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Research in the Knowles Lab

Organic Synthesis Enabled by Proton-
Coupled Electron Transfer
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Mechanisms for Homolytic Bond Activation

Hydrogen atom transfer (HAT)

He ~ H  + e

Proton-coupled electron transfer  (PCET)
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Challenges in Expanding Catalysis of Hydrogen Atom Transfer
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How can we homolytically activate stronger bonds?



Thermodynamic Modularity of PCET
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BDFE (kcal/mol) = 1.37 pKa + 23.06 E? + 54.9 kcal/mol (RT in MeCN)
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Kinetic Advantage of PCET
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|. Kinetics and Mechanism of Multi-Site PCET
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2. Chemoselectivity in Competitive Multi-Site PCET
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Thermodynamic Cut-off for PCET
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Thermodynamic Cut-off for PCET
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Nature of the Rate-Driving Force Relationship?
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kecer = f(E') ?
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Nature of the Rate-Driving Force Relationship?
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Ketone Substrate, Photo-reductant, and Breonsted Acid Scope
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Ketone Substrate, Photo-reductant, and Breonsted Acid Scope

[23.06 E°(Mn/Mn+')]
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E,p(IFVAly = -1.92 V (Fet/Fe)  E, (VW) = 2,13 V (Fe+/Fe)  E,p(IrV/ ) = -2.21 V (Fe+/Fe) E,,(IrVM) = -2.28 V (Fe+/Fe)



Ketone Substrate, Photo-reductant, and Breonsted Acid Scope
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E (XY = 1192V (Fe+/Fe)  E,,(IrV/ ) = 2,13 V (Fe+/Fe)  Ep(IrV/ ) = 221 V (Fe+/Fe) E,,(IrVl) = -2.28 V (Fc+/Fe)

1.37 pK, (HA) Brensted acids: (PhO),POOH (pK,=13), p-TsOH (pK,)= 8.6, NMe;HBF, (pK,= 17.6), NEt;HBF, (pK,= 18.8)

e Each component is varied independently

e Driving force range ~ 20 kcal/mol
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unbound ketone

Free Energy Surface for the Hydrogen-bonding Mediated PCET
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A Simple Experimental Method to Extract Ka and Apcer
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PCET is Synchronous Concerted
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PCET is Synchronous Concerted
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Slope Significantly Deviated from Classical Prediction
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Explanation for the Small Slope : Principle of Non-Perfect Synchronization

Principle of Non-Perfect Synchronization (NPS): a product-stabilizing factor;, the
development of which at the transition state lags behind bond changes, increases the
intrinsic barrier of a reaction, but lowers it if it develops ahead of bond changes.

- Claude F. Bernasconi

O]

Transition state does not benefit from the product stabilization
—> additional component of intrinsic barrier

25
Claude F. Bernasconi. Adv. Phys. Org. Chem, 2010. 44, 317



What is Intrinsic Barrier

Intrinsic barrier is the reaction barrier at zero driving force. This reaction
barrier is independent of the thermodynamics

[AG° =0 AG¥ 1)< AG,t ) ]
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Explanation for the Small Slope : Principle of Non-perfect Synchronization

primary molecular processes:

concerted proton and electron exchange

PT H

NR

ET

*"Synchronous
oncerted PCET

Mn
R
X

Imbalanced transition state: primary and secondary molecular processes are not progressed to the same

extent at the transition state, affecting the responsiveness of the reaction barrier to the driving force.
27



Explanation for the Small Slope : Principle of Non-perfect Synchronization

[secondary molecular processes (stabilizing/destabilizing factors):]

e Resonance

Imbalanced transition state: primary and secondary molecular processes are not progressed to the same

extent at the transition state, affecting the responsiveness of the reaction barrier to the driving force.
28



Explanation for the Small Slope : Principle of Non-perfect Synchronization

[secondary molecular processes (stabilizing/destabilizing factors):]

Solvation Change
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Imbalanced transition state: primary and secondary molecular processes are not progressed to the same

PCET
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extent at the transition state, affecting the responsiveness of the reaction barrier to the driving force.
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Explanation for the Small Slope : Principle of Non-perfect Synchronization

[secondary molecular processes (stabilizing/destabilizing factors):]

e Inner-sphere geometric distortion
e Steric hindrance

e Hydrogen-bonding framework

H-bond contract at the transition state

Imbalanced transition state: primary and secondary molecular processes are not progressed to the same

extent at the transition state, affecting the responsiveness of the reaction barrier to the driving force.
30



Energy

Principle of Non-perfect Synchronization

Principle of Non-Perfect Synchronization (NPS): a product-stabilizing factor;, the
development of which at the transition state lags behind bond changes, increases the
intrinsic barrier of a reaction, but lowers it if it develops ahead of bond changes.

- Claude F. Bernasconi
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Energy

Principle of Non-perfect Synchronization

Principle of Non-Perfect Synchronization (NPS): a product-stabilizing factor;, the
development of which at the transition state lags behind bond changes, increases the

intrinsic barrier of a reaction, but lowers it if it develops ahead of bond changes.

- Claude F. Bernasconi
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Attempts to Push the System to Attain a Different Intrinsic Barrier
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Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721-2730



Attempts to Push the System to Attain a Different Intrinsic Barrier
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H-bond contracts at the transition state
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Attempts to Push the System to Attain a Different Intrinsic Barrier
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Synthetic Implications
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BDFE (kcal/mol) = 1.37 pKa + 23.06 E® + 54.9 kcal/mol

kinetics of ketone PCET activation vary linearly with driving

force, and agnostic to identities of reagents

weaker reductant + stronger acid

weaker acid + stronger reductant

36
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Synthetic Implications
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Can we selectively activate each of the two ketone sites?
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Synthetic Implications
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Ar

Synthetic Implications
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Summary

e The termolecular reductive MS-PCET is synchronous concerted,

kinetics determined by the total driving force and agnostic to
identities of catalysts
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Summary

synchronization

PCET

—--OA

Energy

The small Brgnsted slope ¢ is attributed to the non-perfect

asymmetric energy surface
at zero driving force

Y

Reaction Coordinate
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Summary

Thermodynamics is not the only factor that determines the rate,
steric hindrance in H-bonding could change the intrinsic reactivity
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|. Kinetics and Mechanism of Multi-Site PCET
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2. Chemoselectivity in Competitive Multi-Site PCET
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3. Probing Photocatalytic C—H Activation Mode
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a general method probing the activation mode among these four possibilities
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Account for the Unexpected PCET Chemoselectivity under
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David Miller, Gilbert Choi, Robert Knowles. J. Am. Chem. Soc. 2015, 137, 13492-13495
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Account for the Unexpected PCET Chemoselectivity under
Large Thermodynamic Bias

@ hv o

//\\//A\\/JL\ _Ph
(BuO),PO,O RN N
PCET
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R
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e Both amide and thiol are known substrates for H-bond mediated MS-PCET

e BDFE N-H ~ 99 kcal/mol, BDFE S-H ~ 79 kcal/mol

How does generation of amidyl radical succeed despite 20 kcal/mol thermodynamic disadvantage?

David Miller, Gilbert Choi, Robert Knowles. J. Am. Chem. Soc. 2015, 137, 13492-13495
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Preliminary Experimental Results
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Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574



Preliminary Experimental Results

Me
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Both Apcpt rate constants ~ diffusion rate limit.

Thus, 20 kcal/mol thermodynamic advantage is nullified

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574
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Preliminary Experimental Results

Me
0 ﬁ KAamide o
Ph )]\ P © < = —
SN Me BuO” | MO /N H
| OBu PH
H
C) /
O—R—OBu
\
OBu

Kn amige = 1045 (M1 KocET amide = 8-2 x 10% (M-!s7!y

O 0 S
S\H I o Ka thiol T H™
/P\ — /P\
BuO” | YO ~ Buo” | So®©
OBu OBu

Kn thiol = 205 (M) kpceT ehiot = 9-2 x 107 (M7!s™!)

Both Apcpr rate constants ~ diffusion rate limit. At hydroamidation condition, [amide-base adduct]
Thus, 20 kcal/mol thermodynamic advantage is nullified ~50 x [thiol-base adduct]
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Preliminary Experimental Results

Me
0 ﬁ KAamide o
Ph )]\ P © < = —
SN Me BuO” | MO /N H
| OBu PH
H
C) /
O—R—OBu
\
OBu

Kn amige = 1045 (M1 KocET amide = 8-2 x 10% (M-!s7!y

O 0 S
S\H I o Ka thiol T H™
/P\ — /P\
BuO” | YO ~ Buo” | So®©
OBu OBu

Kn thiol = 205 (M) kpceT ehiot = 9-2 x 107 (M7!s™!)

Both Apcpr rate constants ~ diffusion rate limit. At hydroamidation condition, [amide-base adduct]
Thus, 20 kcal/mol thermodynamic advantage is nullified ~50 x [thiol-base adduct]

Difference in H-bonded adduct concentration dominates the PCET selectivity
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More about the Role of Thermodynamic Bias

How would the MS-PCET rate constant of amide and thiol each depend on the driving force?

Is driving force the only factor that dictates the MS-PCET rate constant?

, 20 kcal/mol

same LFER curve

r

PCET driving force
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PCET rate

More about the Role of Thermodynamic Bias

How would the MS-PCET rate constant of amide and thiol eachdepend on the driving force?

Is driving force the only factor that dictates the MS-PCET rate constant?

