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Puzzles and Relevances

Proton coupled electron transfer

Radical formation in organic synthesis

C C C

BDE of related chemical X-H bonds

Acc. Chem. Res. 2003, 36, 255-263

H H

D0(AB) (kcal mol-1)

104.206

Bond

H F 136.24

H CN 126.3

H OH 118.82

H SH 91.2

D0(AB) (kcal mol-1)Bond

H SiH3 91.7

H NH2 107.6

H CH3 104.99
H CH2CH3 101.1
H CH(CH3)2 98.6
H C(CH3)3 96.5

H Ph 112.9
H Bn 89.8

Generating radicals from hydrogen atom transfer

Case 1 - HAT into unsaturated system

Case 2 - HAT from saturated system
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X could be C/O/S/N..

well-known examples
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H
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R1
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well-known examples

Related GM: Hydrogen atom transfer (Lo, 2014)
Transition metal oxo chemsitry (McClymont, 2019)

Iron-Oxo and Iron-Nitrido Compounds (Navratil, 2020)
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JACS 2008, 130, 4250-4252
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Theory and Context
Thermodynamical picture of PCET

X
pKa (XH)

E0(X-/X)
+
E0(H+/H)

BDFE

Thermodynamic cycle of bond homolysis
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B

E0(Mn/Mn-1)
+E0(H+/H)

"BDFE"

+ Mn B + Mn-1

B + Mn-1H+

H X + H

X + H

adjustable, contradictory constant

Oxidant-base pair and reductant-acid pair

H +

adjustable, unrelated

Case 1: An oxidative process:

X H B + Mn+ B + Mn-1H+X +

Case 2: A reductive process:

X
B + Mn-1H++ B + Mn+

X
H

Top Curr Chem (Z) 2016 374, 30

Oxidant Base E0 (V) pKa "BDFE"

FeIII(bpy)3

*RuII(bpy)3

As strong as possible As weak as possible

"BDFE" (kcal mol-1) = 1.37pKa(B-H+) +23.06E0(Mn-1/Mn) + 23.06E0 (H+/H)

*RuII(bpz)3

*IrIII(dF(CF3)ppy)2(bpy)

pyr

acetone

lutidine

DMAP

0.70

0.39

1.07

1.0

12.5

23.5

14.1

18

87

96

100

103

Reductant Acid E0 (V) pKa "BDFE"

Cp2Co

Cp*2Co

RuI(bpy)3

RuI(bpy)3

lutidinium

pyridinium

PTSA

-1.34

-1.47

-1.71

-1.71

21.5

14.1

12.5

8.6

54

40

23

27

Chem. Rev. 2010, 110, 6961–7001

Multisite PCET

Special Example 1: transfer electron to metal center and proton to ligand

N

N
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H

Special Example 2: transfer electron from metal center and proton from ligand JACS 2009 131 9874

BDFE = 71 kcal in water

FeI
COP

P
Ph

Ph

Ph
Ph

H

Me

PhN NPh

BDFE(C-H) = 29 kcal mol-1

N N
H

H

Ph

Ph FeII
COP

P
Ph

Ph

Ph
Ph

+

JACS 2020 142 18963

*note:
BDFE(Bond Dissociation Free Energy) has
been used instead of BDE.
HAT is definitely a kind of PCET, ET and PT
from the same bond

PhCO2H

BDFE (kcal mol-1) = 1.37pKa(X-H) +23.06E0(X-/X) + 23.06E0 (H+/H)

G(MS-PCET) = BDFE - "BDFE"

pKa (BH+)

+ H

Generalized chemical bonds
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Theory and Context
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Kinetical picture of PCET
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Reaction Coordination

G0
Product

G‡Reactant

G0

Marcus theory type model

A strong driving-force reaction

meets G0 << 2

combine Erying eqn.
and Marcus theory

Acc. Chem. Res. 2018 51 2391
A strict CPET Pathway (Concerted PET)

