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visible light
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Introduction : Disulfide cleavage

Ex. Regulation of the activity of enzymes related to photosynthesis

2022/5/23 Michelet L, Zaffagnini M, et. al,., (2013) Front. Plant Sci. 4:470.




Introduction : Disulfide cleavage @

Disulfide cleaves with UV.

ex.) T. Hashimoto, K. Takino, K. Hato, K. Maruoka, Angew. Chem. Int. Ed. 2016, 55, 8081.

ArS), (5 mol ¢ =
\/ANTS PR (ArS), (5 mol %) /I)NTS
Ph

. benzene, rt, 10 h
(1.2 equiv) hv (100 W Hg lamp, 365 nm)

27 examples
up to 97% vyield

// .
B—/+ ArS —— Ars\/\/\l:lTs B

TsN
R R
— ArS
N NTs ArS NTs

» Visible light: more desirable (for use with biomolecules)
—How to break disulfide bonds using visible light?
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2. Formation of CTC

OMe
T
MeO (5mol%), O, (1 bar) N

i R3 white LED, MeCN, 25 °C, 16 h Py

R2, R3 = H, alkyl

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 6




Oxidative cleavage of olefins

Oxidative cleavage of olefins — useful method for obtaining ketones and aldehydes from olefins

Typical Methods

ozonolysis

a)

2 o R! _R?
R! R2 R! R Zn or (CH4),S +
I 03 . 740 / RSJLR‘ \[O(
CH,Cl,, -78 °C RS
R R* R3>(
R* b) H,0, 0 R! OH
ozonide R2=H JL + Y
R'-4 = alkyl, aryl, H RY “R* (o}
Oxidative cleavage with metal oxidizers: sometimes too strong
B)
NalO,4 (stoich.)
O e oo™ ooon

2022/5/23

Both have safety issues.

Rajagopalan, A., Lara, M. et.al., 2013, Adv. Synth. Catal., 355: 3321-3335.
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Oxidative cleavage of olefins using molecular oxygen

Molecular oxygen + radical initiator or transition metal catalyst
Cleaner method

NHPI AIBN
(0]
cat. ©:/<\<N_°H RasH o AIBN (0.25 equiv) o - ><CN
1 R1 | i >< °N
Rl H o) N R DR, CHaNO»(1mL), 0, Ri{” "Ry ! |NC
X, ; 60°C, 12 h i AIBN
R R 0, R Ry =aryl :
. . . . R, = alkyl, aryl, H
CR)'I}";?CLL'Z'JSQgzg:]zer;';?1d6')\j'2?5‘;3'?;1 61 Rz=aryl, H Guang-Zu Wang, Xing-Long Li, Jian-Jun Dai, and Hua-Jian Xu
c g ' The Journal of Organic Chemistry 2014 79 (15), 7220-7225
u
o)
R' = H, R? = alkyl R' =aryl
NoReaction ~+——>€—— — R R — Both require heat
R'=R’>=alkyl R’ R? R?=H, aryl and alkyl

There is still no method of cleavage
under mild and safe conditions.

5 mol% Cu (II), THF+H,0 (9:1), O, (4 atm), 60 0c

Md. Munkir Hossain, Shin-Guang Shyu,
Tetrahedron,70, 2,2014,251-255,0040-4020,

2022/5/23 , 8



Oxidative cleavage of olefins using light

Metal or toxic non-metal catalysts

O5 (1 atm)
2 Q
H R? 5% catalyst ML R d N—
== - ; O+ O:< co Me 3 Co
1 3 m R’ ?
R R % Vo

ArSH ArSSAr

\_/ Xavier Baucherel, Jacques Uziel, and Sylvain Jugé
The Journal of Organic Chemistry 2001 66 (13), 4504-4510
reduction or hv

Photo-oxidation using Photoredox catalyst
—cost

e
hv
Q/K +0, ©/LO + ©/‘<CH20H

5 Kyou Suga, Kei Ohkubo, and Shunichi Fukuzumi
Me (AcrH") The Journal of Physical Chemistry A 2003 107 (22), 4339-4346

Metal-free, low-cost catalysts are required.

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832.




strategy

ex. Oxidative cleavage using NHPI and molecular
oxygen 0

2022/5/23

0 R "R?
N-O* 1
Q
0 A ©
R1 R2
/1 D
. PINO
HCHO 0] PINO
o o L
il R R2 © R R2 B
R!” "R2
2 V
O,

Riyuan Lin, Feng Chen, and Ning Jiao Organic Letters 2012 14 (16), 4158-4161

In systems using molecular oxygen and radical
initiators, dioxetane is the intermediate structure.
They wondered if the thiyl radical could be used
to catalyze the addition of oxygen and the
formation of dioxetanes.

