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cyclic deracemization

K. Faber et al., Chem. Eur. J. 2001, 7, 5004-5010
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energy

] |
thermodynamic = lnput
AH=0,AS<0,AG>0 &g

chiral
catalyst /

N,
- prochiral
microscopic reversibility ‘ intermEdiate

K. Faber et al., Chem. Eur. J. 2001, 7, 5004-5010



Ru(PPh3)4H; (2 mol%) [Ir(cod)CI], (1.0 mol%) ' No O PPh :
(R)-BINAP (2 mol%) NH (R)-SynPhos (2.2 mol%) @O“H ' 2,
OH (R,R)-DPEN (2 mol%) o H, (10 bar) OH . o)
> e

NBS (1.5 equiv.) H PPh, '
Ph” “Me cyclohexanone (2 equiv.) Ph)LMe 45°C,16 h Ph/'\Me Ph Na,CO; (0.55 equiv.) Ph E O
THF, 60 °C,4 h 74% o DCE, H, (500 psi), 30 °C, 24 h 93%, 98% ee :._(I_?)-S_yn!’_h??_‘,-
M. J. Williams Group Y. G. Zhou Group
Chem. Commun. J. Am. Chem. Soc.
2005, 5578-5579 2015, 137, 10496-10499
F. D. Toste Group L. Liu Group
J. Am. Chem. Soc. Angew. Chem. Int. Ed.
2013, 135, 14090-14093 2017, 56, 5116-5120

oxopiperidinium (1.5 equiv.) R
Hantzsch ester (1.55 equiv.)

CPA (10 mol%)
HCI (1 equiv.) - .
_— "
N n-Hexane/Et,0/H,0 = 9:1:10 (0.025 M) N
H H

92%, 94% ee

ar
1) DDQ (1.05 equiv.) O
MeOH (3 equiv.) o 0
2) Hantzsch ester (1.4 equiv.)'
cat (5 mol%)

OMe OMe
93%, 93% ee
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Fluorescence Spectroscopy

Jablonski Energy Diagram

Singlet excited states Triplet excited state
T3 Internal Vibrational
T3 1 conversion relaxation
i ! /
S|4 )
T 7 [T T ) Imcrs_\'\lcm
_+‘r _"j"’ 3 ") cr‘;\ung
! /
s, . ' /
Y A T,
¢ ¥
¢ !
N\ P nd
. / PP
0 FEr
5 ) Ferd
- Internal [
aiid LI
Absorption Fluorescence ) ) ~" Phosphorescence
F external ‘\\ Frrr
*, conversion ) | I B
o e . o -
SRR Alternate mechanism for driving reactions out of
i/ 3 L1114 equilibrium without requiring substrate excitation
- Vihr:lliun:ll_—f——-f—f—L—
S, Y = relaxation —3=4-1
. ! | = © ' [
Ground T | Y [ 1
state As A )"r A As Ay

© 2007 Thomacn Higher Education
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hv (A > 280 nm)

Ph,,lvPh cat(34mo|%), Phh,v‘\Ph + Ph,,,vPh

Benzene
7723
3% ee
G. Roussi Group
J. Am. Chem. Soc.
1973, 95, 8472-8474
R. G. Weiss Group
J. Am. Chem. Soc.
1973, 95, 6482-6484
Me hv (A =254 nm) H
cat (1.25 equiv.) 4:\
e K —_— e .
M \f H CgHyg, 0°C " Y
H H

/—R /\HR : NH ‘
(r- cat (2.5mol%) R o o |
= i N |

oz (L <9

H [o} ¢ =10 mM, MeCN H o ! O S ‘
cat :

89%-97% ee

T. Bach Group
Nature
2018, 564, 240-243
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Jl enTigizise

& (2.5 mol%)

