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Proton-coupled electron transfer (PCET)
elementary step (or series of elementary steps) in which both a proton and an
electron are exchanged.

X — Oxidative PCET - R—X + oOx™ + BH*

.H
e x°~ DA % ]
/‘\)l\_} H — Reductive PCET > )\ +  Red’ + A
Red" R R R7OR

Q firstly proposed by Thomas Meyer in 1981
O ubiquitous chemical activation strategy in biological systems

[ emerging synthetic strategy with intriguing catalytic transformations
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Stubbe J. et al. Acc. Chem. Res. 2013, 46, 2524-2535.
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energy

concerted
PCET

reaction coordinate

Leif H. et al. J. Am. Chem. Soc. 2019, 141, 17245-17259.

d PCETfOFr=EFHRFhINBHE

Well explored Less explored
N = Sl = 0

Baran P. S. et al. . Am. Chem. Soc. 2016, 138, 12692—-12714.
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BDFE: Bond Dissociation Free Energy
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~ 105 kcal/mol ~ 110 kcal/mol ~ 110 kcal/mol
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> The proton and electron in a PCET process need not originate from the same bond, or
even the same molecule

J&RFFIEB 5B 25 6] O] LA [e)

Mayer J. M. et al. . Am. Chem. Soc. 2009, 131, 29, 9874-9875.
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Peters J. C. et al. . Am. Chem. Soc. 2020, 142, 44, 18963-18970.

HAT is definitely a kind of PCET, ET and PT from the same bond. 6
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HAT
R—H > R + H
PKa »
R—H »> R + H*
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R + H*

BDFE(kcal/mol) = 1.37pK, + 23.06E°(R™/R") + 23.06E°(H*/H")
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M" + R—H > R+ H + gt
PK, _

M" + R—H > R+ H* + M
<
<,
Y E° E°

\ Y
R™ + H + ¢

BDFE(kcal/mol) = 1.37pK, + 23.06E°(M"/M™") + 23.06E°(H*/H")
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KETFRTAEESY, HTHEEEX

Knowles R. R. et al. Acc. Chem. Res. 2016, 49, 1546—1556.
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O PCETSHATERIEIZBIEE T

HAT PCET
M . k
°G kuy(CumO”) Me MY + Re—H--p — s H—B o+ M0
Ph—I—O + R=H ———— R° + Ph—I—OH
Me Me
________ Y & ——
_____________________________________________ P(R)Kpcer P(R)
k
IIEt H PCET
N Me
Bt \r (Nj\H [ j\
H H N H
ky(CumO) ky(CumO) ky(CumO’)
2.0 x 108 1.1 x 108 2.3 x 108 >

Proton donor-acceptor distance, R

While electrons tunnel readily over large distances (10 A® ), heavier protons can only travel
over relatively small distances (1-2 A°).

HATRZ i1 {F i Fe A2 E 1 BERER 55 /Y PCETRNFF LA ETERZIMH
C-Hi# B BERAIX—HEE

Bietti M. et al. Acc. Chem. Res. 2015, 48, 2895-2903.

Hammes Schiffer H. et al. Chem. Rev. 2014, 114, 3466—3494.
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1 PCETSETPT. PTETFERFXFR

o = “/ellz T
R T

T A: RECEHEY
kearsCor) = X 2, 3, el o) \/T ~(AG;, +A AL IERIET
cepT\'pT) = X exp
K o " AT 47kgT

ApK, ApK, ApK,
A B @ D

A (eV) A (au) A (eV) A (au) A (eV) A (au) A (eV) A (au)
Esia 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.01
kert 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ks 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
kers 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
kcepr 1.65 0.01 1.65 0.001 1.65 0.0001 1.65 0.0001

Hammarstrom L. et al. . Am. Chem. Soc. 2021, 143, 560-576.
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PCET: N-Centered Radical Generation from N-H Bonds

