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Visible Light as Reagent

Pro Contra

* Inexpensive * Inability of most common organic molecules
¢ Abundant to absorb wavelengths of visible light

* Renewable

* Non-polluting Contra UV Light

« Green chemistry « Requirement for specialized equipment
 Distinctive synthetic utility (photoreactor, quartz glassware)

* Undesired decomposition processes

Yoon, T. P. ACS Catal. 2013, 3, 895-902. picture from: http://hobiesurfshops.files.wordpress.com/2012/06/image-21.jpg
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Convenient Sources of Visible Light

« ambient light (laboratory window)
« 23 W fluorescent light bulb

« 200 W tungsten filament light bulb
« 275 W floodlight

(a) http://cooper-electric.net/duke-compact-fluorescent-light-give-a-way/ (b) http://www.goldengadgets.com/20-watt-color-changing-led-flood-light.html
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Photoredox Catalyst Complexes

oxidant 1_ *
Ruthenium polypyridyl photocatalysts:
E“’ W
= +0277 Vv l
*  Ru(bpy)s** A
« Absorption at 452 nm (visible light) — ¢ — o, o
« Stable, long-lived excited states (t = 1100 ns) Ru(bpy)s*
« Single electron transfer catalyst
« Effective excited state oxidant and reductant =
—_ I[* J — I[* ——
- Photon energy to electrochemical potential o
MLCT reductant S—
+ —
1 sc |
= ty, == E, ., 1
=-081V -
MLCT = metal to ligand charge transfer =
ISC = intersystem crossing
Ru(bpy)s>* *Ru(bpy);** Ru(bpy)s*
Ground State Excited State

Prier, C.K., Rankic, D. A., MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-5363.
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Visible Light Photocatalysis of [2+2] Enone Cycloadditions

o o) 5 mol % Ru(bpy);Cly-6H,0 o o
i-ProNEt, LiBF4
Ph Ph . » Ph Ph
visible lig
MeCN, 50 min H H
S}

o (o] T
+e 89%
PR X Ph >10:1 d.r.

radical anionic intermediate

Mechanism
-+ Li _+
i-Pr,NEt e Li* 0
Ru(bipy)s* Multicomponent Photocatalytic System:
. 3 —
i-ProNEt %/' Ph Ph (1) Ru(byp)s®*: Sensitizer for photoinduced electron transfer
g R (2) i-ProNEt:  Reductive quencher; reacts with the excited state
- Dn
Ru(bipy);~* Li ~o (3) LiBF4: Lewis-acid activates the enone toward reduction and
stabilizes the resulting radical anion
\ Ph” ™R —  product
hv Ru(bipy)s®* .
R
6

Ischay, M. A.; Anzovino, M. E.; Du, J.; Yoon, T. P. J. Am. Chem. Soc. 2008, 130, 12886-12887.
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Scope [2+2] Enone Cycloaddition

R = Me, OEt, NMe,
74-88%, > 10:1 d.r.

54%, 6:1 d.r.

o o ' o o)
0] (0] : Me o o
R R *  Ph 1 Ph
' Me
H H : RwR : H H : Ph Ph
R = Me or OEt 84%, 4:1 d.r.
0% yield :
? ° o o 5 o o
Ph R z Ph R Ph Ph
H H '

Ischay, M. A.; Anzovino, M. E.; Du, J.; Yoon, T. P. J. Am. Chem. Soc. 2008, 130, 12886-12887.
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[2+2] by Oxidative Visible Light Photocatalysis

MeO

Me

Mv2*
methyl viologen

MeO

=z
5 mol % Ru(bpy)s(PFg)
15 mol % MV(F3>F6)26 ’ X Ph
Ph visible light H H
| | MgSO,, MeNO, 3.5 h
(o) (o)
B 7 89%
MeO >10:1d.r.
Ph /
(o) i
® -ProNEt bpy
- radical cationic intermediate A
. ot + NMe
Ru(b + u(b
(bpy)s (450 nm) (bpy)s*
0O
Ru-catalyst access either photooxidative R /\)J\Ph
or photoreductive reactivity by choosing
the appropriate oxidative or reductive quencher!
e Ru(bpy)s** 0
H/\)\ Ph +
R
Path A Path B
reductive oxidative
quenching quenching
cycle cycle

Ischay, M. A.; Lu, Z.; Yoon, T. P. J. Am. Chem. Soc. 2010, 132, 8572-8574.



