Functionalization of arene and heteroarene via organic
photoredox catalysis
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1. Background---importance in late-stage functionalization (LSF)
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1. Background---Common methods to functionalize arene/heteroarene

Transitional-metal-catalyzed C-X bond activation phosphonylation:
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H._OEt Cat. Ni, Pd, or Cu 'F',/OEt
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X =1, Br, OTf

Buchwald-Hartwig amidation:
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Oxidative amidation:

H
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DG
DG = direct group
Expensive catalytic systems pre-functionalized substrates
often high reaction temperatures harsh reaction conditions

M. Min, D. Kang, S. Jung, S. Hong, Adv. Synth. Catal. 2016, 358, 1296 ;
D. S. Surry and S. L. Buchwald, Chem. Sci. 2010, 1, 13;

D. S. Surry and S. L. Buchwald, Chem. Sci. 2011, 2, 27;

J. L. Jeffrey and R. Sarpong, Chem. Sci. 2013, 4, 4092,



2. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: tBPA as alkylating agent

Me 2.5 equiv Me)ko’OtBu Me Q O
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[Ru(phen);]Cl, [iIr(ppy),(dtbpy)](PFg) Ir(btpy); Fluorescein
[Ru(bpv):dClz ‘l Ir(dF-ppy)s

B

' meD O W >

ACN
DMF
DMSO

L4

y

DcE |

@ i) bS

)‘

Acetone |

=

AcOH

\cCOH/H,0 |

".\ ’.‘(‘,“‘- \~ A\ »

G AT PR )

ACN/H,0 | |

}
[Ru(bpy)s](PFg)2

[Ru(dip)s]Cl,

T } ! T
Ir(ppy)s Ir(piq);
[Ir(dF-CF3-ppy)s(dtbpy)[(PFg) "o

Daniel A. DiRocco, Kevin Dykstra, Shane Krska, Petr Vachal, Donald V. Conway, Matthew Tudge, Angew. Chem. Int. Ed. 2014, 53, 4802.



2.1. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: tBPA as alkylating agent

NN only by-products
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Proposed catalytic cycle for the photocatalyzed
methylation of heterocycles with tBPA

o 0o tBPA (tBPB, E= 1.95 V vs SCE)

Ir* (E°=0.89 V vs SCE)

proton-coupled electron
transfer (PCET) under acidic
conditions significantly lowers
the barrier to reduction and
may be Kinetically feasible



2.1. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: tBPA as alkylating agent
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2.1. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: alcohol as alkylating agent
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DNA biosynthesis occurs via a spin-centre shift (SCS) process

Spin-centre shift (SCS): an alcohol C-O bond is cleaved, resulting in a carbon-centred
radical intermediate

7S Photoredox R
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alcohols as alkyl radical precursors formed via high-energy irradiation (ultraviolet light and
gamma rays)

Jian Jin, David W. C. MacMillan, Nature. 2015, 525, 87.



2.1. C-C bond formation on aromatic rings
1) Alkylation of heteroarene: alcohol as alkylating agent
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*Irl!l excited state 2 is quenched in the presence of protonated heteroarene 3, but not in the
presence of the unprotonated heteroarene or thiol catalyst 5, indicating an oxidative quenching
pathway




2.1. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: alcohol as alkylating agent

]

1 mol% photocatalyst 1
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3a: 2-Me, 56% yield 32, 91% yield

27, 81% yield 28, 83% yield 20a: 2-Me, 65% yield  30a: 4-Me, 619% yield
20b: 2,6-diMe, 12% yield 30b: 2-Me, 15% yield  31b: 2,6-diMe, 25% yield
30c: 2,4-diMe, 7% yield

Jian Jin, David W. C. MacMuillan, Nature. 2015, 525, 87.



2.1. C-C bond formation on aromatic rings

1) Alkylation of heteroarene: alcohol as alkylating agent
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2.1. C-C bond formation on aromatic rings

2) Trifluoromethylation of arenes and heteroarenes

H OH
R _’f | Cytochrome - _"'f |
X P450 NN

Medicinal Inactive
agent metabolite

The excretion of medicinal agents is facilitated by remote functionalization of aromatic moieties

M AN CF,S0,Cl A~
R— | - R— |
l\“:\m Photoredox L::-u
X catalysis X
Arene or CF, arene or
hetercarene heteroarene

* Site-specific incorporation of electrophilic radicals at metabolically susceptible positions

* Preclude the need for pre-functionalization of arenes
* complementary method for late-stage synthetic intermediates.

