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Photo-redox chemistry

« Photo-redox catalysts

A. Commonly-used transition metal centered photoredox catalysts

(a) )
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oxid % N'H‘u = Ru N7 (‘N’Rr\N/ | " lr’ SNF |
xidative Reductive | S | SN N
PC@ Quenching hv Quenching X |N\ N |N\ S N |N\] |N\ t-Bu
Cycle Cycl Z
Y yee 7 (PFe)s G N (PFe) 7 PRy
@ @ 1.1 11.2 11.3 11.4 1.5 11.6
PC Ru(bpy)s(PFe)2 Ru(phen)s(PFe), Ru(bpz)3(PFe)2 fac-Ir(ppy)s Ir(tbbpy)(ppy)2PFs I[dF(CF3)ppylo(dtbpy)PFg
E*ed +0.77 V +0.82V +1.45V +0.31V +0.66 V +1.21V
=% -0.81V -0.87V -0.26 V -1.73V -0.96 V -0.89V

B. Commonly-used organic photoredox catalysts
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t-Bu @ Ie)
Ph BF, OBF,
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Rose Bengal (Mes-3,6-dtb-Ph-Acr)BF, TPPBF, 4CzIPN PTH Phenox O-PC ™ A0202
E*req +0.81V +2.18V +2.09V +1.35V N/A N/A
i -0.96 V N/A N/A -1.04V 210V -1.70V

« Synthetically elaborated organic dyes.

« Metal complexes with polyheteroaryl ligands.

« Exogenous compounds.

Paixao et al. ACS Catal 2016, 6, 1389-1407.



Electron donor-acceptor complex (EDA complex)

(a) EDA complex —_—
@ rcolored aggregate-l s ES]  radical ion pair
@ kset <>
donor FI\ g

—— kp —> products

+ Kepa—8 W: =
@ J ® J KgeT @ radical

- charge-transfer formation

acceptor interaction [D*™,A7]
. Electron rich, @ . Electron poor,
donor  OW Ionization potential scoontor Nigh electron affinity

( I.e., reductant, nucleophile ) ( I.e., oxidant, electrophile )

« Generating radical species without exogenous photo-redox catalysts or metals.
« Induce various radical reaction under mild condition.
« Expand the chemical space. (new selectivity and substrate scope, etc)

Melchiorre et al. J. Am. Chem. Soc. 2020, 742 5461-5476.



Theoretical background

[Charge transfer band of EDA complex]
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EDA complex exhibits new absorption

band in longer wavelength.

[Back electron transfer (BET)]

<°’> ~=>‘ D*(A) (or A*(D))
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[D*", A IsoLv
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BET
h
D, Alepa ——=—= [D, A

free radical ions
@ -

rearrangements,
additions,
eliminations,
etc.

« Competition with BET is unavoidable

problem in EDA complex.

Paixao et al. ACS Catal 2016, 6, 1389-1407.



Pioneering synthetic applications 7

Electron .
donor

Acceptor;

Seminal examples of EDA complex photochemistry

(a) Cantacuzene / Bunnett (b) Kornblum / Russell (c) Kochi
@_ or enamine 1 /©/OMe ./@
H 3
Me Me  Me Ve : 7 CN
1 cl 0,N. NO, NC\%\CN
: 4 A 8
O/ O,N O,N NO, CN
2 ® 6
R T | m——— FR— £ Irreversible fragmentation
Y OMe b

H
®‘, e Me H
.ﬁ@ ., e o, r@ (Leaving groups)

[ S " OzN‘ NO, No~¢ CNCN . .
eoa1 () ON" Epa2| | EDA-3 £pa-s N — Avoid unproductive BET.
I\ ' % eC"Me %HC(NOZ)S
0
OMe CN
%t o sk
O,N Me NO, CN
®= OK, NR, O=Ar Re O-= NaNj Quinuclidine M = Sn
Enamine, Enamine, : Alkyl
. Anisole
Enolate Amine stannene
Organo N-t Tetranitro (a) Cantacuzene et al. J. Chem. Soc., Perkin Trans. 1 1977, 1365-1371.
iodide Itroarene methane TCNE Bunnett. Acc. Chem. Res. 1978, 11, 413-420.

(b) Russell et al. J. Org. Chem. 1987, 52, 3102-3107.
Kornblum et al. J. Org. Chem. 1991, 56, 3475-3479.

(c) Kochi et al. J. Am. Chem. Soc. 1987, 109, 7824-7838.
Kochi et al. J. Am. Chem. Soc. 1979, 7107, 5961-5972.



Synthetic renaissance of EDA complex photochemistry

« Pyrrole and iodonium cation

a - Chatani 2013
[Ir]-photocatalyst

9 as solvent, 25 °C

white LEDs

X_ +
+ |
Ar/ SAr

Abs

when Het: N=
At X )
(/jl AN @L'Ar — (/1
N N

Ar
é o EDA-5 ¢ . @ ..

300 400 s00 UV-vis up to 74% yield
nm analyses
in the absence of [Ir]-photocatalyst

pyrrole
(donor)

Chatani et al. Chem. Lett 2013, 42 1203-1205.

