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1. Introduction

Photoreaction is a powerful approach to the chemical synthesis that cannot be replaced by thermal reactions.
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photopericyclic reactions
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HO HO

There has been, however, very limited success in developing asymmetric catalytic photoreactions, mainly
because of the low-barrier, very rapid process that proceed from short-lived electronic excited states.

— A chiral catalyst has to have a high ability to bias and organize the molecular architecture of fleetingly
excited state of photoreactions.
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v How can the asymmetric reactions be achieved?

cat *ﬂ
Chiral reagent (+)-cat, which is electronically inert,

(+ }cat'A cat / (+)-cat-(+)-P gives an environment where the photoreaction

(A) \' H proceeds enantioselectively.
A ,W~A*\~(i (+)-P
(+)-P
(+)-cat-(+)-P B
X Chiral reagent (+)-cat is involved in the photo-
(B) . activation step of the substrate A to produce (+)-
(+)-cat (+)-cat-A cat-A*, which subsequently reacts with B to
produce a chiral product (+)-P.
A alone isn't photoactivated.
A (+)-cat-A — hv
(+)-P
+ ’\ -
(+)-cat = )-cat-(+)-P Association of (+)-cat with the substrate A
(C) changes the electronic properties , facilitating a
reaction with the photoactivated B*.
B* ,,_ B B* doesn't react with A alone.

(+)-cat-A

An efficient catalyst must not cause the background or side reactions:
what is necessary is the situation where no reaction proceed without the catalyst, and
in the presence of the catalyst the desired reaction then proceeds.

— The catalysts categorized as type (B) or (C) seem to be promising .
(Racemizing backgroun reactions are problematic with type (A) catalysts.)
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2. Asymmetric Photoreactions
2-1. Chiral Template

Thorsten Bach's strategy

"shiald"
prochiral /
lactam ~. IﬁL * The "shield" hinders the substrate from
'\N,m coming from the "shielded" side.
/ e N
1 M
hydrogen Oy -
bonds _ q/
g ™ rigid
backbone -
Oﬁ,O
CO,H H Y R is mainlyl < Wor
HO,C — > g_%:@:)
CO,H ~
Kemp’'s triacid How to synthesize these: T. Bach Synthesis, 2001, 1395.
T. Bach JACS, 1999, 121, 10650. o
0 N
H
R
o. Ro
o N o)
Me 1. NaOH (DMSO) ' hv, |
R/ 2. SOCl,; ArOH, o~ N 4
O N _o Et;N, DMAP (THF) 3
> g
O RO o

J@n;
1aR=H o=,
1b R = Me , o 'N ©

o RO o

Table 1. Photocycloaddition of the Chiral Amides 2 and the
Dihydropyridone 3 5
entry aldehyde solvent” temp. [*C] oxetane yield [%] dr" (4/5)

1 la MeCN 65 4a/Sa 56 50/50 . .

2 2a  MeCN 30 4a/5a ¢ 50/50 * 90% ee is obtained (entry 5).

3 2a henzene 30 4a/5a 62 83/17 ® |n entry 6 the ee is 0%, which indicates the

4 2a benzene 30 4a/5a 50 89/11 two H-bonings between 2 and 3 are essential
G 2a toluene 10 da/5a 56 95/5 ) for this asymmetric reaction.

6 2b benzene 30 4b/5bh 50 o000 o

“ The reaction was conducted at 65 °C and 30 °C in a merry-go- { q

cos NRCOR NRCCR H

round apparatus Rayonet RPR-100 (4 = 300 nm; light source: Rayonet
RPR 3000) and at —10 °C in an immerison apparatus (Duran filter; ]#3

light source: Original Hanau TQ 150). * The diastereomeric ratio of - o H o H O . NRCOR'
oxetanes in the crude product was determined by integration of 8:-,,.4 H ph-h“ Ph H\

appropriate '"H NMR signals. ¢ The yield of isolated product was not A B c
determined in this case. ¥ An excess of the chiral aldehyde 2a was
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T. Bach Org. Lett., 2001, 3, 601.

X =H
CpH, hv L =
Chiral Host (1.2 eq) NH g NH

o) o)
Ho _N
0
H
X = OR 0

1aX=H _Ni H

1b X = OMe Chiral Host (1.5 eq) A Chiral Host

1c X = OBn \ y,
hvy,

A Chiral host (1 2 eq) -
I NH High yields (total 76%) and high ees
H o - 50 °C, toluene (> 80%) are obtained.

(only one example for an intermolecular

35% 41% reaction)
87% ee 84% ee
X hv, H H
Chiral host (1.5 eq) X o X - 0
B - Tf, + ILf,
toluene [ -
N O H A
6 ent-6

Table 1. Electrocyelic [47]-Ring Closure of Pyridones 1 in the .
Presence of the Chiral Lactam 2 (cf. Scheme 2) Poor ees are obtained (max 23%);
according to Bach, it's probably because

i i ¥ 1] .'I + el - - - -
 Hmen temp I a) the steric differences of the two cyclization mode
entry '|1_§,-'r'id|3n(' X (h) (*C) '|‘1r't||||,|t.'1 (%5) (%) are marginally or
H

1 la H 1 30 Ga 18 10 b) the transition states are located very early on the

2 1b OMe 25 30 6b 75 17 reaction coordinate.

3 b Ohe 96 20 Gb 44 20

4 Ic OBn 3.5 30 Gc 75 19

5 lc OBn 96 —20 [iTe 51 23

" Time after which the irradiation was stopped. * Irradiation temperature
Irradiation source: Original Hanau T 150, © The ee values {ee = [(+])-6

[—lent-6)/[(+)6 + (—)eni-6]} were determined by chiral HPLC

{column, chiracel OD; eluent, n-hexane/2-propanol 92/8).
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0" \F  Chiral host (2.6 eq)

hv
N :
-60 °C, PhMe
H o 77%
93% ee

0o NNNF Chiral host (2.6 eq)

hv

A >

-60 °C, PhMe
o 87%
>90% ee

A

OMe Chiral host (2.4 eq)
hv

r
-60 °C, PhMe
29 ~ 89%
~>95/5dr
81 ~98% ee

Cyclization
Annulation
Full paper

=z

=z

Chiral Host

Iz

: T. Bach ACIE, 2000, 39, 2302.
: T. Bach JACS, 2000, 122, 11525.
: T. Bach JACS, 2002, 124, 7982.