B Photoredox PCET Cascade Amidoarylation of Unactivated Olefins

3 mol% [Ir] photocatalyst

O
CN % Ni =
R N,Ar 6 mol% Ni(dMeObpy)(H,0),Br, o /Ar CN
+
b 2.5 equiv. Bu;N[OP(O)(OBuU),] R
Br

‘BuOH:PhCF3 = 2:1
blue LEDs, rt
(0]
/Ar
N
Ar1
n (@)
" [ir'™ A o
N|'Br N Ar! N
! Al| N | S
[L,Ni"Br] N
Photoredox Nickel

Z

=\

7,

; 2 | /lr”‘lN N ]
[*|rIII] . — l s
catalytic cycle catalytic cycle r'—Br 1
CF3
[Ir] photocatalyst
_ [L,Ni']
PCET i
N~
. N o
H.. _ I. PCET
“[Base] Ar .
N7 5-exo-trig 1. 5-ex0-trlg
= l1l. coupling
| /

Molander. G. A. et al. Chem. 2019, 5, 339-352. %



PCET: N-Centered Radical Generation from N-H Bonds

o /\ [*I

rIII]

A1

29% yield

0% yield

PCET — » [

EPC*/PC- = 161 V (SCE)
25% yield

F
CF
EPC*/PC- =132V (SCE)
29% yield
B pKaliPCETiRZM]
Bu,N[OP(0)(OBu)s]

pK, = 1.72
BuOK

pK, =17

\
]

I +

EPC*/PC- =1.68V (SCE)
0% yield

N—H
pK, = 21

E° = 1.78 V (SCE)

BRI RS I HEE TR I PCETER SR

DCE as solvent

29% yield

BuOH as solvent

68% yield

‘BUOH:PhCF; = 2:1
as solvent

78% yield
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PCET: N-Centered Radical Generation from N-H Bonds

B Scope of substrates

0]

R _Ar CN
'il ' /©/
H
Br

A=

3 mol% [Ir] photocatalyst
6 mol% Ni(dMeObpy)(H,0),Br»

2.5 equiv. BuyN[OP(O)(OBu),] R
'BUOH:PhCF5 = 2:1
blue LEDs, rt

NC
OMe CF3
o) cn © Q O
N CN CN
E N N
/N ]
Ph O
72% yield . 58% vield 29% yield
>20:1 dr 49% yield b yie E, i = 2.03 V (SCE)
Synthesis application
O>\ S j& 5
CN
o} \ N >\N
N nBu—N
Boc
Me Me
55% yield 83% yield, >20:1 dr 58% yield

Zolmitriptan core

C-Aryl-Amino Glycosides

Ar CN

[Ir]-1
EPC*/PC- = 132 V (SCE)

[Ir]-2
Epc*/pc_ =161V (SCE)
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PCET: N-Centered Radical Generation from N-H Bonds

TAW =

B Remote Allylation of Unactivated C(sp?)—H Bonds

Me
Me

NHTFA

64% yield

NHTFA

from (L)-menthol
64% yield

2 mol% [Ir](dF-CF3)

10 mol% Ni(COD),, 11 mol% L4

c/\[rR

Me F
Me
NHTFA
76% yield
"Bu
NHTFA

Me Me NHBoc

from (S)-leucine
68% yield

2 eqUiV. K3P04
MeCN, blue LEDs, rt

Me
Me

NHTFA

70% yield

O
TN
ko” \No )
H OK\;I?
R1M N \RS
R2
PCET

[Ir](dF-CF3)
Epcipe. = 1.21 V (SCE)

(<

L,

Tambar U. K. et al. ACS Catal. 2019, 9, 4627-4631.
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PCET: N-Centered Radical Generation from N-H Bonds

=

B Proposed Mechanism

=
f 11
" [ir'"]
Me” “Me “TFA
2 mol% [Ir)(dF-CF) Mg N\TFA Photoredox
%l .
. 10 mol% Ni(COD)z, 11 mol% Ly [1r] catalytic cycle  SET
2 equiv. KsPO, \
MeCN, blue LEDs, rt . C
D D [Basel. PCET "
H % [r']
Me N |
TFA N
TFA