Enamine and benzyl bromide

chiral . Q.J
—— EDA complex chiral radical ion pair m
H
N EWG

<_N-)*.
14 (IH
OTMS

b - Melchiorre 2013

Br aminocatalyst 14 (20 mol%) H
+ EWG — TS
2,6-lutidine, MTBE, 25 °C
13 23W CFL 15 Ar
acceptor
amlnocatalyst —O‘ f

hydrolysis

1
stereocontrollec
radical addition

=3,5- (CF3 C6H3 » =20

...(j EWG

. EWG
¢

—=9 — hy - =SET == .@ ~ initiation—>-
Iﬁ H \ . H step

; Br Br
enamine EDA-6 v \

Melchiorre et al. Nat Chem. 2013, 5, 750-756.

Serendipitous observation (linked to control experiment).

— Reintroduced EDA complex photochemistry.



Stoichiometric EDA complex

[Coupling of stoichiometric donor and acceptor]

a)

colored
EDA complex _l

@ hv - =SET=— group
e oe

radical ion pair )
radical

coupling
or —>

leaving

chain

©
oo

acceptor

‘ propagation

. leaving group = native functionality within substrates product

3 ®
./@ \ R2 R l
14 3 X / (whlte LEDs)
,’/,,, CN N + | I
NC~P=~en ¥ A Z neat 31
CN R" 29 30 rt, 16h 8 examples
EDA-4 (40 equiv.) traces-74% y
3 R4Sn
) K hw NG CN H®
+ EDA rnv —
Ne  oN —— IR4Sn, TCNE] —————— > R SnR, QNMe
4 _ CHCI;, 25 °C 5 EDA NC CN 6 : g @ H
1~ » N oPhl — N
NC CN 20 examples Ph @',) Ph A N T “N" "Ph
studied epa Phl Me SOLV Me

Kochi et al. /. Am. Chem. Soc. 1979, 707, 5961-5972. Chatani et al. Chem. Lett 2013, 42 1203-1205.

Electron donor and acceptor finally end up in product scaffold.

Electronically biased substrates.

— Low applicability in synthesis.



Sacrificial donor and redox auxiliary

(@) donor colored
redox —— EDA complex—l radlcal ion pair

auxiliary @
non-native h A
functronal/ty ®o v - =SET ==
| @O _ electronlcally
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radical

sacr/fICIal
donor

acceptor RA: drives EDA complex formation & acts as a fragmenting group

NO,

[Redox auxiliary]

redox Et;N (4 equiv.) Me OH
auxiliary CHD (2 equiv.) ”
NO, N
CH3CN [0.3 M], rit. o ®—o . g
30W CFL o\ R 2 2
36 37

NO, HAT a MeMe
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e O zl Ta. o\ meo N o 9 -
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SET
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Et - H

% !

Leonori et al. Angew. Chem., Int. Ed. 2015, 54, 14017-14021.



Catalytic EDA complex

« Quinuclidine + Tetrachlorophthalimide

0 C'\\ Cl
o \—\{ =
R O"N\]/’“‘*\ e
S5 C
abundant |O

source R~ OH

[Nﬂjom

electron donor
catalyst

EDA complex

I\
ACOK N

. formation of
radicals

l

~ aminodecarboxylation

v intramolecular cyclization
« hydrodecarboxylation

v dimerization

Bach et al ACS Catal. 2019, 9 9103-9109.

« Eosin Y + Pyridinium

Eosin Y (cat)
X ©
\ | o | BF
N
OEt

R! Ph -
(\ EA

\ OEt
via C%

OO

Ground state charge
transfer complex
X-ray & NMR

Lakhdar et al. /. Am. Chem. Soc. 2016, 138 7436-7441.

« Specific pair of electron donor and acceptor.

< Limited to selected substrates.

CE&R*
P.

AR
R" o

24 examples
up to 91% vyield

11
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Catalytic electron donor ; Nal + PPhs 13

Ph O_
P N
; ' Ph i . -

) . _ G dical addition,
R'@ gD SET R o

D
— Acceptor
FsC
Ré{O O Ph 3 ”T
Ré.@ - o—N;::© R%-N;/@Z\>—Ph o'»:©
0] Ph 0]
Redox active ester Pyridinium Togni’s reagent

« Combination of simple compound (PPhs + Nal) warks as catalytic donor.

« EDA complex formation with several acceptors.
« Visible light.

Fu et al Science. 2019, 363, 1429-1434.



Background

[Aryl triflate]

O\s’io soft electron donor o\ﬁ/((éF
o CF I = I

OTf B
R{j on
path a
a2 O
(0]

\ path b
I hv
1

Li et al J Am. Chem. Soc. 2017, 139 8621-8627.

OTf
a9l

hv

« lodide is known to reduce various organic molecules.

UV irradiation or high temperature is required.

[Hypervalent iodine]

0
Me O Cﬁo BusNI (5 mol%) Me AN
+ >
. 1,4-dioxane O “
N\C.‘ §

(1.5 equiv) 80°C,3h
1a 6a (Rf = C2F5)
6b (R; = C3F7)

Ry

7a (74%, Rf = 02F5)
7b (78%, Rf = C3F7)

I 0

F3C_|_"O I_ 3
i X — CF;  + O + 121

ArylCO,

Studer et al. Angew. Chem. Int. Ed. 2013, 52, 10792-10795.