This Bach's Chiral templates enable highly efficient enantioselective photoreactions,
but there are some disadvantages:

1.

— To overcome these problems, another strategies are necessary.

the stoichiometric use of the chiral hosts

In this system ee cannot exceed the amount of the chiral host.

. limited substrate scope
a) The substrates have to contain cyclic amide structure.

b) The reaction site has to be close to the cyclic amide enough to be "shielded".

- 5/22 -

. The reaction temperature has to be low enough for the H-bonds to facilitate the
tight binding between the substrate and the host.




2-2. Chiral Catalyst Involved in Photoactivation

e Thorsten Bach's strategy 1

4 \
8 (0] i
H |:> H ! i The "shield" plays another
NON NON role of photosensitization.
%t%l ;
Chiral Host Chiral Sensitizer
. J
*
O )
O This initiates some
O h photoreactions.
14 O
H
N 00/ N Ho _N
(o)

Substrates have to be close to the catalyst to be activated by the photoexited chiral sensitizer.
— It is possible that asymmetric photoreaction is achieved under catalytic amount of the catalyst.

T. Bach Nature, 2005, 436, 1139.

(>

N hv, (> 300 nm)
PET cat.
r AN +
X -60 °C, PhMe
N™ "0
NS0 H
H 2 ent-2
1
Table 1 | Enantioselective catalytic PET reactions of substrate 1 (see
70% ee is obtained with a catalytic Figs 1and 2)
amount of the catalyst 4. Entry no Catalyst Equiv®  Time(h)  Product erf  eel(%) Yields (%)
1 3 0.1 35 2/ent-2  50/50 — 7
2 4 0.05 & 2 &0/40 20 &l
3 4 0.1 25 2 69/31 38 55
4 ent-4 0.1 3 ent-2 /69 38 52
5 4 0.2 2 2 77/23 54 57
(g 4 0.3 1 2 8515 70 D)
7 3/5 01712 2 ent-2  14/86 72 39

* The reactions were carried out in deaerated toluene as the saolvent at —&0°C (irradiation
source: Orginal Hanau TQ 1503 and with 2 substrate concentration of 4 mM {see
Supplementary Information page 51 51

t The enantiomeric ratio (e.r.) was determined by H-MMR shift experiments (see
Supplementary Information page 51 93",

t The enantiomeric excess (e.e ) was calculated from the &r, based on the uncertainty of the
TH-MMR integration, the variance of e.e. data are estimated as +2%.

SYield of isolated product,

[[ & staichiometric amount (1.2 equiv.) of the chiral complexing agent 5 was added 1o the
reaction mixture
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( N\

Z S Z o@& Z > .
N N N
O -H
— — —_—
N S N
N™ "0 N O N° "0
H H L H )
facial differentiation step
You can control the photosensitizing ability by exchanging the benzophenone unit for other ones.
T. Bach ACIE, 2009, 48, 6640.
O/\k hv (A = 366 nm) - o
cat. 0O.. (0]
N X —_— > H o+ H + + H
N -25 °C, PhCF; N0 N o N o
H H H H
1 2 ent-2 ent-3

Table 1: Intramolecular [24-2] photocycloaddition of substrate 1 to form products 2 and 3 (Scheme 1):
Influence of catalysts an canversion and enantioselectivity.

Entry  Catalyst  Mol%™  t[h]  Conw [26]™  Yield [34]™ e ke (2) (3] ee (3) [
1 - 1 14 86,14

2 4 0 1 57 90 75/25 39 17

3 5 01 64 90 78/22 92 90

4 5 0 2 73 89 7723 91 91

5 5 0 4 80 55 >898/ 91 -

6 5 5 1 50 85 78/22 El n.d.

7 5 20 1 73 78 79/21 94 94

8 xanthone 10 1 39 77 9 = =

[a] Reactions were carried out under argon in deaerated trifluorotoluene as solvent at —25°C (irradiation
at 366 nm) and with a substrate concentration of 5 mm (see Supperting Information). [b] The
conversion and yield were determined gravimetrically after separation of substrate (1) and products
(2.3). Conversion and yield are calculated based on recovered starting material. [c] The 2/3 regiomeric
ratio (r.r.) was determined by HPLC. [d] The enantiomeric excess (ee) was determined by HPLC. [¢] The
ee value could not be determined in this case.

R 5  light source
The light (A = 366 nm) doesn't activate the starting olefins. 0.3 4
— The reaction is very slow when 1 is far from 5. _
; arr 027

OT__HFB%‘O,_/_ 0.1 4

e ﬁEnergy transfer 0 . - . .

Wi 300 320 340 380 400

N~ A [nm] —

ha

UV light
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e Thorsten Bach's strategy 2

Lewis acids can form a complex with coumarin and are able to promote [2 + 2] photocycloadditions by
increasing a) the absorption at longer wavelengths, b) the singlet-state lifetime, and c) the electrophilicity.

coumarin-BF3
20

coumarin-EtAICI,

F. D. Lewis JASC, 1989, 111, 8653.

~ isf \ fluorescence of 4
= R coumarin-BF 3 E
g il i L] I'. o Y 5-
F i Y "\ g
coumarin s r-“ h e / N 8 N
vosy \/\ LS . 0" Yo
R Y "~ .
. . % coumarin
il I },;_l\ sl ) L =
250 300 350 ) 450
Wavelength inm)
Figure 1. UV absorption spectra of coumarin (—), coumarin-BFy (---},
coumarin—-EtAlCl; (+--), and flucrescence spectrum of coumarin-BF,
i{=-=) in dichloromethane solution,
T. Bach ACIE, 2010, 49, 7782.
hv (A =366 nm)
BN cat. no cat.: N.R.
+ >=< > BF;-OEt,: 33%
0" o CH.CI,, r.t.,5h AIBr3: 97%

(oMo}

— Chiral Lewis acids can promote enantioselective photoreactions?