More [2+2] Enone Cycloaddition Chemistry
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Crossed intermolecular [2+2] heterodimerization of acyclic enones

5 mol % Ru(bipy)sCl, o o
(o) (o) 2 eq. i-ProNEt ”\
4 eq. LiIBF, R2 WSR3
R! + R3 >
| visible light N
R2 MeCN R?
R' = Ph, 4-CIPh, 2-furyl 16;;%?5'63
reducible aryl enone electrophilic R? = Me, Et, iPr, CH,0Bn S 16.1 dor

(electrophore) reaction partner R® = Me, SEt, Et

Photocatalytic [2+2] Cycloadditions of Enones with Cleavable Redox Auxiliaries

Me O o 2.5 mol % Ru(bpy)sCly Me O i
h i-ProNEt, LiBF4 N
| | R g <\,, "
visible light
<\,N MeCN N H :
cleavable

R = OBn, Me, OEt, N-morpholine

"redox auxiliary" 65-90%. > 10:1 dur
- o, . I

1) MeOTf, 76%
2) NucH, base

(o] (o] o o

no reaction

BnHN OoBn TN > Nuc OBn

radical anion inaccessible

NucH = BnNH;, H,O, MeOH, t-BuSH, pyrrolidine

Du, J.; Yoon, T. P. J. Am. Chem. Soc. 2009, 131, 14604-14605.
Tyson, E. L.; Farney, E. P.; Yoon, T. P. Org. Lett. 2012, 14, 1110-1113.
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Endoperoxides by Aerobic [2+2+2] Cycloadditions

) o Mechanism OMe MeO
- Endoperoxide moiety is key pharmacophore
of anti-malarial, anti-viral and anti-cancer agents R s
u(bpz)z=*
Ph 0,
.......................... ,
: N ! ™ 4 T K
MeO : [ ] : p ] J) visible light N
: ' Ru*(bpz)s2* _ ' Ru(bpz)s?*
/ 1 3 ~ \ -,
Ph N/ﬁ NN ) © ot
: | I : ’A' OMe :‘\
I O\J/ : ~Z N/"', ‘\‘\\\N = E Ru(bpz)s* <« \ Moo / °~ Ru(bpz)s*
(+1.1V) ' Ru% ' 4 or1
T T
' ' Ph
1 N\) N 1
0.5 mol % : = N XN . §
Ru(bp2)5(PFo), ! » :
4 atm O, , N 1 1+
MeCN (0.02 M), 5 °C : . ¢
visible light ' Ru(bpz)32* ' ‘
1 homoleptic bipyrazyl complex 1  Op”
e e c e cccccccceccem==== [ Y
MeO oxidative degradation
= 1430, or (not observed)
_ Ph
H 1,2-Dioxanes provide access to 1,4-diols and y-hydroxyketones
H
OHH H OH
o 0-0 Zn, AcOH B
2+2 product 2+2+2 product MeO Ph
< 5% yield 75% H "H 91%
reductive MeO
O cleavage
photoexcited states (vs. SCE)
Ru*(bpz)s?* =+ 1.4V vs. Ru*(bpy)s>*=+0.8V
0-0 NEt;, DCM
SCE = Saturated calomel electrode MeO H ar Ph 92% MeO
Kornblum—-DelLaMare
(o) rearrangement

10
Parrish, J. D.; Ischay, M. A,; Lu, Z.; Guo, S.; Peters, N. R.; Yoon, T. P. Org. Lett. 2012, 14, 1640-1643.
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Radical Anion Hetero-Diels-Alder Cycloadditions

Tether length crucial for the product outcome
5 mol % Ru(bpy)3Cly-6H,0 o o
~ ~COPh i-ProNEt, LiBF,
» Ph Ph
QCOPh visible light H H
MeCN, 50 min, 89%
>10:1d.r.

5 mol % Ru(bpy)sCl,

/ COPh i-PerEt, LIBF4 HQO
r
X\ _COPh visible light
MeCN, 1 h, 86%

>10:1d.r.