This work

Visible light excitation with PPhs.

Reduction of RAE via EDA complex.

14



Delocalized radical between iodide and PPhs,

[Observation of PhsP-I- by ESR]

TABLE 3.—ORBITAL POPULATIONS ESTIMATED FROM E.S.R. PARAMETERS% &

+ — radical atom a? a2 total

R3P — R;PT+e R,P—Cl P 0.164 0.58 0.744

_ cl 0.0131 0.26 0.291
R;P«*+hal- - R;P*—hal, R,P—Br P 0.136 0.46 0.596
Br 0.026 0.36 0.386

(MeO),P(Sp—Br P 0.180 0.59 0.77

_ _ Br 0.022 0.32 0.34

hal— — hal-+e RyP—I P 0.148 0.48 0.468

R.P 4 hal R.P_hal I 0.030 0.38 0.410
N »—hal. R,S—Cl cl 0.050 0.30 0.35

st +ha 3 a R,S—Br Br 0.026 0.43 0.456
R,S—I 1 0.033 0.43 0.463

Petersen et al. J. Chem. Soc. Faraday Trans. /. 1979, 75, 210-219.

[Reaction example] [Complexation of Nal and PPhs]
Ph Ph—
F|)\Ph Heat Ph\ j\ Nal :I'D/Ph
©/ ‘,'\)\ - Ph_/P"' I* + F L CO,Et —> R-CF,COOEt + ‘A @’
|_CF2002Et Ph PPh3 ' -
Non-covalent interactions a- .

between P and C-I bond

He et al. Org. Lett. 2019, 27, 6705-67009.

Exergonic by 4.6 kcal/mol

15



Simulations of charge transfer energetics

[DFT calculation]

Ph /\ Ph

Ph—P->I

Ph—p--I°

Ph” -
+ e

[Spin delocalization]

® spir|1 Igcﬂion
D AG o &' posw
Nal 56.2 kcal/mol -
NalPPh,  44.3 kcal/mol Ph<p_—* =
(alkyl = cyclohexyl) Ph/ 0 -
E (PhgP-1+/PPhs + I-)
=0.69 V vs SCE

PPhs; stabilizes the iodide radical.
— Relatively favorable formation of PhPs;—I- radical.

16



Simulations of charge transfer energetics

[The energy barrier of charge transfer]

w

+ P I

G Z 3
PPh Q ¢

(/0.0 kcal/mol ) (—3.8 kcal/mol )

1

Coulombic interaction
+
Cation-rr interaction

(w/ Lil; —1.Tkcal/mol, w/ Kl ; —2.9kcal/mol)

'!K Ph,
Ph \"p —° _
—NPhth
“N hv Ph/ C

+ —_— O °
K — No-i~ = T2 ¥ — N& — =23 alyl
o/ o ) (\

N 03,

(o)

AG’ wio PPh,) = 86.5 kcal/mol
AGt(w/ PPhy) = 61.2 kcal/mol

PPhs lowers energy barrier of charge transfer.
— SET with visible light.

17



Investigation of key reaction parameters

A o PPhg (20 mol %)
3 (o]
o-NPhth /OQV‘S Nal (150 mol %) j\/@
+ >
Ph MeCN, rt,15h  Ph
1 2 blue LEDs (456 nm) 3, 82%
0.2 mmol 0.4 mmol standard condition purity of Nal 99.999%
different alkali halides instead of Nal control experiments
H Rl n-BuaNI Naf hU] NaBr wioPPhy wioNal wioblueLEDs o onor ‘I’fz
74% 50% [ o, 19 19
’ ’ /<< 1% 0% <1% <1% <5% <1% 0% 0%

Cation interaction with RAE. green LEDS (520 nm) < 5%
blue LEDs (440 nm) 81%
different catalyst instead of PPh F F purple LEDs (427 nm) 80%

—

purple LEDs (390 nm) 71%
P@—F) P(—@—OMe) P<—<:>) QPh P F) UV (365 nm) 36%
3

3 3 3 white LEDs 47%
PPh, F F
90% 85% 32% 27% <5%
\ Y : Electron donating capacity.

Steric hinderance.



UV-vis spectroscopy

A

0 PPh3 (20 mol %)

o-NPhth /?;MS Nal (150 mol %) w
>
Ph MeCN, rt.,15h  Ph

Absorption (a.u.)

1 2 blue LEDs (456 nm) 3, 82%
0.2 mmol 0.4 mmol standard condition purity of Nal 99.999%
— 1
—_—2
2 —4
1+2
1+4
2 -
14
0 T I ) T ) T . T T T T 1
300 350 400 450 500 550 600

Wavelength (nm)

Red shift was observed.

B
o Me
_NPhth S Nal (10 mol %)
(0] + | . 2 I
N TFA (0.2 mmol)
1 4

0.3 mmol

Absorption (a.u.)