X

XN

o" "0

hv (A = 366 nm)

cat.

solv., T,5h

o
H

(ol o)

Table 1: Enantioselective catalytic [24-2] photocycloaddition reactions of coumnarin 5 (cf. Scheme 2).

Entry  Catalyst R R mol % Solvent TPC  Yield [3¢)" erld e [%)]
1 - - - - CH,Cl, 30 28 50:50 -
2 7a Me H 50 CH,Cl, 30 38 60:40 20
3 7b H H 50 CH,Cl, 30 77 66:34 32
4 7b H H 20 CH,Cl, 30 77 65:35 30
5 7b H H 20 Et,O 30 74 50:50 -
6 7c CF, H 50 CH,Cl, 30 33 72:28 44
7 7d CFy  Me 50 CH.Cl, 30 88 81:19 62
8 Te CF, tBu 50 CH,Cl, 30 22 63:37 26
(9 7d CF, Me 50 CH,Cl, —75 34 91:9 82)
10 7d CF, Me 20 CH,Cl, —75 82 77:23 54
11 7d CF,  Me 20 CICH,CH,Cl  —35 87 89:11 78

[a] The reactions were carried out in a de-aerated solvent at the indicated temperature (irradiation in a
RPR-100 reactor with Philips black light blue lamps, & W for 5 h) and with a substrate concentration of
20 mm (see Supporting Information). [b] Yield of product isclated after column chromatography. [c] The
enantiomeric ratio (e.r) was determined by chiral GC. [d] The reaction was run at a substrate

concentration of 50 mm.

The best ee (82%) is
obtained in entry 9
with 84% yield.

the review of the utility of cationic oxazaborolidines: E. J. Corey ACI/E, 2009, 48, 2100.
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~ .__,_|:E.
—  BoAl . —> H
S NS 0o
AR AN
=N 82% ee
S

coordinate bond

Two bonds fix the conformation of the coumarin.

v Without the H at C3, the ee significantly decreases.
T. Bach Chem. Eur. J., 2012, 18, 7552.

A hv (L =366 nm) H
cat. (50 mol%)
orr - OO
CH.CI,, -75°C
o Yo (oo}

(unable to form the H bond) 21% ee significantly lower than 82% ee!

Catalytic reaction has been achieved, but there are yet few substrates the Bach's chemistry is applicable to.
It's mainly because

1) the substrate scope is limited to finely-selected lactams and lactones, and

2) the reaction type is almost limited to photocyclizations.

— More general methods are desired:
1) targeting ubiquitous functional groups
2) aiming intermolecular C-C, C-N, C-O bond formation
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2-3. the Combination of Chiral Catalyst with Photosensitizer

e asymmetric reactions assisted by chiral organocatalysts
¢ photoactivation assisted by photosensitizers
— The combination of these two enables asymmetric photoreactions.

Representative
Transformations Organo-
H.0 Catalysis
Aldol

Friedel-Crafts
Vinylation
Allylation -
Enolation

Enal Reduction

Diels-Alder

Photoredox
Catalysis

Asymmetric One-Electron Mediated
Organic Transformations

Hepresentative
Utility

H- Production

O, Production

CH, Production

Energy Storage

D. W. C. MacMillan Science, 2008, 322, 77.

¢ a-oxygenation of aldehydes
A. Cérdova JACS, 2004, 7126, 8914.
UV light, TPP (5 mol%)

Q L-o-Me-proline (20 mol%) OH O
R DMF, 0 °C, 0.5-1 h R

entry R crpd yield (%) e (H)°

| CH:Ph 1 77 B

2 CHsPh? 1 724 e

3 i-Pr 3 75 57

4 n-Pent 4 77 54

5 n-Bu 5 73 o

? In a typical experiment, the amino acid {20 mol %) was stirred in the
DMF (1 mL) for 20 min followed by addition of tetraphenylprophine (TPP)
(5 mol %) and the aldehyde (1 mmol), The reaction was initiated and
performed by bubbling a continuous flow of molecular oxygen or air for
0.5=3 h in the presence of visible light by a 250-W high-pressure sodium
lamp. * Isolated yield after silica gel column chromatography. © Determined
by chiral-phase HPLC or GC. “ The reaction performed with air as the
oxygen provider.

Supposed mechanism

M M
0. - eO o) eo
[| ~.N OH IN
....0 —» o)
0 / H Oﬁ) )
R R

CO,H is more bulky than Me, but O, comes from CO,H side.
— CO,H is likely to be a directing group.

NaBH,
MeOH

HOﬁ/\ OH

R

TPP: tetraphenylporphine

H

L-a-Me-proline:

When a normal proline is used, the ees decrease
(16 ~ 48% ee for the same substrates).

cf.: C. S. Foote Acc. Chem. Res., 1968, 1, 104.
0-0

o
2 | |
SN ——» ph O
Ph” X~
o)
o)
_>

I
Joe Sy
Ph
This report rules out the [2 + 2] cycloaddition of
10, and the enamines followed by ring opening.