David A. Nagib, David W. C. MacMillan, Nature. 2011, 480, 224.



2.1. C-C bond formation on aromatic rings

2) Trifluoromethylation of arenes and heteroarenes

SR OENSE

CF,S0,Cl (1-4 equiv.)
Photocatalyst (1-2%)

A CF
Y B.-f = 3 GFE
(e, VT

K,HPO,, MeCN, 23 °C

Five-atom Six-atom Unactivated 26-W light source Five-atom CF, Six-atom CF, CF, arenes
heteroarenes heteroarenes arenes heteroarenes heteroarenes
T
—CI- F.C—S—Cl
-S0, ! . .

L oisy | “Rulphen) selectivity at the C2 position:
Vs ‘ |~ reductant 2 _, & The formation of the conjugated radical
. — : —0. il . .. .

[ SO0 SET \ Houseshold  and cationic intermediates.
\ ~ light
EY IIlll." x".'lll .l".ll
L--;,: 'I Photoredox |
F/’\F Y catalysis rl
| " Ru(phen),2+
Ru(phen).? P
\._,. < ;i?d;;]% phc:tocatalgst 1
":. +1.31V
s -, = . ..
F#—:©I \af__ L AT The region selectivity of arenes was
] = not as good as heteroarenes.
Arene -0.1V \ CF, arene
) CF, 9 cr,
WSe F
1
=



2.1. C-C bond formation on aromatic rings

3) Cyanation of arenes and heteroarenes

X 5 mol % catalyst 1 SN CM
R + TMSCN = R
2 MeCN / pH 9 buffer =

455 nm LEDs, O,
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Eig® =+215V I
of"
HOCR

1 Mes-Acr+
Joshua B. McManus, David A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 2880.

2 Electron rich arenes work better;
» Heteroarenes can work;

» Ortho or para regioselectivity



2.2. C-X bond formation on aromatic rings

1) The formation of C-N bond

Me

MeO catalyst, additive - [\\ catalyst
solvent, 20 h Me N'N
4 = +
':l} MeO
sa N= 6b

+ NP 455 nm LEDs \@ R
R

HN Y/ 5 33°C.0y(1atm)
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%ZMe %ZM&:- m B.R=Me;R' =H; E*gq=+2.09 V
e Me ©BF, O | C:R=H;R =1Bu; E*eg=+2.15V
TEMPO TEMPOniumBF, BQ
vioi _ -Arene as limiting reagent
L3 -Diverse amine scope including azoles and ammonia
-Good to excellent site selectivity
@ -Easily tunable organic catalyst system
b 4 -General method for arene C-H functionalization

Nathan A. Romero, Kaila A. Margrey, Nicholas E. Tay, David A. Nicewicz, Science. 2015, 349, 1326.



2.2. C-X bond formation on aromatic rings

1) The formation of C-N bond

Working mechanistic proposal:

Mes-Acr+*

Mes-Acr+ HOOO

Nathan A. Romero, Kaila A. Margrey, Nicholas E. Tay, David A. Nicewicz, Science. 2015, 349, 1326.



2.2. C-X bond formation on aromatic rings

1) The formation of C-N bond

Arene Ammonia Aniline
Equivalent (5 mol % C)
= (20 mol % TEMPO) =
|/ J t HN'O,CNHy > | o
455 nm LEDs / NH,
1.0 equiv 4.0 equiv DCE/H;0, 24 h
0, 23°C

42; R = -OMe; 59% yield; 1.6:1 p:o

R

\©\ 43; R = -OMOM; 3% yield; 2.1:1 p:o

NH, 44; R = —OTBS; 44% yield; 3.9:1 p:o
45; R = -OPh; 62% yield; 2.9:1 p.o

46; R = -Ph; 53% yield; 3.9:1 p:o

e N
MeO N [
Cl NH : :(/ Med =
2
47 48 49
33% yield 61% yield 36% yield
single regioisomer >6:1 regioselectivity single regioisomer

Nathan A. Romero, Kaila A. Margrey, Nicholas E. Tay, David A. Nicewicz, Science. 2015, 349, 1326.