300

19

PPhg (20 mol %) Me

\_/

acetone, r.t., 15 h N
blue LEDs (456 nm)

0.2 mmol o
standard condition

5, 96%

PPh,

Nal
—— PPh,+Nal

PPh,+1
—— Nal+1
——— PPh,+Nal+

—— PPh,+Nal+1+2
—— PPh,+Nal+1+4 +TFA

350

I I
400 450 500 550 600
Wavelength (nm)

— Formation of EDA complex between Nal/PPhs and RAE.



Substrate scope of decarboxylative alkylation of silyl enol ether 20

PPh (20 mol %) =

o)
OTMS Nal (150 mol %)
AL NPth > alkol
alkyl O Ar& MeCN, r.t., 15 h Ar)l\/ k¥

blue LEDs (456 nm)

0.2 mmol 1.5-2.0 eq.
0O 1) 0] O  NHBoc O  NHBoc ) o)
Ph Ph )J\/\/\ Ph X Ph /U\/K/ Ph SMe Ph NHBoc Ph NHBoc
6, 70% OMe 7, 66% 8, 70% 9, 62% 22, 70% 23, 78% 24, 78% 25, 54%
r-=26, CgHs-  86% 35, 2-tolyl- 43%
28, 4-Br-CgH - 81% 33’ :'xlfS'CC?_""f;’;//" 37, 4-tolyl- 76%
" . . Me 29, 4-Cl-CgHy- 929 O% *"UFabetlar 717% 38 5 Naphthyl- 88%
10, 67% 11, 55% 12, 70% 13, 57% j@/ 30, 4-1-CH,- g%, 34 4-MeSOCeHy- 95%
O NHBoc
Ot-Bu 0 I?oc
O
14, 79% 15, 67% 16, 84% 17, 53% NHBoc N -Boc

39, 84% 40, 82% R =41, -i-Bu 84%

.Boc Ot-Bu =42, -COOMe 87%
Uic/bz\ /?]\)\ .Cb w /(l)J\/D s o} o)
z O S
tBy Ph N Ph N
COOBu N Ph BNoc | ) 7\
18, 88% (2.90 g)* 19, 76% 20, 65% 21, 77% N-Boc N-Boc  N= N 8o

43, 91% 44, 90% 45, 86%



Minisci-type addition to heterocycle 21

Control experiment.

B Me
o PPhg (20 mol %) Me
_NPhth S Nal (10 mol %)
(6] + | . > | N
N TFA (0.2 mmol) z
1 4 acetone, r.t., 15 h N
blue LEDs (456 nm)
0.3 mmol 0.2 mmol %
standard condition B, 96%
control experiments
wioPPh;  wioNal wio TFA w/o blue LEDs addition of
10 mol% I,
trace trace trace 0% 0%

Quantum yield = 0.15
— Closed catalytic cycle rather than radical
chain process

Proposed mechanism

o Ph
i e ik
N
alkyl (0] Na -1-
o] /o’
N~ )\alkyl
Ph,
_Ph

NaI : p hv

PPh3

-CO,
HX + I alkyle

X
N
alkyl alk I
Ky H y X ~ = trifluoroacetate
X or chiral phosphate



Substrate scope of minisci-type radical addition 22

A 5 \ .- 0 PPhj (20 mol %) :
| )L NPhth Nal (10 mol %) XN
) z + alkyl (o) s |
N "H TFA(100 mol %) .-~ % sk
0.2 mmol (100 — 150 mol %) acetone, r.t.,, 15 h
’ blue LEDs (456 nm)
Me Cy Cy Cy Cy
O_A
1 OO O el les
N/ O CI O N/ Me / / /
(Ar) f
46, 88%" 47, 86% 48, 82% 49, 64% 65, 96% 66, 84% 67, 85% 68, 60%
0]
Me Ar OEt _3 Ph
IO seNae ) o {7
r \ A
7<v\o Me N“Boc | A . \ Boc / \N
7~
50, 93%" 51, 75% 52, 73% 53, 63% N” ey N~ ~tBu B —
O Ph N=,, E00C
Ar  SMe /AL/@OFBU Ar_ NHBoc _2 69, 97% 70, 50% 71,51% V¢ 72, 76%!
N
B°°HNJ\) BocHN é Ar
o]
54, 83% 55, 86% 56, 51% 57, 70%
Ph H J\ NHBoc A BocHN )\/Ot-Bu
58, 65% 59, 62% 60, 72% 61, 73%
Ph
Ar Ar
X
CszNJ\/}I/Ot'Bu _)_NH
g < 2 SMe
o O HN-Boc N

NHBoc
62, 88% (80%, 2.78 g)t

63, 86% (d.r = 54/46) 64, 72%



Enantioselective minisci-type

B Me Nal (20 mol %)

Ph O PPhs (20 mol %)  Ar A
o \/”\ _NPhth chiral PA (5.0 mol %) \/\Ph \l/\Ph
N? ' © dioxane, r.t., 20 h NHAc NHAc

reaction

23

[Reaction mechanism]

