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O Introduction

B Scope and significance
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Scope of this report

O Included in this report: direct intermolecular HAT (d-HAT) reactivity in excited state

‘*“*‘ f}@

O Notincluded in this report:
| Photoinduced homolysis and subsequent HAT
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Wenger, O. S. et al. Chem. Sci., 2020, 11, 8582.




Photocatalytic d-HAT vs. i-HAT

+ Clean reaction
+ Less likely side reactions
+ Highly potent .
PC
+ High FG tolerance iz . +  Hi
) V. Ax Highly potent
hv - W I ion
LHAT aste productio
X' oxidative quenching - S|de react|0ns
A-H R-H .
PC PC ;
A \/
d-HAT

A A A /\
NS 5 PC’ PC + High tunability

FHAT - Energy loss

reductive quenching

- Limited choice of catalyst - A = - FG tolerance

Wu, J. et al. Chem. Catal. 2021, 1, 523.



A brief timeline

| |
1909, E. Paterno

Photo-reduction of
aryl ketones by 0
hydrocarbon

1958, N. C. Yang

12(%) ©)<

1995, A. Bakac

Quenching experiments
of UO,?* by different
hydrocarbons

1995, Hill

DT# catalyzed alkane
functionalization

2010s

Prosperous of
photocatalytic i-HAT
in aliphatic C-H
functionalization

2000s

= Systematic development of
photocatalytic d-HAT in
aliphatic C-H functionalization

Hill, C. L. et al. J. Am. Chem. Soc. 1988, 110, 5461.
Yang, N. C. et al. J. Am. Chem. Soc. 1958, 80, 2913.

Photo-reduction of aryl
ketones by ethers, amines,
phenols, thiols, alcohols

1960s 1966, A. C. Testa

(o) Ho\NH
v O
Ly @

/:Ei

1988, Hill 1970s

Ru(bpy)s** + e — Ru(bpy)3**

Ru(bpy);2** + e — Ru(bpy)s*
MeCN

2022, J. Wu

Acid enhanced HAT
reactivity of various d-
HAT catalysts

NaDT
TBADT

2018, J. Wu

HAT reactivity in
excited neutral
eosinY

Fagnoni, M. et al. Chem. Rev. 2022, 122, 1875.
Wu, J. et al. Chem. Catal. 2021, 1, 523.



The fundamental principle

O Generation of transient electrophilic radical

B LMCT state in Metal-oxo complexes B n—1* states in X=0 functionality
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Wu, J. et al. Chem. Catal. 2021, 1, 523.
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O Mechanistic aspect of excited-state HAT reactivity

B From LMCT states



Oxometal complexes

O Polyoxometalates (POMs)

hV
() w5 ot
3

| High reactivity, selectivity with novel reaction modes
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Hill, C. L. Synlett. 1995, 1995, 127.



Mechanism studies

O Extensive kinetic studies revealed the key reactive state of DT#

Lifetime shortened
with various H donor

4-*
[W10032]
LMCT
singlet N0 ps
~0.6
355 nm ~0.4 [0} '

)

4-
[W10032] triplet [wO]
» )
T \‘\____,(455 ns
in MeCN
Y
[W10032]% = H[W10032]*

dispropgrgionation
T us

Tanielian, C. et al. Coord. Chem. Rev., 1998, 178, 1165.

Not quenched under
O, atmosphere

Similar absorption band
with its reduced form
hampers further elucidation



The mysterious [wO]

O Theoretical insights

HOMO-1
Ravelli, D. et al. ACS Catal. 2016, 6, 7174.

Contribution:
A>B>C

E,eq (WO/[W,,05,]%)
=+2.44V

O Another version

AG”® 39915 (kealimol)

Su, Z. M. et al. Inorg. Chem. 2021, 60, 18706.
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Features in [wO] HAT process

O Thermodynamics

Lb —— Lb H[W10032]* AG,. = -16 kcal mol-!

