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1. Reductive Couplings
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R = iPr; leptosin D {5) pyrroloindcline

(bottom) moieties

Figure 1. Representative examples of cytotoxic and antibiotic C3—-C3'

bisindole alkaloids.
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Stephenson*, Angew. Chem. Int. Ed. 2011, 50, 9655 —9659



1. Reductive Couplings

C2'-addition

[Ru(bpy)sCls]

Br (2.5 mol %), ;
(ﬁ“ Et;N, DMF 11 Boc
. additi
N Boc Blue LEDs C3 a:dl ion
: 12 h N
9 Boe m-COZMe N/ COMe
tits
58% O N
Boc
N H

13 Boc

Scheme 2 Visibledight-mediated coupling of bromopyrroloindoline 9
with indoles enables selective access to both C2’- and C3'-substituted

bisindoles. Boc= tert-butyloxycarbonyl.

H Br, wlunnvie 1% 1a HO
~ > _
@ Ny Po% DMF, rt. N,
. Boc
8 \CbZ blue LED ‘
5 \ 82% vyield

i 9 gram-scale

oY (.. .. ([AERT=H R2=iRu |
4

Stephenson*, Angew. Chem. Int. Ed. 2011, 50, 9655 —9659



1. Reductive Couplings

radical conjugate

addition
\H .
5

HO ¢

H | |
Boc Boc
2: drimentine G 8
; [l
Br H o

=z H
Me Me 11: (+)-sclareolide

Boc Boc
9

Scheme 2 Retrosynthetic analysis of drimentine G.

Ang Li*, Angew. Chem. Int. Ed. 2013, 52, 9201 -9204



1. Reductive Couplings

Table 1: Investigation of conditions for the radical conjugate addition.
Me

The success of this reaction is
presumably due to the low

10 conditions . concentration of the reductive
—_— Rogi—~{ ) species and the slow rate of

+ O
@/BSZH 0 side reactions such as the
N ?(H(OMG

formation of debromo-9.

Boc Boc 9 8 ORTEP of 8
Entry  Conditions Yield [%]™
; étlBléN ,OBuESng;Sr _(l_lell:g)fSiH’ toluene®” 8 complete debromination of 9
, O,, Bu : ¢
3 [Cf)(PPI‘l)CIf acetone®d 0 10 was fully recovered
4 BusSnH (syringe pump), benzene® 58
5 [Ru(bpy);Cl,]-6 H,O (2.5%), blue LED, Et;NPc! 51
6 blue LED, Et,N©c 12
7 [Ir(ppy),(dtbbpy)]PFs (2.5%), blue LED, Et ;NP9 89 (87)M
8 [Ir(ppy)»(dtbbpy)]PFs (2.5%), blue LED, Et;N 91 (86)teM
10/9= 1:1.5¢

[a] 4.0 equiv of 10. [b] 808C. [c] 228C. [d] 10.0 equiv of 10. [e] 2.0 equiv of
Et;N in DMF (0.5min 9 or 10). [f] Based on 9. [g] Based on 10. [h] Yields
in parentheses obtained from gram-scale reactions. AIBN = azobisiso-
butyronitrile, bpy= bipyridine, dtbbpy= 4,4 -di-tert-butyl-2,2’-bipyridine,
ppy= 2-phenylpyridine, TMS= trimethylsilyl.

Ang Li*, Angew. Chem. Int. Ed. 2013, 52, 9201 -9204



1. Reductive Couplings

[Ir{ppy)a(dibbpy)]PFg (1 mol%)

20°C, N3, 24h, blug LED strip

|
O
@[ iPrzNEt (5 equiv), CH3CN (0.05M)
| P
1a

photocatalyst (1 mol%)

\
2a 10% yield

Q JW/ base (5 equiv), solvent (0.05 M)

20°C, N,, blue LED strip

LSO

I AT/

2a' 60% yield
Scheme 2 [Ir(ppy)>(dtbbpy)]PFs was used as the photocatalyst.