But UV was needed.




strategy

TOCO : Olefins and thiols form CTCs and promote the entire oxidation process

Ar—SH t O HO
. 2 ~ O OH
. : thlol-olieﬁn " \)0\ i \)\
complex Ar/S R Ar” R
Z>R .
facilitates S—H ¢ TOCO it
dissociation pragee
— Can disulfide achieve the same effect?
A~s-Sar t A SR
disulfide-olefin
+ complex -3
Z>R expected to facilitate Ar’S

S-S dissociation

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832.
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Initial conditions

. (o]
MeO (5 mol%), air

Me > Me
White-LED, MeCN, 25 °C, 16 h

1a 2a, 18%
l + ArSe T
- ) Me (s Ph
Ph \©\ Ph7'\/) @\ Me>(o\,o
3 OMe 8 OMe 6
X
l T methionine
(X=ArSeor1a) H,0
)Mi/ : HO
- \ Ph Me
" OMe ! OH o

detected (M* = 256) 8, detected 7  HyN OH

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 12




optimization

Table 1: Exploring reaction conditions. /©/0Me /@
S\S S‘S
Me

0
Catalyst (5 mol%), Air or O (1 bar) oy Y &
Me - Me e s1 s2 s3

White-LED, MeCN, 16 h

1a 2a /©/
cl

S4 S5 S6
Entry  Catalyst  Oxidant Light T[°C]  Yield [%]
1 none air white LED 25 0
2 S1 air dark 25 0
3 S1 air dark 45 0
4 S1 0, white LED 25 83
5 S2 0O, white LED 25 53
6 S3 0O, white LED 25 72
7 S4 0, white LED 25 70
8 S5 0O, white LED 25 29
9 S6 0, white LED 25 0

[a] Based on yields of isolated product.

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832.



substrate scope

Olefin

2022/5/23

$1 (5 mol%), O, (1 bar)

white-LED, MeCN, 25 °C, 16 h

-

Ketone / Aldehyde Olefin Product and Yield® Olefin  Product and Yield®
Me Me
% G~ C'\I/\/r\\o
N .
' ° > N
Me” Me #
1b 2b, 9% th 2h, 75%
Me Me
I = /\ | S \o
e S o J
P . MeO” 7 MeO” ~F
" 1c F 2¢. 92% ¢ 1i 21, 77%
Me Me
N WMQ I\ re)
| DS X 0 | I\/
P S
I
“ 1d ¢ 2d, 87% 1 2. 79% ¢
o o
- X =N R I N ©r has)
C’ 3 I P = Me
1e 2e, 76% be 1k 2k, 44% ®
X Ry | ) | SN Me ,©/§o
S
# MeO” ~F MeO
b 21, 73% © 11 21, 76%
s Me \
N ~ 0
| RN ©(§O | b O/\
& Cl Cl MeO MeO
OMe
19 2g, 75% OMe
im 2m, 60%

Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832.



Mechanistic investigations

OMe S\ ’Me
s white-LED /©/ S
~s _S.__..Me »
/©/ + Me"Ts MeCN,25°C,1h  MeO
MeO not observed

S1 s7 . : :
(with medium-pressure Hg lamp: 9% yield)
e white-LED orh
Ph/S‘S’Ph . ///\/\/ > WMe . )
MeCN, 25 °C, 2 h SPh >¢Medium pressure HglLamp
s2 not observed — Reaction progress (known)

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 15




Mechanistic investigations

i
N

o(MeO-) / ppm
w
(o)}

3]

1 1 1 1 1 1 1

0 25 50 75 100 125 150 175 200
Olefin / Disulfide

@
I

Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 16
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Mechanistic investigations

DFT calculation

o
MeO

S$1

c) HOMO (S1-1 a)=-6.89 eV d) LUMO (51-1 a)=+0.42 eV

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 17




short summary

Oxidative cleavage of olefins

' o}
MeO (5 mol%), air

Me > Me
White-LED, MeCN, 25 °C, 16 h

Formation of CTC 1a 2a, 18%
—cleavage of disulfide bond l i
by visible light o T

Me @ i )

Ph).\/ & IS M:h ( 3 » ;2%;0

3 OMe 5 ( OMe 6

Addition of oxygen
—Formation of dioxetanes

2022/5/23 Y. Deng, X.-J. Wei, H. Wang, Y. Sun, T. Noél, X. Wang, Angew. Chem. Int. Ed. 2017, 56, 832. 18




application

a-position hydroxylation of B-diketones

0 0
. " ArSSAr . o ArSSAr PR X R Qo
¢ TAY ¢ " > 2”83
R1-:-- XR? Air R™-:: Air R XR?2
ST, OH blue LED irradiation S, XR?  blue LEDirradiation | o2 ~4, “CH,OH
n=1,2 n=1.2 n=1.2
up to 98% vyield

up to 97% yield

Jingnan Zhao, Fan Yang, et. al. Chem. Commun., 2019,55, 13008-13011
Synthesis of isoindolinone

O o)
R? -
AN g at s . 1
9 gL o visible light R N—R2
R3 > =
| . PhSSPh, FeClj;, O, HO R3
R

Tao Ma, Jiawei Hua, et. al., Org. Chem. Front., 2022,9,25-31
2022/5/23
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3. Triplet—triplet energy transfer

R Triplet
sensitization H

2022/5/23 Teders, M., Henkel, C., Anh&user, L. et al. Nature Chem 10, 981-988 (2018).




