochiral intermediate;
> Overall resolution of enantiomers (type | and Il) versus the resolution of diastereomers (type Ill and IV);

kss: kg

~ ks kg A Pss=--=- Sg Ssp =77 > Pgr

. kss/sr % kss Ksr

ss Asr
A+B
kss/rs Ksr/rr (achiral)
Ars / /\

Krs /R \ kgs: Kgs RR ke

#" Kgs Krr Prs = ---- Sgs Ser = Prr
Prs Prr

kpr Kss Ksp Kps>> kpp:>> Kss, Kspy Kps:

Kss/sr Ksr/rr Krs/rpr Kssyrs >> kg >> Kss, Ksp, Kps

>
X
=



MISCELLANEOUS REACTIONS

Type lll DyKAT: 1,3-Diacetate Synthesis

Type lll, or Matched-Matched-Type I?

CALB = Candida antarctica ljpase B

Edin et. al. Proc. Natl. Acad. Sci. USA.

2004, 101,5761.
Steinreiber et. al. Chem. Eur. J.
2008, 74, 8060.

synacyl-
OH O migration
: - : OH OAc
QH OAc lipase k., Ph/\)]\ Kiny2 lipase /-\/-\ fast
Ph acyl donor acyl donor ph p
p . slow f N fast/ Prr
RS . OH OH fast  OH OH
k/’nva Ph Ph/\/\ k/nv3 k/nv9
f Ags Arr W fast
O OH 0 OAc
O OH Ru-catalyzed A :
Ph)j\/'\ fast inversion fast J Ph
k,-,,,,;& OH OH OH OH < . fast
Ph Ph Kinv10
Ass fast Asr tiacvl
antiacyl-
OH OAc # lipase K )O\H)OI\J lipase X oH oac  Migration
acyldonor | py P acyl donor - slow
Ph slow inve iv5  fast | Ph ) Ph
Pss Psr

OAc OH
h/\/\

lipase
acyl donor
fast

OAc OAc
Ph™ "

OAc OH




MISCELLANEOUS REACTIONS

Type IV DyKAT: Enantioselective DHF Synthesis

Type IV, or Type II?

Re-face

[Pd] approach O‘X

X slaw \/[Pd]

W,
: E E = O 0
H
<= E
(o] =z A+B

E/% % E: Hoho Eg \ o

S E E
R H)J\u (_X‘ R’ Ss

H

E

N* X
X __ R i “ o /
20 )l)\ " \ X Q‘X H* \j / Racemization
E R H+ N = E 4, H
Z "H E
R EE 1, H,0 R
S
PH [Pd]|q+\,x atPalN x/ & SR
R 2 _— ?/J\H [Pd]
EE > H Si-face E— J
R

approach
fast

Lin et. al. Chem. - Eur. J. 2010, 76, 13930.
Zhao et. al. Chem. - Eur. J. 2010, 76, 1585.
Afewerki et. al. ACS Catal. 2015, 5, 126.



MISCELLANEOUS REACTIONS

Undefined Enantioconvergent Process (ECP) Cyclic De-racemization (CycD)

Hantzsch ester

HO -~ OH Phosphoric acid cat. Hantzsch ester =
A. Niger 32 g/L O)— ©/"§/OH 10 mol% 0 0
PhMe, r.t. A N
0
23%,96% ee 54%, 51% ee N >08%, 98% ee m |':l|
) Reductant
Combined enzymes - OH solil phase

0] -
8 g each/L
<j/u g_/» ©A/OH 92%, 89% ee

B. Sulphrescens

8g/L
aqueous

phase Oxidant

H/ (6] 3 OH

19%, 98% ee 47%, 83% ee

Pedragosa-Moreau et. al. J. Org. Chem. 1993, 58, 5533. Toste et al. /. Am. Chem.Soc. 2013, 735, 14090.



MISCELLANEOUS REACTIONS

Dynamic Substrate Directed Resolution (DSDRs)
Enantioselective Lactam Synthesis

Fe(CO); (0C)5Fe
eto,c A co, C6H60 3 “
N N 350 nm, 85 °C EtO,C T,
1
Bn” “N”0
PMB Bn

EtO,C Et0,C CO,Et
0C);Fe
K\\Bn (0C); X K‘\Bn 350 nm Bn%/(@Fe(COh
2%

@YNPMB = O\WNPMB ~ PMBN
pi-facial X ® ——©® DKkRelement

o 0 equilibration
co o Type | DyKAT element
0C);Fe, EtO,C 350 nm 350 nm
(0 I\\ L CO,Et Fe(co).——. PKR element
3 3
Al ?\ /(/) | i) sat. CuCl, in EtOH COzEt
o} EtO, c co Bn 83% yield :
PMB \ CO,Et ) 350 nm PMBNY, :
S SRRTEEEEES ,Fe }"“ "l Fe R o Bn F
slow 7 < ast ot i) Pd/C, Hy, MeOH  pppn—
Proton -IBn Hu. H Proton N 2""Fe(CO), 88% yield
transfer Bn N" "o transfer : A 94% ee
“Bn “olls PMB % |
O" Pms Disfavoured PMBN”%O

Pearson et. al. J. Org. Chem. 2007, 72, 2547.
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