Optimal result: 72% yield, 1:2 = 88:12

No Ni(COD),/L: 45% yield, 1:2 = 88:12

TFA Ph
NT rilH
’ TFA

R
l": S5-HAT ﬂ-sc:ss:on
\ | TFA cl
Ph D A Ph N/ == -[N|]
Cl ~ H
o Ph
R

Tambar U. K. et al. ACS Catal. 2019, 9, 4627-4631.
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PCET: O-Centered Radical Generation from O-H Bonds

B Ring-Opening of Cyclic Alcohols Enabled by PCET

MeO

HO,

H/

Ar

n=0,71% yield
n=1,86% yield
n =8, 85% yield

Me

PMP

Me

1 mol% [Ir(dF(CF3)ppy)2(5,5'-d(CF3)bpy)]* 0

3 equiv. collidine, 25 mol% thiophenol

- )W
DCM, blue LEDs, rt Ar , H

4- to 12-membered ring Ar : electron rich arene

0]
(0]
: X )]\/\/\ 3 /_\\ +
Ar H H-OU A
MeO | N N;_/
) ) Me Z Me
with SelectFluor, X = F, 52% vyield
with CCl,, X = Cl, 98% yield Ar = benzofuran, 84% vyield PCET
with BrCCls;, X = Br, 95% vyield Ar = naphthalene, 41% yield
'e) Me
PMP.
H from Hecogenin
91% yield 81% yield, 8:1 dr

Knowles R. R. et al. . Am. Chem. Soc. 2016, 138, 10794—1079%.6



PCET: O-Centered Radical Generation from O-H Bonds

L BDFE: bond dissociation free energy
MeO
O—H BDE : %y 9@ g g
o A ~ 105 kcal/mol (MeOH) ? Y“ o T Y [? TSHY
- .
H based on calculations Base Exn (V) 039 069 0.92 096  1.18 122 124 127
O—H BDFE 2-MeO-pyridine 'BDFE' 77 84 90 91 9% 97 97 98
pK, =99  Yield (%) 0 0 0 0 0 0 <5 AN"8
~ 102 kcal/mol pyridine 'BDFE' 8l 88 93 94 99|00|0| 101
pK, =125  Yield (%) 0 0 0 <5 6 16 5 19
BDFE(kcal/mol) = 1.37pk, + woos vy o o o Y0 i
23.06E°c(Mn/Mn+1) + 23.06E°(H+H)) collidine  'BDFE' 84 9l 97 F98J 103 104 104 105
pK, =15  Yield (%) 0 0 <5 7 86 86 41 84
QO ANZiHBEBEEPCETRNDHERERS
Me Z Me

o’H o/H o’H o/H
/)\/Ph PMP\J\/Ph MVPh PMPNVPh MeO \H\
PMP PMP Me o)
Me Me Me Me @ \_/

88% yield 94% yield 89% yield 6% yield Me

AG®; = +34 kcal/mol AG® harge recombination = =53 kcal/mol AG®cer = -1 kcal/mol
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PCET: O-Centered Radical Generation from O-H Bonds

B Proposed Mechanism

_0 Ar

DVRE 4

1 mol% [Ir(dF(CF3)ppy)2(5,5'-d(CF3)bpy)]* o

R

n

e

3 equiv. collidine, 25 mol% thiophenol )l\/\M/\
>
DCM, blue LEDs, rt Ar H

n

4- to 12-membered ring Ar : electron rich arene

RSN"H\O/\' R = OMe 9
0]
/-scission
—_ —> —_——
LT, T e

0

0]
PMP
H H

catalytic cycle

It PhS HAT

\\' PMP

Photoredox HAT PhSH

catalytic cycle

ET
Tl PhS - % NR;

*HNR;

Knowles R. R. et al. /. Am. Chem. Soc. 2016, 138, 10794-10797.
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PCET: S-Centered Radical Generation from S—H Bonds