IS

2a \
Yield®
Entry Catalyst Base Solvent (v/v) Time (%)
1 Ru(bpy)sCl> iProNEt MeCN 24h O
2 facir(ppy)s iProNEt MeCN 24h 37
3 [Ir(ppy)>(dtbbpy)]PFg iProNEt MeCN 24h 10
4 facir(ppy)s iProNEt CH_Cl, 24h 57
5 facir(ppy)s iProNEt THF 7d 78
6 facir(ppy)s iIProNEt EA 5d 46
7 facir(ppy)s iProNEt DMSO 12h 44
8 facir(ppy)s iProNEt Acetone 36h 67
9 facir(ppy)s iProNEt MeOH 36h 46
10 facir(ppy)s 1ProNEt DMF 12h 51
11 facir(ppy)s iProNEt THFHO (7:1) 60h 82
12 facir(ppy)s 1ProNEt THF/acetone 60h 87
(1:1)

Peng-Fei Xu*, Chem. Commun., 2016, 52, 6455--6458



1. Reductive Couplings

' q Ir{ppy)a(1 mol%)

IPrNEE (5 equiv), THF/acetone (1:1)
N O
| JJ\ISN—BQ(: 20°C,Nz, blue LED strip, 60h

1ad 2ad 65% yleld
_Boc
N N
i}. BRPO, CH,Cl,, 80°C, 18h
ii). NaOH, MeOH, rt. 18h ref. 13
iii). NHs, MeOH, rt, 4h o — o
N N
H H
Jad 43% vyield (x)-coerulescine
OH
Ir(ppy)s (1 mol%)
iProNEL (5 equiv), THFfacetone (1: 1) 0
20°C,N,, blue LED strip, 96h N
1ae 2ae 88% yield
LiAIH, O ref. 16 \@\)C
THF, rt N\
3ae 80% vyield () physovenme

Scheme 3 Formal synthesis of coerulescine and physovenine.

Peng-Fei Xu*, Chem. Commun., 2016, 52, 6455--6458



1. Reductive Couplings

H
seeiehe
0
N

5\
fac-lr(ppy)s RsN
10
o fac-r( ppv)a
' 1a \
2a
hv -
R3N RaNH
fac-Ir(ppy); 9 11
6

Scheme 1 Proposed mechanism for the 1,5- HAT reaction.

Peng-Fei Xu*, Chem. Commun., 2016, 52, 6455--6458



2. Photocycloadditions

[2 + 2] : photoredox process vs simple Av

The excited states of photoredox catalysts can oxidise one of
the reaction partners under mild conditions, such reactions are

highly regio/stereo- selective and high-yielding.
Daniele Leonori* Nat. Prod. Rep., 2016, 33, 1248-1254

[4 + 2] : photoredox process vs thermal reactions

a) A b) A R*\/_

energy
energy

P + cat.

\

|

reaction coordinate reaction coordinate

Figure 1. Reaction pathways in (a) a thermal reaction with reagent R yielding product P catalyzed by a catalyst (cat.) via intermediate I and (b) in a
photochemically induced reaction where the chemical reaction commences from the excited state of the reagent (R*).

Stephenson* Chem. Rev. 2016, 116, 9683-9747 10



2. Photocycloadditions: [2 + 2] via cation radical

Scheme 1

Me,’ Me Me Q,Me
MeO OMe
MeO ( OMe MeO ; OMe
OMe MeO OMe MeO

andamanicin
NOS inhibition IC5¢ = 53.5 uM

di-O-methylendiandrin A
GR binding IC50 =13 uM

MeO

MeO OH

OMe MeO

magnosalin endiandrin A

NOS inhibition ICso = 5.9 uM  GR binding ICsp = 0.9 uM

Several examples of bioactive cyclobutane lignan natural

and derivatives.
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David A. Nicewicz* Chem. Sci., 2013, 4, 2625-2629
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2. Photocycloadditions: [2 + 2] via cation radical

(E = +1.74 V) Me,,

3 mol% p-OMeTPT, rt

. Me
o~ g
MeO 450 nm LEDs

.
.
':Z

Epp =+1.37V 0.4 M MeCN MeO” E,p=+15V  “OMe
Entry Electron relay” Equivalents Yield
1 None None 0%
2 Anthracene (+1.21 V) 0.25 13%
3 Naphthalene (+1.61 V) 0.25 16%
4 Naphthalene 0.5 18%
5° Naphthalene 0.5 54%
6 NPh; (+0.91 V) 0.25 0%
74 Naphthalene 0.5 0%
8° Naphthalene 0.5 0%

“ Reactions were carried out for 24 h, unless otherwise noted. '"H NMR
yields are reported. ” Peak potentials of electron relay in parenthesis.
¢ Reaction time was 5 days. ¢ Reaction in the dark. ¢ Reaction in the

a

bsence of p-OMeTPT.
Me
MeQ OMe 3 ol p-OMeTPT, 1t
»> 32
450 nm LEDs
0.4 MMeCN, 48 h
MeO OMe
65%
Me
MeQ pue 3 mol% p-OMeTPT, 1t
> 2
450 nm LEDs
0.4 MMeCN, 48 h
MeQ OMe
2 0.5 equiv anthracene 83%