A. Cérdova TL, 2006, 47, 4659.

UV light, TPP (1 mol%)

o
] 1b (20 mol%) (|)H ? NaBH, HO, .
H + 0, > |O.. H P ¢ oH
e
R CHCI;, 0°C, 6 h R R
R’ Ar yield ee
Ar 1a: H Ph o 1a~1d Io 1a: trace 24
Ar 1b: TMS Ph ] ——> Ph/\‘) 1b: 43 90
N 7" 1c: TMS 2-Naphthyl Ph 1c: 38 92
OR" " 14: TMS 3,5-CF;-CgHs OH 14 50 70
(substrate scope)
Entry Aldehyde R Prod Yield® (%) ee” (%)
1 2a Bn da 70 87
2 2a Bn da AlF o0~
3 b n-Pent 4h 67 75
4 e 4-NOCsHyCHA de 64 08
5 2d 4-CIC;HsCH2 4 71 ag
f 2e 4-BrCH,CH; de 68 o8
7 2f n-Butyl 4f 76 74

* Isolated yield of pure diacetylated 4a.
" Ee as determined by chiral-phase HPLC or GC analyses.
“ 10 mol ¥ catalyst.

Cérdova also achieved to convert cyclic ketones into a-hydroxyketones with moderate ees by using

Jorgensen-type catalyst (proline catalysis furnishes 18% ee).
A. Cordova ACIE, 2004, 43, 6532.

UV, TPP (1 mol%) Q R yield ee
L-alanine (20 mol%) HO, H 93 56
> Me 67 72
DMSO, r.t.,, 0.5-3 h Et 61 60 (solv.is NMP)
R R i-Pr 58 52 (solv.is NMP)
v An acyclic ketone produces poor ee.
the same conditions
(o) (o)
as shown above
Hl\ » HO,. Hl\
Amyl Amyl

50%, 28% ee

The reaction with 302 did not provides the desired product.

o proline cat., BnO s BnO
) P(OEt)3, %0,, base - P(OEt);, °0,, LDA - .
» noTM OH

CO,R

R CO,R
cf.: E. J. Corey JACS, 1975, 97, 6908.
0 uv, TPP, O, 0
L-alanine, P(OEt); w/o P(OEt);:
HO % Vi
> .. 87% yield 93% yield
DMSO, r.t. 56% ee 56% ee
o Jorgensen cat. 1b, o d tanderd diti ]
2 La(NO,);-6H,0, H,0,, NaOH (dark '0,) l). 23% yield ‘z‘g%e;izlzn erd conditions:
»
CHCl; 80% ee 80% ee
Amyl Amyl

dark 102: P. L. Alsters and J.-M. Aubry Chem. Eur. J., 2003, 9, 435.
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¢ a-alkylation of aldehydes (and ketones)

D. W. C. MacMillan Science, 2008, 322, 77. : a-alkylation
D. W. C. MacMillan JACS, 2009, 131, 10875. : a-trifluoromethylation, perfluoroalkylation, ...
D. W. C. MacMillan JACS, 2010, 132, 13600. : a-benzylation
D. W. C. MacMillan Science, 2013, 339, 1593. : B-arylation (only one example for asymmetric reaction)
D. W. C. MacMillan JACS, 2013, 135, 11521. : a-amination
0 (o]
H J\ !
R aldehyde 7 \-//
o i s &N
N / 1
R1i;) 'R, ME’A\H)’l'%Bu Organocatalytic S{"]éﬂie e
H catalyst 6 Cycle radical 5
1
o]
N/ i M\ Me o Me, o /
R 2R H/KI/\FG \”‘f 10 e
! HN ’ A rBu/!\r:J “'Me “BU’K\T/I"MS
z enantioenriched .
R a-alkylated aldehyde FG/\E/U\ H Hm],_,_...-——"’ \(\FG
R i R
hv | / \
2+ Ru(bpy)s* (3) Ru(bpy)s®* (2)
Ru(bpy); > ¢ . reductant osic:ant
SET alkyl halide ;
4 Fo~8 /—\{ Photoredox Catalytic
}N/ E! Cycle
R1 .Ne) 'Rz FG\: B b,
J .

initiation step

photoredox catalyst 1 Photon Source

'Electron-deficient’ radicals react

with 'electrn-rich' enamines.

o
H J\‘A EWG
fluorescent bulb R
o Br” “EWG organocat. (20 mol%) o
Ru(bpy)sCl, or Ir(ppy)2(dtb-bpy)PFg or Ir(ppy); (0.5 mol%) ,
HJH +  |-CFR' > HJJ\rCFzR
R 2,6-lutidine, DMF or DMSO, r.t. or -20 °C R
Br” Ar
ey o)
T A
N g 26-W fluorescent light o R
N : CN t. (20 mol%
bpy ' o organocat. (20 mol%)
' fac-Ir(ppy); (1 mol%)
! + >
= ! DABCO, HOAc, H,0,
N/, ' DMPU, 23 °C
: CN CN
pPpy '
' 26-W fluorescent light
t+Bu t-Bu ' a R,..,.ODNs organocat. (30 mol%) 0 R
7Ny HJ\| + \ > HJJ\‘/N“C02R1
=N N ; R COR; 2,6-lutidine, -15 °C R
dtb-bpy ' DMSO:MeCN(1:1)

12/22 -



D. W. C. MacMillan Science, 2008, 322, 77.
15-W fluorescent light

o)
o 1 (20 mol%) o R N
R' RU(bPY)3C|2 (0.5 mol%) ).' -TfOH
HJH NN > HJ\‘/LEWG N B