Unsymmetrical (bis)enones react with high level of regioselectivity

o LAl

o]
i-Pr,NE LA]
Ph = Ph
. Ru(bpy)s* -
i-PrNE u(bPY)a Me M
LAFS o 6
b

Ru*(bpy)s**

Z
N T
o]
a
[LA] —
\V Ji ) W
% ' —
Ru(b 2+
hv U( py)S Ph Ph CoiH O—[LA]
M
N
7 e]

ot
EPr,NEt
or
[LA]-6

11
favored disfavored

Hurtley, A. E.; Cismesia, M. A.; Ischay, M. A.; Yoon, T. P. Tetrahedron 2011, 67, 4442-4448.
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Radical Cation Diels-Alder Cycloadditions

Thermal vs. photocatalyzed radical cation cycloaddition of electronically mismatched Diels-Alder substrate

- large-scale photoreaction in ambient sunlight methyl viologen

Me ; Me
z 130 °C, toluene, 24 h ! [
MeO I sealed tube : g\
80% bl
= fo} 3:1 = exo:endo E Z
'
: z
: @ l
visible light, rt ! N
5 mol % Ru(bpy)s(PFg)2 : I\llle
- significantly milder than the thermal DA :
- operationally simple method ! Mv2*
'

Me Y 15 mol % MV/(PFg),
| MeNO,, 1 h
MeO
89%
9:1 = endo:exo

= (o)

Scope of the intramolecular [4+2] cycloaddition

Me Me
"' Me,, gz
H ‘ H H
o
O R —r Il H O HoL
MeO s \ (o] OMe

65%, 5:1 40%, 7:1 23%, 10:1 74%, 3:1

12
Lin, S.; Padilla, C. E.; Ischay, M. A.; Yoon, T. P. Tetrahedron Lett. 2012, 53, 3073-3076.
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[3+2] Cycloadditions of Aryl Cyclopropyl Ketones

0 (o) Ru(bpy)sClz, La(OTf)3 0 Me CO,Et
M TMEDA, MgSO, | % H
Ph e | OEt MeCN, visible light .~ Ph)l”'
16 examples
) 55-86% yield H
— +e ‘i' ‘?‘ -e —_
O[LA] o) '
Me [LA]JO Me,’ CO,Et
Ph”* OEt I/ H
| ph’ "
Y AT
O[LA] [LAlO '
"""""" Me ° COZEt
Ph™ ™ CO,Et radical Ph™ X H
. cyclization
Z “Me
H

Support for a non-stereogenic ring-opened distonic radical anion

o o 0 o 2.5 mol % Ru(bpy)sCly O Me CO,Et
La(OTf);, TMEDA, MgSOy )| “d H
OEt MeCN, visible light, 12 h - Ph

‘",
79%, > 10:1 d.r. ’G
H

OEt + Ph

1:1 mixture
of diastereomers

Lu, Z.; Shen, M.; Yoon, T. P. J. Am. Chem. Soc. 2011, 133, 1162-1164.
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[3+2] Cycloadditions of Aryl Cyclopropyl Ketones

Scope of Intramolecular [3+2] Cycloaddition

0 Me, COSEt

> 2% o) o)
M
Ph) o — Phwo&
H

82%, > 10:1 d.r.

? o)
p!
a K I”\ : Ph)é\/ \/D
o
(o}

H

69%, 2:1 d.r.
o Me

S A I
Ph” —> pn M
- 0 )évo \/ °

73%, > 10:1 d.r.

Intermolecular [3+2] Cycloaddition

(o}

Ph)lw 5 mol % Ru(bpy)sCl, OMe, CN

La(OTf);, TMEDA, MgSO, | ~
R MeCN, visible light, 48 h ),,,,
o Ph

50%, 2:1 d.r.

Me CN

T

Lu, Z.; Shen, M.; Yoon, T. P. J. Am. Chem. Soc. 2011, 133, 1162-1164.

14
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Photoredox Catalysis of Radical Thiol-Ene Reactions

Generality for a variety of alkenes and thiols

Anti-Markovnikov hydrothiolation
0.25 mol %
Ru(bpz)s(PF) (o)
R-SH + o2 bl LI;D - R/SV\RZ JJ\/\ Ph :
ue 's
MeCN Y d J\/\ A ph
21 examples NHB 97% =
73-99% yield o¢ NHBoc
Me Me
HS Ph
S Ph +
HO/\)\/ ~ p— Ho /\/g ~
95%
Mechanism
Z R
[Ru2+ RS h Ph
hv
RSH ? RS R "Me 5:1 —7t3% ci Me
.1 =1trans:cis
[Ru]?+ [Ru]* _H+ >_<
>_< = HS.__Ph
r RS\/\R. RSH Ph/\/SvPh 2 =——Ph + ~
0O, 0, 90%
1011 =EZ
15