NHAc blue LEDs (456 nm) R I =
0.1 mmol racemic 0.15 mmol (S)-73 (R)-73 g »R_s \+)| R
NHAc | N 2
chiral phosphoric acids ield of (R+S) (% f (S)- (% f (R)- (% N. ! Radical
phosp y (R+S) (%)  eeof(S)- (%)  eeof (R)- (%) Ac”H B adaition
(R)-TRIP-PA 97 95 - Q0
(R)-TRIP-SPA 96 - 94 0. OH Chiral o'
P’ Bronsted
(S)-TRIP-SPA 95 94 - o o acid cycle
1 ~ or
Ar : — -
— R’ R “ N o
Q 0 0 o e W
dP:OH NHAC Ac-N 1 E
: 111 Deprotonation H, r
99 p .8
Ar' n O/P\O
(R)-TRIP-PA (R)-TRIP-SPA (S)-TRIP-SPA L ~
Phipps et al. Science. 2018, 360, 419-422.
[Substrate scope]
R
C AcHN
CHIN, Ar - Ar.__n-Bu N
e : : L
Ph — NHAc NHAc N : NHA NHA
: c
73, 93% yield 74, 95% yield 75, 96% yield NHAc ¢
95% ee 91% ee 87% ee 80, R = Ph, 66% vyield, 92% ee 82, 35% vyield, 92% ee* 83, 57% vyield, 87% ee*
81, R =H, 51% vyield, 93% ee”
Ar._i-Pr Ar_~-SMe Ar \/r\/NHBOC
: : E EtOOC
76, 86% yield 77, 89% yield 78, 86% yleld NHAc 79, 72% yield
94% ee 90% ee 96% ee 74% ee

NHAC
85, 87% vyield, 96% eet

NHAc

84, 82% vield, 92% ee't 86, 55% vyield, 84% eet



EDA complex formation with other acceptors

EDA complex with pyridinium EDA complex with Togni's reagent
B Fh Nal (20 mol %
— Ar P(pan?so(lyl)sm(%o :r)wl %) Ar C 0
/A =<A oWE e, oan \/\Ar Ph Pr;zls(z(gomrg:% N
r H ey
pn’  BF4 blue LEDs (456 nm) I'O v = » FsC \/\ph
. Ph MeCN, r.t., 20 h
0.2 mmol 0.4 mmol CF4 blue LEDs (456 nm) .
Me 0.2 mmol 0.3 mmol e Sl

/\)\)\Ph
P4
Ph Ph 2 OTMS Nal (0.3 mmol)

0O
90, 74% PPh3 (20 mol %) CF4
o >
Ph | DMA, rt.,, 20 h B
r

/ A
O j\j\“ CF,  Br blue LEDs (456 nm)
Me Me Me0OC” >F “pn 0.2 mmol 0.4 mmol 93, 80%
88, 83% (24%", 22%) 89, 87% 91, 68%

« Applicable to various electron acceptors.

— Wide substrate activation.



Other applications of Nal/PPh3 system

Ts”

PPhs (10 mol %)

+ Ll
1.5 equiv.

[Reaction mechanism]

e S

alkyl

encounter EDA complex

Shang et al. Org. Lett 2020, 22, 8572-8577.

acetone (01 M), rt

P<ph
\
Ph

|
[
hv
- CO,
— PhthM

*PPh

alkyl

1. lododecarboxylation using Lil/PPhs

S8
Ts’N

91%

3:|_T alkyl-I
"~ PPhg

25

lnvestlgatlon of key reaction parameters]
PPh; (10 mol%)

Lil (0.3 mmol) O/ Cr
y/\j)L acetone (01 M) T

blue LEDs (456 nm)
rt., 24 h

(0.2 mmol G 91% trace
) standard condition 81% (3.0 mmol)

different iodides instead of Lil

Nal Kl Rbl Csl Cal, Znl, n-BuyNI
2(%) 72 64 56 10 46 trace trace
3 (%) trace trace 40 40 trace trace trace
different solvents instead of acetone

DMF DMA MeCN EtOAc DCM PhCF, THF dioxane ?&‘3‘2”3%*
2 (%) trace 15 8 16 0 0 81 0 92
3(%) 60 50 trace trace 0 trace trace trace trace

Et\IrMe n-Bu n-Bu i-Pr Me
2 (%) 83 \g/ 2(%)0 \Ir 2(%)0
3 (%) trace O 3 (%)trace

0 3 (%) trace

different catalysts instead of PPhg

P@—OMe) P@F) PCys Ph,PCy P(NMe,); AsPh, Q
3 3 Ph2P PPh2

2 (%) 54 65 39 70 42 16 52
3 (%) 11 trace trace 8 trace trace trace



Other applications of Nal/PPh; system

2. Decarboxylative cross-coupling 3. Reduction of nitroarene

0
PPhs (20 mol%) NO; NH,
~NPhth Nal (1.5 eqiuv) PhSiH3
K X COOH o : A S -
.

DMA, rt, 10 h CHCI3, Ar, 60 °C, 72 h

blue LEDs (456 nm) 1 Blue LEDs 2
2a R = Ph, 98% = 0
. . , ) NH, 2h, R=Br, 97%
Reaction mechanism 2b, R = Me, 97% 2i R= 1. 86%
NH;  2¢, R=Cl, 95% 2j, R=Ac, 96%
5 @ C[ 2d, R=1,99% R 2k, R=CN, 82%
0 _Ph R 2e, R=CN, 99%