, 20 kcal/mol

same LFER curve

r

PCET driving force

&
=

PCET rate

amide series LFER

, 20 kcal/mol :

thiol series LFER

>

PCET driving force



More about the Role of Thermodynamic Bias

Will the rate constant of different MS-PCET systems display same sensitivity to the driving force?
Could the chemoselectivity ever been reversed?

How would MS-PCET selectivity affect the catalytic reaction outcome?

, 20 kcal/mol

&
=
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
T
]
]
]
]
]
]
]
U
U
U

amide series LFER

thiol series LFER

PCET rate

>

PCET driving force
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PCET rate

More about the Role of Thermodynamic Bias

Will the rate constant of different MS-PCET systems display same sensitivity to the driving force?

Could the chemoselectivity ever been reversed?

How would MS-PCET selectivity affect the catalytic reaction outcome?

, 20 kcal/mol

amide series LFER

thiol series LFER

e

PCET driving force

-

&
=

PCET rate

amide series LFER

, 20 kcal/mol :

thiol series LFER

>

PCET driving force



More about the Role of Thermodynamic Bias:
Rate-Driving Force Correlation

[ Base NBu4OP(O)(OBu)2]

CN CF
0 o o 3 o COMe
M L PR PR
Me ,ij Me l}l Me l]l Me N
H H H |!|

Ir(dF(CF3)ppy), (bPY)PF, Ir(dF(CF;)ppy),(dtbpy)PF,
E,p(IFV) = +1.32V SCE E,,(IFV) = +1.21V SCE

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574



More about the Role of Thermodynamic Bias:

R—H

Rate-Driving Force Correlation

H-bond H-bond
formatlon —H---@B@ PCET R --H—B @dissociation H—B @
—~—— R.
KA

°B Kpcet
unbound H-bonded H-bonded unbonded
amide/thiol amide/thiol amidyl/thiyl amidyl/thiyl
R-H + B® R-HB® R-H-B Re+H-B
A
) s T\
§ R-H+B
L
AG® pond = RTIN(K,)

R-H-B

Reaction Coordinate

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574
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More about the Role of Thermodynamic Bias:
Rate-Driving Force Correlation

24 -
In[kggl p===========-"=-"-"=""="-"-c---c-=-—-=—-
| s | -
—~ 21 0= 0.10 +0.02
v R2=0.741
>
p -
5
o
Y4 - thiol H-bonded adducts with Ir-1
—. 18
c 053 1003 O thiol H-bonded adducts with Ir-2
— a= 0. + 0.
R2= 0.980 ® amide H-bonded adducts with Ir-1
O amide H-bonded adducts with Ir-2
154

T T T 1
-10 0 10 20

'AGCHPCET (kCﬁl/mOI)

e Amide and Thiol kinetic-thermodynamic correlation lines do not overlay

e The two series of PCET reaction display different intrinsic reactivities
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New Hypothesis for Origin of PCET Selectivity

KpCET amide [@mMide adduct]

@ hv o

/M _Ph
(BuO),PO,© RTON N
PCET
ET-PT

ArSe o]
@ ArSH R/\/\)]\N/Ph

(BuO),PO,H (BuO),PO,H

HAT

radical
] Ph cyclization
N
O,
H /Ph
N

R .
R

(BuO),PO,H
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New Hypothesis for Origin of PCET Selectivity

KpCET amide [@mMide adduct]

. . L ® h
The thiol cycle will short-circuit ’ /\/\i
. . . . . _Ph
the catalytic reaction if this ratio (BuO),PO,® RS N
is too small
PCET
ET-PT

ArSe o]
@ ArSH R/\/\)]\N/Ph
(BuQ),PO,H (BuO),PO,H

radical
cyclization

(BuO),PO,H
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ArSe

@

(BuO),PO,H

Correlation between PCET Selectivity and Hydroamidation Yield

KpCET amide [@mMide adduct]

® hv
i
(Bu0),P0, O NG N e In the hydroamidation reaction system, amide
H
bcer is the substrate, thiol is a catalyst
ET-PT e _— ,
e — Amide is being stoichiometrically consumed

o]

ArSH R/\/\)]\N/F’h @

(BuO),PO,H

HAT radical

cyclization

(BuO),PO,H

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 29



Correlation between PCET Selectivity and Hydroamidation Yield

KpCET amide [@mMide adduct]

@ hv o
/\/\)k _Ph
(BuO),PO,© RTON N
PCET
ET-PT

ArSe o
@ ArSH R/\/\)I\N/F’h @
(BuO),PO,H (BuO),PO,H
HAT

radical
cyclization

(BuO),PO,H

In the hydroamidation reaction system, amide
is the substrate, thiol is a catalyst

— Amide is being stoichiometrically consumed

[amide adduct] is decreasing, [thiol adduct] is
increasing

— Q is decreasing

= Qg (initial value of Q) reflects how much

"excess amide" is available to be consumed
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Electron-Withdrawing Group on Amide

Ir photocatalyst (2 mol%) X
0
Me 0 /@/ X NBu,OP(O)(OBu), (20 mol%) /©/
> N
N SH
| Y@ (20 mol%) Me

Me
DCE, blue LED, rt, 12 h
24-
In[kggl p======= ===z~
= 215 o=0.10 £0.02
— R1=0.741

2
S

|_

L

g
. 18- thiol H-bonded adducts with Ir-1
Rl

c O thiol H-bonded adducts with Ir-2
- a=0.53+0.03

R2= 0.980 ® amide H-bonded adducts with Ir-1
' 0O amide H-bonded adducts with Ir-2
154
1 1 1 |
-10 0 10 20

-AGO'PCET (kcal/mOI)

KpcET amide [@Mide adduct],

KpceT thiol [thiol adduct],
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Electron-Withdrawing Group on Amide

Ir photocatalyst (2 mol%) X
0]
e o X NBu,OP(O)(OBu), (20 mol%) /@/
> N
N

SH
| Y@ (20 mol%) Me
H

Me
DCE, blue LED, rt, 12 h
24 -
In [kdlff] -----------------------------
= 215 o=0.10 £0.02
o RZ= 0.74|
2
S
|_
L
g
ﬁ 18= thiol H-bonded adducts with Ir-1
c O thiol H-bonded adducts with Ir-2
- a=0.53+0.03
R2= 0.980 ® amide H-bonded adducts with Ir-1
/ ' 0O amide H-bonded adducts with Ir-2
154
1 1 1 |
-10 0 10 20

-AGO'PCET (kcal/mOI)

KpcET amide [2Mide adduct], Stronger N-H bond: lower AbciT amide

Stronger H-bond donor: higher K, . ide

KpcEeT thiol [thiol adduct], Rate is sensitive to driving force

Qo decreases
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Electron-Withdrawing Group on Amide

Ir photocatalyst (2 mol%)

X
e o X NBu,OP(O)(OBu), (20 mol%) 0 /©/
Me N FsC SH

|
H

(20 mol%) Me

Me
CF;

KA amide kPCET amide QO % yield

L _ i
Me)\/\/u\,il 64 : 36 85
H

(@)
Me 0 /©)\Me 23:77 10
A
H

CN
Me 0 /©/ 18 : 82 0
MGWT
H

A4

KpCET amide [@mide adduct],
Q=

KpcET thiol [thiol adduct],
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574



Ve o /©/X NBu,OP(O)(OBu), (20 mol%)
Me)\/\/”\N

Electron-Withdrawing Group on Thiol

Ir photocatalyst (2 mol%)

\

SH
| Y@ (20 mol%)
H

DCE, blue LED, rt, 12 h

a=0.10 +0.02
R?= 0.741

thiol H-bonded adducts with Ir-1

O thiol H-bonded adducts with Ir-2
a=0.53 +0.03

® amide H-bonded adducts with Ir-1|

: X
N
Me

Me

RZ= 0.980 : :
0O amide H-bonded adducts with Ir-2
154
1 1 1 |
-10 0 10 20

-AGO'PCET (kcal/mOI)

KpCET amide [amide adduct],

KpcET thiol [thiol adduct]g
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Electron-Withdrawing Group on Thiol

\

Ir photocatalyst (2 mol%) X
0]
e o X NBu,OP(O)(OBu), (20 mol%) /@/
N
N

SH
| Y@ (20 mol%) Me
H

DCE, blue LED, rt, 12 h

Me

= 21 «=0.10 +0.02
— R?= 0.741
=

S—

thiol H-bonded adducts with Ir-1

O thiol H-bonded adducts with Ir-2
a=0.53 +0.03

® amide H-bonded adducts with Ir-1|

RZ= 0.980 : :
0O amide H-bonded adducts with Ir-2
154
1 1 1 |
-10 0 10 20

-AGO'PCET (kcal/mOI)

KpCET amide [2Mide adduct], Stronger S-H bond: lower Acet thiol

Stronger H-bond donor: higher K, 1.