[W10032]*
©/—> [W10032]™ AGey = -23 keal mol’
O Kinetics
hydrogen acceptor kg M1s7) hydrogen donor ke M hs™h)
TBADT* 4 x 10’ CH,CN 6.5 X 10*
Ph,CO* 72 X 10° CHCI, 2.5 X 10°
xanthone™ 8.8 X 10° cyclopentane 2.4 X 107
tBuO* 9.6 X 10° cyclohexane 4 x 107
BnO* 1.3 x 10° cycloheptane 5.6 X 107
CumO* 1.1-12 x 10° (CH,),CHOH 1.0 x 108
. PhCH,OH 2.8 x 10
O Selectivity
100
28 30
72 _ 70 unreactive 190
/ ' unreactive

- - - -
-----

----

P 0
4 4
;h %

Fagnoni, M. et al. ACS Catal. 2018, 8, 701.



Closing the cycle

O Three main pathways to close the cycle

cyclohexane

cyclohexane

[W10032] [wO]
E, ~-127V .
[W10032]" <— HIW10022] ™~ —
kdis
[W10032]%
E ~-183V

Albini, A. et al. Chem. Eur. J. 2006, 12, 4153.
Hill, C. L. et al. J. Am. Chem. Soc. 1990, 1712, 6585.

— E, ~-0.97V

Kyo~ 1x108



Other oxometal complexes

O U can activate C-H bonds

Uranyl Bonds

U—0%=1.770
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0UOt=179.1° HY 3
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"E (13)
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£k ©)
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3.8 ' it T
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Kemp, T. J. et al. Chem. Soc. Rev. 1974, 3, 139.
Bakac, A. et al. Inorg. Chem. 1995, 34, 6034.



Uranyl ion

O Kinetics

[U02]2+*
S,
- ~0:5 ps

450 nm

2 *
[Vo2] " ~3ps
2

\
TUOZ*  Eq= +2.38 V

Kuat

HIUOZI™ E_ ~+0.1V

O Unique selectivity
1 mol% UOy(NO3)2°6H,0
150 mol% NFSI
R-H R-F
Blue LED
yield A
100% O/F
F
NN TN TAT
F
SN AN
D
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Sorensen, E. J. et al. Angew. Chem. Int. Ed. 2016, 55, 8923 and references therein.



Pathway of deactivation

O Inhibition experiment

1mol % [UO,2*

©/ O 1.5 equiv NFSI ©/\F O/F
+ > +
1 : 1

CD5CN, 23 °C, hv,

argon, 16 hr trace 10 %

B Quenching through exciplex formation

4_ L
;5: .anstant.
1,3,5Q 31
1,3,¢
Ben:
Ben:
Cycl
2 L
8 9
lp , eV

Matsushima, R. J. Am. Chem. Soc. 1972, 94, 6010.

o 1 mol %_[Uoz]2+ o
O 1.5 equiv NFSI O/F
+ - +
é CD4CN, 23 °C, hv, 7 F

argon, 16 hr

1 : 1 trace 74 %,

B Quenching through weak coordination?
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Sorensen, E. J. et al. Angew. Chem. Int. Ed. 2016, 55, 8923 and references therein.



Oxoantimony-porphyrins complex

PMP
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Ravelli, D. et al. ACS Catal. 2020, 10, 9057.



Outline

O Mechanistic aspect of excited-state HAT reactivity

B From n/T—11* states

19



Photochemistry of carbonyl compounds

O Excited kinetics of benzophenone

BDE ~ 99 kcal mol™'

H BDE ~ 28 kcal mol”
BP ketyl
Ey ~ 72 keal mol”
i T3 BP*
3.17 eV S,
4 $117 Kigg non T 70ps
2.79eV . ~ 2 261eV 300 nm v
E . BP* —~1ps
! n—-mn T1 T2
! — 2.09 eV \V
| | BP T, BP*
| ! Y 785 | L
GS E E TemoocaT] lkHAT
L X
HBP.

B Structure-HAT reactivity relationship?

Kaiji, H. et al. J. Phys. Chem. A 2021, 125, 9000.



Electronic configuration

O Substituents effect

Yang, N. C. et al. J. Am. Chem. Soc. 1968, 90, 5899.