thiol-ene reaction

Thiol-ene reaction R

R'—SH —» R'—S°' &

Highly orthogonal — It has been applied to biomolecules

thiol-ene reaction without visible light

Radical initiator + heat + UV
OH

B ok HO%
AP p0-Gle-SH PO = s’\/\

I ‘ Rl ul
=N N= =N N= Glu-Cys-Gly - - g
e . NHy MeOH o o .
74 Ho N\ AIBN RO “ M90><Cl)kMPah HOQC\:/\)L N -COH
Bu! Bu! Bu! Bu! J H o)

CHClg/ A ; NH,
hv or ;;} 97%
Filippo Minutolo, Dario Pini, et.al. Michele Fiore, Mauro Lo Conte,et.al.,
Tetrahedron:Asymmetry,7,8,1996,2293-2302,0957-4166, Tetrahedron Letters,52, 3,2011,444-447,0040-4039,

» Both are difficult to apply to biomolecules
» Cannot take advantage of high bio-orthogonality

2022/5/23 Teders, M., Henkel, C., Anhaduser, L. et al. Nature Chem 10, 981-988 (2018).




thiol-ene reaction using visible light and thiol

[Ru]2+* SH y'\
450 nm) / \ / \

1\ RSH T» RS- RS~
[Ru12+ [Rul* A
TN s
O, 0O, ~"R RSH

Elizabeth L. Tyson, Michael S. Ament, and Tehshik P. Yoon, J. Org. Chem. 2013, 78, 5, 2046—2050

« Mild reaction conditions

* Nucleophilicity of thiols

» Thiols that are gas at room temperature are difficult to handle
» Selectivity in the presence of other thiols

2022/5/23 Teders, M., Henkel, C., Anh&user, L. et al. Nature Chem 10, 981-988 (2018).




This time : thiol-ene reaction using visible light and disulfide

S-S
(kc:[r)nil*) « S-S bond dissociation energies of aliphatic disulfides :
s_ A 50 ~65 kcal mol™!
il | - direct sensitization of aryl disulfides using UV light
-
Ay~ S g7 A 65 | Ny Ny —alkylthiyl radicals would be accessible by using suitable
F 7 \CF, photocatalysts for the energy transfer activation.
B or-Fl  (PFg)
E; = 60.8 keal mol™
1 « mild reaction conditions
P o * No reaction with Michael acceptor
R2 y @ ﬂ L * Dimethyldisulfide is liquid—No need to handle gases
F“/\R: t e BT 23 * Reduced odor and toxicity
sensitization H * No other thiols in the system are involved

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 23




Initial screening

2 o 0
+ /S\S - Photocatalyst -
X MeCN (0.1 M) g
Blue LEDs (Amax = 455 nm)
1a 2 r.t., 16 h 3a
(1.0 equiv.) (2.0 equiv.)
Photocatalyst Er Ey""" Ey"V Quenching  Yield 3a (%)
(kcal mol™) (V) (V) fraction F
[Ir-F] 60.8 +1.21 -0.89 42 58 =3
)
fac-[Ir(dF(ppy))al 59.1 +0.34 -1.44 24 53 %
=)
[Ir(ppy)2(NHC-F2)] 57.8  +0.38  —1.49 31 a7 | %
°
fac-[Ir(ppy)s] 57.8 +0.31 -1.73 19 46 %
x
[Ir(ppy)2(dtbbpy)](PFg) 49.2 +0.66 —-0.96 <5 0 :?,i‘
[Ru(bp2)sl(PFe)2 484  +1.45 —0.26 <5 0 §
@
[Ru(phen)s](PFg)2 46.8 +0.82 -0.87 <5 0 o)
@
[Ru(bpy)s](PFg)2 46.5 +0.77  -0.81 <5 0 Q

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 24




substrate scope (olefin)

a b
B CFs ]
N y BU | E; = 60.8 keal mol™
R? pe  [Ir-F1 (1.0 mol%) P s N Yy "" |Er =60.8 keal mo
R1/\/ + /S\ v —_— R ‘e, I Nz
4 S | 1 F Yogp st "
B3 R .7 DCE,rt, 16 h R R3 F. Ir\ Ey"M = +1.21V
Blue LEDs H | N7
Alkene/alkyne (1) Disulfide (2) (Amax= 455 nm) 3 NS NPy e g9y
(1.0 equiv.) (2.0 equiv.) 41 examples F Z
CFs
[Ir-F1 (PFe)
d
0 0 5
S o
; h - o e 0 e m L
o ~g S N S -
3a, 74% 3b, 56% 3c, 48% 3d, 81% 3e, 83% 3f, 80% 3g, 84% 3h, 93% 3i, 42%

67% on 3.0 mmol scale

/S\/\/O IN, FsCJkO/\/\S/ 0 O S/ \S S/ 3 \N\/\OH

3j, 56% 3k, 69% 31, 75% 3m, 64% 3n, 74% 30, 71% 3p, 76%
\ v o)
@[S\ ~.N P U U e 0 6/ O_S/ : / ©\)§ g O:‘é
s” SN~ S _S \/\lro \/ O N \S/\/\,N
o) : o
3q,67% 3r, 68% 3s, 74% 3t, 83% 3u, 57% 3v, 61% 3w, 85% 3x, 63%

Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 25
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Substrate scope (disulfide)

a b
R4 i " | e |
~ S 'Bu -1
2 o _pt  [rFI(1Omoi%) T R N gy [Frestikealmel
R‘/\( 5 ZONg” _— g FONF | ‘‘‘‘ Nz )
3 R ~'7 DCE,rt,16h R R3 Ir. E LI Z 1101V
‘ 4 Blue LEDs H A e T
Alkene/alkyne (1) Disulfide (2) (Amax= 455 nm) 3 | Ny S~y "V = —0.89 V
(1.0 equiv.) (2.0 equiv.) 41 examples F Z CFs
[Ir-F] (PFe¢)

) ‘ e
AN
o) s o) g 3ac, 88%

Cl
3y, 80% 3z, 72% /@f
/\/\/\/\S
3ad, 84%
Me
OI)W/\S/\/OH (I)W/\Sk /@
/\/\/\/\S
3aa, 63% 3ab, 0% 3ae, 89%

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 26




Substrate scope (olefin)

a b
R4
e = 60.8 kcal mol™
R2 qe  [Ir-F1 (1.0 mol%) - q Er = 60.
R1/\r + /S\ e —_— R F ’ | 0 N
R* S ~!” DCE,rt,16h R 3 21 e
RS i , L4, R F. \ E1/2 =+1.21V
Blue LEDs H | N7
Alkene/alkyne (1) Disulfide (2) (Amax= 455 nm) 3 | Ny SBulg, v - gggv
(1.0 equiv.) (2.0 equiv.) 41 examples F Z CF3
[Ir-F] (PFg)
g Oy OH h i
S JOL %_’ N\/\f\s/ l) .
Ng/\/\/\/ o SNa NN /\/\ ”~
= =N S =~ N 3am, 72% G’ 3a0 73%
3aj, 83% (E:Z = 40:60) )/ O// Q(O & Probenecid scaffold Oa i:{ Estrone scaffold
3af, 41% 3ag, 69% ~g ST S~

o)
x-S
(o) (o]
O OH
OH Q/YL OH 3ak, 68% (E.Z = 32:68) ’

S 3ap, 62%

)¢ s 62
o ) Cl/e_ 3an, 84% - Erucic acid
Ph Dehydrocholic acid scaffold S

3ah, 80% 3ai, 71% 3al, 73%

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004,




Mechanistic study

" E;=66.1 + 2.2 keal mol-!

1a 2

6 x 10°
3x105{\/\—\
0

[Ir-F]

T'; 6 2 107 250 300 350 400 450 500
[&]
T 4x10°
g ! . ' C‘arvon[e (1a2
T 4y qg2, 250 300 350 400 450 500
X
2 x 10?

Dimethyl disulfide (2)
250 300 350 400 450 500
A (nm)

2022/5/23

2.2
2.0 -
1.8 1

= 161
1.4 1
1.2

1.0

- . P I CF, -
> 'Bu _ -1
NT M E7 = 60.8 kcal mol
FONF | “,.N >
F 'I'\N, E"" = 4+1.21V
|
N\ N rBu E”ZIII'/IV=_0.89v
F Z CFs
[Ir-F] (PFg)
344.18 + 15.3

= Dimethyl disulfide

® Carvone
4 1-octene

31.35+1.5

0.9+0.6

‘0.000 0.005 0.010 0.015 0.020

Concentration (mol dm™)

t(us)

Normalized DAS (a.u.)

t(us)

AOD/x 107 (a.u.
33
25

100
10 2.0
14 15
0.1 1.0
0.01 0.5
0.0
1.0
0.8 .
0.6 — ¥MLCT/LC [Ir-F]
: s
0.4 :
0.2
0.0+ ; ak ) h \
400 500 600 700 800 900

AOD x 107 (a.u.)
42

0.0
400 500 600 700 800 900

4 (nm) A (nm)

Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 28




Mechanistic study

d [Ir-F] (1.0 mol%), DCE (0.1 M)
/S\S/ + /\/\S/S\/\/ : > /\/\S/S\
2 4 _‘ﬂ’_ Blue LEDs (A max = 455 nm) 5
2Nl Detected via
GC-MS
) [Ir-F] (1.0 mol%) O
deuterated solvent
+ MesS, . il H/D
N7 Blue LEDs (Amax = 455 nm) g
ﬂ rt,16h

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 29




Proposed reaction mechanism

f
_\ﬂ"
M (Sg)  Ziril(Ty)
R4/ S\ S R4 S R4_ S.
Energy transfer
2 activation 6

2022/5/23

R*=Mein 2 8

nonpolar or \ j

polar aprotic solvent
| Hydrogen atom

Y

Rll\s abstraction
R2
R1 4
3
7 R
| Solvent
R4 = Ph or >
R4 = Me in Hydrogen atom
polar protic solvent abstraction

Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 30

—S*or

—_—
MGQSQ

Me

\S/S\/S\

Quantum yield
®=0.71



application

a b R4
o [Ir-F] (1.0 mol%) or 0 5 Alloxazine E
. . alloxazine 10 (5.0 mol%) - R1/YR . - (10, 5.0 mol%) 1)\|<H2
L NAa” [
e <!, DCE (0.1 M) 5 R3 RS > R R?
"N BlueLEDs = 1, DCE,rt, 16h H
1a 2 (Amax = 455 nm or 400 nm) 3a Alkene 1 Disulfide 2 ‘ﬂ‘ Blue LEDs 3
(1.0 equiv.) (2.0 equiv.) max = 4. e (1.0 equiv.) (2.0 equiv.) (Amax = 400 nm)
b |
100 /Yd/ s
A5 Q P E::[ si”
80 1 IR T P By o ’S\)\’S'\ o7
- L MeO N N +° 3a,82% (74%)  3aq,49% (0%)  3ar, 84% (41%)  3as, 62% (11%)
£ %] . M o: C :N’ B
° e Me o) o)
) . 0 YNHH
> A0 & - - 10 (\/\S/ HN .~\‘\/\/U\O/\/\/\S/
y Er = 65.1 keal mol™ S
o] . “0rF] H 3au, 91% (21%)
L . 4 Alloxazine (10) Biotin scaffold
| |
R : : : .
0 20 40 60 80 100 3at, 65% (0%)
Time (min) Mycophenolic acid scaffold

Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004,
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application

d ° [Ir-F] (1.0 mol%) ° e 0
biomolecule WOH
ig- = BSA RNase A
+ Me,S, Tris-HCI buffer, pH =7.4 (0.2 M) " Sleullidesens HN__O~_ S
> S reacton — *a tp — t*a H g
I Blue LEDs (kDa) M .
1a 2 _\ﬂ/_ (Amax _ 455 nm) 3 1%8 - 3a|, 64%
(1.0equiv) (2.0 equiv.) rt,24h 7 U - — « 66.5kDa
i
—
Entry Bio-additive Conversion (%) Yield (%) Additive recovery a5 8 O’\/\/\
1 None 99 68 . 25 S~
2  L-glutathione (1.0 equiv.) 98 65 B o
3  Bovine serum albumine (100 uM) 98 54 A san, 73%
4 RNase A (100 uM) 98 63 A i S . — 13.7 kDa
5  ssDNA (5 uM) 98 66 A
6 RNA (2.5 uM) 98 68 C -
7 Total RNA (5.5 ug mi™") 98 64 C Oy-NH,H o
8  Cell lysate (1:10 vol/vol) 98 62 ND HN 76-“‘\/\)1\0/\/\/\8/
¢ 20 biomolecule additives investigated ¢ No significant influence on yield H S 3au. 72%

* Overall good biomolecule preservation

Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 32
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Short summary

|
B CFs
ﬂ [ir-F]  (PFg)
n?/,/:\\‘ E; = 60.8 kcal mol™'

Energy transfer
activation 6

\
wn
/
\
uey)
S
Y
5 ¢
|
(D.
+
o,
24
w
§y)
N
2
72_0)
)
N

2022/5/23 Mark W.H. Hoorens, Wiktor Szymanski,Volume 43, Issue 8,2018, 567-575,0968-0004, 33
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Introduction

Formation of CTC
Triplet—triplet energy transfer
Electron-transfer

Summary

o K~ o0~

ArSSAr Ry Ry Ir photocatalyst Ry R,

or + = NaOH _ )\%\
H)\(K )
BztSSAlk Ra Blue LED RS "

R3 Bzt = 2-benzothiazolyl

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 34



synthesis of allyl thioethers

« allyl (pseudo)halide

Ho\/\ HgO

RSH R NF Q_\PF"
0 \ / o 0 cat: \—IN—RIU%>
0.02-1 mol% cat
RJ\SH RJLSM d o

Shinji Tanaka, Prasun Kanti Pradhan, et.al.,
Chem. Commun., 2010,46, 3996-3998

* hydrothiolation of allenes or 1,3-dienes

1 mol% [{Rh(cod)Cl},]
R2 2 mol% (R)-3.4,5-
s MeO-MeOBIPHEP

qiAns  10mol% PTSA

RV g R

Pritzius, A.B. and Breit, B. (2015)
Angew. Chem. Int. Ed., 54: 3121-3125.

- - C(MW\?”
* [3,3]-sigmatropic rearrangement -
o N
S 1-5 mol % 1 Py 5—{ :r
AN J . S” 'NR; Clo &
R1T7X""07 "NR, CH.Cl, 40 °C

R1/:\/ Ph <1_> Ph
Ph/HPh
[(Rp,S)-COP-Cl], (1)

Larry E. Overman, Scott W. Roberts et.al.
Organic Letters 2008 10 (7), 1485-1488

» Direct conversion using DDQ

N DMA, DDQ:NQ = 1:1 e R
R— + R'SH R—;
= 100°C, 24 h Z

Chunsheng Li, Jianxiao Li, et. al.,
Org. Chem. Front., 2018,5, 3158-3162

> Catalytic direct conversion had not yet been achieved.
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Direct catalytic conversion of allyl C-H—C-S had not been achieved

» There are many examples of direct catalytic conversion of allylic C-H

R R, Ri R,

)\/K st )\K‘\
H Re FG=O0R, 0, NHR, aryl, alkyl, ... FC Rs

R3 R3

« Catalytic direct conversion had not yet been achieved.