Me
OlMe |
+ @)
MeQ
11%
Me
OMe |
+ (5)
MeC
< 3%

David A. Nicewicz* Chem. Sci., 2013, 4, 2625-2629

naphthalene

anthracene

12



2. Photocycloadditions: [2 + 2] via cation radical

PMP
ER = Electron Relay = 450 nm
= LEDs
PMP~ 07 PMP \ PMP
% @
"
\/\R gt — p
PMP S0 PMP
. ©
BF,4
&S
PMP
ER .
PMP @) PMP
[ Ar\/\R ] . 3
R, R R R
\. ‘ ERor3
—’
A %, — = | Q1. | @ caammesinn
\///\R i -« --- b
Ar Ar reversible in Ar Ar
4 absence of ER

Fg.2 Working mechanism for the alkene cyclodimerization reaction.

David A. Nicewicz* Chem. Sci., 2013, 4, 2625-2629
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2. Photocycloadditions: [2 + 2] via cation radical

OMe

MeO
OMe

E-asarone

Me

Me Me ~Me
3 mol% p-OMeTPT, rt MeO 5 OMe
0.5 equiv. anthracene
- el (2)
450 nm LEDs N /
0.4 M MeCN MeO OMe
OMe MeO
magnosalin
50%
e 1) Br, HOAG Mo
2) BBr3, CH,Cl, .
= 4 ®3)
I 3) MeOH, Cs,CO5 I
= BINAM, Cul, 110°C —
OMe HO OH
OMe MeO

endiandrin A
59% over 3 steps

David A. Nicewicz* Chem. Sci., 2013, 4, 2625-2629
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2. Photocycloadditions: [2 + 2] via cation radical

H H
N = [2+2]
& H
HO @) HO o)
4 3: nyingchinoid D

02

Y

[2+2+2]

H

@)

5
dearomatization and
0-O cleavage

C-C cleavage
and aromatization

—
-

HO

1: nyingchinoid A 2: nyingchinoid B

Scheme 1 Proposed biosynthesis of nyingchinoids A, B, and D.

15
Jonathan H. George™ Angew. Chem. Int. Ed. 2019, 58, 2791 -2794



2. Photocycloadditions: [2 + 2] via cation radical

(E /2 +1.74 V)

o) 4-MeO-TPT, DCE, 0 °C H H
BSCI, imi WO, = ’ ' ‘
N g, I SgMg?;g_la_zole s o ¥ ¥2= 1 atm O, 470 nm LE:D H o
—_—
HO o 75% TBSO o after 20 min: 8 (87%) sole product TBSO 0
4 6 after 7 h: 7 (60%) sole product 7

8, .
kinetic product
thermodypamic product P

@ 02 then TBAF 53%

[®)
@ O, then TBAF 92% | TBAF, THF, RT 86% | TBAF, THF, RT
then TFA

61%

H H
TFA, CH,Cl,, RT .
HO 58% HO (0]
2 (X-ray) 1 (X-ray) 1: nyingchinoid A 2: nyingchinoid B 3: nyingchinoid D
16

Jonathan H. George™ Angew. Chem. Int. Ed. 2019, 58, 2791 -2794



2. Photocycloadditions: [2 + 2] via cation radical

7 as the thermodynamic product

(E o2 +1.74V)
N = Ar |*  blueLED O
2 e r
TBSO o Ar/ngr Y s o
6 ® Ar 8 Ar
4-MeO-TPT* 4-MeO-TPT
SET Ar te- Ar=4-MeO-CeH,
Ar/rozAr
4-MeO-TPT"
H H
H
TBSO o)
TBSO 8

TBSO

; H

®

H TBSO 0O
H -
TBSO TBSO o) ~— "