EWG 2,6-lutidine, DMF, 23 °C

R R 1
Enlry aldehyide product” cniry aldehyide product”
' ¥ T ] ' ;:c:_:z 4 H_.l';.__ A H | oo ¢ 1,4-diketones are obtained.
s
3% yield, 2% ec H3% yield, 95% ce e 2-bromodiethylmalonate (entry 1 to 6) and
various a-bromocarbonyls (7 to 12) can
o com o wmoe [ o= effectively serves as alkylating agents.
H” ¥ ..[.'I"‘ H GO 5 ) H o e
b l I e An olefin (entry 2), a benzylic C-H (entry
B6% yield, 90% et - 66% yield, 91 e 3), a carbamate (entry 5) are all tolerated
Ho under the reaction conditions.
1 i1 ™ 6 1 ssumany I  Quaternary carbons can be constructed
E R e o e effectively (entry 11 and 12) in good yields
2% yield, 90% et Ph o%pddtn%e | ) and excellent ees.
enlry 1-hromocarbony product? ey - hromocarbony | product? ® When CF3 iS replaced WIth CH3 in entry 10’
' ' ' ' - the yield decreases to 53% with the same
I,:\ |C P lj‘ Cl DCHCF ee (94% ee).
L ‘I "l H 'IIH ; 10 FaSHG0" | MO I-ﬂ J-' ;
B vield, 96% e BO%E vield, 92% ee Contl'0| EXperimentS
B e no light —> N.R.
L enow Ry, J[ Moy o= e no Ru(bpy);>* — <10% yield unless UV (300
B ] H ' 11 e “cok H” l“ “GO,EL to 350 nm) is used
mo S B TP i e 465-nm photon — Overall rate is accelerated as
o LI RS RAELETN source is used compared with the use of a
- B COBu ~ instead.” fluorescent light
L RPN D ¥ (6 h —> 90 min).
N ks l - _‘_ " e ] *Ru(bpy);2* MLCT absorption band: 465 + 20 nm
R4 yield, 95% ce T 90% yield, 5:1 dr, 99% ce 15-W fluorescent bulb: ~ 400 to 700 nm

*Reactions perfrmed with diethyl bromomalonate +40 mole percent of organocatalyst & was emplayed, theactions —-> Ruis Surely involved in the Catalytic CYCIG.

perlarmed with octanal,

(0] 0 standard 0
conditions H Ph
H + —_— +
Ph o
Ph
Br
Ph
racimic 83%

1:1 mixture

(e (o) (e 0

N N N H Ph
. —> —> . —>
H H H o
Ph )Hl\/\ Ph 1
Ph * Ph
cis-cyclopropane trans-cyclopropane

trans-substituted cyclopropanes are not detected.
— The radical doesn't generate at the a-position of the carbonyl group.
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¢ luminescent quenching study of Ru(bpy);Cl,

1.4 1.4 1

1.3 1.3

1.2 1.2

L/ I/1
1.1 1.1
y = 10.13x + 1.01
1 1 R?=0.98

0.9 0.9

L 0.8 | !

0 0.1 0.2 0.3 0.4 0.5 0 0.01 0.02 0.03 0.04

2-Bromoacetophenone [M] Enamine [M]

Ru(bpy);Cl, Emission Quenching by 2-Bromoacetophenone

Ru(bpy);Cl, Emission Quenching by Enamine

1.4 R’
Ru(bpy);Cl, doesn't oxidize )\

1.3 Br EWG
but does enamine.

1.2

I/1
1.1
— The reactions start with the oxidation of
1 enamines by the photoactivated Ru(bpy);Cl,
0o as shown in the previous page.
0.8 = . . . . 2+ ;
0 o1 0 03 o4 05 lo = Emission intensity of Ru(bpy);“” in the absence of quencher.

Bromodiethylmalonate [M]

Ru(bpy)s;Cl, Emission Quenching by Bromodiethylmalonate

D. W. C. MacMillan JACS, 2010, 132, 13600.

26-W fluorescent light

| = Emission intensity of Ru(bpy):,,2+ in the presence of quencher.

o 2 (20 mol%) o SN
fac-Ir(ppy)s (0.5 mol%) ) -TfOH
HJJ\I + Br/\Ar : HJJ\‘/\AI' Bn N "y
2,6-lutidine, DMSO, r.t. H
R R 2
a 0 Me Me, 0
HJH/\N /\\\Iﬁ 8 6 N—‘f’ /

R Bn J\ “'Me Me‘}t\m/"'sn | N I N
enantioenriched r/-.,’ — _ -l ) N, N/
e | H/SET \Y\ | o |

"Ir"‘ ’ Ir"‘
I NN |\N B
facir(ppyl® 7 f:rc'-_lI;"-{pp;m Z & _N l_
oxidant Pcagli;l ~ |
Photoredox Catalytic

Br -v—u..\\\
SET

AN

radical 3~ Ar._s

Cycle ground state
T,
e

facI'"(ppy); 2 heusehold
reductant light

benzyl halide Ar-__.Br
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(initial trial)

o 0.5 mol% fac-Injppy)s Q
HJW B A 20 mol¥ catalysteHOTI " A
e 2 equiv 2,6-lutiding whex
octanal  benzylbromide  ° wé::;’;gﬁ“;';' WM benzyl aldehyde 'Ar' must be electrondeficient.
0 Me a Me s} Me Ru(bpy);* MLCT: -1.33 V vs SCE in MeCN
I” )ﬁ IE fac-*Ir(ppy)s: -1.73 V vs SCE in MeCN
N <M ol o e BnBr: -1.85 V vs SCE in MeCN
Ho e H (SCE: saturated calomel electrode)
catalyst 9 catalyst 10 catalyst 4
entry Ar catalyst % yield? % ee”
l Phenyl 9 0 ND <€«— BnBr completely recovered.
2 2,4-(NOy ), CgH; 74 97
3 2,4-{NO3),CHy 10 3 82
4 2,4-(NO5),CeH; 4 94 92
5¢ 4-Pyridinyl 9 0 ND -«— ArCH,Br rapidly decomposed.
6 4-Pyridinyl 10 81 78
T 4-Pyridinyl 4 B a0

A higher concentration and increased spatial exposure
of the enamine should increase the rate of the radical-
olefin addition step.

“lsolated  viekls. * Enamtiomeric excess determined by chiral HPLC,
© 4{Bromomethyl)pyridine added as the hydrobromic acid salt with an ad-
ditional equivalent of 2.6-lutidine.