L
1

KpceT thiol [thiol adduct], Rate is insensitive to driving force

QO decreases
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Electron-Withdrawing Group on Thiol

[Ir(dF(CF3)ppy),(dtbpy)](PF,) (2 mol%)

CN
Mo o CN NBu,OP(O)(OBu), (20 mol%) o
)\/\/u\ > N
Me T SH
H Y‘©/ (20 mol%) Me

Me

KA thiol KpCET thiol Qo % yield
SH [ /\
©/ 87 : 13 100
FsC SH
47 .53 13
CF3
F
" > 4456 3
i F NV

KpCET amide [@Mide adduct],

Q=

KpcET thiol [thiol adduct],

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574
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Weaker Photo-oxidant

\

Ir photocatalyst (2 mol%) X
0
Me 0 /@/ X NBu,OP(O)(OBu), (20 mol%) /©/
N
N SH
| Y@ (20 mol%) Me

Me
DCE, blue LED, rt, 12 h
24 =
In[kgg fp=========="="===-="="="--"-"-"-"--—-=2--
— 214 = 0.10 +0.02
- R2=0.741
z
l_
LLy
&
i 18- thiol H-bonded adducts with Ir-1
c O thiol H-bonded adducts with Ir-2
- a=0.53 £0.03
R2= 0.980 L] am?de H-bonded adducts w?th Ir-1
O amide H-bonded adducts with Ir-2
154
|| 1 1 1
-10 0 10 20

-AG®'pcgr (keal/mol)

KpcET amide [@Mide adduct],

KpcET thiol [thiol adduct],
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Weaker Photo-oxidant

\

Ir photocatalyst (2 mol%) X
0
Me 0 /@/ X NBu,OP(O)(OBu), (20 mol%) /©/
N
N SH
| Y@ (20 mol%) Me

Me
DCE, blue LED, rt, 12 h
24 =
Inflkggl | === = =</ 5= = mmmmmmmmmm— oo
— 214 a=0.10 £ 0.02
g R2=0.741
é /
'_
L
&
i 18- _- thiol H-bonded adducts with Ir-1
c O thiol H-bonded adducts with Ir-2
- a= 053 £0.03
R2= 0.980 ® amide H-bonded adducts with Ir-1
’ O amide H-bonded adducts with Ir-2
/
15
|| 1 1 1
-10 0 10 20
ol
-AG® pgr (kcal/mol)
KpCET amide [aMide adduct], Both AbceT amide 2N ApCET thiol decrease
Q= KoCET amide 1S Sensitive to driving force Q, decreases

KpcET thiol [thiol adduct],

KoCET thiol 1S insensitive to driving force -



Weaker Photo-oxidant

Ir photo-oxidant (2 mol%)

CN
e o CN NBu,OP(O)(OBu), (20 mol%) o
)\/\/U\ >~ N
Me ril SH
H ©/ (20 mol%) Me

Me

KpCET amide  KPCET thiol Qo % yield
2\ i
[Ir(dF(CF3)ppy),(bpy)1(PF) 87:13 100
E,p(Ir'"™") = +1.32V SCE
[Ir(dF(CF3)ppy),(dtbpy)](PF) 57 - 43 8
E (" = +1.21V SCE

KpCET amide [@mide adduct],
Q=

KpcET thiol [thiol adduct],

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574



Weaker Photo-oxidant

Q Ir photo-oxidant (2 mol%)
Me o Me NBu,OP(O)(OBu), (20 mol%) o)
r
Me)\/\/U\T FsC SH
H (20 mol%)
CF;
kPCET amide kPCET thiol QO
AN i

[Ir(dF(CF3)ppy),(bpy)]1(PFe) 56 : 44
E,p(Ir"") = +1.32V SCE

[Ir(dF(CF3)ppy),(dtbpy)](PFy) 23 - 77

E,p(Ir"™y = +1.21V SCE

KpCET amide [amide adduct],
Q, =

KpcET thiol [thiol adduct],

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574

Me

O
Me
% yield
60
10

Me
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Summary and General Principles

Selectivity of MS-PCET is determined by H-bonded adduct concentration and its rate constant

H-bond

R—H formation R—H--—@B@ ZCET R--H—B @
) )
B Ka PCET
unbound H-bonded H-bonded
amide/thiol amide/thiol amidyl/thiyl

KpcET amide [@Mide adduct],

Q=

KpcET thiol [thiol adduct],
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Summary and General Principles

MS-PCET of amide and thiol display different intrinsic barriers: kinetics respond to

thermodynamics with different sensitivities

PCET reaction barrier is well separated into intrinsic barrier and thermodynamics.

(kinetic VS thermodynamic control)

e eg. the 20 kcal/mol thermodynamic disadvantage for acetinilide N-H bond is compensated by

its lower intrinsic barrier.

, 20 kcal/mol

&
ES
>
>
1
1
)
)
1
1
1
1
)
)
1
1
)
1
)
1
1
1
)
1
-
1
1
1
1]

amide series LFER

thiol series LFER

PCET rate

L
Y

PCET driving force
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Summary and General Principles

e Selectivity in MS-PCET could be made to switch, thus catalytic reactions could be manipulated

Ir oh lyst (2 mol% X i
r photocatalyst (2 mol%) o /@/ QO % YIEId

Me o /©/X NBu,OP(O)(OBu), (20 mol%)
N
MewN

I Y_©/SH (20 mol%) Me 78 :22 95
DCE, blue LED, rt, 12 h Me 64 : 36 85

56 :44 60

KpcET amide [amide adduct], 47 :53 13

Q= 23:77 10

KpcET thiol [thiol adduct],
18:82 0



General Implications in Organic Synthesis

e EDG/EWG : H-Bond K, thus [H-bonded adduct]; driving force thus Apcpt

e pK, of Brgnsted acid/base: H-Bond K, thus [H-bonded adduct]; driving force thus Apcgt

H-bond
R—H formation  gr_i---©p @ PCET R--H—B @
°B Ka Kpcer
driving force H-bonding

N J
¥ I

KpcET [adduct]



General Implications in Organic Synthesis

o Steric effects: H-Bond K, thus [H-bonded adduct]; perhaps intrinsic barrier thus ¢ value

H-bond
R—H formation R—H---GB@ PCET R.--H—B @
°B Ka Kpcer
intrinsic barrier H-bonding

N J
¥ I

KpcET [adduct]



General Implications in Organic Synthesis

e Outer-sphere oxidant/reductant: driving force thus Apcpt

H-bond
R—H formation  m_4i--©g @ PCET R.--H—B @
op Ky Kpcer

driving force

N J
¥ I

kPC ET




General Implications in Organic Synthesis

EDG/EWG : H-Bond K, thus [H-bonded adduct]; driving force thus Apcpt

pK, of Bransted acid/base: H-Bond K, thus [H-bonded adduct]; driving force thus Apcpt
Steric effects: H-Bond K, thus [H-bonded adduct]; perhaps intrinsic barrier thus ¢ value
Outer-sphere oxidant/reductant: driving force thus Apcpt

Which effect dominant affected by ¢ value

H-bond
R—H formation R—H---GB@ PCET R.--H—B @
°B Ka Kpcer
driving force  intrinsic barrier H-bonding

N J
¥ l

KpcET [adduct]



MS-PCET kinetics and chemoselectivity determine the fate

the upstream of the catalytic cycle.

@ " i
/\/\)l\ /Ph
(BuO),PO,© RN N
PCET
ET-PT

ArSe (e}

@ ArSH R/\/\)]\N/P“ @

(Bu0),POH (BuO),PO,H

HAT radical

Ph cyclization

(BUO)zPOzH

of
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MS-PCET kinetics and chemoselectivity determine the fate of
the upstream of the catalytic cycle.

@@ hv o
/\/\)j\ _Ph
(BuO),PO,© RTON N
PCET
ET-PT

ArSe o]
@ ArsH R/\/\)J\N/Ph @
(Bu0), PO (BuO),PO,H

S radical

Ph cyclization

(BUO)zPOzH

How could the downstream of the catalytic cycle be probed?
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|. Kinetics and Mechanism of Multi-Site PCET

Synchronousfy Concerted MS-PCET

MS-PCET ot =
L =

o T

Brgnsted acid A Me §

Ir(IlT), hy

AG®peer (Kealimol)

2. Chemoselectivity in Competitive Multi-Site PCET

20

24+
Wlplpossooogpocsoooonocooooooo oS
= 2ie a=0.10 £0.02
O _g, R*=0.741
Ar MS-PCET )j\ " 2

N Me ArS—H----- B e = Me N/ ArS xg 18 thiol H-bonded adducts with Ir-1

[ PhOSPhate base A = 5D =06E O thiol H-bonded adducts with Ir-2
H P e ® amide H-bonded adducts with Ir-1
: Ir(l ”), hV LSSRLY © amide H-bonded adducts with Ir-2
: H—B

OB 154 . : : .
e BDFE\_4 ~ 99 kcal/mol, BDFEg | ~ 79 kcal/mol = ¥ s
-AG®'peer (keal/mol)
3. Probing Two-Step C—H Activation Mode
hydrogen-atom transfer hydrogen-atom transfer
~ ~N N
¢ X ¢ X ¢ X
+ . lect N proton { 'H
N proton electron
= ?::;g)%,: ( X fransfer X transfer transfer =
R s

R

a general method probing the activation mode among these four possibilities
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Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

o]
Me~N)LN_Ar

T

o

Me
racemic

enantioselective

enantioselective proton transfer
hydrogen-atom transfer

erpr = 76:24
er =79:21
o HAT
" O O
substrate _ P
e
oxidation Me~N)L - Ar Me‘N)LN'Ar *R-SH Me‘NJ\N‘Ar
Me “—Me
back-electron Me *R-S§ /——
transfer o \O Me
! €l = erpT X €r,
Y, tot PT HAT
* 92:8=76:24 x 79:21

chiral peptide Me

chiral base

overal C—H activation mechanism: ETPT-HAT

there are other possibilities in general

81
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Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

o enantioselective
Me\N/lLN,Ar C-H cleavage

!27 M >
;e er;=a

Me
racemic

chiral catalyst |

(MacMillan, 2017)
HN
0
=(O
N\/\©
(Wang, 2019)