RuIV
N

O

N

NN

N

Case 1: A canonical CPET (HAT) process

RuIII
N

O

N

NN

N

H
H

+

kHAT

CH3CN

Case 2: An intramolecular multisite CPET process

JACS 1982 104 4106

J. Phys. Chem. A 2012 116 12249
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[N(C6H4X)3]
O
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N
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O
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N
R

H

= 0.46
R2 = 0.99

Case 3: A multiple CPET process

= 0.49
R2 = 0.99

N
O
H

N
+ + Fc+

N
O

N
+ + Fc

H

JACS 2017 139 10312

HAT is defined by tBu3PhO•
reacting with TEMPOH

= 0.46
FeCp2+

PT is treated by Marcus
theory.
Paraboloid instead.



Chanllenges in MS-PCET

PCET versus stepwise ET/PT
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Compatibilities of Ox/base and Re/acid

Make a catalytic MS-CPET possible - thought experiments

X H
B + Mn

B Mn-1H+X

BMn-1 +H Y radical
reaction

Y H
BDFEYH > BDFEXH

PCET

PCET

Coupled CPET and photoredox

B + Mn decomposed

B + Mn-1H+ decomposed

equals to radical Y more unstable than X

X H
B + *Mn

B Mn-1H+X

B

Mn-1

+H Y

radical
reaction

Y H

PCET

PCET

B + Mn

photon

A simple oxidative PCET cycle Coupled CPET and echem
X H

B + Mn

B Mn-1H+X

BMn-1 +H radical
reaction

PCET

Y

H+
e-

anode

k1

k2PCET

X + H

PCET is kinetically more favored than stepwise ET/PT or PT/ET

X H B + Mn+

B + Mn-1H+X +

PT
+ Mn

ETk3ET

X H B + Mn+
k4

PT

Acc. Chem. Res. 2016, 49, 1546−1556

Acc. Chem. Res. 2001, 34, 273-281
From a quantum mechanics perspective:

kPCET > k1 or k2
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Aplication of PCET - PCET from Saturated System
PCET of phenols

PCET of indoles

O
H

Base
[Ox] O

N
H Base

[Ox]

N

JACS 2018 140 3394

The most common substrates
Involving many redox bioprocess

N
H

NHCbz

0.5 mol% Ir(ppy)3
3 mol% H8-TRIP BINOL phosphate

2 eq. TEMPO
1.5 eq. TIPS-EBX

0.05 M THF, blue LEDs, rt
N
H

N
H Cbz

O
N

Me Me

Me
Me

81%, 93% ee
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64%, 92% ee
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2,4,6-(iPr)3C6H2
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NBu4

H8-TRIP phosphate
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R'O
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P
O
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IrIV

PCET
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N
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O
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Me Me
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IrIII
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N
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N
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O
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Me Me

Me
Me

C-N bond
formation

TMEPO

TMEPOH

PCET

Use of TIPS-EBX: Generating IrIV from *IrIII, crucial
for low catalyst loading

BDFEOH =
67 kcal mol-1 in THF

C-O bond
formation

Proposed
Catalytic cycle

h
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Tyrosine-based PCET in biological system - photosystem II

Case study - A Ru-tyrosine complex PCET process

OH O
pKa = 10

O
pKa = -2

OH

1.46 V 0.72 V

JACS 2000 122 3932

in water

D region:
ET from TyrO-

C region:
PTET from TyrOH

JACS 2012 134 16247

B region:
CPET from TyrOH

A region:
ETPT from TyrOH

Rubpy-Y

C region: diffusion control by [OH-], KIE(H/D) = 7.5 due to [OH-] = 7.5 [OD-]
B region: if PT/ET, the rate will be 10-fold lower, KIE(H/D) = 5, bigger than expected
A region: insensitive to pH, very small KIE.

