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PCET and CPET

PCET : Proton-Coupled Electron Transfer
Reaction which proton transfer (PT) and electron transfer (ET)

CPET : Concerted Proton Electron Transfer

Reaction in which one proton and one electron transfer concertedly

- CPET with different mechanisms exist.
- However, their classification is ambiguous and continuous.

—'N/Rﬁ/N\ ! “ g
SN\ T N
7\ !
= _N pp

[
\ 7 /N/

All the reactions listed above are CPET.



lllustration of CPET

Although there is no clear classification, CPET can be divided into three main categories.

@ Canonical HAT @ Separated CPET

X-H —— :A* —> X°* + H-A
PT PT
o— O
H=H +e P Proton and electron transfer

» Proton and electron transfer as hydrogen atom. to another atom in the same molecule.

= Protons and electrons transfer into the same bond.

@ Multiple Site CPET

ET

7

Ox* X=H ?!Base ——» Ox + X* + H-Base*

» Proton and electron transfer to completely separate molecules.

Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 51, 2391-2399
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Marcus Cross Relation

Marcus crossover equation can be used to understand the reaction rate of CPET.

When the reaction proceeds in CPET, |AG°| < A is established.

1) log(k) = alog(Keq) + 6
Braonsted catalysis law

@ AGH=aAG°+ [
Eyring equation

Free Energy

3 AGH— (AGO+/\)

\quatlon for the intersection of parabolas

L A(AGH)  2AGC+N) 1. AG
@ o=5a =" b» —2t o

Products

Reaction Coordinate

® a=1(1+85)~ L (aci<r o 25 <)

Basically, the reactions that proceed in have an
Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 57, 2391-2399

James M. Mayer, et al., J. Org. Chem. 2022, 87, 2997-3006
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Example of Canonical HAT

radical-chain chlorination

ET

H3C_H/_|:\>\°C| —_— .CH3 +
PT

Alkane oxidation by -BuO’ radical

H-CI R- H':> 'O—é e

R® + HO—%

Darcy, J. W.; Koronkiewicz, B.; Parada, G. A.; Mayer, J. M., Acc. Chem. Res. 2018, 51, 2391-2399

Hydrogen atom abstraction by a Ruthenium-oxo complex

( MeCN
N/ |v’N N

may also form O-H bond.

Evidence of progress in CPET mechanism
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N/\R:'"’N* 2
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o = 0.49(7)

@ Moy

| I [ |
10 15 20 25
In(Keq)

Bryant, J. R.; Mayer, J. M., J. Am. Chem. Soc. 2003, 125, 10351-10361

- Electron may have transferred to ruthenium as ruthenium is ultimately reduced.
- However, since the electrons are in Ru-O 17° orbital, the transferred electrons



Example of Separated CPET

Alkane oxidation by compound | in Cytochrome P450s

D(C-H) ~ 101 kcal/mol

Productive C-H
Bond Activation

the mixture of porohvrin radical cation and thivl radical Yosca, T. H., et al., Science, 2013, 342, 825.

- The proton adds to the oxo forming a hydroxo ligand.
- The electron transfers a “hole”(= porphyrin radical cation or thiyl radical)
away from the oxo.

Separated CPET



Example of Separated CPET

CPET with the long distance between redox and baisic site

=

|
N~
\ . HO“N
O

Warren, J. J.; Menzeleev, A. R.; Kretchmer, J. S.; Miller, T. F.; Gray, H. B.; Mayer, J. M., J. Phys. Chem. Lett. 2013, 4, 519-523

Concerted proton electron transfer proceeds although the reduction and base fields
are too far apart to interact with each other.



Example of Multi-Site CPET

One-Electron Oxidation of a Phenol Coupled with an Intramolecular Amine-Driven Proton Transfer

HPT He
/o, o~ N\
Ph Ph
+ Ph ——m> + Ph

Mayer, J. M.; Rhile, I. J., J. Am. Chem. Soc. 2004, 126, 12718-12719.