« Tends to act as a catalytic poison due to high coordination ability of sulfur atoms
» Under conditions that oxidize the allyl position, oxidation to sulfur itself also tends to proceed

1,05 (1 atm | b
R-S-R’ 2! )!- R-SO-R’ n'i;p—pa:i:pa—p(fa R = Bu
THF/50 °C R R,P\R H

1

Raluca Aldea and Howard Alper, J. Org. Chem. 1995, 60, 26, 8365-8366
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This time : Strategies using photocatalyst

* Photocatalytic conversion of allylic C-H

~= Household

CN Cyanopyridine 6
g CFL B
N_ Arene coupling
partner

E"\ “IMM(ppy), 2
Reductant \
Photoredox
catalytic
Ippy); 1 cycle
Photoredox catalyst

Z - CN
N =~
[IMV(ppy)s* 3
Oxidant
SET Radical-radical

/
i \ coupl/ng

RSH 4
Thiol catalyst

Organocatalytic
. cycle
RS 5

Thiyl radical HAT

Synergistic catalysis H O

B Photoredox
B Organic catalysis

“@\@

Cyclohexene 7 Arylation product 10

Cuthbertson, J., MacMillan, D. Nature 519, 74-77 (2015).
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Example of disulfide reacted by photocatalyst

. N2*BFs "s‘l" AN X
1 L
R R
/ /

=BR"2(Yuetal)
x = SR', SeR' (thiswork)

" SET -
ArN,*X N2, X
E* E Ars (1)
Roder lRS-SR
hv P8R\ s
R,
£ ArS SR
I
DMSO '? X _DMSO _ m
Ar-O- SM -— Ar' A8
detocted by ESI-MS Ar m SR RS-O-SMez

Chem. Commun., 2013,49, 5507-5509

* Couldn‘t these be combined?




Competition with thiol-ene reaction

2022/5/23

There was concern that this approach would be preceded by additions to alkenes (thiol-ene reactions).

P "y

R

Ri Rp

C(sp3-H ! ' Hydro-
RS)YK& thiolation H)\%\R‘,: thiolation
Ry R

* Unexplored reactivity

adding a base—preventing addition?

== S(K H
RS Ry

R3
* Well-established
"click" reaction

Allylic C(sp®)-H thiolation (target pathway)

RS
Ri Ry R\1 . ’Rz RS’
H R4 Y "Ry orRSSR
Rs Rs3 5
-RS Tl +RS "Base" R
Ri Ry ‘\\ Ry Rj H
Ra TS > R
RS % \ RS 4
Rs3 Rs3

Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022

R; R,

RS)\K‘\ R4

Rs3

: removal of hydrogen source

Hydrothiolation

(well-known pathway)



Initial optimization

Ir(CF3ppy)s (2.0 mol%) '_ St
= NaOH (1 .0 GQUiV) /W)\ 8%
PhSSPh » PhS s H20
" w)\ DMA (0.25 M), rt, 24 h 1

40 W Blue LED Medium 02

1a 2a 3aa
(20 GQUiV) 91 % igh 02
(isolated) LowT

thiol-ene reaction product wasn’t produced.

Ir(CF3ppy)3 (1.0 mol%)
. @ NaOH (1.0 equiv) @ Q
PhSSPh - +
¥ DMA (0.25 M), rt, 24 h PhS PhS

40 W Blue LED
1a 2h 3ah 3ah'
(10 equiv) with NaOH 89% N. D.
without NaOH 29% 32%

» Suppression of addition by bases

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 39




Substrate scope (disulfide)

B2 1(CFppy)s (2.0 moi%) Ry R;
R._S.. + RC Y "R, _NaOH(1.0equv) R, A~ R,
R Ry DMA, 1, 24 h Ry
1 2 40 W Blue LED
(20 equiv)
Variation of disulfide
L O RSt L SN
S/\(l\ s/\')\ s/\% s/\’/‘\ s/\(‘\
3aa 3ba 3ca 3da 3ea
91% (69%)° 55% 56% 53% >99%
MO T 20! J® J o
S/\fl\ s/\(k s/\%\ £ s/\fk Me s/w)\
3fa 3ga 3ha 3ia 3ja
>99% 40% 74% 74% R 55%
cl
J O] Jo! Qi
P
MeO s/\%\ ol s/\%\ s/\(k s/\(k S s/\rk
3ka 3la Me 3ma 3na R = H (30a); 65%
65% 65% 68% 44% R = Cl (3pa); 46%

» Reaction did not proceed with dibenzyl disulfide (only produced thiols)

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—-6022 40




Substrate scope (olefin)

R
- 2 If(CF1ppy)s (2.0 mol%) Ry R;
R‘S’S‘R . Ry Rq NaOH (1.0 equiv) R‘SJWAR‘
Ry DMA. ., 24 h R;
1 2 40 W Bluve LED
(20 equiv)
Variation of olefin
prS Phs
Ph. S.
%/ %m_. s/\(/jY + \%/ /)/\ _Smdm!s_. /bf\ . /)/\, Ph
2b 3ab + 3ab’ 2c 3ac + 3ac'
50%, 2.3:1 rr 47%, 4.9:1 1
Pheg Pheg Pheg
conditions conditions

2d 3ad + 3ad’ 2e 3ae

56%, 1.1:1rr 36%
= 1 (3ah); 86%
_Standard O) _Standard Q’n ne0 gal) T2%
O\ conditions Pheg " “conditions Phes : =2 :ul;: 41%
2f 3af 2h-21 n = 3 (3ak); 37%