ACIEE 2007 46 5284
Science 2004 303 1831
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Aplication of PCET- PCET from Saturated System
PCET of thiols

PCET of amides

J. Phys. Chem. C 2015 119 7028

Observed MS-PCET of cysteine in aqeous buffer

O

O

NH3+
S
HR

S
H Base

[Ox]

R S

Thiols are acidic (pKa ~ 8)
Thiyl radical is useful

Os(bpy)33+

buffer (HPO42-, AcO-)
O

O

NH3+
S
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Thiyl radical used for C-H bond cleavage under PCET condition

JACS 2014 136 626

Ar OR
N

Y

X

1 mol%
Ir(ppy)2(dtbbpy)PF6
20 mol% thiol cat.
10 mol% LiOAc
DMA, blue LEDs

HN
Y

X
Ar
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MeO2C SH
thiol cat. H

Ph
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Ph

Ph
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77%

N
H
N
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OMePh
58%

OTBS
Ph

HN
Ph

70%

H
N

OMePh

Ph

F3C

75%

OTBS
Ph

HN
Ph

O

45%

Ar OR

1 mol% Ir(ppy)3
20 mol% thio cat.
K2HPO4, DMA

octanal, 23 °C, 26 W CFL

H
CN

EWG

ArRO

EWG
*IrIII

IrIII

IrIV

HPO4-

MeO2C SH

MeO2C S

H2PO4
-

Ar OR

H
Ar OR HAT

PCET
proposed
catalysis
cycle

CN

CN SET

CN

CN
h

Ph

OMe

CN
77%

O

CN72%

Ph

OTBS

N

Me

86%

HO
OH

CNF 72%

Ph

OTBS

N

NH

73%

Base

[Ox]

R1 N

O
R2

H
R1 N

O
R2

Amidyl radicals are valuable synthon
for C-N bond formation.

Intramolecular olefin carboamidation

JACS 2015 137 13492

Ar
N X

O

R2

R1

H

2 mol% Ir(dF(CF3)ppy)2(bpy)PF6
20 mol% NBu4OP(O)(OBu)2

10 mol% thiophenol
0.3 M DCM, blue LEDs, rt X

NO
Ar

R1

R2
H

NO
Ph

Me

Me
H

90%

N

NO
Ph

Me

Me
H

Me
90%

O

N
O

O
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H

BnO

TBSO

94%

N

O

O
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Me H

Me
94%

NO
Ph

Me

Me

87%

NO Me

Me
H

X
X = F, 88%
X = OMe,
87%

N

O O

Ph

H

O

TBSO
Me 68%

Intermolecular olefin amidation

for a C-H bond functionalization enabled by amidyl radical, see:
Nature 2016 539 268

JACS 2018 140 741

S
H
N

O

O

MeO

R3

R1

R2

R4

2 mol% [Ir(dF(CF3)ppy)2(5,5'-dCF3bpy)]PF6
20 mol% NBu4OP(O)(OBu)2

30 mol% TRIP thiol
0.1 M PhCF3, blue LEDs, rt R3

R1
R2

R4NH

H

S
O
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O Me
Me

Me
MeNH

H

S
O

PMP

O

89%

OTBS

tBu
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H

S
O
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O

80%
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S
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O
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CO2Me

44%

H

H

H

A hydrogen bonding
involves
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Aplication of PCET- PCET from Saturated System
PCET of alcohols

PCET of C-H bonds

JACS 2019 141 13253, for enantioselective, see: JACS 2020 142 5974

R1 R2

H

R1 R2

EWG

2 mol% [IrIII]
5 mol% NBu4OP(O)(OBu)2

1.5-3.0 eq.
CH2Cl2, blue LEDs, rt, 24 h

+ EWG

SO2Ph
PhO2S

55%

O COMe

60%

SO2Ph

SO2Ph

Me

Me

Me

O

Me
SO2Ph

SO2Ph

88%

R
O
H Base

[Ox]

R O

So strong, ~104 kcal
Low acidicity

JACS 2016 138 10794

Early observation

R1 H Base

[Ox]