Catalyst 10 and 4 are better than catalyst 9 as expected
(entry 6 and 7).

a] 0
20 mol% cat 4«HOTf
H Br “Ar HJ\(\N
! 1% photocat 1
U 0.5 mo
e 2 equiv 2 6-lutidine ARLS
octanal household light DMSO, RT a-benzyl aldehyde
entry product® yield, ee®  entry product® yield, ee”
;0 COMa 6 ©
HJJY\@ T6% vield 4 x‘ 90% yield!
031% ee B2 ee
n-hex mhex M
MO, =
2 0 CN 7 O
s M g el df
H 83% vield H o T3% yield
0% ec | O0% ec
A-hen e =
MO, M COMe
3 O b o]
F 74% vield® N ¢l TE% yield
B 90% ee & = 87% ee
n-hex m-hex N
N, =
4 O g O
N T4% yieldd N Me 6RO yield?
m s & [~ H = ] } e
9% e 9% ee
n-hax - ndex N M
N
e
5 O 0 @ .
]
W Me 75% yield* y N 1% 3-"Lcld*'-"'
| 01% ee | BR% ce
n-hex =N mhex M-

“ Stereochemistry assigned by chemical correlation or by analogy.
" Enantiomeric excess determined by chirall SFC or HPLC. © 30 mol%
organocatalyst used. * Performed at 15 °C using Rutbpy:Cls as the photoredox
catalyst; ref 14, © Substrate added as the hydrobromic acid salt with an
additional equivalent of 26-luidine. The free base organocatalyst was used.
"Yield determined by '"H NMR. * Ir(dF{CF:)ppy)-{dibbpy)PF; was emploved
as the photoredox catalyst; ref 15, " Isolated corresponding alcohol.

t-Bu
T | t-Bu
XN,
NO,
e Various aldehydes react with Br and
NO,

in high yield (72 ~ 91%) and ee (87 ~

Br N
A
90%).
(the table not shown here)
¢ Various electrondeficient aryl and heteroaryl

methylene bromides can participate in this
enantioselective benzylation reaction.

— Applicable to medicinal chemistry.
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D. W. C. MacMillan JACS, 2009, 131, 10875

26-W fluorescent light
o 1 (20 mol%)
Ir(ppy),(dtb-bpy)PFg (0.5 mol%
H JH + I_CF2R'
R

O 7/
7 )_N TFA
> H J%CFZRl N)'l,t_Bu
2,6-lutidine, DMF, -20 °C R H

1
61 ~ 89% yield
90 ~ 99% ee

( CF;l: -1.22 V vs SCE in DMF

D. W. C. MacMillan Science, 2013, 339, 1593

26-W fluorescent light

o CN 3 (20 mol%)
fac-Ir(ppy); (1 mol%)
+
é DABCO, HOAc, HZO
CN DMPU, 23 °C
82% yleld
50% ee

26-W fluorescent light
i-Pr(Bn)NH (20 mol%) Bn
fac-Ir(ppy); (1 mol%)

H J\

DMPU, 23 °C

C_EWG
>
I DABCO, HOAc, H,0, >

D. W. C. MacMillan JACS, 2013, 135, 11521

DNs absorbs
the light. .
26-W fluorescent light
o st 4 (30 mol%) o ';2
HJH + ) > HJ\( *CO,R
R CO2R; 2,6-lutidine, -15 °C 2™

DMSO:MeCN(1:1) R

67 ~ 79% yield
88 ~ 94% ee
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s

WG

44 ~ 88% yleld

/
N
2_ Lt -TfOH

Et



2-4. the Reaction via EDA Pathway

In contrast to Cérdova and MacMillan's case, Melchiorre succeeded in asymmetric photoreaction
WITHOUT photoredox catalysts by employing the chemistry of EDA complex (electron donor-acceptor
complex, also called as charge transfer (CT) complex).

P. Melchiorre Nat. Chem., 2013, 5, 750.
: D: donor (electron-donating)

)
)
s X A: acceptor (electron-accepting)
o EWG !
H "-"rlx ]
| ! o S+ b
H R P I D + A === [D¥---A%]
R \, A '
| ' EDA Complex
-~ )
Established tools for ) I :
thermal reactions H ) hv
// : ‘_\ rq E - [D+o I A.o]
] E'u"-.-'G\ ' ET
Donor ST H
/J I | :
) = R e it
R CROUMNBSE ) Thermal reactivity \ '
)

EDA complexes absorb light (UV ~ visible)

by charge transfer electron transition.

)
)
)
)
N
)
Ewg ) ! —— Lumo
| Sl | HJ\ H v A
)
M \ R Vi : CT transfer
EWG *1 ' LUMO — g
- ) ~~~
| \ -G : *- @@ Homo
)
)
LG LG . : Homo @@
=1 M !
;:} -~ /,l e~ transfer I/L\ ' _‘_._
| — | [c | : -0 oo
Ll w X & W EXs
EWG fv EWG '
) ) ' acceptor donor
Coloured ED& complex Chiral radical ion pair

One of the most characteristic properties of EDA complex is its color charge-transfer bands (CT bands):
a well-known example is the complex formed by iodine when combined with starch, which exhibits an
intense blue color.

o

0.7

Ar

- 06 ___ z2aib:3a(15:1:1) 0
= — 2a1b (151 N Ar n-Bu” >
% 0.5 a:1b (15:1) H otms
% 04 3a 1b: Ar = 3,5-CF3-CgHs 2a
c \ 2a
E 03 -1 I| e - = NO
2 024 | e 1 et > . 2
= SIS - B o - . Br

0.1 No—_ 3a]=02Mm | -

0.0 r —— R— NO,

400 500 600 700 3a

Wavwelength {nm)
Some EDA complexes absorb visible light as shown above.