hv(r= 420nm)t 4h
¢ =10 mM, MeCN H

IZ
O

rac-1

H H H
N o] N [o] N o]
H H H

89%, 96% ee

56%, 90% ee 92%,

78%, 95% ee

cu=3

89% ee 87%,

T. Bach et al., Nature 2018, 564, 240-243

quant., 93% ee

92% ee

CI

\\t 0O--H-N t Kd,m =32 L/mol

'/
N—H--O

Iz

o

OT.-H—N?__f
e
H
N
JHON

NN ;
0 o

Z

Kent.1 = 84 Limol

\\K*:'IS L/mol



Jl enTigizise

R
; %gi(zsmol% o
\»:f hv(\.=420nm),t=8h HN\)\:f

c =10 mM, -40 °C, MeCN

\/ _/—cozEt /
o S S s
SN e WA
HN HN\)tf HN&f
92%, 98% ee 60%, 90% ee 72%, 91% ee

%SE @smors) QS

=
hv (A =420 nm) t=8h HN\»:f

c =10 mM, -40 °C, MeCN

ﬁ 2.5 mol% o S
. X o Pr
hv(r =420 nm),t=8h HN
c =10 mM, -40 °C, MeCN

87%, 62% ee
T. Bach et al., Angew. Chem. Int. Ed. 2020, 59, 12785-12788
T. Bach et al., J. Am. Chem. Soc. 2021, 143, 11209-11217
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Jl enTigizise

NH
° o)
1 R N 1 R
R o @5mol%) R >

hv(L=420 nm),t=7h

NH, -10 °C, PhCF; NH,
rac-2 2
CF;
L /‘ ) [ /"' S
0“7 "NH, 07 “NH,
07 "NH,
91%, 85% ee quant., 93% ee 89%, 90% ee
CF; CF;
P O
el S S
FH FH
O0“ "NH,
0“7 "NH, 07 "NH,

87%, 76% ee

quant., 70% ee

83%, 72% ee

T. Bachetal., J. Am. Chem. Soc. 2021, 143, 11209-11217

K, = 18 Limol pc-2
1= mo K, = 25.7 Limol

PC-ent-1 PC-ent-2
Kent.1 = 84 LImol

] 0O--H-N . HN—H----O
4 / \ \
N—H--0 . 0O---H—HN

Kgim = 32 Limol Kaim = 27 L/mol

13
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PC-ent-2 H N

T. Bach etal., J. Am. Chem. Soc. 2021, 143, 11209-11217
T. Bach etal., J. Am. Chem. Soc. 2022, 144, 10133-10138

ﬁ ” (2 mol%)

hv(r= 4mnm)t 46h

0 0°C,c=10 mM o
rac-3 3
( 2 O ) ( 2 O / ( 2 O /
w'Bu -IS|—©—‘BU 11Si-'Bu
HN HN \ HN \
o o

quant., 82% ee

76%, 94% ee

82%, 92% ee

72%, 93% ee

73%, 92% ee
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Jl enTigizise

o
NS D
‘0 S

(10 mol%)
/\N—H H
@(\% : iseay
= _9E O
BnO N0 hv (A =420 nm), -25 °C, PhCF4 no N o

5,91%, 55% ee

rac-5

‘\)ﬁ‘ (50 mol%)
m‘% hv () = 420 nm), r.t., PhCF3

5,99% ee

M

rac-5, quant.

T. Bach et al., Angew. Chem. Int. Ed. 2019, 58, 3538-3541

4 under standard condition

A) 80
60
R ‘_, -~ =
S 401
o o
20 /
fj
ol : : : .
0 30 60 90 120
t/ min
B) 80
604
B‘Q -) - w | ]
‘&,; 40+ f_!‘
!
2044
f
0 : . . .
0 30 60 90 120
t/ min

rac-5 under standard condition
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H H
nO N o
H

BnO N” ™0
H

ent-5

1LK5 = 253 mollL 1 L Kent.5 = 2300 mol/L

T. Bach et al., Angew. Chem. Int. Ed. 2019, 58, 3538-3541
T. Bach et al., Angew. Chem. Int. Ed. 2020, 59, 21640-21647

Cl
Cl
plperylene
o hv(k 405 nm) X— lo) hv(x 350 nm)
H 25°C, MeCN, t 25 °C, MeCN, t

rac-6

100% o & &
80| "

60
40
20
0-,

ee (%)

0 4 6
t (h)

B with thioxanthen-9-one
@ without thioxanthen-9-one

rac-6
Orsses o 44,
j L) .
80 . (.
;'360- .
3 40/ -
L
20 -
;) TSN PR
0 2 4 6 8 10 12 14
t(h)

@ with piperylene (c = 15 mM)
A with piperylene (c = 30 mM)
H without piperylene
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NH
(o] o (10 mol%)

Cl )