("

Manuscript in preparation

(0] ; : (@]
enantioselective )l\
Me*NJ\N’Ar C—H reformation Me~ N7 SN-Ar
- /
. ’ 7 Me
Me er,=>b A
Me Me

€l = €ry X erp

chiral catalyst 2

HN D 85%
2 mol% 4CzIPN o-—’—( D
30 mol% triisopropylsilanethiol 0O
- N
50 equiv. D2O, NMP, rt
blue LEDs, 24 h D DD D

85% 85%
via oxidation-deprotonation-HAT

4 mol% TBADT 0
40 mol% triisopropylbenzenethiol
_ > D
1:1 DCM/D,0, rt
390 nm, 4d 94%
via HAT-HAT
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Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

hydrogen-atom transfer

\

N N
¢ X ¢ X
< H .
R electron ¢ ~te proton R

transfer transfer
> \ < H —_—
R



Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

hydrogen-atom transfer hydrogen-atom transfer _
( ™ X ( ~ X ¢ ~ X
%H \_.< \_( H
R electron ~te proton electron ~ proton <
transfer ¢ transfer transfer transfer
e e
R

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 84



Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

hydrogen-atom transfer hydrogen-atom transfer
N A A~
« X ¢ X ¢ X
%H . t \__( H
R electron ¢ /\")‘(' proton electron ¢ ~ tpro (;n o
transfer transfer transfer ransfer
transter, {2 e
R R

substrate/thiol activation could be probed directly

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 85



Probing the Activation Mode for Sequential Cleavage-Reformation of C—H Bond

hydrogen-atom transfer hydrogen-atom transfer
N A A~
¢ X{ ¢ X ¢ x
i o/\ \‘( IH
R electron ¢ ~Nte proton electron ¢ ~ tprotc;n o
transfer transfer transfer ransfer
_— \__é_H E—— —_— \_@(R
R

How to probe the fate of the reactive intermediate?

This work: Fractionation Slope of Gradual Deuteration

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 86



H/D Isotopic Exchange as the Readout for C—H Activation

Interplay between (very common) catalysts

O O
Ir photocatalyst (2 mol%)
w L0 woo N
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br
HAT catalyst (25 mol%)
H y—Me > D »—Me
CD5;0OD (0.2M), blue LED, rt, 20h

Me Me
Ir photocatalyst HAT catalyst deuterium incorporation
Ir(dF(CF3)ppy).dtbpy)PFg thioacetic acid 96% D
Ir(dF(CF3)ppy).dtbpy)PFg thiophenol 0% D
Ir(dF(CF3)ppy2)2(3,3'-d(CO,Me)bpy)PFg  thiophenol 92% D (48h)

De-optimization!

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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Interplay between (Very Common) Catalysts

O Ir photocatalyst (2 mol%) Q
Me _ J\ Me _ )]\
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br
HAT catalyst (25 mol%)
H Me > D Me
CD50OD (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation
Ir(dF(CF3)ppy),dtbpy)PFg thioacetic acid 96% D
BDE ~ 89 kcal/mol
0 0 O

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation



HAT-HAT Deuteration

Ir(dF(CF3)ppy2)2(dtbpy)]PFg (1 mol%)

NBu4OP(O)(OBu), (10 mol%) D substrate

H substrate thioacetic acid (20 mol%) + 95% yield, > 90%D
. (o} y (o]

CD3;0OD (0.1M), blue LED, rt, 20h

R” ~s—D
(BuO),PO, @
PCET
ET-PT
° @
@ g o moo_ g J_
- R” s
R” s
R)J\S—D R)I\S—H

(BuO),PO,D

(BuO),PO,D

deuterium atom
transfer

>\ R C—H abstraction
N

(BuO),PO,D
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Interplay between (Very Common) Catalysts

Q Ir photocatalyst (2 mol%) O
ve. M ve. A
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br
HAT catalyst (25 mol%)
H Me > D Me
CD50D (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation
Eqa(Ir") = +0.83V vs Fc*/Fe Ir(dF(CF3)ppy),dtbpy)PFg thioacetic acid 96% D
Ir(dF(CF3)ppy),dtbpy)PFg thiophenol 0% D BDE ~ 79 keal/mol
0 0

o
R
X>LN/R1 HAT X>¥ N/R1 HAT xéi !
\/)\Rz RSe \)Q\Rz RSD R2

90
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Interplay between (Very Common) Catalysts

O Ir photocatalyst (2 mol%) °
we. I ve. M
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br
HAT catalyst (25 mol%)
H Me > D Me
CDs0D (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation
Eqpp(Ir'™) = +0.83V vs Fc'/Fe Ir(dF(CF3)ppy),dtbpy)PFg thioacetic acid 96% D
Ir(dF(CF3)ppy).dtbpy)PFg thiophenol 0% D BDE ~ 79 keal/mol
Eqp(ir') = +1.26V vs Fe*/Fe  Ir(dF(CF3)ppys,)o(3,3'-d(CO,Me)bpy)PFg  thiophenol 92% D (48h)
0]

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation o1



The Method of Isotope Fractionation

Typical Experiment: Gradual Deuteration

i /@\ Ir(dF(CF3)ppya)(dtbpy)IPF (2 mol%) i /@\
Mesn” SN Br NBu,OP(0)(OBu), 10 mol% Mesn” SN Br
thioacetic acid (25 mol%) _
H y—Me Varied [CD;0D]/[CH;O0H], 0.05M, D y—Me

Me blue LED, 35 °C, 20h Me

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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The Method of Isotope Fractionation

Typical Experiment: Gradual Deuteration

i /@\ Ir(dF(CF 3)ppy2)2(dtbpy)IPF (2 mol%) i /@\
Mesy” N B NBu,OP(0)(OBu), 10 mol% Mes” N Br
thioacetic acid (25 mol%)
H y—Me Varied [CD;0D]/[CH;OH], 0.05M, D y—Me

Me blue LED, 35 °C, 20h Me

[D-substrate]/[H-substrate] vs [D-methanol]/[H-methanol]

6
..
5 ; ; _
T fractionation slope = 1.03
s
B 4
>
¢
T
% 3 y = 1.0327x
© o Rz =0.9995
32 :
?
[a) . [D-substrate] _ [MeOD]
! [H-substrate] [MeOH]
o
0
0 1 2 3 4 5 6

[D-methanol]/[H-methanol]

b

Key: the fractionation slope m as an indicator for C—H activation mechanism, HAT-HAT is the “reference mechanism’

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 93



R—H

rate of formation of D-substrate

eS

0

PN

Me

The Method of Isotope Fractionation
Reference Mechanism HAT-HAT

K1y jl\ 0 k1o
<+ Re R—D )J\ o R
_——— _———

Kon HS” “Me *

t(kq ) % (kg p) x [RS=D]

rate of formation of H-substrate: (k; o) x (k_q ;) X [RS—H]

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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The Method of Isotope Fractionation
Reference Mechanism HAT-HAT

o} kl,H o (0] kl,D 0]
R—H J-L B — )‘l\ R—D )j\ — > Re
S Me k_q w HS Me S Me ko DS Me

rate of formation of D-substrate: (ky ,4) x (k_; p) x [RS-D]

rate of formation of H-substrate: (ky ) x (k4 ) x [RS—H]

At the photodynamic equilibrium formation of D- and
H-substrate at the same rate:

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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The Method of Isotope Fractionation
Reference Mechanism HAT-HAT

0 k1,|—| 0 0] kl,D
Rt N =—= e N R0 J = =&

rate of formation of D-substrate: (ky ) x (k_; p) x [RS-D]
rate of formation of H-substrate: (k”]) X (k4,||) x [RS—H]
At the photodynamic equilibrium,

LH kap [RS—D]

k
= X x
kip ko [RS—H]

[D-substrate]

[H-substrate]

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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The Method of Isotope Fractionation
Reference Mechanism HAT-HAT

0 k1,|-| j'\ O kl,D
R—H *————+5 Re R—D o~ R
. S/U\Me P HS™ “Me . SJJ\Me ki p )
rate of formation of D-substrate: (ky ,4) x (k_; p) x [RS-D]
(o]
rate of formation of H-substrate: (ky ) x (k4 ) x [RS—H] R 0
—-D/H—--S)LMe
At the photodynamic equilibrium, R,
\ /
[D-substrate] ki k1p [RS—D] \ /TSTE'H
= X -
[H-substrate] kl.D k—l,H [RS—H]
kim
p = AMPERT (substrate)
1,0

AZPE (substrate) = 0.5 (Vg_y — Va_p )

k*l,H

= eMPERT (thiol)
k—l,D

AZPE (thiol) = 0.5 (Ve_; — Ve_p )

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation

co H/CH AZPES_H,S_{
o] e}
N/R1 )OL N/R1
H/D *S Me .
R;

DS Me

S-H
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The Method of Isotope Fractionation
Reference Mechanism HAT-HAT

0 kin O

R—H /I]\

~— e
S Me

HS
k11

rate of formation of D-substrate

rate of formation of H-substrate

At the photodynamic equilibrium,

t (kq ) x (k_q p) x [RS=D]
(ky p) X (k_y ) % [RS—H]