— It is probably possible that visible light activates substrates that don't normally absorb visible light
without external photosensitizers.
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e EDA complexes of tert-amines with electrondeficient arenes

40
359 [—2atb3n (1510 | [ T
— 3.0- 3h o
5 | 2atb 150 A2
S 25| P
[1k]
|
£ 20| g /r
=] |
a 1.5} Q
|
2 1.0, \ - -
R Coloured EDA complex
05 "x\\,ﬂ___ 3] =02 M
0.0 m— y ,
365 465 565 665
3.0
— Aldehyde:1b:3g
2.5 1 (3:0.2:1) M - 7
5 | Aldehyde:1b L_L.
& 20 "Il (3:0.2) 0 ri"f
2 | 3g
5 1-91| )/
£ |
E 1.0 4 IlI [/
<L ) L .
0.5 -1 Y Coloured EDA complex
\\ _ [3g] = 0.5 M
0.0 e e . .
a70 470 570 670 770

Wavelength (nm)

Representative optical absorption spectra of EDA complexes with enamines and extended enamines formed in situ
(recorded in MTBE in 1 mm path quartz cuvettes using a Shimadzu 2401PC UV-visible spectrophotometer)

an unproductive, fast reverse ET, which restores the ground-state EDA complex and thus renders any

— Suitable leaving group within the radical anion partner may trigger a fragmentation rapid

3.0
254 | — 2a:1b:3g (15:1:1) | [ g O‘_
— ig a
r L1y
& 204 |—2a1b(15:1) f'/]
o
£ 15-
£
[=]
@ 1.0 4 J
E L
0.5 4 Coloured EDA complex
[3g]=0.2M
0.0 —T T T
363 465 565 665
4.0
— Aldehyde:1b:
2 3a (3021 | .
= 304\ 3a B O‘
: V| — Aldehyde: ]
= \ ¥ ___ED
= 257 | 1b (3:0.2) OzN ke /J
L] |
E 204 |\ /l/
x !
+
1.5 -
307\ e
< 1.0 L .
. \ Coloured EDA complex
R S _
— ) [3a]=0.5M
0.0 q T iy T
390 4810 590 690 90
Wavelength (nm)
Main difficulty:
further reactivity improbable.
enough to compete with the reverse ET.
(initial trial)
o} N, Catalyst 1 (20 mol%) 0 MO
,LL /\© visible light (23 W CFL) )k(\@\
H +Br H
£ 2. 5-lutidires (1 equiv. ) %
39;:”’ L] o b2 MTEBE, [3a], = 0.5 M, z.r: i) 4a e Mt

-
Catalysts used in this study

H
F
Ar A
Ar
M :
H  oms il o
H otms
1a fr = GgHe 1c

b Ar = 3,5-(CF3)2-CaHa

Ar = 3,5-(CF3)-CeHs

Entry Catalyst Light Time  Yield (%) e.e. (%) 4a
1 1a ON &h 98 75

2 1b ON &h 98 83

32 1b ON &h 94 82

4 1b OFF 48 h 0 -

5 b OFF, 530°C  48h 0 =

6 - OM 48 h 0 =

7 1b OM, LEDT 16 h 89 82

8 1b OM, in air 40 h 78 84

9 1c OM 48 h B7 92

“Reaction performed using 1 equiv, NaQAc instead of 2,6-lutidine.
13.8 W m 2 TMS, trimathylsilyl.

MTBE: methyl tert-butyl ether

460 nm LED, irradiance

¢ The alkylation reactions indeed proceed without any

photoredox catalysts in excellent yield and ee.
* The reaction doesn't proceed in the absence of
aminocatalyst or light.
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o 1 (20 malts) =
o (2 W CFL
HJ\\ + B T EWE - H EWG

R 2 B-hulicine (1 equiv.) R
2 3 MTEE. [3}; = 0.5 M, 25 °C 4
Entry Substrate Product Entry Substrate Product
o o MO 7 0 o
Br.
e e A0 |
e 1 3h o
K Wt O3 My P
B1% yield. B2% e.e. 0% yield, B6% a8
<] <] NOZ g ]
B
H 2c H dc
3 4
Ma e Ma™ e WO Fh
BO% yiald. 83% a8 B4 yinld, BE% pa
3 o 2 s g
o}
H = o
ad ad B M5
(e H L=
o
Wi 4
B2% yield, B3% e.e. BE% yield, B5% e

NG, 10

4 o
5E e
3 Iz
TIPSO MO,

TIPSO™
T yviald, 0% a8

o] N
n
Br Br o
H
H Br
[ 3
af A1 o -
Lo ]

] i
H
[n] ik
M

TO% yield, B3% eue.

8

2
BE% yield. BT% eue.

CH
WO
o
&* o o 12 o] 57
Br Br = o
H H
o 5 o
ig 4g Ma 4m
854 yiald, 4% e W% viald, B7% aa

*Reaction performed under natural sunlight irradiation on the roof-top of the Institute of Chemical Research of Catalonia, Tarragona (Spain),

on a partially cloudy day (27 Feb 2013, from 13:00 until 18:00).

o]

o 1a (20 malts) a Ml
HJH’“E by (23 W CFL) 1b (20 mof) N
+ Ja H . H
) F
Fh 2, B-utidine {1 equiv.) [T F 1.:-“ - e (23 W CFLY _
a
_ MTRE, 25 °C, 40 h [ . Wiy 2.5 hidin {1 oquiv
G3% yield, B5% ea. MTHE. 25 "0, 45 h o
in 0% yigld
o e 10:1 yvs ' selectivity M 2% as.
. L =] Ma
Camplets p-salectivity Fh
H i,
Figure 3 | Evaluating the scope and the strategy's potential to address
o ’ - i W
18 (20 mai%) 3a B s-rnlhel]ca_lly relevant problems. a, Forging an all-carbon quaternary -
o Jrv (23 W CFL) ¢ wo,  Slereogenic centre. b, Remote stereocontrol and complete y-site selectivity.
0% wiakl, S0 0@ ¢, Capacity to differentiate between three potential reactive centres
C ] 2 Eduniding 1 equiv.)