30, 10

kinetically trapped as 11 instead of forming 12

biomimetic process
17

Jonathan H. George* Angew. Chem. Int. Ed. 2019, 58, 2791 -2794



2. Photocycloadditions: [2 + 2] via triplet energy transfer

Table 1. Optimization and control studies for photocatalytic [2+ 2]

cycloaddition.
X
e
X N -2
X
' PR D N

“RUM i
N

ke X

1a (X = CH) Ru(bpy):2*
1b (X =N) Ru(bpz)s®*

_‘+

Bu

2 Ir{dF(CF3)ppy)a(dtbbpy)*

+0.89V
= visible light
| P | Me.__Me 1 mol% cat. )
| salvent
+1.42V O~ 15h
3
Entry® Catalyst Solvent Conc. [m) Yield™ [9%]
1 2P CHQL, 005 22
2 2FF, CcH,Q, 005 2%
3 2P THF 005 2
4 2 acetone 005 24
5 2FF, MeOH 005 2
6 2P MeCN 005 13
7 2 DM30 005 3
8 2FF, DMS0 0.0 89 (83)¢
9 1a-{Pr), DM30 0.0 0
10 1b-(P) DM30 0.0 0
11 none DMS0 0.0 0
124 2P DM30 0.0 0

[a] Reactions irradiated using a 23 W compact fluorescent light bulb.

[b] Yields determined by '"H NMR analysis against a calibrated internal
standard unless noted. [¢] Yield of the isolated product in parenthesis.
[d] Control reaction conducted in the dark.

OH
EtC.C
Ca(OH) OH Me
a 2
Me 2 CH 140 °C EtO.C . A Me
Q + (54%) Me O M 15
H ‘ Me ©
Me Z “Me
34 visible light
1 mol% 2-PFg | (86%)
DMSO
LiOH
680 °C EtO,C
(97%)

(+)}-cannabiorcicyclolic acid

Scheme 2 Synthesis of cannabiorcicycloic acid.

Tehshik P. Yoon* Angew. Chem. Int. Ed. 2012, 51, 10329 —10332



2. Photocycloadditions: [2 + 2] via triplet energy transfer

Scheme 1. Streamlined Synthesis of Norlignan 3

25 mol%
TfoN~
0 ? O
F H
=
MeO O> MeO OMe
2 0
3 F o / N
OMe 4 —
+ 0 X

OMe MeO

= OMe 1 mol% photocatalyst
24 CH20|2, —25 °C 25, X = Br
MeO Br blue LED

88% vyield, 70% ee, 5:1 d.r.
w/ [Ir(Fppy)2(dtbbpy)]PFg (71)

- 80% vyield, 97% ee, 5:1 d.r.
w/ [Ir(ppy)2(4,4’-dCF3bpy)]PFg (7i)
10 mol% RockPhos G3
Cs,CO3, MeOH, toluene
90 °C

L > 3, X=0Me
92% vyield, 97% ee

Influence of Lewis acids on the singlet-triplet gap:
Lewis acids can accelerate energy transfer by stabilizing the triplet state of the organic substrate

19
Tehshik P. Yoon* J. Am. Chem. Soc. 2019, 141, 9543-9547



2. Photocycloadditions: [2 + 2] via triplet energy transfer

1) BH3:SMe,
71% (2 steps) 1) 10, PhSeCl, NEt; PhaP= N
2) TIPSCI 2) Hy0,, pyridine BOMN
o 0,
HOOC \/\T/COOH NaNO; “COOH imidazole OTIFS 56% (2 steps) OTIPS
N H,SO4 o 3) DIBAL \_J 3) PPh,
i 4) MsCl, NEts
L-Glutamic acid (7) 0 8 76% (3 steps) 9 N
synth. (purified) [a] > +12° (¢ 5.0, methanol) N—( ]\/-LH/OH hv(CGFl)
# 1230 e BOI\'} 3 mol % Ir(ppy)s
lit. (Aldrich) [a]2 +14° (c 5, methanol) 10 d.r. 1.8:1
(E2) 1.7:1

OH

OTIPS

N
1) Ac,0
% % 7 2 2
PhaP=N— j] H 1yMsci PhsP=N—< j H oMAp PhaP=N—{ ]
Boﬁ “__ 3/ “OMs pyridine BOIu “_ /" NOH  pyridine BOM
- s
2) Nal 2) Hg(CIO4),
. |,  3)NaNg | CaCO;
N3 N3 4) HFePy OH 3) HOAc HO
15 pyridine 14 4) NaBH4
45% (9 steps) 5) NaOMe
1) Dess-Martin
periodinane
2) Boc-guanidine, TFA
53% (2 steps)
: £ L
1) Hy, PtO, PhsP=N /] | NH
J=NH 2) EDC, HOBt N— ", N 1) BCly; NH,OH
{j 2,6-lutidine BOM H 15% (3 steps)
., —_—
| 2) HCI |
0,
O« _NH HN__O &% O« _NH HN__O
S:/ ;NH HNT S:/ ;NH HNE \;Z
Br Br Br Br
17 ent-Sceptrin (ent-1a)
(. v
New X-ray structure : Q Me Me ;
of natural sceptrin Y o7 COOH+HoN '
' Y% i :
i\ Me i