;
y

Cl
[¢]]
S » R &
(o] hv (A =420 nm), 2-4 h (o} d =353 pm
N o N
N 25 °C, PhCF, N
Cl Cl Cl
I cl =
F = Kent.s = 250 = 20 mol/L Kg =93 =16 mol/L
(o)
N
H

c ci
N F3CO &
o o
N N
H

H

83%, 65% ee 65%, 70% ee 84%, 53% ee
NH
o o (10 mol%) cl
R N R cl
R oLl ) R >
o‘ o . > 3
> o
o hv()=366nm),3h o N
N o N H
N 25°C, PhCF, N
cl
Bn cl o ~~Cl
Bn o
)
F.co  Sh A\ F & N
o o N H
N
N
H N H

82%, 70% ee 95%, 65% ee 91%, 82% ee

T. Bach et al., Angew. Chem. Int. Ed. 2020, 59, 21640-21647
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cl Cl
“‘-H-N—
—H-.g=

Sf

e o)
o~ o o (o -
H:;HJ%Q N—H--od€c|

T. Bach et al., Angew. Chem. Int. Ed. 2020, 59, 21640-21647

Cl
& —Cl

Iz

ent-6

Cl
Cl

Cl
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(o} o]
Ph amine/HNTf, (10 mol%), Ir(ppy); (0.5 mol%)‘ Ph
HJS/ 1 h, up to 86% yield, 96% ee - “)kr
rac-7 emmmmmm s emssmsssaee——— 7

Oy, ,.H O, .H

N Ir(ppy)s hv N
H&( < HOX
Ph

5
)

M
o o o OMe (o]
H H o H H
OBn

73%, 94% ee 78%, 91% ee 73%, 66% ee 85%, 80% ee
o Bn
o — (o} Z "N o OM
) | 0 N €
NS N H
H H Cl H o
H
70%, 86% ee 86%, 77% ee 85%, 77% ee 63%, 93/7 dr

S. Z. Luo et al., Science 2022, 375, 869-874

Photocatalyst Ep (kcallmol)  E;,PC*PC (V) ee (%)
Thioxanthone 64.4 +1.18 64
Ir(dFCF3ppy),dtbbpyPFg 61.8 +1.21 73
Ir(ppy)3 58.1 +0.31 94
Ir(pCF3-ppy)s 56.4 +0.59 93
2,4,6-triphenylpyrylium 53.0 +2.02 18
Ru(bpy);Cly6H,0 46.5 +0.77 39
(E)-enamine 54.2 +0.73 -
Deracemization curve
100 4
L L ] - .
L ] . .
80 - o = . ., .
= & . -
E &0
5] )
= Yield
E 404 . ee
=
20 4
0 T T LJ T T T
0 20 40 60 80 100 120
Time (min)
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| EnTigrE

o o
Ph amine/HNTf, (10 mol%), Ir(ppy); (0.5 mol%)‘ Ph
“J}/ 1 h, up to 86% yield, 96% ee - "'J\{
rac-7 R LR EEEEEEE . 7
: j\/\N/\ amine E
L NH, K :
. .H
Ay Ir(ppy)s hv Sy
HTN HN
Ph

S. Z. Luo et al., Science 2022, 375, 869-874

Conversion (%)

Conversion (%)

ent-7 & amine/HNTf,

7 & amine/HNTf,

50 o . " om = 104 .
- - -
4 L
o F o ]
4 -' g_ L]
ad = £ 6 .
: = E-enamine E ° e . ™ = -
1= e Z-enamine g
204 ! E 1 'f .
{= © r) = [F-enamine
10-: 2] ’ s Z-enamine
M
0 —_— . r . a 0+E— T T v T T T
0 50 100 150 200 250 (] 50 100 150 200 250
Time (min) Time (min)
rac-7 & amine/HNTf, E/Z isomerization with light
354 30
. " . -
™ -
304 L] 25 -
- -. *
254 = & 204 = wfo PARCOOH
- = =  E-enamine ] s with PhCOOH
204 - ¢ Z-enamine
- N 154
= o
w
15+ - i 9
10--’ " .
¥ ol . Ll . . .
5 1 L L] [ ] L] L] " [ ]
[P
et s L L] L] L ] L] L
B e L A — — 1 T T T T — 1
0 100 200 300 400 500 600 700 800 0 2 4 6 8 10 12
Time (min) Time (min)
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| entizizsme