Na* . 'R
aIkyl)J\o/N o : ol \Ph 2f, R=CHO, 98%

, © alkyl—4 29, R= COOH, 95% NH, CID/NHz
O—N
o MeO

I 21, R = Br, 99%, 86%"
2m, R=1,99% 2r, 73% 2s, 64%

NH
Nal and PPh h 2 2n, R=CN, 97%
3 A NaNPhth +alkyle R 20, R=Ac, 98% Cl NH; Cl NH,
e ' 2p, R= OMe, 91%
HOOC

2q, R = Ph, 75%
Ph

\ . 0, 0,
Ph—/P—I Ar\/\COOH Zt, 59% 2u, 92%
PH
e < [} 1 31 Blank ‘
1a
alkyl alkyl l —gglha .
N e alkyl y A \)\ § 2{ | Nal+PPh,
r\/\alkyl ——l Ar\)\n/O' Ar\.)ﬁ(O‘ r S Goa § :’ tasNalsPPh,  Np@---"" '
+ ; : = |
3 o) O  HNPhth NaNPhth A 2 .
c B 2 1 ’ ~-_
|
'\ "',
0 — Int-1 Int-2
300 350 400 450 500 550 600
Wavelength (nm) (2.2 kcal/mol) (1.7 kcal/mol)

Li et al. Org. Biomol. Chem. 2020, 18, 5589-5593. Huang et al. Org. Lett 2021, 23, 5349-5353.



Short summary

Catalytic electron donor; Nal + PPhs

O

@::N-OH

R1\n/OH 0 F{‘\n/o‘NPhth
0 DIC ., DMAP o
Ph —— EDA-23 ——

AN \\Ph O
e, Ph_~_Ph @‘R ‘\
_NH, _Ph” "O" 'Ph | ; ! "Ph
Rz *Na I:_ hy - -SET -R_

« Combination of the simple compounds (Nal + PPhs).
— Application to large-scale synthesis.

« PPhs enables SET from iodide to acceptors by visible light irradiation.

« Wide substrate activation.

27



Contents

m Catalytic electron acceptor ; Tetrachlorophthalimide
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General strategy to suppress back electron transfer

[General strategy]

donor

@

acceptor

colored

2, hy <= SET =
O-L6 |
charge-transfer band (hvcy)

in the visible region

radical ion pair

(b)@ r— EDA complex
+ b fragmentation
@LG \V radical

__ irreversible _ kp —» products

formation

leaving group

Incorporation of leaving groups in electron acceptor to suppress BET.

— Requires equivalent amount of electron acceptor.

& Few examples of catalytic electron acceptor.

Cl

Cl

donor
substrate

e

catalytic acceptor

EDA

@_ RA formation

Cl

catalytic
path

N-@
0 radical anion
cl |

Cl

Cl

Cl

O
‘@ EN_‘
.r/,,” o

epa © &D—RA

SEj

visible light
radical
SET

This work ; Tetrachlorophthalimide as a catalytic electron acceptor.

0 @ ¢ o-
turnover
N-@

v' Catalytic acceptor
v' Effective turnover

v Wide substrate activation

Melchiorre et al. J. Am. Chem. Soc. 2022, 7144, 8914-8919.
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Background

« Quinuclidine + Tetrachlorophthalimide

OAc

O V— ::\ electron donor R formation of
N\~ catalyst radicals
R O ‘n/ ‘\\ ,
o) Cl T l
EDA complex
T AcO_ i ~ aminodecarboxylation
o ~NA cl / intramolecular cyclization
abundant | o L /Ael/c' / hydrodecarboxylation
source R OH R O*‘N:/"i Z~Cl v dimerization
. T d

Bach et al ACS Catal. 2019, 9 9103-9109.

30

« Nal/PPhs and Phthalimide

@ P
Ph A

=, /Ph Ph ~p—I°

RAE = A ‘\
N;I_) Na=-1" = ﬁ/

+ /O/ b
PPhg N )Lcy r»«
0

Fu et al. Science. 2019, 363, 1429-1434.

« DHP and Phthalimide

? no catalyst
E10C gt no inert atmosphere
| | + —SCF3 » e— SCF3
Me' ” Me acetone (0.2 M)

o rt, blue Kessil, 24 h
EtOzC _Me

@;\\ ~SCFs

EDA complex O

Molander et al. Adv. Synth. Catal. 2021,363, 3507-3535.

Phthalimide effectively forms EDA complex with various electron donors.