Phil S. Baran, Chuo Chen* Science, 2014, 346, 219-224



2. Photocycloadditions: [4 + 2] via Radical Cation Diels Alder Cycloaddition

Electronically mismatched Diels Alder reactions between two electron-rich components

MeO
200 <C
2 sealed tube
+ ; - no reaction (1}
| xylenes
Me 24 h
1 Me 2
MeO MeO
Ru{bpz)s(BAIF),
i (0.5 mol%)
+ :
| visible light
Mo Me air, CH,Cl,
1h
1 2 3, 98% vield

21
Tehshik P. Yoon* J. Am. Chem. Soc. 2011, 133, 19350-19353



2. Photocycloadditions: [4 + 2] via Radical Cation Diels Alder Cycloaddition

Scheme 1. Proposed Mechanism

Ma0D

Oz MeQ j\
Me
©T e
1 -+
+
Me

22
Tehshik P. Yoon* J. Am. Chem. Soc. 2011, 133, 19350-19353



2. Photocycloadditions: [4 + 2] via Radical Cation Diels Alder Cycloaddition

Me

radical cation
Diels—Alder?

35 OTBS

1. TBAF (76%)

2. TPAP, NMO
(80%)

—>

3. NaClO, (76%)

Me 31, Heitziamide A Me

Ru(bpz)3(PFe),
(2 mol%)
_—
visible light, air
Cchlz, AcOH

37 HO.C"

Ji ., . the polarization of the diene and
Me ?gg’iotirs'g%?:rl dienophile it bonds suggests that
the regiochemistry expected from
the thermal Diels Alder reaction
would afford the isomeric cy-

cloadduct 32

150 °C 60% yield
72 h 2:1 trans:cis

ot

/

Me

e i Me

HN

33, fagaramide j\

Me Me

34, myrcene

34

(80%)

i-BuNH,
EDCI
DMAP
—_— 31

(81%)

23

Tehshik P. Yoon* J. Am. Chem. Soc. 2011, 133, 19350-19353



3. N-centered radicals

il H Q wluaene N —_ 14
W ©:l§_‘ degassed N / —
H

N reflux, 3 h N
H  CO,Me COzMe H  COMe
7 (0.5 equiv) 8 (0.5 equiv) pseudotabersonine 2
65%
Et
CN
N NN E
\ y - j ,< H J
N >,
H Et o N *
CO,Me visible light H Co,Me
1
/'__—‘\ 6
I3t Ir3*
+H*
SET
S CN
\ Et
\ N y Ir2* R
N >
Et N "
\ _r'a/ Et/ 15
\ +CN
AN ,
N " 14
H CO,Me

Corey R. J. Stephenson* J. Am. Chem. Soc. 2014, 136, 10270-10273
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3. N-centered radicals

R by Ilf\\lv\-luli'.'
D' toluane

Ya®)

degassed
. reflux, 3 h N
' H CO,Me
pseudotabersonine 2
65%
C+
benzoic acid
(4 mol%)
6‘ @ Y
toluene ”
reflux, 1 h H CO.Me H COMe CO-Me
pseudotabersonine 2 8
13% 14% 6%
NG g Ft
[ LN
Et TFA (1 equiv) N
H, Pd/C H N Y toluene )
6 —— A > Et
N ‘e, degassed N
MaOH N COMe reflux, 3 h H  CO.Me
=201 d.r (+)-coronaridine 4

48% over 2 steps

25

Corey R. J. Stephenson* J. Am. Chem. Soc. 2014, 136, 10270-10273



3. N-centered radicals

MeO MeO
H H
N N
MeO 11b 3 MeO
1 -
0 OH
tetrabenazine (TBZ2) dihydrotetrabenazine (DTBZ)
()-1 (+)-2

Figure 1. Tetrabenazine and dihydrotetrabenazine.