68% n =7 (3al); 29% (5:1 E/2)
W O e,
©</ s Mg P I~~~ W
2m 3am 2n 3an
59%, 1.4:1 dr 72%

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022




Substrate scope (olefin)

R
L0 I6CF39py)s (2.0 mol%) R, R;
Raaliie 5 R,/\,)\& NaOH (1.0 equiv) _ R-s)%&
i Ry DMA. 11, 24 h Ry
1 2 40 W Blve LED 3
(20 equiv)
Migration of double bond
Ir(CFyppy)s (2.0 moi%)
Ph. _S. " ©\ NaOH (1.0 equiv) Q’\ 6& Q\
kL DMA, rt, 24 h ' " pngg
1a 20 40 W Blue LED -
(20 equiv) 20%
|r(cr,gpy(), gz.o m:l%)
NaOH (1.0 equiv)
Phag-Swen * AJ\ DMA, rt, 24 h [/\k MI— M‘SJ\/k
1a 2p 40 W Blue LED b
(20 equiv) 7%

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—6022 42




Mechanistic study

« Initially, the reaction was thought to proceed by the addition of allyl radicals to the disulfide...

(Ir catalyst (2.0 mol%))
2 NaOH (1.0 equiv) PhS =
PhSSPh + DMA. 1t 24 h >

1a 2a 40 W Blue LED 3aa
(20 equiv)
Entry Variation Yield 3aa
1 with Ir(CF3ppy)s (E1 = 56.4 kcal/mol) 91%
2 without Ir catalyst <2%
3 with [Ir(dFCF3ppy),(dtbbpy)](PFg) (ET = 60.4 kcal/mol) | <2%
4 without Ir catalyst, 370 nm LED <1%

B. Proposed reaction mechanism - possible role of Ir photocatalyst

ionic pathwa
Ir(H0)* Ir(110) P ¥

3 . (0) . -
L ST AST J_>[ Ly g AS
ASSA T T e ns ABHT R-sar
" ArS + Ars” AT _
Ir(I1) — Ir(ll1) HAT ArS  or ArSSAr
radical pathway

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 43




Mechanistic study

40 W Blue LED

Oxidant (1.0 equiv)
PhSSPh + AU or @ NaOH (1.0 equiv) N . O
DMA, rt, 24 h PhS
1 3aa 3ah

(20 equiv) (20 equiv)

entry Oxidant

2

yiekd Saac yleld Sahc ' A. Reaction pathway between diphenyl disulfide (1a) and 2,3-dimethyl-2-butene (2a)

1 None <2% N.D. /\%\ Yk w)\ /\H\
‘ PhS-
PhS
| 2 Ce(NH,),(NO3)g 1.06 vd 17% 19%e | PhS’ HAT [O]

3 (TBPA)(SbCl) 1.05 Vf 36% 6% 1a-rad 2a-rad 2a-cat

" E° (calc., 2a-cat / 2a-rad) = 0.54 V (vs SCE in MeCN)
= TEMPO 0.65Vg 13% 23%

5 DDQ 0.51Vh 3% <1%
6 (Fc)(BF) 0.4Vi N. D. N. D.
7 (TBPA)(SbClg) 1.05 Vf N. D. N. D.

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—-6022 44




Mechanistic study : Allyl substitution vs thiol-ene reaction

TAG (kcal/mol) <Thiol-ene pathway> <Allylic C(sp®)-H pathway>
TS-C
- ST E
18D Ph,sé pns® PhSSPh -~
§V88 T TS-B T
o T Sahrad T\ PhSH _PhS’
PhSi~ PhSH e :
7.9
o E PhS
, . -
T, 2 © SPh
-7.2 S Prevention of hydrothiolation Irreversible 3 PhS ©/
via removal of PhSH HAT

2h (rls) 3ah
3ah’
B s
E $” 5
: U ¥ t S : :
E S | Ph/sx\ H’/S\Ph ,é\ E SPh 43.7
PR \O @ @ @ Ph | SPh
L i ; 3ah O/
; TS-D TS-B TS-A TS-C i 3ah

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022




Proposed reaction mechanism

_______________________

B~ HAT (rate-limiting step):

k(Y Ir(ll) __(_"_'1/’_‘9___3 9?_‘_’"_"_”_ 2h)

Deprotonation -
Imtlatlon 4 _R-H OH™ HO N 2
R2 @ R2 > R1)\%R4
R R SET . R R Rs
H R2 1 4 / \ 1 4

P Rs Ik ey Rs A
R4 R4 \ Int-1 s\ ArSSAr  Int-3 :
Rs ! hv Ir(111) ArS'+ArS” :
R-H i ;
E (minor pathway) J'

Y G e

ArS ArSSAr ArS ArS R,
R1/\|XR4 --------------------- X‘ ------ ::——*:\- ------ - R1/\})\R4
Ra ArSH  ArS’ Rs