0 o 0 0
Kuypr with PrOH 8.4<103 >1 3.9¥104 > 4.3%105 >1 276108 >

v v
A, ooy +0.21° +0.16 eV 0.11° 0.14 eV

HAT reactivity is closely related with the relative energies of n-m* and 1r-11* transitions

\\ -~ iy,
noax et Ttk e D
///I/'I/,,, *
CF, H pCi  CH, F e
(W) F p-Br  OCH;
O-Cl m-Cl SCHS

10° vs. 10° (toward Bu;SnH)

Wagner, P. J. et al. J. Am. Chem. Soc. 1973, 95, 5604.



Electronic configuration

O ACT state with no HAT reactivity might involves given a strong electron donating group

40000 S
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TE =% 11"11'*: .____C'T % -1 ¥
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O e O =
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| An interesting fact:
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Suppan, P. et al. Pure Appl. Chem. 1964, 9, 499.



Aryl ketone photocatalysts

Weak abstractor o

T

i i
Sensitive to solvent 0

polarity and temperature .
(ranging from 10 to 108) O O O O
o
E* 4= 097V
(LD

O ==

E*oq=1.76V :
o o Very reactive
& o
(I Y
E*q=177V O 0 0 do

Scaiano, J. C. J. Am. Chem. Soc. 1980, 102, 7747.



Nitroxides

O Nitro compounds

\O

o
, + 2)\ - @ 2)1\ Fast radiationless decay

O Nitroxide radicals

e

(o) o
N “ - [y
ﬁ >< 7< Maximum at ~ 237 nm 7T 7" LA
1

o (] 2

85%

B
0 OH o "
| | |
N N N
Hg lamp, 96 h . | NO,
PhMe .N
50% 50%
H H H

O,N NO,

> N—=1* Maximum at ~ 465 nm

[ | reactivities

254 nm

XX

Testa, A. C. J. Am. Chem. Soc. 1967, 89, 6917.
Koch, T. H. et al. Tetrahedron Lett. 1977, 18, 3015 and references therein.



Neutral eosin Y

O A new d-HAT photocatalyst in green light region

+ readily available
+ metal-free
+ long wavelength absorption
+ TADF molecule
+ inhibited dimerization
EosinY
Catalyst Solvent Time Yield (%)
Fluorescein THF 24h <10
Rose bengal THF 24h 38
Eosin Y (neutral)  THF 3h >98
NC .
CN CN Eosin B (neutral) THF  24h 25
+ - .
Q K\CN white LED Q—{; Rhodamine B THF 24h <10
h 18 W, 3 h NayEosin Y THF  3h 12
>98%

Wu, J. et al. Angew. Chem. Int. Ed. 2018, 57, 8514.



Mechanism study

O Direct reverse HAT is unfavored in this case

EY*

|

111 vr EEy*\+o.83 v

EY — > EY —>EY _

+0.78 V

I CO,H
BN
HO (@) O.

Br Br
TS-A
g
3 16.9
5]
= TS-A
w 0.0
THF + 1 I

. o

-1.06 V

W

-3.0

+ A

E (kcal/mol)

Br Br H H
Ph
1sc¢ NC oN |
32.3
7TI8-C N
0.0 /
B+l
\-31.3
—
2+eosinyY

Wu, J. et al. Angew. Chem. Int. Ed. 2018, 57, 8514.

BDE

calc

0.0

B +
THF

BDE =

= 92 kcal mol-!

TS-D

19.2
TS-D
5.0
A+2

mol-"
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Enhancing HAT reactivity with acid

O Activation of unactivated C-H bond

Eosin Y (2 mol%)

Me

)\/\r /\]/CN Additive 50 Additive (50 mol%) Me oN
18 Wblus LED. vel M

109quw) (2.0 equiv.) Ph
Entry Additive Additive type Yield (%)

1 None — 26

2 BF;-Et,0 Lewis acid 14

3 Yb(OTf); Lewis acid 15

4 Cu(OTh), Lewis acid 0

5 CF,COOH Bransted acid 39

6 CH;SO;3H Bronsted acid 81

7 pTSA-H,0 Breonsted acid 47

8 HCIO, Brensted acid 69

[ Raised BDE

kcal mol_,

93.8

Wu, J. et al. Nat. Synth. 2022, 1, 794.