[D-substrate] J’<1,H k*l,D [RS—D]
= J’l< X k X
[H-substrate] 1,D -1H [RS—H]
K1 h
p = AMPERT (substrate)
1,D

AZPE (substrate) = 0.5 (Vg_y — Va_p )

k*l,H

= eMPERT (thiol)
k—l,D

AZPE (thiol) = 0.5 (Ve_; — Ve_p )

D-substrate RS—D
[ J oAAZPE/RT [ ]

[H-substrate] [RS—H]

MeQOD
SAAZPE/RT o [ |
[MeQH]

i

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation

o] K1p )
eS Me k—l,D Ds Me
o}

R 0
——D/H—--S)LMe
Ry

\ /TS-H

\ /TS-D

S-H

AAZPE = AZPER—H/R—D = AZPES—H/S—D
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Calculated Isotope Fractionation Slope for HAT-HAT Mechanism

D-substrate MeOD
_Dsubstrate] = eMAZPERT MeOD] AAZPE = AZPEg_1r_p - AZPEs 1/s-p
[H-substrate] [MeOH]
Substrate C-H BDFE (kcal/mol) HAT catalyst exp(AAZPE/RT)

(0]
Me\N)]\N/@ 89 MeC(O)SH 1.11
Br
\_H/>,Me PhSH 1.12

Me
_____________ Nl i
. 81 MeC(O)SH 1.10
___________ e
{ n-Me 90 MeC(0)SH 1.04
Me
H

Me
Me H
I I 84 MeC(O)SH 1.09
MeO CO,Me
H H

Experimental fractionation slope values lie between 0.95 -1.20 suggest HAT-HAT mechanism, values significantly
deviated suggest different consecutive elementary steps (transition state no longer cancel).
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Fractionation Slope and Mechanism

O
Ir photocatalyst (2 mol%) Q
Me _ J\ Me { )]\
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br

HAT catalyst (25 mol%)
H Me > D Me
Me CD50OD (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation
Ir(dF(CF3)ppy).dtbpy)PFg thioacetic acid 96% D HAT-HAT
BDE ~ 89 kcal/mol
Ir(dF(CF3)ppy).dtbpy)PFg thiophenol 0% D
Ir(dF(CF3)ppy,)2(3,3'-d(CO,Me)bpy)PFg  thiophenol 92% D (48h)

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 100



Fractionation Slope and Mechanism

O O
Ir photocatalyst (2 mol%)
Me { )I\ /©\ Me ( )]\
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br

HAT catalyst (25 mol%)
H Me > D Me
Me CD50OD (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation
Ir(dF(CF3)ppy).dtbpy)PFg thioacetic acid 96% D HAT-HAT
BDE ~ 89 kcal/mol
Ir(dF(CF3)ppy).dtbpy)PFg thiophenol 0% D
Ir(dF(CF3)ppy,)2(3,3'-d(CO,Me)bpy)PFg  thiophenol 92% D (48h)

Product [D]/[H] vs [CD30D]/CH30OH]

H D

3

P y=1.033«x
2 R? = 0.9995

o Fractionation slope ~ |.11
1
e ®
0 Suggest HAT-HAT
0 1 2 3 4 5 6

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 101



Fractionation Slope and Mechanism

O O
Ir photocatalyst (2 mol%)
Me { )I\ /©\ Me ( )]\
N N Br NBu,OP(O)(OBu), (10 mol%) N N Br

HAT catalyst (25 mol%)
H Me > D Me
Me CD50OD (0.2M), blue LED, rt, 20h

BDFE (C-H) ~ 90 kcal/mol

Ir photocatalyst HAT catalyst deuterium incorporation

Ir(dF(CF3)ppy).dtbpy)PFg thioacetic acid 96% D HAT-HAT

Ir(dF(CF3)ppy).dtbpy)PFg thiophenol 0% D
Ir(dF(CF3)ppy2)2(3,3'-d(CO,Me)bpy)PFg  thiophenol 92% D (48h)

BDE ~ 79 kcal/mol

Product [D]/[H] vs [CD3OD]/CH30OH]
0.4

0.35 ®

03 - o o ° o

R4 R R
0-25 . >¥N’ ET >¥ o pT >\\N/R1 HAT >LN/ !
0.2 . _0.296 x\/)\ — X\/)\ - x\)\ - X\/‘\
0.15 0. [ Ro R *TRy Ra

R = 0.9956 H H 2 D

Ze

0.1

0.05
Fractionation slope very different from 1.11

Suggest ETPT-HAT

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 102



H
O O OMe
MeO

BDFE ~ 83 kcal/mol

Fractionation Slope and Mechanism

Ir(dF(CF3)ppy)2(dtbpy)]PFg (2 mol%)
thioacetic acid (10 mol%)
NBu4OP(O)(OBu), 10 mol%

CD3;0D/CH30H varied ratio (0.025M),

blue LED, 35°C, 20h

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation

Me

Product [D]/[H] vs [CDsOD]/CHsOH

O 5 O . y=1.95« .®
MeO OMe R2:0-9?1.5.-"..'

o

Suggest HAT - ETPT

Fractionation slope very different from 1.09
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Fractionation Slope and Mechanism

Me Product [D]/[H] vs [CDsOD]/CHsOH

Ir(dF(CF3)ppy),(dtbpy)]PFg (2 mol%) Me g
thioacetic acid (10 mol%)
H o y=1.95x 9
OMe NBu,OP(O)(OBu), 10 mol% D 6
MeO MeO OMe R?=0.9975.-"
(e} CD3;0D/CH30H varied ratio (0.025M), ) 4
blue LED, 35°C,20h T e
BDFE ~ 83 kcal/mol 2 @
o
[ 4
0
0 1 2 3 4
o}
)]\ Suggest HAT - ETPT
Me SH

BDFE ~ 89 kcal/mol

Fractionation slope very different from 1.09

” T O O
MeO CO,Me MeO CO,Me MeO CO,Me

DA® . O ‘O ‘O ‘O
Meoco Me Meo/‘)\‘\CO Me MeO CO,Me MeO COMe

E°(PhsCe/PhsC) ~ —1.4V (SCE)
E°(Ir(IN)/Ir(I1)) ~ —1.4V (SCE)

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 104



Fractionation Slope and Mechanism

Ph Ir(dF(CF3)ppy),(dtbpy)]PFg (2 mol%)

/*\ thioacetic acid (10 mol%)
Ph H Ph NBu,OP(O)(OBu), 10 mol% ph/i\ Ph

L

’ o

CD3;OD/CH3OH varied ratio (0.025M),

BDFE ~ 80 kcal/mol blue LED, 35°C, 20h

Fractionation slope is 2.00, very different from 1.1 1

Suggest HAT - ETPT

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 105



Fractionation Slope and Mechanism

Ir(dF(CF3)ppy).(dtbpy)]PFg (2 mol%)
thioacetic acid (10 mol%)
NBu,OP(O)(OBu), 10 mol%

Ph

Ph/+\Ph
H

BDFE ~ 80 kcal/mol

L
’ o

CD3;OD/CH3OH varied ratio (0.025M),
blue LED, 35°C, 20h

Fractionation slope is 2.00, very different from 1.1 1

Suggest HAT - ETPT

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation

D
Ph\.(Ph thioacetic acid Ph\i/Ph
— X
Ph HAT Ph

BDE Ph3CH ~ 80 kcal/mol
BDE thioacetic acid SH ~ 89 kcal/mol

Ph._. _Ph Ir(lT) Ph
T
Ph ET Ph
E°(Ph3Ce/Ph;C7) = —1.22V (SCE)
E°(Ir(IN)/Ir(Il)) ~ 1.4V (SCE)

D
o Ph Ph\i/Ph
T =
PT

Ph

106




Fractionation Slope and Mechanism

Ir(dF(CF3)ppy).(dtbpy)]PFg (2 mol%)
thioacetic acid (10 mol%)
NBu,OP(O)(OBu), 10 mol%

Ph

Ph/*\ Ph
H

BDFE ~ 80 kcal/mol

L
’ o

CD3;OD/CH3OH varied ratio (0.025M),
blue LED, 35°C, 20h

Fractionation slope is 2.00, very different from 1.1 1

Suggest HAT - ETPT

HOH

Me\UMe

D
Ph\.(Ph thioacetic acid Ph\i/Ph
— X
Ph HAT Ph

BDE Ph3CH ~ 80 kcal/mol
BDE thioacetic acid SH ~ 89 kcal/mol

Ph_. _Ph Ir(ll) Ph. o _Ph
Y — T —
PT
Ph ET Ph

E°(PhsCe/PhsC7) = -1.22V (SCE)
E(Ir(I1)/Ir(I1)) ~ —1.4V (SCE)

D
Ph\i/Ph

Ph

Ir(dF(CF3)ppy),(dtbpy)]PFg (2 mol%)

thioacetic acid (10 mol%) Me \\(DL Me

D D

NBu,OP(O)(OBu), 10 mol%

L

BDFE ~ 92 kcal/mol

y o

CD3;OD/CH30H varied ratio (0.025M),
blue LED, 35°C, 20h

Fractionation slope is 1.02, excellent agreement with 1.05

Suggest HAT - HAT

Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation
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Summary — Rule of Thumb

e Mechanism determined by this fractionation slope method in excellent agreement with
that predicted by the known properties of substrate, intermediate, and catalysts

e This fractionation slope method can determine the activation mode for reactions wherein
the mechanism is not trivial to predict

hydrogen-atom transfer hydrogen-atom transfer
N A A~
¢ X ¢ X ¢ X
<‘H \——{. \_( IH
R electron ¢ Nt proton electron ¢ ~ tprotc;n o
transfer transfer transfer ransfer
transfer, N[ L