MeO
. four steps;
MeO NH « HCI P H N

N photoredox catalysis MeO

f o
-

Me |
\HJI\/I\ ] (+)-tetrabenazine QO

O OAc

Christopher C. Marvin* J. Org. Chem. 2015, 80, 12635-12640
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3. N-centered radicals

ve AL 8%
6b 0
Ru(bpy)sCl2  MeO
MeOQOH, air H
blue LED, 3 d N
- MMan ~
visible light
FI'H RB H_,r"rrr
N
Are \§
r j H,O
R> RB 22
G,
RB
05 HO,
Flﬁ
Ar/[\iw Ff‘
N
Ra A[/+"ﬁ

Ru(bpy)sCl,

MeOH, air

MeO N blue LED, 3d

SUL

15 OTIPS

Ru(bpy)sCl, (1 mol%)
CH3CN/H,0 (10:1)
air, blue LED, 16 h

Y

57%; 5:1 dr
(1 step)

;

H

MeO

» MeO

gﬁg

16 TIPSO OMe

33% (2 steps)
5:1dr

)-tetrabenazine (1) O

MeO

MeO

NaBH, | 73%
MeOH | (95:5dr)

(x)-dihydrotetrabenazine (2) OH

Christopher C. Marvin* J. Org. Chem. 2015, 80, 12635-12640



3. N-centered radicals

0 photocatalyst 1 .
R N R visbleiight RN N
~N7 07 R - Rz i IR
R2 : NS
acyl oximes iminyl radical azaarenes
reductant
ible light
/N oxidative (\::ﬁllteeLlEgDS
SET quenchmg
. -.?uﬁ [ photoredox
S PC* netural
o < oxidant
C
N
o, RCOZ T
:' i‘: :“:\ﬁ \ ’
Y o
| H » R
=N
RI
RV 2.4, or 6
PC* T
PC

Shouyun Yu* Angew. Chem. Int. Ed. 2015, 54, 4055 —4059
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3. N-centered radicals

/ | I R_I
SN 2i R"=Ft, 95%

N 2j,R"=Bn, 87%
-

)o, R*=H, 91%
p, R® = Me, 88%
2q, R® = CF3, 93%

|
Me
hh/LNZA\ME IYLNMEQ
a, R' = OEt, 89% PH N “Me

b, R' = OBn, 82%

e, R' = OAllyl, 84% 6d, 78%

L1, A = peJIvIe gl
2m, Ar = p-CF3C5f
2n, Ar = p-ClCgH,,

s
S T
| - M

3
-~
N Me

4n, R® = OBn 74%
4o, R? = NMe,, 71¢

rr
Ph NT T R2

6e, R? = nPr, 91%
6f, R2 = Bn, 87%

Shouyun Yu* Angew. Chem. Int. Ed. 2015, 54, 4055 —4059

phenanthridines

quinolines

pyridines



3. N-centered radicals

Previously reported routes to 11 and 12 required 11 steps and provided the products in about 20 % overall yield

SOSE:

7

O

f

(HBpln

[{lr( c:od)OMe}g]
dtbbpy, THF
50°C,48h

61%

RQD

9a, R', RZ2=CH,, 98%
9b, R' = R? = Me, 95%

I l BPin R20

1. NH-QH-HCI, pyridine
MeOH, RT, 8 h

2. ArCOCI, EtzN, (:H2<:|2

0°C, 10 min

Ar = p-CF3CsHy

Ne

[Pd(PPh3)2CI2]

K,COs, DME, H,0

80 °C, 2h

R1O
R20 #N-ocoar

10a, R', R? = CH, 96%

10b, R'=RZ2=Me,

rR1O

R20

=N

)

)

Q

R', R? = CH,, 93% (noravicine, 11)
R'=R? = Me, 86% (nomnitidine, 12)

—

fac-Ir(ppy)s
DMF, 26 "C

visible light

99%

Scheme 7. Synthesis of benzo[c]phenanthridine alkaloids. cod= 1,5cyclo-
octadiene, DME= dimethoxyethane, dtbbpy= 4.4’-ditert-butyl-2,2’-bipyri-

dine.

Shouyun Yu* Angew. Chem. Int. Ed. 2015, 54, 4055 —4059



4. Proton-coupled Electron Transfer (PCET)

PCETs are unconventional redox processes in which an electron and proton are exchanged
together in a concerted elementary step.