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 46




Synthesis of Alkyl Allyl Sulfides Using Asymmetric Disulfides

A. Problem in utilization of dialkyl disulfide - catalyst turnover
Ir(ll) ! 4 +

E°(Ir()/Ir(Il)) = -2.13V | R R
(vs SCE in MeCN) R'%\ R %\
PHRSPH Ir(ll) Ir(ll)

Ered=_q65y ' Ir(ll)* . Ir(l)* non
P : catalytic | ArSSAr .. | . AIkSSAIk
(vs SCE in DMF) \ \cafalytlc
MeSSMe 1
e T S L A T P
By ™estiliv | ArS'+ArS AIKS "+ AkS
(vs SCE in DMF)
B. Proposed strategy: utilization of unsymmetrical disulfide
Ir(11)* 1r(l1)
. () Ir(ll) R-H R ———=L— - R
A8 L, L > E‘S’Alkj L G- R-SAlk
unsymmetrical /4 \w T
disulfide OH" Hy0 Ar/S

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 47




Synthesis of Alkyl Allyl Sulfides Using Asymmetric Disulfides

Table 3. Survey of Unsymmetrical Disulfidesa

Ir(CF3ppy)s (2.0 mol%)
NaOH (1.0 equi
Rig-SPh \’)\ (1.0 equiv) ph/\s/w)\
DMA (0.25 M), rt, 24 h

40 W Blue LED
1 2a 3qa
(20 equiv)
: N cl N :
reoenn QI I ond )
: s s !
1q 1982t 1qciezt 19nozph !
| Eyed <-2VP -1.63 V° -1.61 VP -1.97Vve
entry disulfide changes in conditions yield 3qac
1 1q None N. D.
2 1982t None 26%
3 19qciezt None 23%
4 1qN°2ph None 5%

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—-6022 48




Synthesis of Alkyl Allyl Sulfides Using Asymmetric Disulfides

Table 3. Survey of Unsymmetrical Disulfidesa

Ir(CF3ppy)s (2.0 mol%)
NaOH (1.0 equi
Rig-SPh \’)\ (1.0 equiv) ph/\s/w)\
DMA (0.25 M), rt, 24 h

40 W Blue LED
1 2a 3qa
(20 equiv)
| e N E
reoenn QI I ond )
: s !
1q 19g,t 19ci2t 1anozph
| Eyed <-2VP -1.63 VP -1.61 VP -1.97Vve
5 1qgzt +5.0 mol % 1a 48%
6 1qezt +10.0 mol % 1a 26%
7 1qgat +5.0 mol % 1a, 3.0 mol % Ir(CFzppy)s 57%
8 1qg2t +5.0 mol % 1a, 3.0 mol % Ir(CF3ppy)3, 0.17 M 70% (69%)d

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—-6022 49




Synthesis of Alkyl Allyl Sulfides Using Asymmetric Disulfides

Ph/\sl\%\ Ph\/\s’\%\ \éf)fo\s/\%\

3qa 3ra 3sa
69% 48% 40%"
y 1 L
/))/\S/\H\ e S = s
Table 4. Synthesis of Alkyl Allyl Sulfidesa 3
3ta 3sh 3si
Alke Rz I(CF3ppy); (3.0 mol%) Ri R, 57%" 58%" 42%°

S S X
s~ Pz NaOH (1.0 equiv) Alk P>
T\@ e R1/1)\R4 1a (5.0 mol%) S R4 AcO
3
1Bzt

DMA, 1t, 24 h Rs Q BGHN Aco7~Lo
2 40 W Blue LED 3 oc Z Ac

(20 equiv)

CO,Et AcO A
3sj 3ua 3va
25% b 46% 34%
{ HO,C O Et0,c O ;
E @)H/\SH —»_. @JH/\SI E
Captopril 3wa ;
: (ACE inhibitor) 46% :

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013—-6022 50




Short summary

\HAT (rate-limiting step):
h i i
7 hv™\ '\ (ke/kp = 3.99 with 2h) |

T 611 [ |1 e G gl 08
4 : Deprotonation -
ISSAr —= ArS 74? ArSH 7z ArS AS R,
Initiation A R-H OH H,O
/ R2 R2 = R/H%R
SET P 1 4
H Ry Ri Ry —= = R Ry —— Rs

y Rs ) irqu Rs
R R4 \ Int-1 . \ ArSSAr  Int-3
v

A
Rs : (1) ” ArS+ArS 5
R-H : :
| (minor pathway) |
Y """""“"'"""":"": """""""""""""""" e
’, N\
R .
Are 2 ArSSAr ArS s Ro
R1/\'XR4 --------------------- )(-------I::'—-':\- ------ ks R1/\</\R4
Rs ArSH  Ars’ Rs

2022/5/23 Jungwon Kim, Byungjoon Kang, et.al., CS Catal. 2020, 10, 11, 6013-6022 51
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Summary

1.Formation of CTC

Arss~S<ar . ; A SR
disulfide-olefin
+ complex +
Z>R expected to facilitate Ar’S
S-S dissociation
2.Triplet—triplet energy transfer 3.Electron-transfer
I

\f/\ " %\

- 3 i Ir(ll)

Ir™ (So) Ir™ (Ty) i) catalytic | ArSSAr

e S Na” R* o R*-S°
" . Energy transfer hv Ir(I11) B
2 activation 6 ArS+ArS
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