Not very strong and polar
Pretty useful

Very common in metal-oxo

R3
R2

JACS 1997 119 4078

ACIEE 2020 59 11845

Olefin intramolecular etherification

Ring opening of cyclic alcohol by MS-CPET

O

PMP

1 mol% [Ir(dF(CF3)ppy)2(5,5'-dCF3bpy)]PF6
3 eq. collidine

25 mol% thiophenol, 0.1 M DCM
blue LEDs, rt

O

PMP

H

H
O

OMe
PMP

O

H
H61%

Proton coupled electron transfer

O

O
Me

H

HH

H

H
Me

O

PMP

Me

H
HO

Me

81%, 8:1 dr

*IrIII

radical from fragmentation can be trapped as fluoride\chloride\bromide

O

PMP

H

B

ET

OH

PMP

IrII

B

CH2

O

PMP

PCET

IrII B H
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O

PMP

H

B H

PhS H

PhS
IrII

PhS

IrIII

H

B

ET/PT
(back PCET)

h

JACS 2019 141 1457

A more useful condition

3 mol% [Ir(dF(CF3)ppy)2(5,5'-dCF3bpy)]PF6
25 mol% PBu4+(MeO)2POO-

25 mol% TRIP-SH, 0.05 M PhMe
blue LEDs, rt

O

OHOBn
BnO

BnO

OBn

99%

OO
OBn

OBn

OBn

BnO

H

2 mol% [IrIII]
25 mol% PBu4+(MeO)2POO-

25 mol% (2-FPhS)2,
0.05 M PhCF3

blue LEDs, 40 °C

O

R1

H

R2

OH

R1

R2 51%, > 20:1 dr

First example of MS-PCET of C-H bond - decreasing molecularity

R1 R3

R2
H O

O

[Ox]

O
O

Synthetic application of MS-CPET in similiar concept

EWG

Sci. Adv. 2018 4 eaat5776

*IrIII
C

C
N

N
N

N

CF3

CF3

H
H O P

O

OBu
OBu

R1 R2

H

Ir-phosphate complex

e
Supported by:
NMR titration;
X-ray crystal;
TBAF addition

45%

'BDFE' = 103 kcal higher than
BDFEP450 ~ 95 kcal

= 0.17 and 0.21, unusually.
Possibly indicates:
Asynchronous. ("Asymmetric")

observe: G = 0 if FeCp+, BDFE ~ 74 kcal for deep investigation:
JACS 2018 140 15641

examples includes double bonds

OH

tBu
MeO

OH

tBu
MeO

CHO

OMe

+ tBu
S2O8

2- OH-

They didn't find spectral evidence
sopporting a oxyl radical

O OBn
TBSO

> 30 examples

O
H
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Aplication of PCET- PCET into Unsaturated System
PCET of ketone

JACS 2013 135 10022

Science 2020 369 850

Ar

O
X CO2R

2 mol% Ru(bpy)3(BArF)2
5 mol% (PhO)2PO2H

1.5 eq. HEH, 0.05 M THF
visible light, rt

X
O

O

H

Ar

XRO2C

HO
Ar

R1 R2

O [Re] H A

R1 R2

O

Forming a versatile ketyl radical

H

Proton coupled electron transfer

SmI2/H2O is a typical MS-PCET
example for ketone reduction, see:
JACS 2016 138 8738

Early observation

JCS Perkin Trans. 2 1987 751

O

Ru(bpy)3
2+

adduct

Me

O
H

Me

BDFE(O-H) ~ 26 kcal

*note:
*Ru(bpy)32+ alone can not reduce erich ketone.
H+ will not increase rate with epoor ketone.
Rate is first order on [H+]. (erich ketone).