92.0

kcal mol_,

Absorption

Enhanced absorption

— Methanesulfonic acid
Perchloric acid (70%)

—— Hydrochloric acid (37%)

——— p-Toluenesulfonic acid
monohydrate

— Trifluoroacetic acid

—— Nitric acid (65%)

—— Acetic acid

No acid

0 1 | 1 #ﬁ I |
350 400 450 500 550 600 650
Wavelength (nm)

kcal mol_, kcal mol_,

83.8 86.9
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Enhancing HAT reactivity with acid

Direct HAT photocatalyst

No acid MeSO3H

Wu, J. et al. Nat. Synth.

No acid MeSOsH

2022, 1, 794.

No acid MeSOsH

No acid MeSO3H

No acid MeSOsH

NC
CN additive
+ P“/\\‘T/ > CN
CN hv
Ph
0.2 mmol 4 .
(1.0 equiv.)
A pr= —
Yield : a 0
4("BugN) o W-._,_O W“\.
{ lo o)
004 170
O_ "'-' /O -"'#"'\"I'O\
o=w—I|o"} C|}c1fr'—\w—o
ot o— w0/
ol o'l V
D—PW_.__-O_Q_‘ 0
Il I
Q 0]
o - TBADT -
O O 54%
MeO OMe O O
Q 4.4'-Dimethoxybenzophenone o o
O O 32% i Xanthone 33%
O. o O O 22%
Benzophenone s
10% 9-Fluorenone Thioxanthone
6% 6%
3% 1% 1% 19% EA
- e e

No acid MeSQOsH HCIO,
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Trisaminocyclopropenium (TAC)

Lambert, T. H. et al. J. Am. Chem. Soc. 2020, 142, 1698.



Outline

O Applications: direct C-H functionalization reactions
B Oxometal complexes

B Organic molecules
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The fundamental principle

O What’s the intrinsic difference?
B LMCT state in Metal-oxo complexes
— —4-

w w

/A N

Wu, J. et al. Chem. Catal. 2021, 1, 523.

B n—1* states in X=0 functionality
o)

| Ay

0D Xy

Q\N @ Br Br

+

- HO O O @)
Br = Br

31



The fundamental difference

LMCT state in Metal-oxo complexes

(”)n LMCT Q,M
S~ B S~ M
O~ 0~

High valent

metal center

{

High ground-state
oxidation potential

72N

very electrophilic

High excited-state
oxygen center

oxidation potential

E*.q4ca.2~2.5V

BDE ca. 100~110 kcal mol-’

B no1* states in X=0 functionality

n—omn

<=0
X

local
excited state

J

highly tunable
substituents

7N

less reactive

high functional
oxygen center

group compatibility

E* .4ca.0.8~2V

BDE ca. 90~105 kcal mol’



Light hydrocarbon functionalization

z
: 2 0IO [ 2a
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kZ
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N. _CFy: O H =
3
Br Br = fe) P Ilﬂoc Boc /N | CF3
H |
P~ N H
Me” Me’N\‘/L\J/
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(£)-32 53% 37 68%

(x)-27 67%*9

N CF;
o . N CFs 0 o N o H | =
I “~ " H )[ | P q . P
e Me - }n
In
(+)-38 n=1 54%°

(+)-28 40%°249 (£)-33 42%°%9
()39 n=2 55%°
(£)-40 n=3 52%El

o H Nucleoside H N\ CFs Fs
? analogue | X H
BocN Z
0
HO 0

NHBoc
NaBH, 34 319k 1 X=Cl 50%39
2 X=Br 70%39

F; MeOH -
N f{I Boc Boc H
\ N
FaC ﬂ’ | K/N
o) H >

(+)-29 60%2" (£)-30 94%
(£)-35 61%329 ()-43 48%

)-4
)-4

i
i

BocN

Macmillan, D. W. C. et al. Nature 2018, 560, 70.