A

3
£
=
(3]
£33
>
2
[
i=
w
[
o
w ent-7 (S)-amine
H
Bu |/
NN
A Y
H H--o

S. Z. Luo et al., Science 2022, 375, 869-874

H H H

/hN H Bu C\ /;!‘ H

-H’ ,Bu JiCPn H_ - oM’ .
P OA /[=0/H

e

e : H)Q(Ph
HJ\./ : (2)-Enami
H H -Enamine
Bh 0 et
\ (R)-Imine
0
Ph 4+ ﬂ\‘/\N/\
NH2
(E)-Enamine 7 (S)-Imine

T8-2(8-2) T8-3 (R-2) T5-4 (R-E)

21
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SETiIi=ZXiHIE

. -+ .
o [Ir] (2 mol%) o H
Me JL _Ph  phosphate (10 mol%) '
TNTON PhSH (10 mol%) Me‘N)LN‘Ph '
i THF, blue LEDs, 25 °C Me PFq
Me” “Me Me :
\ (o] :
we L _pn 98%, 50:50 er (4 h)
SNT N7 99%, 53:47 er (16 h) !
Me ‘
med . [Ir(dF(CF3)ppy)2(bpy)]PFg phosphate
0,
o [If] (2 mol%) o o . [ir] (2 mol-/o) . o
J]\ chiral phosphate (10 mol%) J]\ J]\ NBu,"(PhO),P(0)0" (10 mol%) JL
ME\N NfP PhSH (10 mol%) Me\N N—Ph ME\N NfPh PhSH (10 mol%) - ME\N N’Ph
Me THF, blue LEDs, 25°C,16 h Me Me THF, blue LEDs, 25°C, 31 h Me
Me Me Me Me
L 99%, 60:40 er >99:1 er 85%, 50:50 er )
g
(o]
R-0
o] o] 0% ). i o]
B-0
- J]\*“ HO™ % .
Me\NJj\N,Ph electron trasnfer Me~y” NN-Ph M ) Me\NJ]\N,Ph
“ipr ipf H fast o PhS=H PhS- “ipr
+ enantioselective )j\
@ “w hy proton transfer Me<p~N\-Ph _h‘_>
1 fop oo o | e R
; enantioselective
+ 'Pr
Me~N~"N-Ph charge recombination Me~N~"SN-Ph / Me~N“"N-Ph

Sy

Pr

L

Pr

I I:J:

Pr

R. R. Knowles et al., J. Am. Chem. Soc. 2015, 137, 13492-13495
S. J. Miller & R. R. Knowles et al., Science 2019, 366, 364-369

23



[l serisremne

[Ir(dF(CF3)ppy)2(bpy)IPFg (2 mol%)

JOL Base (5 mol%)
2 R-SH (5 mol%)
— R3 Ph;CH (25 mol%), MS
R’ THF, blue LEDs, 35 °C, 24 h

o o
[o] [o]
wdy Qg e O g
—/ -Me —/ -Me
L N H

99%, 95:5 er 92%, 94:6 er
”‘NJL ’Q\A JL ’@\)(
,,’ N—Me g\ \—[" N—Me
99%, 92:8 er 99%, 95:5 er
¢ S, -y & he
96%, 93:7 er 95%, 94:6 er

S. J. Miller & R. R. Knowles et al., Science 2019, 366, 364-369

[0}
ey KA g
/ N-Me
7 H
Y

98%, 95:5 er

9%, 93:7 er
X
Me\N N
—/
7 (o)

94%, 90:10 er

24
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*+

Free Energy (kcal/mol)

S. J. Miller & R. R. Knowles et al.,

(R)- ':‘./k}’_l"Pr

Base R-SH
PT

ET

PCET

s P &

: AN (R-, i

: @ Base R-SH Pr .)(A’Pr
o b @ Base-H R-SH )

5 @ Base-H R-S

: back ET 4

0 :
D.. : N
N

i Ao

Base R-SH

*NBu, L(\:

NHBoc

E (R)-
' H

.'.)‘”‘Pr

: + -
NMe, :
R-SH H

........................................................