Evidence of progress in CPET mechanism ET1 - HOAr-NH;, X \\\p\ﬂ

CPET .
. e HOAr-NH,, X* > °‘OAr-NH;, X
@ A primary kinetic isotope effect 2 :

Knlkp = 2.4%0.2 PO\ DArNHE, X* “Er2

== Protons are involved in the rate-limiting step. PT

@ The reaction rate is too fast to go through a high-energy

intermediate. (— Appendix) ET

@ a=AAGHAAG = 0.53
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Example of Multi-Site CPET

Three-Component MS-CPET Reactions
OH
- N S

o’ i
- N oS
N B 1 N AN i
)R)L + |l ] + | Fe > R Q +  Fe
’\’ 1 1
Rn Rn @Rn

Rn
. hydrogen Xy
‘ @ ET bond NI
> Fe - _\»H”&V Rn
- 0" “pr

R, N

Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312-10319.
Evidence of progress in CPET mechanism

6 1

[Cp,Fel*

@ AG’ g1 and AG’ pr, are each larger than AGY. NI [(MeCp),Fel*
= The reaction is not via ET1, PT2. (— AppendiX) 1o} o soimaa
v Lo

8k

In (ky)

@ a=AAGHAAG"® =In(ky) / In(Keq) = 0.46
Changing the E of the oxidant or the pKa of the base  °f
will result in an a of 0.5. (— Appendix) aL o &5

0 £l3 110 115 210

In (Keq)
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Importance of Hydrogen Bond in MS-CPET

MS-CPET requires fixing the reaction coordinates of a proton in advance.

PT
/H,&, hydrogen
ET o)
| N NH; bond
Y Ph
o Ph
N+

b
y /

Tyrosine oxidation in Photosystem I

HiS190

N hydrogen Xy
&> er| ond [l
F:e ] _\O’ HZ TR,

N PT

Psso

ET )
H':FPT

ra—{ )0 nroger

%[N—H -------
N=/ MS-CPET

H

Tyr161_©_d.

J. L. Dempsey, J. R. Winkler, H. B. Gray, Chem. Rev. 2010, 110, 7024—70309.
Enzymes also use hydrogen bond to proceed MS-CPET.

C-H bond cannot form hydrogen bonds.

> C-H activation using MS-CPET is difficult.

However, what if we could fix the C-H bond on the PT reaction coordinates in advance?
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Design of Molecules by DFT Calculations

Conditions for molecules designed by DFT calculations

e

2-(9H-fluoren-9-yl)benzoate

Steric interactions between the rigid fluorene and the benzoate

Keeping the rings nearly perpendicular

Positioning the base near the weak benzylic C—H bond
Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776



Lactone Formation in C-H activation via MS-CPET

HO o
H Oxidant (2.0 eq) 0

Base (2.0 eq)

j O MeCN (0.01 M)
HO o

S
iOC) Gy
220

eO
: aminium (NAr;™*) , ferrocenium (Fc*) : DBU, TBAOH

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

g,ﬁi‘
® Oy

-




Comparison with Regioisomers

Oxidant (2.0 eq) 0
Base (2.0 eq)

% O VN @OTM) % O
®

Oxidant (2.0 eq)
Base (0 eq) NR

>
MeCN (0.01 M) No oxidant consumption

H
Oxidant (2.0 eq)
’ Base (2.0 eq) . NR
’ OH MeCN (0.01 M) No oxidant consumption
o) Monitoring the disappearance of the colored oxidants

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776

The presence and positioning of the base are crucial for MS-CPET.



AG%r~
+38 kcal mol || ET 46‘}”8
for FeCp*,*

Mechanism Analysis

Stepwise reaction = (ET + PT) vs One-step reaction = MS-CPET

© 4G4~ +19 keal mol HO_0 Evidence of progress in MS-CPET

o_0
i O + —_— i’ O + (D Reaction proceeds at an

-

oxidant with AG" ys.cpeT Near
lET 0, and no further decrease in

oxidizing power will prevent

the reaction from progressing.