2.2. C-X bond formation on aromatic rings

1) The formation of C-N bond

A selective C(sp?)-H amination of arenes: =
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Linbin Niu, Hong Yi, Shengchun Wang, Tianyi Liu, Jiamei Liu, Aiwen Lei, Nature Commun. 2017, 8, 14226.
Yi-Wen Zheng, Bin Chen, Pan Ye, Ke Feng, Wenguang Wang, Qing-Yuan Meng, Li-Zhu Wu, Chen-Ho Tung, J. Am. Chem. Soc. 2016, 138, 10080



2.2. C-X bond formation on aromatic rings

1) The formation of C-N bond

Hydrogen-evolution cross-coupling amination:

H
0
H - M. .0~
5 mol% QuCHN e
I:EJ@/ + Hm’”‘c’k - i @ Tor St e
Ja

3 mol%
1a 2a ColdmgBF;)2(CH3CN)2
1.0 equiv 2.0 equiv 80% conv., 99% select.
H 10 mol% QuH* o NH2
o) +[ commauc b [
3 mol% Co(dmgBF;);(CH;CN), =
1a 2b 3b
1.0 equiv 0.2 equiv 16% conv., 89% select.
H + MNH
() + NH, 10 mol% QuH",_10 mol% Co(AcO)s, = | 2 Ha
5 mol% dmgHp, 5 mol% BF3-Et,O -
1a 2¢ 3b
1.0equiv 1.2 equiv 40% conv., 90% select.
H 1 ) | NH
10 mol% QuHT,_5 mol% BF4-Et,0 2
(d) * NHy + Hy
3 mol% Co(dmgBF3)s(CH1CN)s
1a 2c 3b
1.0 equiv 0.6 equiv 20% conv., 80% select.

“A > 300 nm, in CH;CN, ambinent conditions. Selectivity = yield/
conversion. _ _ _
Coordination of ammonia to metal or BF; can activate ammonia

Yi-Wen Zheng, Bin Chen, Pan Ye, Ke Feng, Wenguang Wang, Qing-Yuan Meng, Li-Zhu Wu, Chen-Ho Tung, J. Am. Chem. Soc. 2016, 138, 10080.



2.2. C-X bond formation on aromatic rings

2) The formation of C-O bond PC:
Me I‘l.ll'le
N Ne
(" + wo - [T+ H # 7N
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----------------------------------------------------------------------------------------------- E'eqa =248V E'q=272V
QuH* QuCN*
Q Q
OH
J > OO0
o S Cat: CMe
2a HO 5b HO 5c \) N (
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F"o-N" N0 F
(o:m:p=65:11:24) (o:m:p=5T7:14:28) )—N—Q
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(Y o ™
s P o
HO 5d HO 5e HO 5f

53% conv., T8% select.  49% conv., 97% select.  63% conv., 84% select.

(o:m:p=55:4:19) (fo.m:p=57:17:23) (o.m:p=55:12:17)

Yi-Wen Zheng, Bin Chen, Pan Ye, Ke Feng, Wenguang Wang, Qing-Yuan Meng, Li-Zhu Wu, Chen-Ho Tung, J. Am. Chem. Soc. 2016, 138, 10080.



2.2. C-X bond formation on aromatic rings

2) The formation of C-O bond

Ej cl CN . OH o CN
" CN o > * ol oN stoichiometric oxidant---DDQ

O (DDQ) OH  (DDQH,)

Visible light OH : .
@ + o, she 19 > ©’ catalytic oxygenation
2 DDQ, TBN, H,0

OH ka-.":'

-mﬁ
s

Kei Ohkubo, Atsushi Fujimoto, Shunichi Fukuzumi, J. Am. Chem. Soc. 2013, 135, 5368.