Science 2019, 366, 364-369

R-SH
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o A-Rhind (4.0 mol%)
Base (2 equiv.)
acetone, CaSO, (5% mIv)
blue LEDs, 24 h

Me
97%, 96% ee

o

94%, 91% ee

96%, 86% ee 83%, 87% ee 95%,
O g Y T
: e | PFs !
H ] § 6:
PN FQ_ B :
i Ph i N‘N/ C,Me :
: I - :
{ Base [ ! | N7 :

E O | \Nsc E
: NN “Me
H A-Rhind :

S. M. Chen & E. Meggers et al., J. Am. Chem. Soc. 2021, 143, 13393-13400

[0}
Py
93%, 95% ee

O)HN/HBOC

92% ee

R 1
R
PNy e
R? R2
[Rh]*
[Rh]Z, Rh]*
Fl~o [\ 12
N R’
I N
— R?
stereoselective
H* transfer h
14
H* donor
[Rh]:
HAT acceptor \ |o

N R’

| N

Z R?

()
|
Ph

electron donor

26



SETiIi=ZXiHIE

Retaining deuteration at chiral center

o A-Rhind (4.0 mol%) 0
)l\;(Ph PhNCsHi (Bequiv) o )J\rph
Py acetonitrile, CaSO, (5% miv) Py
D Me blue LEDs, 12 h Me
97% D 40% D
96%, 95% ee

Introduction of deuteration at chiral center
o A-Rhind (4.0 mol%) o

. )J\rph PhNC;H,, (3 equiv.) - )l\<Ph
y D,0 (1 equiv.) Py

Me acetone, blue LEDs, 30 h D Me
30% D
85%, 82% ee

4,

Reaction with deuterated amine & solvent
D>(j<f’
D r;l D
o] Ph 0
Ph A-Rhind (4.0 mol%) Ph
Py Py
Me Me

0% D
96%, 96% ee

(3 equiv.)

Y

CaS0, (5% mlv)
acetone-dg, blue LEDs, 24 h

Photoderacemization with Ph;N as base

I'i’h
N iv.
ph N Ph (3 equiv.)
o o
)j\rph A-RhInd (4.0 mol%) )j\rph
Py = Py
CaS0, (5% mliv)

Me
93%, 85% ee

acetone, blue LEDs, 24 h

Hantzsch ester as alternative reducing agent

‘Bu0,C CO,'Bu
H (2 equiv.)
N

Deprotonation/asymmetric protonation sequence

Cl
+ Ph” “H
0 H OH [RhI _ 0
Ph A-Rhind (4.0 mol%) - Ph }\l | Ph DBU h (5 equiv.) Jj\/Ph
Py 0 = Py Ll
CaS0, (5% m/v) | CH,Cl, bpy H
Me acetone, blue LEDs, 24 h Me Z Me Me
94% 96%, 50% ee
Basic thermal versus photochemical conditions
o A-RhInd (4.0 mol%) fo) A-Rhind (4.0 mol%) lo)
Ph DBU (excess or cat) Ph PhNCsHyo (3 equiv) Jj\/Ph
Py CaS0, (5% miv) Py CaS0, (5% miv) Py” Y
Me acetone, no light, 24 h Me acetone, blue LEDs, 24 h Me
rac 96% ee 93%, 94% ee

S. M. Chen & E. Meggers et al., J. Am. Chem. Soc. 2021, 143, 13393-13400

27
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\ O
N
Ph 59.0
= . (8)-°TS,
£ (8)-31
=
] A
> h +
> . .
S . N o) o
) . + ISC AN
B ) () O
i 5 N H’NPh Y N PyJJ\_,Ph Py Ph
8 : x Ph 164 B
i : 3, i K )
2.9
—0 PT - 0
()1 (Rl (8)-11
+ + [
,’I' "y I,,l' 1/ ’I:, ,' o

Rh

| NS .