;+ @

PT

entry Oxidant*!  E,, (V) *2 kys.cper (M's) KIE (ku/kp)
) N(Are ) . 10’ as @ kys.cpet is dependent on
2 N(Arome)(Arg),*  0.48 5.4x10% - the strength of oxidant = E,
3 N(Arome)2(Arg,)™*  0.32 1.9%x104 24 &
4 N(Aromc)e™ 0.16 9.5%10° 3.7 H/D substitution
5 FeCp,* 0.00 1.9x103 - @
6 FeCp*Cp* -0.27 3.8x102 1.6
7 FeCp*,* -0.48 2.3x10" -
8 CoCp,* -1.33 NR n/a
*1 Ary = p-CgH4-X *2E,» = versus FeCp,*%in MeCN

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776



Mechanism Analysis

Stepwise reaction = (ET + PT) vs One-step reaction = MS-CPET

3 The value of a = AAGHAAG® = Aln(k,) / AIn(Keq)
HAT reaction = the difference in BDEs
MS-CPET == Combination of acid-base and oxidation reactions

Determining Keq

Ho_ o

D 9 H BDEc.y . R
) < )
% 0 "9 o AG BDE 1.37pK., — 23.06E, C
- °MS- = 1 - 1.37pK, - 23. -
? g H . W pK, g H MS-CPET C-H a ox G
> O S O Alog(Keq) = —AG°ys.cper /2.303RT
. Cs N _ Alog(kms_cpet) = allog(Keq)

©) H —————— = H + e
@ Ox* + e L» Ox

"

@0 o HO o
H AG°ys-cPET &,
+ OX' — m— DN + Ox

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776
Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777-10787



Mechanism Analysis
® The value of a = AAGHAAG® = In(ky) / In(Keq)

entry R pKa(CO,H) expt ApKa(CO,H) expt ABDEc.4(CO,) (kcal mol)
S
o} o \/ HO o 1 NH, 22.0 +0.8 -0.06
d_YH L_2
. 2 .22
[ 0.2~0.4% MeOH [ 3 H 21.2 0 0
MeCN
4 -0. 0.83
R R CF, 20.3 0.9
aet : Fixed substituents, changing reduction potential Bragnsted a : Fixed reduction potential, changing substituents
7 i
6 x 6 ‘f Oxidant Brensted o
N(Arg)s™ 0.64
~ 5 .
g 4 - _ ’ ° f N(Arome)(Ars)2"™ 0.54
é’ g 47 / N(Arome)2(Ars)™ 0.36 £0.07
S 3 aer(NH,) = 0.19(3) £ eCp*, -
2 agr(OMe) = 0.21(1) 5 3 * Eegchp N(Arowme)s 0.48 +0.05
2 agr(H) =0.21(1) ® FeCp, FeCpf 0.58+0.10
2 N(Aroue)s
X o NAouellAe)” FeCp*Cp" 0.61 +0.09
| | T T T 1 ® :(2r0Me.)fArBr)2 FeCp*z+ 099+0.12
0 5 10 15 20 © NGe, |
Alog(Keq) 0 T T | |
0 5 10 15 20
log(Keq)

* 0g7=0.19~0.22 =
- Brognsted a = about 0.50 =

pK, <« large effect

BDE <« small effect (= Appendix)

Changing substituents

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10773610787

James M. Mayer, et al., J. Org. Chem. 2022, 87, 2997-3006



DFT Calculated Potential Energy Surfaces

Comparison of changes in IRC between PT and MS-CPET

IRC = Internal Response Coordinates

I — F
D — QI
0o HO__O

MS-CPET ‘\HﬁpT — i .
S0 Y >

: N(Arg,)s™

PT coordinate : the distance between the fluorenyl proton and carboxylate oxygen
the extent of ET (only MS-CPET) : the change on the nitrogen atom of the oxidant