X

X

h = 452 nm previous view:
Stepwise ET/PT; epoor ketyl anion hard to be
protonated.

today's view:
PCET (maybe asynchronous)

Catalytic ketyl radical generation by MS-PCET

Photocatalytic reductive cyclizations of enones

Chem. Sci. 2011 2 2115

PMP

O O

PMP

2.5 mol% Ru(bpy)3Cl2
5 eq. HCO2H

10 eq. iPr2NEt O

PMP

O
PMP

RuII
*RuII

RuI iPr2NEt

iPr2NEt

PMP

O

R
HCO2H

PCET
OH

PMP

O
PMP

HAT

iPr2NEt

93%

O

O Ph

O

O

H

H
Me

Ph
73%

Me

"BDFE" ~ 27 kcal

NTs
O

O

H

Ph

NTsMeO2C

HO
Ph

80%, 3.4:1

O
O

O

H

Ph

OMeO2C

HO
Ph

87%, 4.8:1

RuII
*RuII

RuI HEH

HEH

Ar

O

X R

HX

PCET

Ar

OH

X R

HAT

then cyclization

productN
H

CO2EtEtO2C

MeMe
HEH

JACS 2013 135 17735

Ph

O
H
N
NMe2

Ph OH
NHNMe2

2 mol% Ir(ppy)2(dtbpy)PF6
10 mol% chiral acid

1.5 eq. HEH, 0.05 M dioxane
blue LEDs, rt, 3 hrs

O

Ph
HO NHNMe2

85%, 83% ee

O
O P

O

OH

SiPh3

SiPh3

HO NHNMe2

O

83%
93% ee

53%, 82% ee

Ph
HO NHNMe2

71%, 77% ee

A molecular mediator for reductive PCET

CoIII
NMe2 CoII

N
H

Me
Me

e-, TsOH

BDFEN-H = 39 kcal

Me

O

Me

O
H

Me
HO OH

Me

-1.3 V (Fc+)

TON ~ 40
FE for product: 37%

83%

ET



Aplication of PCET- PCET into Unsaturated System

Selected inverstigaters in this GM

James Mayer
(Physical organic study)

Robert Knowles
(Synthetic application) Jonas Peters

(Reductive PCET)

Proton coupled electron transfer

PCET of miscellenous unsaturated systems

K+ S
S

OEt
HCO2H

For enone/triple bond selective reduction - similiar to Birch selectivity

Ar

O

Ar

Ar ArXanthate/
Formic Acid

Ar

O

Ar

H

H

Ar

ArH

HOL 2019 21 2650

JACS 2017 139 10687

Reduction of enamine to amine

R1
N

R2

X
3 eq. SmI2

150 eq. H2O
THF, rt 10 min R1

N

R2

X

N

95%

NPh
31%

H
H

Diimine reductive coupling

Mn0

N
H

H
N

Ph

Ph

73%

Pyridine functionalization by MS-CPET to perester

N
H

H
N Ph

Ph

H

H

99%
OL 2003 5 1591

NHHN

PhPh

TFA
or

pyridine•HCl 95%

NHHN

PhPh
Me Me

30%

Me O

O
O Me

Me

R

2 mol% [Ir(dF-CF3-ppy)2(dtppy)]PF6
TFA/ACN, 450 nm

Het

N

Me

SO
NO

NH

56%
ACIEE 2014 53, 4802

N

N
HN

Me

Me

R = Me
R = Et

53%

N

N N

N

O

O

Me

Me

Me

Me

52%

N
N

O

O

OOH

Me

Me

62%

N Me

Me

75%

Not covered in this GM:
Metal oxo PCET (C-H activation)
PCET examples in nitrogen fixation.
Metal complex in reductive PCET.

Saron Hammes-Schiffer
(Computational chemistry) Useful Reviews:

Chem. Rev. 2007, 107, 5004−5064
Chem. Rev. 2010, 110, 6961–7001
Top Curr Chem (Z) 2016, 374, 30
Acc. Chem. Res. 2018, 51, 2391−2399

shows different selectivity as CF3 radical

PCET of quinone - enhance DDQ's ability - similiar to Scholl reaction

JOC 2010 75 4748

Me
Me

Me
Me

DDQ
MsOH/DCM

(9:1)

Me
Me

Me
Me99%

Me

Me

OMe

OMe60%

OMe

OMe

OMe

OMe

98%

Thomas Meyer
(PCET in photosynthesis

Oxidative PCET)

N

Ar Ar

N

substrate
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