H+
-
N\ idati /}-i—A . _H---A
oxidative | E- reductive E "
MP —H- T ————» Re----H— n- n-l E— n
R—H- ---B mp— R H—B M M )L oCET )\
\—/ R R R”* "R
e \
o
€ (Catalytic C-H alkylation enabled by PCET
0 0
, Ir photocatalyst R’
R
|L H Phosphate base, ,L
blue LEDs
RII
_ 5 o -
Y /\R//
PCET HAT

Robert R. Knowles®, Nature 2016, 539, 268-271 31



4. Proton-coupled Electron Transfer (PCET)

PCETs are unconventional redox processes in which an electron and proton are exchanged
together in a concerted elementary step.
Synthetic application: redox-neutral isomerization of cyclic alcohols
OH photoredox catalyst 0
| Brensted base g[\
R R
H-atom donor

H

O.
intramolecular l [3-scission
R

PCET & HAT

Robert R. Knowles* J. Am. Chem. Soc. 2016, 138, 10794-10797

H
\ CFsy HA\ \ GFs
= =
Cr @ N P C-HPCET | Cru e i) »
Ir''s H- g/ il o—F
c” |\N/| H"§ \“OBu C/I\N/ \"0Bu
S OBu

— Ir-phosphate Complex - — -
Robert R. Knowles* J. Am. Chem. Soc. 2019, 141, 13253-13260

Robert R. Knowles* Synthetic Applications of Proton-Coupled Electron Transfer, Acc. Chem. Res. 2016, 49, 1546-1556 32



4. Proton-coupled Electron Transfer (PCET)

~

5
‘_\ Me
NHR photocat. S NER Q
N\ chiral base P TEMPOe
N » N®
\ \
H

@ B®

tryptamine pyrroloindoline

Is this H-bonding interaction strong
enough to invoke enantioselectivity?

Ir(ppy)3 (0.5 mol%)
H8-TRIP BINOL phosphate (3 mol%)

4 3 N—Cbz TEMPO- (2 equiv)
H TIPS-EBX (1.5 equiv)
\ 2 : \
H | 0.05M THE, blue LEDs, rt
7

81% yield (10 mmol scale in flow)
93% ee
bench-stable crystalline solid

TEMPO-functionalized pyrroloindoline examples:

Me T Me Me ril Me Me Pil Me

Br 0 o) 0]

Br.
N N N
@fg “Cbz \CBQ “cbz /Q\)g “Cbz
N Ro" Br H
3: 79%,90% ee 4: 80%, 92% ee 5: 65%,87% ee

Robert R. Knowles* J. Am. Chem. Soc. 2018, 140, 3394-3402; Chengfeng Xia* J. Org. Chem. 2018, 83, 10948-10958
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4. Proton-coupled Electron Transfer (PCET)

N/Cbz
H
N\
N (1.5 equiv)
Me Me H
Me N Me [Ir(dCF3, Me-ppy),(dtbbpy)]PF¢ (2 mol%)
| TFA (1 equiv)
Q >
N CH,Cl, (0.05M), blue LEDs, -40 °C
“Cbz 71% yield, 13:1 dr
N\ H
Me 24

(-)-calycanthidine (27)
4 steps from |

Red-Al (20 equiv) ‘

A

43% overall yield toluene, reflux

93% ee 80% yield
>13:1 dr
|
1.5 equi
NoT . S
HoN
Me N Me I
Cl) [Ir(dCF5, Me-ppy),(dtbbpy)]PFg (2 mol%) HN
N MeNO, (0.05M), blue LEDs, rt N
Cbz 64% yield N Cbz
N H H
H 2 H 22
1) alkyne 30,
NHMe Pd(OAC)z, NaHCO3, NHCOQMB
- LiCl, DMEF, 100 °C
(-)-psychotriasine A\ 83% yield
31
(31 N - e
2) Red-Al, toluene, ™S 30
4 steps from | N reflux
o - Me
38/0 OVera” yleld N H 85% yield
93% ee H

Robert R. Knowles* J. Am. Chem. Soc. 2018, 140, 3394-3402
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4. Proton-coupled Electron Transfer (PCET)

: CO,Me e
H M
Type | : & N N
: ' P - H H
intra-/intramolecular ' MeO,C™% N X
radical cascade : OH Et N OH
‘ (=)-vincamine (—)-strictamine (+)-isogeissoschizol
[Eburnane alkaloids] [Akuammiline alkaloids] [Corynanthe alkaloids]
H 0 :
= N. 5 Asymmetric Synthesis
NH R Typelll : 4 Y -
Ts > ; - of 42 Indole Alkaloids
intra-/intermolecular P
radical cascade Belonging to 7 Types 3 4 iscaknalol
Visible light photocatalytic (-)-3-isoajmalicine
oneration/of N raclicals [Heteroyohimbine alkaloids]