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777-10787



DFT Calculated Potential Energy Surfaces

(A)(B) : IRC and TS

(C)-(D) : IRC and Distance of protons to oxygen

(A, _ (B)g _
{1 MS-CPET >
4 The extent of ET
S 5 0- I 0.00 —
E £ : 6O000OO
: 1 o ¢
g g 6] : -0.10
© g : i <
i & 2] :
; -0.20 —
-16 - : J
1 | | | T o
4 2 0 2 4 6 '0'30_@@@5558822
Internal Reaction Coordinate -
(C) (D)
-0.40 —
a
_050_ Ooo0oo0ooooooao

Oxygen Proton Distance (A)

Oxygen Proton Distance (A)

L L L L
6 4 2 0 2 4 6

2 Internal Reaction Coordinate
g
19— '3 [1 : the charge for nitrogen
11 ' g < : the charge for the fluorenyl carbon
: ' g
10 ] : "'Iumm ITHHL ]
| | | | | | | T T | 1 | |
6 4 2 0 2 4 6 6 4 2 0 2 4 6

Internal Reaction Coordinate

Internal Reaction Coordinate

- “PT in MS-PCET” is slower than PT in TS.

The electron transfer "switch" is
triggered by the transfer of a
proton to a transition state.

22
Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777-10787
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C-H activation with Photocatalysis via MS-CPET

S
R
HO [I'",] (10 mol%) o T’ K\/
(0) Co(acac); (1.2 eq.) o
d_2H TBAOAC (0.8 eq.) d_2 F < I
[ > - [ > F X
[ MeCN (3-5 mM) )
410 nm LED l\/\R
1 1-lac
CF;
Omitting the light, photocatalyst, terminal oxidant, or added base results in no or only trace lactone. I r"'
Two possible iridium catalytic pathways
Net oxidation conditions Net neutral conditions
Co'(acac); 1-
syl . _
Co''(acac), A l - *[Ir] reacts rapidly with Co(acac)s.
A 23 1. . .
P2 - Reaction cannot proceed without Co(acac)s.
N .

[IrV] o hv 3‘7[Ir"] @

/j\ " 1° Lactone-forming reactions occur
[Ir'™]

hv

i, in the red pathway(= Net oxidation conditions).
r
1-lac

1-

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175-7180
24



Markers of Iridium-Catalyzed C-H Activation

However, the blue path (Net neutral conditions) also occurs in the system.

[Ir'"] (10 mol%)

Q H TBAOAG (0.8eq.) Q D
CD40D (2 %VIv)
CD4CN (3-5 mM)

410 nm LED

entry [Iry] 410 nmLED 1-d Substituent (%)

1 - - 0
2 + + 80
*[Ir"'] [ir' MeOD MeOH [Ir"] [ir'y
Deuterium incorporation can be used as by *[IrZ].

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175-7180



Substrate Scope of Iridium-Catalyzed C-H Activation

8 X0, 8, XL,
o0 o0 Ua, Ua,

75 % D, +ox 80 % D, +ox 100 % D, +ox ND, +ox
© © o o o 00
o. 0O o. 0O o. 0O o. 0O o. 0O O:g—NH
éﬁ (EF p of
5 6 7 8 9 10
45 % 1D, 6 % 2D 86 % D, +ox 20%D 8%D 62%D 30%1D,5 % 2D
+0X
) AN
0._° |
~-N
e°m/‘ ® 6°Y© . I
o 11 o 12 13 14
0%D 0%D 0%D 0%D

+0x : Lactone is also formed when catalyst and oxidant are added
Photoredox C—H activation occurs for a variety of benzylic substrates with internal
carboxylates.

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175-7180



C-H Activation Rate (M™'s™)

“‘ET + HAT” vs MS-CPET

redox: couple B (V) references [Irg] can oxidize carboxylates directly.
E ) (Irg"V/Irg™) ~1.38 estimated here®
E ), (Irg," /Trg,™) ~1.35 estimated here” @
Ej (¥Ieg™/Iryg") ~1.05 estimated here”
Eyy (Flrg, /g " ~0. ated here” ]
P ) o wetimatec here Some molecules may proceed with
1/2 2 2 ~y. ) Ty

“ET+HAT” instead of MS-CPET

108g

' MS-CPET

- — the C-H bond is weak

- the proton acceptor is basic and
difficult to oxidize.