B Visible-Light-Mediated Organocatalyzed Thiol-Ene Reaction

RS—H +

58% yield

0.5 mol% LB
cyclohexane RS
A R > SR
blue LEDs
% RS
=
? /\R1
PCET —» RS = RS ~Ng1 *+ RS—H

)j\ S MeO,C.__S
Me S
Ph
90% yield 92% yield 96% yield

Dilman D. A. J. Org. Chem. 2019, 84, 8337-8343.
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PCET: S-Centered Radical Generation from S—H Bonds

B Direct Arylation of Benzylic Ethers

H oN 1 mol% Ir(ppy)s OMe
20 mol% thiol
OMe + >
NG K,HPO,4, DMA
26 W CFL CN

OMe

én EV = 40.85 V (SCE)
— O O - OMe EVI = 4+0.31 V (SCE)
NC Eihiots= +0.77 V (SCE)

CN
k\\ H
/©/ 78151. ) o ry ©)\OMG
o Photoredox HAT
Ir catalytic cycle A8y catalytic cycle
RS* || /N LS.
HO” \\o” R
] K’
Pl Ir Y
’Jﬁ PCET

=\

MacMillan. D. W. C. et al. J. Am. Chem. Soc. 2014, 136, 626—629.

20



PCET: S-Centered Radical Generation from S—H Bonds

B Scope of substrates

1 mol% Ir(ppy)s OMe

H

CN 20 mol% thiol
OMe + >

NG K,HPO,, DMA

26 W CFL CN

OTBS OTBS NMe:
HO
NT X o I
|

= CN \ CN

F CN

61% yield 64% yield 75% yield

Ir(ppy)s

Cl

OTBS OTBS =— o
HO cl NH
X X )I\/SH
MeO
Z N — N
F CN

S—H BDE = 87 kcal/mol

aC—H BDE = 85.8 kcal/mol
70% yield 51% yield 73% yield

MacMillan. D. W. C. et al. J. Am. Chem. Soc. 2014, 136, 626—-629. 21



PCET: C-Centered Radical Generation from C-H Bonds

B Dimerization of Oxindoles with Acridinium Betaine as Catalyst

H
Ar
2 mol% Acr-betaine
0]
N Air atmosphere, PhMe, rt
\
PMP
l Dimerization
I

7 3\ Ar (@)
Acrt _H Acr’ £

OMe Acr-betaine
64% yield not detected CF3; BDFE = 64.8 kcal/mol

Ooi T. et al. ACS Catal. 2017, 7, 2765-2769.
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PCET: Reductive Transformations of Imines (C=N)

B Flectrochemical Synthesis of Hindered Primary and Secondary Amines

NHeHCI C =2 F/mol, 20°C R NH,
N 0.2 M E4NCI, DMSO
R + | > X
N (+)graphite | (-)n |
_N
5mA, 10h
Zn —
@ m o
NHeHCI NHZK\\ | ]
CN CN €
z
: N ~ N
N~z N~
H PCET
R NH, R NH, R NH;
N N —> X e 7N\ _AJUCN
NC NCT g | =
N N N |
H N~
+H"-/
PCET
graphite y—

Rovis T. et al. .. Am. Chem. Soc. 2020, 142, 468—478.  **



PCET: Reductive Transformations of Imines (C=N)

Electrochemical Synthesis of Hindered Primary and Secondary Amines

NHeHCI

CN

X

R + |

N A

Ph NH, FNH Ph NH,
N

7 "By W"Bu

NN N%/N

35% yield 59% yield
15% yield 80% yield

E,eq=-0.8 V (SCE) E,.q=-1.23 V (SCE)

I
- 2%

NH-HCI

Q)Lm
Cl

ELUMO = -1.56 eV

\

C =2 F/mol, 20°C

R NH,
0.2 M Et,NCI, DMSO
> AN
(+)graphite | (-)Zn
_N
5mA, 10h
CN
A
| —— PCET —> E,oq=-1.6 V (SCE)
N~
Me NH, Me NH,
m 4
N
cl X Me cl
32% yield 85% yield

E;eq=-0.96 V (SCE) E,.q=-1.12V (SCE)

Me  NHeHCI o .
\

O

ELUMO =-1.15eV

Me

Rovis T. et al. J. Am. Chem. Soc. 2020, 142, 468-478.