Properties of acceptor catalysts 31

acceptor catalysts

Cl

) Cl (0]
©<§N—Ph N—Ph
o catalystA el o Ccatalyst B

Cl

Erd=_178V Ered=.0.84V

Me

Cl
Cl P
N Me E®=.086V
Cl
Cl 0

Me  catalyst C

cyclic voltammetry

current (MA)

0,15

0,00 -

-0,15 4

catalyst B

I N 1 N 1 M T

S T .
-1,6 -1,4 -1,2 -1,0 -0,8 -0,6

potential (V)

-0,4 -0,2 0,0

[Redox active ether]

0 o © ©
»—R O O o}
©:‘<‘<N-0 SET @E;:N—oy_R > @QN + CO, + R
(0] o) (6]
[acceptor catalysts]
0 O@ ©
CrO —=— O % OO
(0] (0]

Reduced catalyst B is kinetically stable.

— Effective turn over.



Electron donors as radical source

[Trifluoroborate]

Mn(OAc); (2.5 equiv)
TFA (1 equiv)

R-BF3K + HetAr-H R=HetAr
ACOH/H,0 (1:1)
50°C, 18 h
Me
C@ i
/
B
oxidant, acid N/ R
Mn3* Mn2*
Me Mn3+
Mn2* BN Me -
| v S
R H
N R
H

Li et al. Aadv. Synth. Catal. 2018, 360, 2781-2795.

[Dihydropyridine]

(0] R (0] 0 R o
SET
Me Me N

N Me” N7 Me

32

[silicate]

Q7 . BT
N o
| . HN Q) L O
R1/S'\O " 4CzIPN (2 mol %) .
DMSO, rt
@ R Blue LEDs R 4CzIPN

93 94 95

HNR'R", 33 examples

N©
X 4CzIPN 4CzIPN* o |o
N - R—Si D

Blue LEDs ®

m HNR'R",

O
93

94b [SET SET 2

2 i
RS, o 4CzIPN
N z

A R’

1 R2
R R N

94a |k 1
R

Fensterbank et al. Chem. Soc. Rev., 2022, 57, 1470-1510.



UV-vis spectroscopy

acceptor catalysts
Cl
(0] Cl 0]
©::N—Ph N—Ph
o catalystA el o catalyst B
Cl
E®d=-178V E*d=-0.84V
Cl
Me E®9=.0.86V
Cl
Me  catalystC
0,6 —1c
—catalyst C
1c 05 catalyst C + 1c
BF3K
04

0,3

o Q9
5 ZQ

o=\,"~o

=

®
Absorption (u.a.)
o
N

- Me — Ry A=
catalyst C i e — ¢ - B
0
320 370 420 470 520 570

A (nm)

EtOOC COOEt
Me N Me
H
1a
Cl
Cl o
N—Ph
Cl
Cl e
catalyst B
/\sozph
2a

\k+
NEt,
O |0

O O

1f

cl - Me,
Cl
N Me
Cl \
Cl O Me

catalyst C

Absorption (u.a.)

33

—1a
—2a
—_ catalyst B
! ——1a+2a
= ~———1a+cat. B
= — Reaction mixture
e
o
w
<
e S
500 600
A (nm)
3
1f
et catalyst C
’ catalyst C + 1f
15
i &
0,5
0
280 530 580

A (nm)

Red shift was observed. — EDA complex formation.



Screening of acceptor catalysts 34

[Giese-type radical addition]

acceptor catalysts
(a) catalyst (20 mol%) 0 g L0
- P sopn e Q/\So Ph ©:§N_Ph Clﬁqzr\l_F>h
DMF [0.10 M] 2 catalyst A catalyst B
1 2a 40°C, 16 h 3a 0] y I (@] y
E®d=-178V E®d=.0.84V
entry catalyst 1 deviation yield 3a (%)
1 A 1a none 0 jk/:::z —Qme E*d=_086V
2 B 1a none 89(87)* catalyst C
3 C 1a none 85
4 B 1b none 52
redox auxiliaries
5 Cc 1b none 74 (70)*
NEt4
EtOOC COOEt
6 B 1c none 41 :&[ ©: :@
BF3K—§—
7 Cc 1c none 64 (63)*
8 B 1a green light 39
9 Cc 1b green light 55
10 B 1c green light 27 ] ] )
y . 1 - ; « Catalyst B and C afforded product in high yield.
a-c no lig

12 none la-c none 0 - Radical generation via EDA complex. (entry 8~10)



Substrate scope of Giese-type

RA catalyst B or C (20 mol%)
O+ Aene blue LEDs N O\/\EWG

:

DMF [0.10 M]
1 2 40°C, 16 h 3
radical precursors
NEt4
EtO,C CO,Et
@E 1) =0
organo-
DHPs alkylsilicates trifluoroborates

[Reaction mechanism]
(c)

/\EWG 2 . reduction H*
(@) O ~twe SET = O~
radical addition n . / 3
| o~

Cl
hv | EDA activation . N_O acceptor
cl catalyst

a1 ©

1 + catalyst

radical addition

[Substrate scope]

(a)