N 0.0 0 - |
10°) L . T~ ~.. “ET+HAT”
| RNy "R MS-CPET R R "

- — the C-H bond is stronger
eNi e ATAT - the proton acceptor is easy to

0._0 : T
i . oxidize.

7’5 80 85 90 95
C-H Bond Strength (kcal)

-
o
N

—

o
~e
o

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175-7180
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Intermolecular Aliphatic C-H Activation via MS-CPET

CF;

Il catalyst 1 (2 mol%)
H NBu,OP(0)(OBu), (5 mol%)
>

R! "R? YSOZPh
(1.5-3.0 eq.)
SO,Ph

DCM, blue LEDs, rt, 24 h

transition state

MS-CPET

Ir-phosphate Complex

Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260

Intermolecular aliphatic C-H activation via MS-CPET was achieved.



Development of Conditions for C-H Alkylation

It catalyst 1 (x mol%)

(0] .
D—H . ysoz"h NBu,OP(0)(0Bu), (5 mol%) msoz"h entry xmol%  yeq. yileld (%)

SO,Ph DCM, blue LEDs, rt, 24 h SO,Ph 1 5 1.0 75

0 0
1.5eq. Y By 2 5 0 66

°N
/©/ H 3 2 0 92
MeO sulfonamide (y eq.)

The mechanism that the authors were designing

o2 0,0 SO,Ph
s’ N,tBu A[1ely \ _tBu [ \SIiN,tBu o' y
SO,Ph
/©/ \-/E/T MS-CPETINH) /©ET Py HAT(C-H) /©/ H o 2 0 SO,Ph
MeO PT ————> MeO / —
ﬂ Vi HO—R. 0 HO—FP.. SO,Ph
hyderogen o / \':,OB r\). \""OBu
bond R "oBu OBu OBu

OBu

The authors' initial approach was to generate heteroatom-centered radicals via
MS-CPET, followed by HAT of hydrocarbons.

\ 4

However, alkylation proceeded , as represented in entry 3.

30

Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260



Substrate Scope

Substrate Scope / Alkene Scope

Alkene Scope

I catalyst 1 (2 mol%)
NBu,OP(0)(OBu), (5 mol%)

2 EWG (1.5-3.0 eq.)
DCM, blue LEDs, rt, 24 h

(O

-y

Ph
)\Cone Z>CcoMe
47 % 60 %

Substrate Scope

Z>CoPh
50 %

Reaction proceeds selectively with

SO,Ph
I catalyst 1 (2 mol%)
jl\ NBu,OP(0)(OBu), (5 mol%)> SO,Ph O_ H
R1R2 SO,Ph R1” R2 g
(1.5-3.0 eq.)
SO,Ph
DCM, blue LEDs, rt, 24 h
PhthN SO,Ph
SO,Ph
Q\H : H H 92 %
n n
10
n=1,55% n=1,48 % 80 % 58 % 64 %
n=2,45% n=2,50%
i Me Me
X~ C ©)\/\ Me
x H (11), 83 %
X=Br(12), 83 % 85% 89% 60%

o

40 %

92 % 57%

65%

U<B,°%©§

67 %

Alkene Scope

Carla M. Morton, et al., J. Am. Chem. Soc. 2019,

weaker C-H bonds as seen in HAT.

Reactions with alternative alkenes
also proceeded in moderate yields.