Type lll

-
t

intra-/inter-/intramolecular
radical cascade

(+)-strychnine (+)-cinchonidine (-)-yohimbine gH
[Strychnos alkaloids] [Cinchona alkaloids] [Yohimbine alkaloids]

Yong Qin* Acc. Chem. Res. 2019, 52, 1877-1891 35



4. Proton-coupled Electron Transfer (PCET)

Type |

intra-/intra-
molecular cascade

intra-/inter-
Hy o) base, O molecular
photocatalyst cascade
U N. \ N\
NH R " blueLeDs Type [
Ts A
H‘h
Type lll <
2 '}l ('
intra-/inter-/intra- Ts S
molecular cascade

Eburnane
alkaloids

—  » Akuammiline
—>  alkaloids

H (o)
Corynanthe,
Heteroyohimbine,
—_— Yohimbine,
oH — Cinchona, and
Strychnos
Tpelll Ewer, alkaloids

Yong Qin* Acc. Chem. Res. 2019, 52, 1877-1891 36



4. Proton-coupled Electron Transfer (PCET)

(A)
H, o) H, 0
0 N © N
AN X

radical B-H
cascade H, 0

H o I It N SN
photoredox H’+
. S )
catalytic \
cycle 10 .
)n\ y R
R' SET h“‘n blue

10 —

TS TS-la TS-lIb
R =(CHz),CHCHR"  "switch-off" "switch-on"

Yong Qin* Acc. Chem. Res. 2019, 52, 1877-1891
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4. Proton-coupled Electron Transfer (PCET)

Me O iPr ) Me O iPr
o. = | linear 0. = |
Ph Y\ﬁ § peptide 3 Ph ﬁ/\” .
|,,' NH HN_ O |,,, NH HN_ O
LT Lo T
: —H*+ ’
0”7 "NH NT 0~ "NH HNT
) \/g 'th \ i cho \/K llh
HO,C NN e NN
/" SET
Ielll 2 \
oxidant
Ir'5
Photoredox reductant
m Catalytic Cycle Me O iPr
visible light o. = |
oy YUY
photocatalyst Ph\ e 6 i 0
Y
Me O iPr HN
: | +H* 0 |
(o} & Ph
Y\N . o
Ph NH " HN 0
\III

g/l&l :/r cyclic peptide 7
HNT
0 u |
Ph
0

Scheme 2. Proposed mechanism for the decarboxylative peptide mac-
rocyclization.

W. C. MacMillan*, Angew. Chem. Int. Ed. 2016, 55,1 — 6



4. Proton-coupled Electron Transfer (PCET)

:/[f K,HPO,, DMF, 25 °C
HN O HN "

| 34 W blue LED
Ph
I\COQH wo

Y Me O
o _~ “\l s -
| o) photocatalyst 1 _ Ph NH HN
i \III I H 7

Pr
\‘l
(o]

f
i
’,

Entry  Conditions Concentration ~ 1[mol%)]  Yield [%]?
1 as shown 10 mm 8 33

2 as shown 5mm 8 63

3 as shown 2.5 mm 8 72

4 as shown 2.5 mm 12 86

5 no base 2.5 mm 12 31

6 no photocatalyst 2.5 mm 0 0

7 no light 2.5 mm 12 0

[a] Yields determined by HPLC (see the Supporting Information).

DMF= N,N-dimethylfformamide

W. C. MacMillan*, Angew. Chem. Int. Ed. 2016, 55,1 — 6
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4. Proton-coupled Electron Transfer (PCET)

O |r:I|\/COEH OH O
J\I)k 0
CONHTH v N1
) o /UNH N ~CONH,
N 2
Phe &= NH

1
Thr(ltBU) 1) decarboxy—
Lys(Boc) macrocyclization ’ o HN O
D-Trp(B > HR = S N
TIPS 2) TFA, -PG o
Trp(Boc) N
p,Le 56% yield (2 steps) ﬁ -
47% 1Y N\ 0
0] Ph
l NH
COR-005

24 11 steps via
peptide synthesizer

Somatostatin receptor agonist

Strongbridge Biopharma

Scheme 3. Photoredox macrocylization to form the bioactive cyclic
peptide COR-005.

W. C. MacMillan*, Angew. Chem. Int. Ed. 2016, 55,1 — 6
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5. Outlook

Advantages of photoredox process in total synthesis

* Improved the efficiency of synthesis

« Low loading of photocat and mild conditions

* Special selectivity

 Give achanceto do the transformation in asymmetric version

 More biomimetic process

Not only a tool, but also a strategy!
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