R R
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Summary — Rule of Thumb

e Mechanism determined by this fractionation slope method in excellent agreement with
that predicted by the known properties of substrate, intermediate, and catalysts

e This fractionation slope method can determine the activation mode for reactions wherein
the mechanism is not trivial to predict

27

hydrogen-atom transfer

hydrogen-atom transfer

¢ x

H

R electron
transfer

Stern-Volmer

Nt proton
( transfer

o

R

thiol
activation

/ICV

substrate
activation

( /\X ( X
\__( H
electron N proton R
transfer ( transfer
—_— \__< —_—
C)
R
slope = |
_ _ HAT-ETPT
HAT - 2 fractllonatlon
Slope slope ~ |
HAT-HAT
slope # |
— ETPT-HAT
fractionation
ETPT -7
slope
rare

ETPT-ETPT
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Fractionation Slope and Mechanism

Ir photocatalyst (2 mol%)

HAT catalyst (25 mol%)
H-substrate >

NBu,4OP(O)(OBu), (10 mol%)
Varied ratios of CD3;0D/CH3;0H (0.025M)
blue LEDs, rt, 20h

H- and D-substrate

fractionation ] )
Ir photocatalyst ~ slope expected for  Substrate thiyl C-H Ce S-H expe_rlmer}tal O] hom.o e
Substrate Entry and HAT catalyst HAT.HAT o . . fractionation mechanism
Y] AL oxidation abstraction ©  abstraction slope suggested
mechanism *
o 1 Ir-2 MeC(O)SH 1.1 No Yes Yes 1.03 HAT - HAT
Me\N)l\N B
r 24 Ir-3 PhSH 1.12 Yes No Yes 0.39 ETPT - HAT
md 3d Ir-4 PhSH 1.12 Yes No Yes 0.31  (ETPT + PCET¢ y) - HAT
.......... R e e L LR
Ph/*\Ph 4 Ir-1 MeC(O)SH 1.10 No Yes No 1.95 HAT - ETPT
H
(o}
( ;N'Me 5 Ir-1 MeC(0O)SH 1.04 No Yes Yes 1.09 HAT - HAT
........ e L L L oo e eeeeo -
Me
O O 6 Ir-2 MeC(O)SH 1.09 No Yes borderline 2.05 HAT - ETPT
H
MeO CO,Me
H o H
MevMe 7 Ir-1 MeC(O)SH 1.05 No Yes Yes 1.00 HAT - HAT
o] 0 8 Ir-5 MeC(O)SH 1.1 No Yes Yes 1.12 HAT - HAT
Me\NJJ\N -
H 9 Ir-3 PhSH 1.12 Yes No Yes 0.46 ETPT - HAT
Me 10 Ir-3 MeC(O)SH 1.1 Yes Yes Yes 0.24 ETPT - HAT
H 11°¢ Ir-5 MeC(O)SH 1.17 Yes Yes Yes 1.01 HAT - HAT
Me\kH o
N—©—< 12¢ Irr3  MeC(O)SH 117 Yes Yes Yes 0.61 (HAT + ETPT) - HAT
Me+H Me )
H 13¢f Ir-3 MeC(O)SH (1eqv) 1.17 Yes Yes Yes 0.82 (HAT + ETPT) - HAT
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A Simple Experimental Method to Extract Ka and Apcer

NMej
o g oM
X
Me KA Me kPCET *“Me KA —_— e ——
(So-x)(Ag-x)
MeO' MeO' MeO
H_(’:?M il v
€3
1o/l
A exact curve containing

convoluted information
of Ky and Apcpr

lo/1= 1+ kobs 4 70 SoAo

lo/1= 1+ k&b 2 10 SoPo

SoAo Kops T koceT To
Sy + A = °k° obs 04 - — (1/Ky)
lo/1= 1+ kops 1 79 SoPo PceT To obs 10
o
(So*Ao)/M
pre-PCET H-bonding equilibrium constant (K,) and PCET rate
constant (kpcgt) are extracted simultaneously
112
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Principle of Non-perfect Synchronization
Contrast: Non-Perfect Synchronization versus Asynchronous

a product-stabilizing factor;, the

Principle of Non-Perfect Synchronization (NPS):
development of which at the transition state lags behind bond changes, increases the

intrinsic barrier of a reaction, but lowers it if it develops ahead of bond changes.

- Claude F. Bernasconi
Non-Perfect Synchronization

Without Non-Perfect Synchronization
[S]
©a PT A
PT - H/ > O/H
o~ -
----- » A .
Asynchronaus ~ . S K
-0 P ynchronous K
Conc’e’r,ted PCET X M+ Concerted PCET  .* X M+
Transition State s
- off-dila/gonal - eT
X ,X Transition State
; ,~* atzero driving force
/ . without NPS X
,'l Synghi:onous o Transition State
! Cencerted PCET at zero driving force
: with NPS
/,HA
o

_HA
o ) MP
R M R
X
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New Hypothesis for Origin of PCET Selectivity

KpCET amide [@mMide adduct]

Species Concentration (mM) Species Concentration (mM)
[Ir(dF(CF3)ppy)a(bpy)](PFe) 0.01 [Ir(dF(CE3)ppy)(bpy)](PFs) 0.01
Bu,N' (Bu0),PO, 0.20 Bu,N" (BuO),POy 0.20
Thiophenol 1.00 Thiophenol Varied
Acetanilide Varied Acetanilide 1.00
1.8 1 ® Acetanilide y=1.2501x + 1; R? = 0.9944
1.7 1 @ PhSH
1.6 -
1.5

1.4

I/ 1.3
SH

0 0.1 0.2 0.3 0.4 0.5
[Quencher] (mM)

Hydroamidation reaction yield: 100%

David. Miller, Gilbert Choi, Robert. Knowles. J. Am. Chem. Soc. 2015, 137, 13492-13495



New Hypothesis for Origin of PCET Selectivity

KpCET amide [@mMide adduct]

Blue Orange
Species Concentration (M) Species Concentration (M)
Oxidant Ir-2 0.00001 Oxidant Ir-2 0.00001
BuyN*(BuO),PO, 0.00015 BusN*(BuO),POy 0.0001
Thiol T3 0.001 Thiol T3 Varied
Amide A2 Varied Amide A2 0.001

® "Quencher"= Thiol T3

1.4 B "Quencher"= Amide A2
1.3
CN
Me (0]
S 2 ’ )\/\/”\ /©/
= 1.1 e T
F H
|
09
08
0 0.0005 0.001 0.0015
[Quencher]/M

Hydroamidation reaction yield: 0%

Manuscript in preparation



Correlate PCET Selectivity with Hydroamidation Efficiency

#r (Ill) oxidant (0.002M)

X
" . /©/X NBu,OP(O)(OBu), (0.02M) o /©/
- N
Me)\/\/U\N SH
|!| YO/ (OOZM) Me kPCET amide[amicIe adduct]o
Q =

(0.1M) DCE, blue LED, rt, 12 h Me ? focer aollthiol adducty

entry thiol amide X= #Ir (Ill)  ApceT amide(M's™)  Ka amideM™)  KoceT hiol(M's™") K hio(M") Qo % yield® % recovery®
[ PhSH H Ir-1 8.4x10° 1050 9.5x10? 200 96 : 4 100 0
2 PhSH COMe Ir-1 3.0x10? 1500 9.5x10? 200 91:9 100 0
3 PhSH CN Ir-1 9.3x 108 3550 9.5x10°? 200 87:13 100 0
4 PhSH H Ir-2 1.1x10° 1050 3.6x10° 200 86: 12 100 0
5 PhSH COMe Ir-2 1.8x108 1500 3.6x10° 200 62:38 80 9
6 PhSH CN Ir-2 6.8x107 3550 3.6x10° 200 57:43 8 85
7 3,5-(CF;),CH;SH H Ir-1 8.4x10° 1050 8.3x10° 2100 78:22 95 0
8 3,5-(CF,),C H,SH H Ir-2 1.1x10° 1050 2.2x10° 2100 64:36 85 0
9 3,5-(CF;),C H;SH COMe Ir-1 3.0x10° 1500 8.3x10° 2100 56 : 44 60 30
10 3,5-(CF;),C,H;SH CN Ir-1 9.3x108 3550 8.3x10? 2100 47 - 53 13 62
I 3,5-(CF,;),C,H;SH COMe Ir-2 |.8x108 1500 2.2x109 2100 23:77 10 47
12 3,5-(CF;),C¢H;SH CN Ir-2 6.8x107 3550 2.2x10° 2100 18:82 0 84
13 C,F.SH H Ir-1 8.4x10° 1050 4.0x10° 5600 75:25 9l 0
14 C,FSH H Ir-2 1.1x10° 1050 1.0x10° 5600 61:39 6l 23
5 CeFsSH COMe Ir-1 3.0x10° 1500 4.0x10° 5600 56 : 44 17 70
16 CeFsSH CN Ir-1 9.3x108 3550 4.0x10° 5600 44 :56 3 54
17 C.F.SH COMe Ir-2 |.8x108 1500 1.0x10° 5600 24:76 trace 54
18 C,FsSH CN Ir-2 6.8x107 3550 1.0x10° 5600 I8:82 0 88
In the following two entries, [thiol] = 0.04M, [base] = 0.005M
19 PhSH H Ir-2 1.1x10° 1050 3.6x10° 200 8l:19 100 0
20 CFsSH H Ir-2 I.1x10° 1050 1.0x10° 5600 35:65 I5 50