141, 13253-13260



Mechanism Analysis (Formation of Complex)

(1) : The association of the phosphate base and iridium photocatalyst

Titration of the base into a solution containing the Irl catalyst
= Downfield shifts in the 1TH NMR spectrum of all protons of the bipyridine ligand

Especially, 3,3'-protons

entry Ir photocat.  E,, (V vs. Fc+/Fc) Keq (M) yield (%)
, 1 55-d(CFs)bpy 1.30 (7.8£0.6)x10° 73
Y (;‘(eq = (7.8£0.6) x 103 M 2 bpy 0.94 (1.0£0.4)x10° 37
R N /*‘\ e O ( 3 4,4-dtbbpy 0.83 (3.4£02)x102 45
% IL \/ {’ 4 3,3-F55-d(CFy)bpy  1.59 - _
) f/ i 5  3,3-d(CO,CH3)bpy 1.28 - -

d‘-fy e NT
| 3 3"-protons binds .| N IR Loss of 3,3'-proton prevents
|

F r
@B 1o the phosphate base| F ;\N. 3= binding to phosphate base
The crystal structure of the Irl catalyst I g

and diphenyl phosphate base
Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260
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Mechanism Analysis (Formation of Complex)

(1) : The association of the phosphate base and iridium photocatalyst

CF . . .
3F3 Experimentally, it was found that the K, is comparable to that
2~ of phosphate bases. Kqq = (6.9%0.4)x10°M™?
N&~~H.....©
H ----- . . . .
N |:> Competitive experiments confirm the need for complex.
CF;
CF, Ir'' catalyst 1 (2 mol%)
NBu,OP(0)(OBu), (5 mol%)
O _H TBAF (x mol%) ~ o CO,Me
Ph
)\ (1.0 eq.) Ph
CO,Me
DCM, blue LEDs, rt
0 mol% TBAF 2.5 mol% TBAF 5 mol% TBAF 8 mol% TBAF
Enty  Time (min)  [Product] (M) | |Entry  Time (min)  [Product] (M) | |Entry  Time (min)  [Product] (M) | |Enty  Time (min)  [Product] (M)

1 0 0 1 0 0 1 0 0 1 0 0
2 30 0.00622 2 30 0.00187 2 30 0 2 30 0
3 105 0.0412 3 105 0.0175 3 105 0.00966 3 105 0.00585
4 180 0.0852 4 180 0.0377 4 180 0.0218 4 180 0.0177
5 240 0.112 5 240 0.0555 5 240 0.0259 5 240 0.0202
6 300 0.130 6 300 0.0684 6 300 0.0296 6 300 0.0230

Reaction efficiency was maintained when TBAF was added to the N-H PCET reaction.
5

Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260



Mechanism Analysis (Formation of Complex)

@) : ET also requires substrate

A signal for monoreduced IrT could be observed by transient absorption spectroscopy.

Ir(Il) A Concentration (x10°M)

¥

The formation of IrT can determine if electron transfer has occurred.

1.5+

1.0+

1 — 3.7 mM BuyNOP(O)(OBu),, 0.7 mM Ethylbenzene

L) - Ll b L] b

No BuyNOP(O)(OBu), 1 - Electron transfer is occurring only
— 1.2 mM Ethylbenzene, No BuyNOP(O)(OBu), i When

3.7 mM BuyNOP(O)(OBu),, No Ethylbenzene

———3.7 mM BuyNOP(O)(OBu),, 2.3 mM Ethylbenzene J . EleCtron transfer iS

\ 4

4 B MS-CPET proceeds only when all
o A e e three elements are present.

L M 1 ¥ ¥ A 1

20 40 60 80
Time (x10°s)

34
Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260
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Summary

- By designing the molecule, intramolecular proceeded via :
which normally requires hydrogen bond. 0 o

H
- By using mechanism analysis experiments and computational j
chemistry, it was also confirmed that ; O

- The introduction of the photocatalyst facilitated the study of C-H activation via MS-
CPET and expanded the substrate.