NN O\/\
O\/\SOgPh Cl SO,Ph

SO,Ph SO.Ph
3a: 88% (from DHP) 3b: 61% 3c: 56% 3d:76% (from silicate)
70% (from Sf/icate) (from Si/icate)# (from Silicate) 84%, 52%* (frOm BFQK)
63% (from BF3K) COOMe COOMe
Ph Ph
Ph ~ ~
ﬁ\ AN S5 TNA"Ns0,prh N S
o SO,Ph
Cbz COOMe COOMe
3e: 80% 3f: 48% 39: 43% 3h: 83%
(from BF3K) (from BF3K) (from DHP) (from BF3K)
Ph s 1
N VN /D:'O
Ph
3i: 53% 3j: 49% 3k: 61% 63%
(from BF3K) (from BF3K) (from s://cate) (from DHP)

Unsuccessful substrates

+
Ph K [18-C-6]
EtOOC COOEt

| EtOOC o COOEt C[ SIH_D

Ir=z
Iz

Quantum yield = 0.04
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Heck-type reaction with cobaloxime 36

Cl
s o-—“H\O s
. . ! / :
[Reaction design] s ve Mes N, | il Me!
Lo LR MGINICO\NI :
s :@i}“ we 4 | g
el N 7 " CHe-yee ;
9 Ar/\ 5 . : cl O e ,’1‘ :
O > O\/\Ar ; U ;
: catalyst C X 7 '
! Cl o~ v Co(dmgH),PyClI
% cl e cobaloxime
N Co(lll
o ) I —C [Co(Il)] Lo
hvﬂf“"’/
ol Cl o
[ ;;I N-. EDA catalysis SET cobalt catalysis
cl Y y Ar/\,O
Ol 2
DA CDRA 6

[Co(lll)]-H
\\ Vil
m [Co(ll]

cobaloxime 7 H
EDA acceptor catalyst Ho



Substrate scope of Heck-type reaction 37

catalyst C (20 mol%) Cl
RA cobaloxime 7 (5 mol%) o--| H< :
O/ oA > A _ ; Me _/ ? :
blue LEDs, Cs,CO3 (100 mol%) : Me I,N 1 wN.__Me.
°C Di y : cl Col' S :
1 5 40 °C, Dioxane (0.1 M), 16-60 h 6 . o ve™ = IO\N':LM :
radical precursors ; N Me l °
P e & O\H--,----O :
NEt4 ' N H
Et0,C COLEt : cl Me Q 5
©: :@ catalyst C N 7
; Co(dmgH),PyCl
B oHps alkylsilicates o cobaloxime :
NBoc NBoc NBoc
o o
N
Z7 6 70% S 6k 49%% 6l: 53% 6m: 57%(from silicate)* 6n: 73% (from silicate)
6a: R = p-H, 86% (E:Z = 14:1) E:Z =101 E:Z>20:1 E:Z=10:1 E-Z =131 EZ=91

6b: R = p-CN, 83% (E:Z>20:1)

6¢: R = p-CF3 89%, (E:Z=13:1) o

6d: R = p-Cl 75% (E:Z=7:1) J\
6e: R = p-Br 77% (E:Z=7:1) N

6f: R = 0-Br, 58% (E:Z=20:1)

6g: R =m-CHO, 83% (E:Z=6:1)

: A y ’ 60:64% Gp 57% 6q: 75% 6r: 68%(from silicate) 6s: 67%
6h: R = p-tBu, 73% (E:Z>20:1) E:Z=10:1 E:Z>20:1 E:Z >20:1 E:Z>20:1 E:Z=11:1
6i: R = p-OMe, 58% (E:Z>20:1) 0
o) HN
o) NBoc O’( / | |
P N 3 CF
N 3
o \ :
o
o Y N ><O‘\u ° A
o 0 )\Q\ cl N o
° o Ph Ph H
from fc?noiibr ate from indomethacin from pregnenolone from pseudouridine from efavirenz
ﬁt. 73/0- 6u: 55% 6v: 70% 6w: 81% 6x: 63% Ph
E:Z=151 E:Z>20:1 dr=16:1,E:Z=8:1 dr=51,EZ=7:1 E:Z>20:1

Unsuccessful substrates

Q/\/ (j/K 7 epin 7 s Quantum vyield = 0.01

traces of product traces of product
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Summary & perspective

[Nal and PPh3]

« Tricomponent EDA complex.
- Industrial application to large-scale synthesis.
« Applicable to wide range of electron acceptor.

[Tetrachlorophthalimide]

« One of the few examples of catalytic acceptors.

« Applicable to wide range of electron donors.

« Combination with metal-based catalytic system.
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Perspective

[Redox auxiliary]
« Relying on existing redox auxiliaries.

A : . ®—o
— |nvestigation of new EDA-active structure(redox auxiliary). i ©/H{ #2e8 GOk ©

« Radical generation without conversion to redox auxiliary.

(0]
N-OH
R1\H/OH o . R1\n’O“NPhth
O DIC . DMAP O @ SET
Ph — “, —— Kkp —> products
/f@j\ o o ® radical
iz z formation
NH, _Ph” "O” "Ph | EDA complex
Rz/ > /N\
R2 @
Ph




Perspective

Relying on existing redox auxiliaries.

— |nvestigation of new EDA-active structure(redox auxiliary).

Radical generation without conversion to redox auxiliary.

)

NH,

EDA complex

41

[Redox auxiliary]

" S

SET

—— Kkp —> products

radical
formation