2 All reactions are on the scale of 0.05mmol. P Each percentage yield and starting material recovery was taken after |12 hours of reaction time, by NMR relative to internal

standard. There was no further product formation upon prolonged reaction time. 116
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Correlate PCET Selectivity with Hydroamidation Efficiency

#r (Ill) oxidant (0.002M)

X
" . /©/X NBu,OP(O)(OBu), (0.02M) o /©/
- N
Me)\/\/U\N SH
|!| YO/ (OOZM) Me kPCET amide[amicIe adduct]o
Q =

(0.1M) DCE, blue LED, rt, 12 h Me ? focer aollthiol adducty

sy thiol amide X=  Hr () Aocer amice™ 'S ") KaamigeM)  Aocer ioM's™) Ky oM7) Qo % yield® % recovery®
I PhSH H Ir-1 8.4x10° 1050 9.5x10° 200 96 : 4 100 0
2 PhSH COMe Ir-1 3.0x10° 1500 9.5x10° 200 91:9 100 0
3 PhSH CN Ir-1 9.3x108 3550 9.5x10° 200 87:13 100 0
4 PhSH H Ir-2 1.1x10° 1050 3.6x10° 200 86: 12 100 0
5 PhSH COMe Ir-2 |.8x 108 1500 3.6x10° 200 62 :38 80 9
) PhSH CN Ir-2 6.8x107 3550 3.6x10° 200 57:43 8 85
7 3,5-(CF;),CH;SH H Ir-1 8.4x10° 1050 8.3x10° 2100 78:22 95 0
8 3,5-(CF,),C H,SH H Ir-2 1.1x10° 1050 2.2x10° 2100 64 : 36 85 0
9 3,5-(CF;),C,H;SH COMe Ir-1 3.0x10° 1500 8.3x10° 2100 56:44 60 30
10 3,5-(CF,),CH,SH CN Ir-1 9.3x108 3550 8.3x10° 2100 47 - 53 13 62
I 3,5-(CF4),C¢H;SH COMe Ir-2 1.8x108 1500 2.2x10° 2100 23:77 10 47
12 3,5-(CF;),C¢H;SH CN Ir-2 6.8x107 3550 2.2x10° 2100 18:82 0 84
13 C,F.SH H Ir-1 8.4x10° 1050 4.0x10° 5600 75:25 91 0
14 C,FSH H Ir-2 1.1x10° 1050 1.0x10° 5600 61:39 6l 23
15 CgFsSH COMe Ir-| 3.0x10° 1500 4.0x10° 5600 56 : 44 17 70
16 CgFsSH CN Ir-| 9.3x108 3550 4.0x10° 5600 44 :56 3 54
17 C.F.SH COMe Ir-2 1.8x 108 1500 1.0x10° 5600 24:76 trace 54
18 C.F:SH CN Ir-2 6.8x107 3550 1.0x10° 5600 18:82 0 88
In the following two entries, [thiol] = 0.04M, [base] = 0.005M
19 PhSH H Ir-2 I.1x10° 1050 3.6x10° 200 81:19 100 0
20 C4FsSH H Ir-2 1.1x10° 1050 1.0x10° 5600 35:65 15 50

2 All reactions are on the scale of 0.05mmol. P Each percentage yield and starting material recovery was taken after |12 hours of reaction time, by NMR relative to internal

standard. There was no further product formation upon prolonged reaction time. 117
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Me (0]

Me)\/\/u\

entry [amide]/M

I 0.05
2 0.05
3 0.05
4

: _CN
N

|
H

Qo and Medium Yields Span

0.02

0.02
0.02

CN
#Ir (I1l) oxidant m (0.002M) 0
NBu,OP(O)(OBu),
S N

[thiol]/M

PhSH
DCE, blue LED, rt, 12 hours Me
Me
[base]/M Qo % yield % recovery
0.005 75 :25 88 4
0.02 68 : 32 81 0
0.04 51 :49 74 4
0.06 38:62 48 14
0.01 39:6lI 62 25
0.03 28 :72 50 45
0.05 19 : 8l 40 60
0.07 10:90 22 66

All reactions are on the scale of 0.05mmol. Each percentage yield was taken after 12 hours of reaction time,

by NMR. There was no further product formation upon prolonged reaction time.
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency

X
" . X #r (Ill) oxidant m (0.002M) Q /O/
)\/\/U\ /O/ NBu,OP(O)(OBu), (0.02M) N
Me 'i‘ SH =
| y Me
E ;I Me

(0.IM) DCE, blue LED, rt, 12 hours
entry  omide thiol(s) [thiols))/M  ratio Q, % yield

| CN PhSH 0.02 90: 10 100
2 CN F.-PhSH 0.02 38:62 3
3 CN 3,5-(CF,),PhSH 0.02 44 : 56 20
4 CN PhSH + F.-PhSH 0.02+0.02 < 38:62 4
5 CN PhSH + 3,5-(CF,),PhsH  0.02+0.02 <44:56 20

¢ COMe  PhsH 002 90:10 100
7 COMe F,-PhSH 0.02 56 : 44 17
8 COMe 3,5-(CF,),PhSH 0.02 60 : 40 60
9 COMe PhSH + F.-PhSH 0.02+0.02 <56:44 30
10 COMe  PhSH + 35-(CF,),PhsH ~ 0.02+0.02  <60:40 77

All reactions are on the scale of 0.05mmol. Each percentage yield was taken after 12 hours of reaction
time, by NMR. There was no further product formation upon prolonged reaction time.



Deconvolution of PCET Selectivity Effect on Reaction Efficiency

X
" . X #r (Ill) oxidant m (0.002M) Q /©/
)\/\/U\ /O/ NBu,OP(O)(OBu), (0.02M) N
Me 'i‘ SH =
| y Me
E j Me

(0.IM) DCE, blue LED, rt, 12 hours
entry  omide thiol(s) [thiols))/M  ratio Q, % yield

| CN PhSH 0.02 90: 10 100
2 CN F.-PhSH 0.02 38:62 3
3 CN 3,5-(CF,),PhSH 0.02 44 : 56 20
4 CN PhSH + F.-PhSH 0.02+0.02 <38:62 4
5 CN PhSH + 3,5-(CF,),PhsH  0.02+0.02 <44:56 20

¢ COMe  PhsH 002 90:10 100
7 COMe F,-PhSH 0.02 56 : 44 17
8 COMe 3,5-(CF,),PhSH 0.02 60 : 40 60
9 COMe PhSH + F.-PhSH 0.02+0.02 < 56 : 44 30
10 COMe  PhSH + 35-(CF,),PhsH ~ 0.02+0.02  <60:40 77

All reactions are on the scale of 0.05mmol. Each percentage yield was taken after 12 hours of reaction
time, by NMR. There was no further product formation upon prolonged reaction time.
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency

X
" . X #r (Ill) oxidant m (0.002M) Q /©/
)\/\/U\ /O/ NBu,OP(O)(OBu), (0.02M) N
Me 'i‘ SH =
| y Me
E j Me

(0.IM) DCE, blue LED, rt, 12 hours
entry  omide thiol(s) [thiols))/M  ratio Q, % yield

| CN PhSH 0.02 90: 10 100
2 CN F.-PhSH 0.02 38:62 3
3 CN 3,5-(CF,),PhSH 0.02 44 : 56 20
4 CN PhSH + F.-PhSH 0.02+0.02 <38:62 4
5 CN PhSH + 3,5-(CF,),PhsH  0.02+0.02 <44:56 20

6 COMe  PhsH 002 90:10 100
7 COMe F.-PhSH 0.02 56 : 44 17
8 COMe 3,5-(CF,),PhSH 0.02 60 : 40 60
9 COMe PhSH + F.-PhSH 0.02+0.02 <56:44 30
10 COMe  PhSH + 35-(CF) PhsH ~ 0.02+0.02  <60:40 77

All reactions are on the scale of 0.05mmol. Each percentage yield was taken after 12 hours of reaction
time, by NMR. There was no further product formation upon prolonged reaction time.
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency

X
" . X #r (Ill) oxidant m (0.002M) Q /©/
)\/\/U\ /O/ NBu,OP(O)(OBu), (0.02M) N
Me 'i‘ SH =
| y Me
E j Me

(0.IM) DCE, blue LED, rt, 12 hours
entry  omide thiol(s) [thiols))/M  ratio Q, % yield

| CN PhSH 0.02 90:10 100
2 CN F.-PhSH 0.02 38:62 3
3 CN 3,5-(CF,),PhSH 0.02 44 : 56 20
4 CN PhSH + F.-PhSH 0.02+0.02 <38:62 4
5 CN PhSH + 3,5-(CF,),PhsH  0.02+0.02 <44:56 20

6 COMe  PsH 002 90:10 100
7 COMe F,-PhSH 0.02 56 : 44 17
8 COMe 3,5-(CF,),PhSH 0.02 60 : 40 60
9 COMe PhSH + F.-PhSH 0.02+0.02 <56:44 30
10 COMe  PhSH + 35-(CF,),PhsH ~ 0.02+0.02  <60:40 77

All reactions are on the scale of 0.05mmol. Each percentage yield was taken after 12 hours of reaction
time, by NMR. There was no further product formation upon prolonged reaction time.
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Test of the New Hypothesis