F AN CF;
| R
HO [ir"] (10 mol%) ° @{nj Z
(o) Co(acac); (1.2 eq.) o | N&
g H TBAOAC (08¢q) g F Ir<
) O MeCN (3-5 mM) ) O | N°
410 nm LED _N | s
F O N"cr,

1 1-lac

HO HO

o) [1Ir'",1 (10 mol%) o
d_PH TBAOAC (0.8 eq.) Z_9p
’ -
CD,0D (2 %v/v)
> O CD.CN (3-5 mM) L O

410 nm LED




Summary

- A system for
can be applied to

Ir'! catalyst 1 (2 mol%)
H NBu,OP(0)(OBu), (5 mol%)
>

R! "R2 \l,SOzPh
(1.5-3.0 eq.)
SO,Ph

DCM, blue LEDs, rt, 24 h

transition state

Ir-phosphate Complex

has been discovered and
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Example of Multi-Site CPET

H PT
)\ ET 0/ % )\
Z Ph k=10°M1s" Z
e Ph >
o7 N 7 N
v/ ./ v/ v/

Mayer, J. M.; Rhile, I. J., J. Am. Chem. Soc. 2004, 126, 12718-12719.

Evidence of progress in CPET mechanism @) : high-energy intermediates

7

AG=+16.4 kcal mol"
Koq= 10712

back ET : ket.q = 10" M-1s-1
AG* = 11 kcal mol™!

HOAr-NH,, X* CPET » °‘OAr-NH;, X

-----
P

- -
-~
~

P1;\\\\,:_0Ar—NH§',:\'X+ ET2

-~
-----

-—’—

Kpr2< 1074 <—-| no evidence for the zwitterion



Example of Multi-Site CPET

Three-Component MS-CPET Reactions

LN LS
AG’grq = +16 kcal mol” )QL * @ * [@J )QL @
AG’ p7t1 = +31 kcal mol-! . [ hydrogen
y L meER ik

AG* =10 kcal mol-

(AG* is given from the measured k, and the Eyring equation.)

R, N

= The reaction is not via ET1, PT2.

AG®pr, = +31 kcal moI -1
X Q-2 Ay
NMez NMez
N

lAGOETZ = -45 kcal mol"!

AG°11 = +16 kcal mol|

X Q- 3 ;04 Q
! AG° PT1= -30 kcal mol”
NMe2 @ NMez

Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312-10319.




Example of Multi-Site CPET

H
e &S
R, @Rn

]

a = AAGHAAG®
= In(ky) / IN(Keg) = 0.46 ‘

Three-Component MS-CPET Reactions .
OH N ©|
)LNJL + L:] + |: '::e _—
2\
R, R,

9.
N
A

hydrogen

@ ET bond Q
.N

»>| Fe - _\O«H&P?T Rn

entry oxidant base Rn N
1 [Cp.FelBF, py
_ - 1 1 1 1 6 1
2 [CpoFe]BF, 4-Me-py | m [Cp,Fel* |
3 [Cp,Fe]BF, 4-MeO-py o [(MeCp),Fel*
4 [Cp,Fe]BF, 4-Me-py A [Cp(Cp*)Fe]*
B 10F ¢ 2,6-Lutidine -
5 [CpoFe]BF, 2,6-lutidine ~ v HAT rxn - ,_‘5_,
6 [Cp,Fe]BF, 4-Me,N-py = gt il
£ 7
7 [(MeCp),Fe]PFg py
8 [CP(CPY)FelPFs  py o l
9 [Cp(Cp*)Fe]PFg 4-Me-py ik s -
+ | ] ] ]
10 Cp(Cp*)Fe]PF 4-MeO-
[Cp(Cp*)Fe]PFg py 0 s 10 15 20
11 [CP(CP*)FelPFg  4-Me,N-py In (K..)

€q

Morris, W. D.; Mayer, J. M., J. Am. Chem. Soc. 2017, 139, 10312-10319.