N \Z
(S)- 1| (S)-31 (S)- 2||

\ N
3 N
N\
£ 0> 7 R = Bu
more favorable r—rr stacking (R)-

less steric clash more steric clash due to strong 11 stacking

S. M. Chen & E. Meggers et al., J. Am. Chem. Soc. 2021, 143, 13393-13400 28

less favorable i stacking pro-R face more accessible



SETiIi=ZXiHIE

o DPZ (0.5 mol%) o : a
PMPHN CPA (20mol%) _ pMPHN, - meo— N. CN
OR 3 Wblue LED, Ar,5h OR | | \]: DPZ
Ph Ph : s 2
! N CN
rac-8 8 : MeO \ |
+o ; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
NHAr . NHAr \ !
OR! ———— OR 3
Ny ® |
o o 3
[PCI- |
NHAr : CPA
R! ;
“y° s
o 1

*[pc] e

NHAr NHAr
A _OR' ___*H" OR!
Ny -
Cat
[0} (o]
enantioselective
hv

Z.Y.lJiang et al., Angew. Chem. Int. Ed. 2022, 61, €202211241

reaction with racemic substrate

o]
PMPHN DPZ (0.5 mol%)
OPh ent-CPA (20 mol%)
Me CH,Cl,, -30 °C
3 W blue LED, Ar, 30 h
o]
PMPHN DPZ (0.5 mol%)
OPh ent-CPA (20 mol%)
Me D,0 (20 equiv.)
CH,Cl,, -30 °C

3 W blue LED, Ar, 30 h

OMe
MeO.
DPZ (4.0 mol%)
~ NH ent-CPA (20 mol%) _
A OMO o-xylene, 25 °C
o OPh 2 x 3 W blue LEDs, Ar
Me
rac

95% de
reaction with chiral substrate

DPZ (0.5 mol%)

)
PMPHN
)" OPh  ent.CPA (20 mol%)

Me CH,Cl,, -30 °C
3 W blue LED, Ar, 30 h

PMPHN oPh

Me

93%, 95% ee

I20

OPh

95%, 97% ee
>95% D

Me!

-

OMe
NH
Y
o OPh
Me

95%, 95% de
92%, 95% de

o
PMPHN
OPh

Me

90%, 93% ee

29
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Free Energy (kcal/mol)

Z.Y.lJiang et al., Angew. Chem. Int. Ed. 2022, 61, €202211241

CPA-(S)-8
15.6

CPA-(R)-8
15.9

N-H"'Tl'i CtH"‘TT
TS-S (Favored)

30
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o o
(] Al Salen ]
z _— B
hv
rac-10 10

e’
Vel

\ﬂ(

<§.

AN

Ultraviolet-visible spectroscopy

Absorption

Reaction monitoring

Temperature effects

1.6 — rac-10 s 100 ] ] .
— Al-Salen = 80 " 34 -
12 @ = e :
< 60 ® ee _ 28
c
0.8 8 M 10 S o9 B ™
g Aent10 = e "
0.4 = A 16 m -
T 20
0 g : 10
: T . : . 0 4 . N 04 : . .
220 290 360 430 500 0 60 120 180 240 0.0033  0.0038  0.0043  0.0048
i (nm) t (min) 1T (K
o Al-Salen (10 mol%) o (TTTTTTmmTmmmmmmsommemmsomsoonooooes \
Ph "Bu,NCI (1.5 equiv.) Ph : }
Ph=% Ph Acetone, -70 °C, 4.5 h Ph=—=< Ph 3 \ :
hv (» =400 nm), 3 AMS | =N, N= ;
8y o"'\l\o By |
Entry light cat mMSs yield (%) er : cl :
: t t ‘
1 x N quant. 50:50 : B Bu '
2 x Y quant. 50:50 1 Al-Salen ‘
3 N x 2 72:28

J. Neugebauer & R. Gilmour et al., Nature 2023, https://doi.org/10.1038/s41586-023-06407-8
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|| HaTiEiEsHEL

(o]

4

N-H (5 mol%)
H 9 N g R O
A e 2
-0 O

o N
hv (A =366 nm) HNs«
rt, t=13h, PhCF; o)
rac-11 11
c=10 mM
(o]
Y Il"r«
HN\\( _© HN~\( _Q HN\«"_Q
(o}
quant., 95% ee 86%, 93% ee 87%, 83% ee
c=25mM
7 F3c\/\>’ 7 9
>k A " A
N N ’
HN~‘( _Q HN\« _Q F HN N_©
o (o] \‘(
97%, 96% ee 88%, 92% ee 76%, 91% ee

T.Bachetal., J. Am. Chem. Soc. 2021, 143, 21241-21245

C. Bannwarth, P. Nuernberger & T. Bach et al., J. Am. Chem. Soc. 2023, 145, 2354-2363
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