Light hydrocarbon functionalization

Y

: i $L
TBADT X H

R*'R + “Z Y I

R

Light Alkanes Olefin

X 365 nm LEDs, room temperature R/\';R
CH3CN / H,0
Continuous-Flow
Vapourtec UV=150

Cl Cl
CN Br CN

C=C coupled product

t-Bu F
CN CN CN
BDE = 96.5 kcal/mol H
CN CN CN

CHs Hsc” N/ CHs Hse” N/ CHs Hsc” \/CHs Hse” N/ CHs Hyc” \/CHs
isobutanel*! CHs CH; CH; CH; CH;
91% (92:8) 85% (94:6)M 82% (93:7)1% 86% (91:9)I1# 93% (91:9)1#
t-Bu cl cl F
CN CN CN CN CN
PE =89 kealimel | ©\/'\ \@/L m /@\/k \©\)\
o *, CN CN CN Br cN CN
HsC c: \'H \H \H \'H \'H
: Hie N H:e N Hie N TR TR S
propanelt] CH3 CH; CH; CH, CH;
89% (85:15) 91% (89:11)[1.#] 83% (83:17)# 78% (84:16)T-#] 89% (85:15)1#
cl cl F FiC
CN CN CN CN CN
BDE = 101 kcal/mol H
%, N N Br cN N cN
Hic” y . ., ., C,
Hie” M H Hie” M H Hic” V' H Hie” V' H Hic” M H
ethanel®! H H H H H
75% 66%1# 74%M 78%(M 87%IM

BDE = 105 kcal/mol

A,

H

H

methanel®]

o

CN
H \N'H
H

42%

Noél, T. et al. Science 2020, 369, 92.

cl cl
m m
CN Br CN

H \'H H \'H
H H

48%!7] 45%

FsC MeOQ,C
CN CN

H \H
H

38%

H \'H
H
48%
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Modular functionalization of silane

~ '/
\Sli B Dzo Sll\
| Eosin Y
osin g ‘
RO‘Si/ O,
| ~ S~ Eosin Y g
Br\Si/ CH,Br,
R s~ — | > Eosin Y g
| ~

Eosian \
Br\Si/\
B

CH,Br,

prolonged
reaction time

K N -———
CH,Cl,
Eosin Y g
R\Si» B A
| ® ) Eosin Y ) Eosin Y EosinY
osin (; osin (; osin g N \
\SI/

Wu, J. et al. Nat. Chem. 2023, 15, 666.

O EWG

EosinY g

ZAr/AK

Eosin Y (;

R

=z

\J

Eosin Y (;

Eosin Y g ' i BuOH

A AT/AK

\ /



Modular functionalization of silane

Br

A YT JOLAN

133 134 135

(@=()=© (D)= =() ORIORO),
i) 90% yield i) 87% yield i 82% yield
ii) 54% yield i) 74% yield ii) 64% yield
i) 82% yield iii) 68% yield iii) 83% yield

137 138 139
OB OO, OO0, OEORZO,
i) 43% vyield i) 54% yield i) 95% vyield
ii) 54% yield ii) 86% yield ii) 88% yield
i) 71% yield iii) 90% vyield iii) 36% yield

Wu, J. et al. Nat. Chem. 2023, 15, 666.



Outline

O Summary



Summary

O What’s the intrinsic difference?

A-H R-H\
- SET vs. HAT
- Int_er/mtramo_lecular G-HAT
spin separation A
- post-HAT reactivity A 8 /_\
T e =
R.
iFHAT
reductive quenching
hV
@ A-H A
/
NHR \/
o A
N S —NR
. N -
H N H
OAT Group OH
H o . Q}/o- OH
O)\O —fAN® " AN > )
0o D o
HAT Group 62% vyield

Parasram, M. et al. J. Am. Chem. Soc. 2023, 145, 2794. Xia, C. F. etal. J. Org. Chem. 2018, 83, 10948.
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