MO Cl



2.2. C-X bond formation on aromatic rings

2) The formation of C-O bond

substrate (conversion, %) product: yield, % (selectivity, %)

fluorobenzene (44) phenol: 14 (32)
p-fluorophenol: 24 (55)
o-fluorophenol: 5.7 (13)

chlorobenzene (34) phenol: 0 (0)
p-chlorophenol: 28 (82)
o-chlorophenol: 6.1 (18)

bromobenzene (14) phenol: 0 (0)
p-bromophenol: 11 (80)
o-bromophenol: 2.8 (20)

(a) —007 §4 —?,.0 75 (b) —oﬁss /@

~0.11087 015 19

0. 1@39 ~0,09)53
—0@87

fluorobenzene chlorobenzene bromobenzene
Kei Ohkubo, Atsushi Fujimoto, Shunichi Fukuzumi, J. Am. Chem. Soc. 2013, 135, 5368.




2.2. C-X bond formation on aromatic rings

3) The formation of C-F bond
e hv
@ + ENF-4HF + O, o F
i

(TEAF+4HF) © C\?/ & @f
hv F Electron 3 411"1'0"

- + H202 + TEAF-3HF transfer Ay

x CN I
Y ‘
” (QUCNY)

Fluorination via benzene radical cation

Me
substrate conv., %  product yield, % kg M1 s~ ke, M—1 s~1
X F OH
| 40 ©/ 20 @ 4 1.1x10%0 9.4 x 10°
= -""F
| 39 no fluorination 1.0 x 1010 7.7 x 109
O cl
| 34 O 7 11x1010 7.0 109
Z F
Br Br
©/ 25 @’ 6 1.2 x 1010 3.4 x 10
F

|
©/ trace no fluorination 1.3 x 1010 —

Kei Ohkubo, Atsushi Fujimoto, Shunichi Fukuzumi, J. Phys. Chem. A. 2013, 117, 10719.
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2.2. C-X bond formation on aromatic rings

3) The formation of C-Br bond

MeQ MeO  Br I
frv Monobromination
2 + 2HBr+ O, - 2 + 2 H,0
Me
MeO  OMe MeO  OMe Regioselectivity
e Me
=
E‘Ia { aﬁtcr*—MEE} | 2 3-trimethoxybenzene | 2 4-trimethoxybenzene
4 4
[TMB] = OmM ' -0 TN W o
Acr-Mes™ R a4 ’/.\ N
T™B™ | ' -0.02
' -0.180 4
ot Acr*—Mes +0.256 g ’
Acr'—Mes’™ -0.383 9
2
L'].EErﬁ\i 0.837
0 A A L /\ A A *\".\- '*.
400 500 600 700 800 900 1000 1100 e -0.521
+0.253 (
J
-0.278
J

Kei Ohkubo, Kentaro Mizushima, Ryosuke lwata,, Shunichi Fukuzumi, Chem. Sci. 2011, 2, 715.



2.2. C-X bond formation on aromatic rings

4) The formation of C-P bond

7 mol % Photocatalyst

van. OEt
OEt 8 mol % Co catalyst R
+ P - OEt
EtO™ OEt 0.5 eq. CH;COONH,
CH5CN, blue LEDs, N5
1a 2a 3a

[Acr®-Mes ClO,] [Co(dmgH)(dmgH.)Cl

Xe :
H ( x‘h:GEl'
+  P(OEY; - OEt

External oxidant-free

|

Noble-metal-free

act as a nucleophile to facilitate
the nucleophilic displacement

H P(OEt), y P(OEt)y  sET P(OEt)s
L _ H+

Linbin Niu, Jiamei Liu, Hong Yi, Shengchun Wang, Xing-An Liang, Atul K. Singh, Chien-Wei Chiang, Aiwen Lei, ACS Catal. 2017, 7, 7412.

SET -EtNu

Robust scope of C(sp?)-H bonds




3. Predictive model for site-selective functionalization

Natural population analysis: the analysis of the electron density in molecular system based on
the orthonormal natural atomic orbitals.

Neutral Radical Cation Difference
-0.331 -0.248 0.113
'*83%@ 0.233 "33?9@-0.200 "Sﬁ%\@o.oss
0.291 % i 0.062 083 e
-0.238 0.238 0.000

-0.697e0 IR . 0.697e0

Kaila A. Margrey, Joshua B. McManus, Simone Bonazzi, Frederic Zecri, David A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 11288.



3. Predictive model for site-selective functionalization

1) Six-membered aromatics

5 ol % catakyst 1
20 ol T TEMPO

, HNTY
<)

2.0 eguiv.