Tyson, E. L.; Ament, M. S.; Yoon, T. P. J. Org. Chem. 2013, 78, 2046-2050
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Building Molecular Complexity |

1.0 mol% Ru(bpy);Cl, or Ir(ppy),(dtbbpy)PFg, 2 equiv. NEt;, DMF, visible light

" MeO,C MeO,C CO,Me
NEt, MeO.C Br
Ru(bpy)s* o2 51, 77%
NEt,
*Ru(bpy);?* +H-

M902 . 02M9

radical
cyclizatfan MeO:C, CO.Me

& Ru(bpy)s®

MeO,C CO;_,Me COQE CO,Me
MeO,C Me
\_/ MeO,C
69% 85% 5"?0. 1:1d.r. 76°/o, 1:1d.r.

(a) Tucker, J. W.; Nguyen, J. D.; Narayanam, J. M. R.; Krabbe, S. W.; Stephenson, C. R. J. Chem. Commun. 2010, 46, 4985.
(b) Prier, C.K., Rankic, D. A., MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-5363.



Building Molecular Complexity Il
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Mergzg ‘20? : Br 3\
52 "

1 mol% RU(bPV)SC|2
2 equiv. NEt;
DMF, visible light

I

1 mol% Ir(ppy),(dtbbpy)PF,
2 equiv. NEt;
DMF, 40 °C, visible light

MeO,C CO,Me

Q.

|

M902C 002Me

\“
\

53, 69%

57

Ph 0]
| N
A0,

56, 69%

(a) Tucker, J. W.; Stephenson, C. R. J. Org. Lett. 2011, 13, 5468. (b) Prier, C.K., Rankic, D. A., MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-5363.
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Natural Product Synthesis — Yoon Group
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Proposed biosynthetic origin vs. control reaction

GO
o K Me

< DI"/ N Me

150 °C
72 h
0 A = Me
60%
Me
o (0]
Proposed cont_rol
biosynthesis fagaramide j\ myrcene reaction unnatural
Me' Me heitziamide A Me Me Me Me thermal regioisomer
Total synthesis enabled by a radical cation Diels-Alder Cycloaddition
M
/ ) TBAF
TPAP
heitziamide A
2 mol % Ru(bpz)z(PFe)2 \\\‘ 3) NaClO,
visible light, air 4) i-BuNH,,
9 EDCI, DMAP
OTBS DCM, AcOH, 80% OTBS
18

Lin, S.; Ischay, M. A.; Fry, C. G.; Yoon, T. P. J. Am. Chem. Soc. 2011, 133, 19350.



Natural Product Synthesis — Stephenson Group
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N
H

233 NH

0
Br /L 1.0 mol% Ru(bpy);Cl» ,/—CHO
- o 5 equiv. 233 - /
NHMe 2 equiv. NBug - ‘.n(
—N, NHMe
N 1 g N
| H Boc —N,
Cbz DMF, visible light " H Boc
232 Cbz 234, 82%

1 equiv. Rh(PPhj3);ClI
xylenes, 140 °C

HN HN
steps AN O
- " |-/4
-— v N,Me
—N H
- \
'?l H Boc
Cbz
(+)-gliocladin C
235, 86%

- Reductive dehalogenation
- Tert. Benzylic radical

- Block of C-2 indole position
- Wilkinson decarbonylation
- 10 steps, 30% overall

Prier, C.K., Rankic, D. A., MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-5363.
Furst, L.; Narayanam, J. M. R.; Stephenson, C. R. J. Angew. Chem., Int. Ed. 2011, 50, 9655.

19
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Natural Product Synthesis — Overman Group

1.5 equiv. 350
1.5 equiv. Hantzsch ester

O—NPhth 1 mol% Ru(bpy)s;(BF;),

Y

2.25 equiv. i-ProNEt
CH,Cl,, visible light

348 349
CO,Me

TBSO @) 350, H- Photoredox Radical

H Conjugate Addition

350 Cl

CO,Me

steps

Me ’Me

(-)-aplyviolene 351, 61%

20
Schnermann, M. J.; Overman, L. E. Angew. Chem., Int. Ed. 2012, 51, 9576.