Lactone Formation in C-H activation via MS-CPET

HO (o) (o) HO (o)
Oxidant (1.0 eq)
H DBU (1.0 eq) 0 f
> +
0.5 eq 0.5 eq

Markle, T. F.; Darcy, J. W.; Mayer, J. M., Sci. Adv. 2018, 4, eaat5776



Mechanism Analysis

® The value of a = AAGHAAG® = In(ky) / In(Keq)

entry R pKa(CO,H)expt ApKa(CO,H)expt ABDEc. (CO,) (kcal mol)
%o

=
=

log(Kwvs-cpeT)

H

(o)

®

R

HO o 1 NH, 22,0 +0.8 ~0.06
. Q. 2 OMe 215 +0.3 0.22

0.2~0.4% MeOH [_J O 3 H 21.2 0 0
MeCN ! 4 CF; 20.3 -0.9 0.83

Compare entry1 and 4

ApK,=1.7 - AG" = 2.3 kcal mol-’
@ ABDEc. = 0.9 kcal mol-”

5 10
Alog(Keq)

0er(NH;) = 0.193) == ApK, has a greater impact.
ag7(OMe) = 0.21(1)
der(t) =021(1) - The R = OMe compound reacts 3 times faster than
the R = H compound.
5 - The R = OMe have a slightly stronger C-H bond.

= The difference of BDE isn’t the major contributor.

Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777-10787
James M. Mayer, et al., J. Org. Chem. 2022, 87, 2997-3006
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DFT Calculated Potential Energy Surfaces

Ho._©

o

(A)

: O

electronic
reorganization

76%

proton transfer

el

44
Julia W. Darcy, Scott S. Kolmar, and James M. Mayer, J. Am. Chem. Soc. 2019, 141, 10777-10787



C-H activation with phyocatalysis via MS-CPET

@

M

MM TR

T T T T T T T T T T T T T T T T T T T T T T T T
85 84 83 82 81 80 79 78 77 76 75 f71.4 73 72 71 70 69 68 67 66 65 64 63 62
(ppm)

-

Figure S2. Red: Substrate 1 (deprotonated in situ). The singlet at 6.67 ppm corresponds to the fluorenyl proton.
Green: Crude reaction mixture after overnight irradiation. Initial reaction mixture: 6 mM 1 with 0.8 eq TBAOAc, 7
mM Co(acac)s, 75 uM [Irn], in @*-MeCN. Blue: 1-lac generated by photoredox oxidation. The crude reaction
mixture was filtered through a silica plug.
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Iridium-Catalyzed C-H Activation Proceeds via MS-CPET

8
v
/ N
__ b6 /
}—
(40
(a1
Q
D 4
&
o
O
2
0 1
-0.5 0 0.5 1

Floxidant) vs. Fc*/°

Maraia E. Ener, Julia W. Darcy, Fabian S. Menges, and James M. Mayer, J. Org. Chem. 2020, 85, 7175-7180

The fact that the photocatalytic system is also on the thermal MS-CPET correlation
line suggests that iridium-catalyzed C-H activation also proceeds by MS-CPET.
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Substrate Scope / Alkene Scope

Complex Substrates

NPhth SO,Ph
Me Me
SOZPh Me 4(\(802Ph
O
Me SO,Ph
Me
Me 21 22
N-Phth memantine (—)-ambroxide
40% vyield 88% yield
SO,Ph Me  SO,Ph
PhO,S SO,Ph
H N\
MeO,C Me Me | _N
Me
Me H
23 24
ibuprofen methyl ester 84% combined yield
83% yield >20:1 regioselectivity

single regioisomer

The oxygen-centered radicals produced by phosphate oxidation showed low
regioselectivity. Therefore, it is thought that a different mechanism is at work.

Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260



Reaction Mechanism

Me
© ol
EWG I o—R\''0Bu
OBu
hv
ET/PT excitation
Me -
e
O
EWG * ® ©) II=|’
I --__o—"\''OBu
Ir \OBU
(I? photoexcited
Il HO/IP"'OB Ir(lll)-phosphate complex
u
BuO
Photocatalyst-phosphate Complex
H
alkene addition C-H PCET O)\Me
o EWG I (o
(") Me
R,
-\ 'OBu
HO™ Ygs
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Carla M. Morton, et al., J. Am. Chem. Soc. 2019, 141, 13253-13260