455 rrm LEDs,
DCE, 24k
Oy

Fh @ Kel Mel e R
R
«M @ «M LM
\@ o Ny N ;%"U NS
i l:"-) .;--_/> Br == Mer ==
I'Q") 2 ig 3h 3 R = Me, B2R yvield®
55% vyield FOR yield® 54 yield® 5% yield Eyjg=+2.02V
3a: R =-0One: BER yield: B.8:1 pio 790 Do single regicksomer single ragialsomer single regicisomer 3k: B = H, 34% yield®
Eya=+1.68Y Eja=+1.74 W Epyz=+1.80W Eja=+1.86V Ejja=+1.64 W Eym=+1.95Y
b RE——S:_]._?J:&Q% yield: 7.8:1 po n-hex
e O M 050 MeO BnO
3c: R = ~OTBS: 74% yield: 9.3:1 po h L\@ j@ .
e 5 M . =
Eip=+1.59V xeh-n" N'N\ H"N\ = | N\ = U
3d: B = -0OkBu; 63% vield; &1 oo O L-_-;) L“:) L":') =
Eyjz=+1.54V 3 3m 3n 3o
3e: R = -OPh; BE% vield; 1121 pro 43% yield 30 vield &4 yield 1'% yield
Eya=+167W =151 regicsalectivity single regicisomer single regicisamer single regiosomer
E|..'2=+|.?:2"I'r E1|12="2.0-B"a" F|l|'5=+|.315"~" E'."?: +1.53 W
MeC O MeO OMe MeG
oo R
r‘t____‘;} r‘i’? 150 NN
3p iq ar
P vield 7% vield 87% yield 3% vield
1.1:1 regioisamears single regicisarmer single regioisamer single regicisomer
Evp=+1.04 W Ejpp=+1.04V Eyjz= +1.83V Eypz=+1.55Y

Q = the lorgast MPA difference site
O = ste of most positive rodical cation charge densty

@ = sites where the most positive radical cation charge densty and kargest MPA difference match

For benzenoid including pyridines and quinolines, the experimental selectivity matched
the computationally predicted site of largest NPA value difference

Kaila A. Margrey, Joshua B. McManus, Simone Bonazzi, Frederic Zecri, David A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 11288.



3. Predictive model for site-selective functionalization
2) Indazoles, benzazoles

he 2.0 equiv. pyrazole Me 2.0 equiv, pyrazole
S 5 mol % catalyst 1 M, X 5 mol % catalyst 1 S
o_' Y 20 ol % TEMPO O‘. o D_' ’; 20 mol % TEMPO O.' 1,)
. o £ - = ! - - l.‘l‘\‘_' o,
M N
455 nm LEDs, 1M HNey dSS{l:lmé'_ED::, [y
DCE, 24 h 16 DLE 247 17 1
10 alir ﬁa_,ﬂ ar, 50°C 2
=05 or Nhe
El’ E.r - i ... -5-
e Me Mea H” =N N‘N} ,D
M, M M, . 5 rh Ph i
¥ M M o < MeD 5 '
.-"'>_ b D M,
M M Br M H h
- N HH N X
u u y N 17a 17b 17¢c
305 vield 2%% yield 7% yield
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the experimental selectivity matched the computationally predicted site of largest NPA
value difference
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3. Predictive model for site-selective functionalization
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3. Predictive model for site-selective functionalization
3) Pyrazoles, benzofurans, indoles
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Benzofurans and indoles react as electron-

rich styrene derivatives.
Kaila A. Margrey, Joshua B. McManus, Simone Bonazzi, Frederic Zecri, David A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 11288.



3. Predictive model for site-selective functionalization
4) Other nucleophiles
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Other nucleophiles exhibit the same site selectivities for a variety of heterocyclic classes as

previously discussed, allowing the predictive model to be generalized to include a range of
nucleophiles.

Kaila A. Margrey, Joshua B. McManus, Simone Bonazzi, Frederic Zecri, David A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 11288.



4. Conclusion

1. Functionalization of arenes and heteroarenes is important for LSF.
2. Direct C-H functionalizaition can be realized via photocatalysis.
3. Many limitation need solving, such as regioseliectivty, tolerance of substrates

4. Predict model for regioselectivity can desicide major product only.
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