25



PCET: Reductive Transformations of Carbonyls (C=0)

B Reductive Pinacol-Type Couplings

R OH
0 2 mol% [Cu(Diamine)(BINAP)]BF, A
R)I\Ar 2 equiv. Hantzsch Ester, THF, blue LEDs, rt Ar
HO R
HAT
I
(0]
— PCET — )\ —_— Ar
Ar
HO R
pPK,1 = 14.2
pK,2 =16.1

pKa(d ppa) =3.72

62% yield 68% yield

Collins. S. K. et al. ACS Catal. 2019, 9, 9458-9464. 26



PCET: Reductive Transformations of C=C t-Bonds

T =

B Sml,(H,0), Reduction of Electron Rich Enamines

H
N/\/R 3 equiv. Sml, R R
> N/Y — N
150 equiv. H,0, THF O H
H

XN PT AR
0T P o
1 2

N ET 1:2=1.2:1 E;=-3.5V vs Fc”*
ET o&) ........................................
| \] N/\/O I/\N/\/Q
o

AR PT ~_R
) - Y
H

1:2=4:1 pKa1'pKaZ =25

Mayer J. M. et al. . Am. Chem. Soc. 2017, 139, 10687-10692.

e
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PCET: Reductive Transformations of C=C t-Bonds

B Sml,(H,0), Reduction of Electron Rich Enamines

88% vyield

BDFEc_p = 32kcal/mol

H
3 equiv. Sml, _ N/\(R )\/R
—» N
150 equiv. H,0, THF H O o

N

H Sm'l(H,0)n
31% vyield 75% vyield etz
H
H\?/Sm”(Hzo)n O O
H
not observed
BDFEq_H = 26kcal/mol BDFEc_y = 30kcal/mol

Mayer J. M. et al. . Am. Chem. Soc. 2017, 139, 10687-10692. 28



PCET: Reductive Transformations of S* Radicals

B Deracemization enabled by excited-state electron transfer

N
\_4 R3

racemate

| /@\i
Me
H
Q

O
R2. J\
R‘l

Me—N\/I

96% yield, 94:6 er

[Ir(dF(CF3)ppy)2(bpy)]PFe

peptide thiol catalyst
chiral phosphate base catalyst
2 mol% [Ir(dF(CF3)ppy)2(bpy)IPFe

blue LEDs, 25° C

AG® =+0.42 kcal/mol

L
)\\ Me
H—N N N~
\/l . :
e
e

99% yield, 92:8 er

peptide thiol catalyst

/ R

PGt
Me~N)\\N
\/l.,,//Me
Me

99% vyield, 95:5 er

chiral phosphate base catalyst

N~ Ph
H

Knowles R. R. et al. Science 2019, 366, 364-369. 29



Relative Free Energy (kcal/mol)

PCET: Reductive Transformations of S* Radicals

(R)- {.,i"'iPr (S)"‘:A-'H
H iPr

" 8" R-sH

electron
transfer

kg = ks

T F

peptide thiol catalyst

chiral phosphate base catalyst

2 mol% [Ir(dF(CF3)ppy)2(bpy)IPFe

blue LEDs, 25° C

proton
transfer

kg < ks HAT
(eror = ke / ko)
PT S R kR>k

E,;2=0.91 V vs. Fc*/Fc

pKa base

=13.0

BDFEPCET = 93.7 kcal/mol

Knowles R. R. et al

BDFE_,; = 86.2 kcal/mol

S

(eryar = kp/ ko)

+O°N
RF5 /k-uipr

H

@+ B~ R-SH

. Science 2019, 366, 364-369. 30
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