7 WTEE, 28 °C, 15-48 h o

(55 !l Bh

H

Fi-3-Br

al
Me 0O

B7 % yiedd, 40% &8

¢ The substrate scope overlaps with that of MacMillan's alkylation
¢ This method is also applicable to 1) quaternary carbon construction, and 2) y-alkylation.
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v Mechanistic Consideration

another plausible mechanism

- 1) EDA complex (IV) is photoactivated to
o & In cage produce radical ion pair (V).
i

' | combination 2) (V) diffuses and the radical anion (VII)

il
EDA comiphasx

i _ " I ™mn participates in the further step (the radical
f\ " SZ;"T,F?;‘:'H"’ cation species is unproductive anymore).
“EwG v 3) (VII) reacts with enamine (ll) to produce (IX).

\ 4) (IX) gives the electron to alkyl bromide (lil)
b i, T to generate the radical anion (VIl) and thus

Leaves \ close the propagation cycle.
the cage L
B
. s
h.
fF-.-".'f.",
. x\_{z .. H | =
p— EWG R =
Wil .
-.\.. f,
N II
|
\
|
._I II
\/ similar to MacMillan's benzylation
&~ transier
A
1
| Br
=
| m
e
EWG
Accaplar

Fizure 4 | Two possible reaction mechanisms. a, Our proposed mechanism
based on the in-cage radical combination driven by EDA formation (see also
Fig. 1). b, A plausible Kornblurm-Russell alkylation pathway®'2 via a radical-
chain Sg,1 mechanism,

& a radical clock experiment

(0] NO, standard 0 NO,
conditions H
H + Br — =
Ph NO
N . 2
0, ‘Ph
cis / trans
( @ > (@) Z @ >
N ﬁ N
L] % _> L]
H H H
Ph )‘\”\/'\ .Ph
Ph
cis-cyclopropane trans-cyclopropane
The cyclopropane ring opened during the reaction.
[ } [&))
N N
— The radical species that generates during the reaction is not . but

H H ¢
R R
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& experiments with successive intervals of irradiation and dark periods:
does the radical chain propagation really occur?

o Catalyst 1b {20 mal%) o
I '. Ar I
- Light Darif Light ; BETC Light =)
AN e m : J\[ JkL R o-+ R
OTMS - "
: -~ 2 B-=lutidine (1 equiv.) 2,6-lutidine (1 equiv.)
3 equiv. ™ Me \1eq Me Me  3aor3 e
g b MTBE, [3), = 0.25 M, 25 °C '
Za 3aor3g MIBEB=05M25°C 40 0rag ’ir‘cuuv 1 equiv. 1 equiv, + [Bho 4a or 4g
100 - + 100 - m
/
go/HE EN m N i = 80 | /
.o ¢ A A
60 L 4 B0
. . L T
A /
40 - . . 40 4 /
. # 3a conversion o ,
& W dacao ) B P B 3a conversion
20 , e
20 3g conversion '—' ®- 3g conversion
0 T a0 " T T T T T T T 1
0 8 10 0 1 2 3 i 5 B 7 B 9
Time {h) Time {h)

No reaction proceeds during the dark periods.
— There is no radical propagation, or the propagation is very short-lived without the light.

Ar
N Ar
H otms
1b: Ar = 3,5-CF3-CgH;

o NO, catalyst 1b
(20 mol%)
A _omor |
E 2,6-lutidine
t NO, DMSO, 16 h
Fe(ll)
ﬁ i A‘
Fe(lll) 2

(o) NO,
visible light
—>
Et
NO,
(0] NO,
H
Et
NO,
26% yield
81% ee
—>
FeBr, (0.5 eq) Me
NO,
12%

98% yield
72% ee
NO,
HO
NO,
40%
O,N NO,
O,N NO,
trace

Under the 'dark’ conditions, the ET from FeBr, to alkyl bromide is the only source of free radical that would

be trapped by the enamine.

— If the 'another plausible mechanism' really works well, the same results should be obtained under the both
conditions shown above, but the outcome differed.

— The radical propagation mechanism should be ruled out.
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3. Summary

Some kinds of asymmetric photoreactions have been achieved:

a) intra- and intermolecular photocycloaddition by chiral photosensitizers or chiral Lewis acids,
b) a-functionalization (C-O, C-N, and C-C formation) of aldehydes, ketones and amines by the
combinational use of chiral catalysts and photoredox catalysts.

The latter strategy, decoupling photochemistry from the enantiodifferentiation step, could be more
suitable approach to utilizing photochemistry because the well-established ground-state asymmetric
catalysis can be applied directly to the asymmetric photoreactions.

[the directions for designing efficient catalysts]

No reaction occurs in the absence of the catalyst, and the desired reaction proceeds in the
presence of the catalyst.

The catalyst should change the electronic properties (e.g. electron-donating catalysts accelerate the
oxidation of the substrate by photoredox catalysts), cause the bathochromic shift, and so on.

& catalysts unlisted in this seminar

M. J. Krische JOC, 2003, 68, 15.

(o) h o Ohex
v,
HN (a) (50 mol%) HN (o}
| > 0 0
(0] CDC|3, -70 °C —OJ Q NH HN O O

l_N :
100 conv. (a)

20% ee

T. Rovis JACS, 2012, 134, 8094.
hv (~ 450 nm),
Ru(bpy);2* (1 mol%)

(b) (5 mol%), X o N BT
X o m-DNB (1.2 eq) R'— il
R'+ + JL > F NNAI' N\“/N

— N. : Br

Ar H R CH2C|2, r.t. R&O Br

51 ~ 94% yield (b)

59 ~92% ee
Q.-W. Meng Chem.-Asian J. 2012, 7, 2019.
z
hv, TPP (1 mol%) o
(c) (5 mol%) N® CF
> N OH 2 e
CO2R, toluene/50% K;HPO, R1—¢ P CO2R; "XY” “OH
-18 °C, air )n N
. CF;
81 ~ 93% yield (©)

41 ~75% ee
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