: Predicted Quenching Constant

CN
T
Me)l\lil
H
CcN L
SH o} .-
f I Keg 0 8 o®
)k B O/T\O@ ll:l’ o°° H |
Mem N > sy Buo” | ~0® Buo” N0
OBu OBuU
S N P 0
S-x N-y P-x-y X y

Another two equilibria co-established. K, , .o and K, i Were pre-determined via our experimental method

@

\\

~

y 0
KA amide — 3550 =

X
KA thiol = 205 =

(S-x)(P-x-y) )

o
SH i o
P
Buo” | N0
l OBu

CN (o]
I T ey
Me’ H BuO (I)BL?
(N-y)(P-x-y)

—~

. : _CN
KA amide — 3550 (M-I) Me)l\lil
H

o°

Ka thiol = 205 (M) i

S
I
— Buo” | No®
OBu

From this simultaneous equation, x and y will be known, given initial concentrations of amide, thiol, and base
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[On the linear \

correlation line

Precedented evidence of Changes in Intrinsic Barrier

+

U

12

10

In (k)

)

‘N R, multiple-site :
{7 . PCET . NS
o ~ O =
e e
N =
CpCpRnFe+ >Rj<
+ CpCpRrFe+
] I I L] 6 1
| m [CpFel* |
® [(MeCp),Fe]*
A [Cp(Cp*)Fe]*
- @ 2,6-Lutidine 1 / Outlier N\
v HAT rxn @ N
T |
B 7 P~
N
Steric effect in hydrogen-
B } bonding=> different intrinsic
barrier
A | B /
'_+_‘ 1 1 1 1

10
In (Keg)

15

20

Wesley D. Morris, James M. Mayer. J. Am. Chem. Soc. 2017,112?219, 10312



Physical meaning of identical Marcus parabolae

Ln(kpceT)

@ (b) ©

Free Energy Free Energy
AG° AG°
R P

gradient(a) = gradient(b) = 0.5/RT

AGpcer*

=

gradient(a) = gradient(b) = 0.5

AG*

common AAG®

AGpcet®

Reaction Coordinate x Reaction Coordinate x

AGpcer®
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Infkpeeq(s

More evidence: Solvational Non-Perfect Synchronization

-
- _H
O O
R —_— [ ] R R= Me, |Pr, tBU
Mn Mn+1
R= Me, solvent=1,2-dichloroethane a= 0.10+0.01
R= Me, a= 0.17+0.03
- 24 ™
24
c
«
> 22 ™
22 y= -0.289 +8.552 <
2 o
R =0.986 o
¥
ﬂ: 20 =
‘VJ
20 " ‘;
w y= -0.156 +13.9
© 2
o 18 9 R = 0.997
~
c
18 1} T
45 -4 0 -35 16 T 1
o -45 -40 .35
23.06E ,,,(Ir ) (kcal/m ol)
o

MeCN: e=
DCE: e=

37.5
10.4

n=3.45
u=1.86

23.06E

172 (17

) (kcal/m ol)
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Our Hypothesis: Parabolae of pre-PCET State and post-PCET
State are NOT Identical

Free energy
AG

R

y= ay(x-b)?-c

Reaction Coordinate x

e Product State gain one electron from outer sphere

e The intramolecular vibration and solvation is very possible to be
different form that of the reactant state
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Our Hypothesis: Parabolae of pre-PCET State and post-PCET
State are NOT Identical

Free energy

AG
R
P
different Intrinsic Barrier _ 5
] y= ax(x-b)*-c

from if the parabolaeare | ~\ \/ |
identical

O _______________________________

b

Reaction Coordinate x

e Product State gain one electron from outer sphere

e The intramolecular vibration and solvation is very possible to be
different form that of the reactant state
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Non-Identical Marcus Parabola and Bronsted Slope

eA
_HA Prae
- H
o) o~
®
R= (a) Me, (b) tBu

(a) (b)
Free Energy AG° Free Energy AG°

R R

AG*

Reaction Coordinate x Reaction Coordinate x

Two intrinsic barriers are different
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Non-Identical Marcus Parabola and Bronsted Slope

eA
- HA Prad
.- H
o) o~
M" Mn+1
R= (a) Me, (b) tBu

(a) (b)
Free Energy AG® Free Energy AG°

R R

Reaction Coordinate x Reaction Coordinate x

A common driving force for both
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Non-Identical Marcus Parabola and Bronsted Slope

eA
_HA Prae
- H
o) o~
®
R= (a) Me, (b) tBu

(a) (b)
Free Energy AG® Free Energy AG°

R R

Reaction Coordinate x Reaction Coordinate x

Another common driving force for both
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Non-Identical Marcus Parabola and Bronsted Slope

eA
_HA Prae
- H
o) o~
R= (a) Me, (b) tBu

(a) (b)
Free Energy AG® Free Energy AG°

R R

common AAG®

Reaction Coordinate x Reaction Coordinate x

common CHANGE in driving force for both
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Non-Identical Marcus Parabola and Bronsted Slope

R= (a) Me, (b) tBu

(€]

~HA A
e H
0 o~

(a) (b)

Free Energy AG® Free Energy AG°

R

common AAG®

R

Reaction Coordinate x

The common change in driving force results in
DIFFERENT change in reaction barrier

Reaction Coordinate x
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Non-Identical Marcus Parabola and Bronsted Slope

__HA
o
©*R

R= (a) Me, (b) tBu

(€]

- A
o/H
©)°\R

(a)
Free Energy AG®

R

AG*

common AAG®

(b)
Free Energy AG°

R

Reaction Coordinate x

Reaction Coordinate x

Because of different intrinsic barrier, the common
change in driving force results in different change in
reaction barrier. i.e. different ¢ value
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New Hypothesis for Origin of PCET Selectivity

KoCET amide [@Mide adduct]

KociT ehio [thiol adduct]

CN

Me)J\IiI
H
CN
SH 0

i I Keq o S o©

A e == g .

Mt " oBu Bu0”| ~0© 8u0” N0

OBu OBu

S N P 0 0
S-x N-y P-x-y X y

lo/l =1 * KpceT thiol To (X) + KpceT amide To (¥)

KpcET thiol To (X) + KpceT amide To (¥)
[base]

I/l =1 + < >[base]

average

KpcET amide @A KpcET thio) Were pre-determined via our experimental method
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Test of the New Hypothesis: Competitive Stern-Vomer Experiment

CN
T
Me)l\lil
H
SH o el o] K
oA e ==
P ©
Me’ N

o s ©
5 = I 9
ERClINe Bu0” | 0@ PN
H OBu BuO' Cl)BI.(l)
S N P 0 0
S-x N-y P-x-y

Another two equilibria co-established. K, , .o and K, i Were pre-determined via our experimental method

r

CN
(o]
y ¢ /@ N L Kaamise = 3550 (M) Me)'\TO
KA amide — 3550 = Me)I\N R —_— H
(N-y)(P-x-y)

o®
|
Buo” 1 No
OBu
X
K i) = 205 =
A thiol (S'X)(P'X'y)

* = -l o] S
i Il o Kadhiol =205 (M) I H”
Bu0” |\O — BUO” |\o@

OBu OBuU
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Test of the New Hypothesis

: Predicted Quenching Constant

CN
T
Me)l\lil
H
CcN L
SH o} .-
f I Keg 0 8 o®
)k B O/T\O@ ll:l’ o°° H |
Mem N > sy Buo” | ~0® Buo” N0
OBu OBuU
S N P 0
S-x N-y P-x-y X y

Another two equilibria co-established. K, , .o and K, i Were pre-determined via our experimental method

@

\\

~

y 0
KA amide — 3550 =

X
KA thiol = 205 =

(S-x)(P-x-y) )

o
SH i o
P
Buo” | N0
l OBu

CN (o]
I T ey
Me’ H BuO (I)BL?
(N-y)(P-x-y)

—~

. : _CN
KA amide — 3550 (M-I) Me)l\lil
H

o°

Ka thiol = 205 (M) i

S
I
— Buo” | No®
OBu

From this simultaneous equation, x and y will be known, given initial concentrations of amide, thiol, and base
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Test of the New Hypothesis : Predicted Quenching Constant

CN
I - C
Me)l\lil
H
CcN ;
SH o} .
2 I Keg 9 S o®
)J\ Buo” 10" i - \© ;
Me N u ~INAO 7 P:
BuO éBuo BuO/IQO

H OBu
OBu
S N P 0 0
S-x N-y P-x-y X y

ﬂﬂtial concentrations in competitive Stern-Volmer experimeh

e [amide] and [thiol] are constant at 0.001M
e [base] is varied around the average value of 0.0001M
f
3550 4
KA amide = 3550 =
A amide
(N-y)(P-x-y)

<
X

\ | Ka thiol = 205 = (S-x) (P-x-y) /
2

y=746 X 10°M
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Test of the New Hypothesis : Predicted Quenching Constant

cN
I /©/
Me)l\lil
H

Oe’

CN
SH o
i Il Keq ) _S

)k B O/T\O@ ll:l’ -°° H |
MmN *~ oBu Bu0” | ~0®@ 8u0” N0
OBu

S N P 0 0

S-x N-y P-x-y X y

KpCET amide To (¥) = 1279

ﬂitial concentrations in competitive Stern-Volmer experimeh
KpCET thiol To (X) = 16719

e [amide] and [thiol] are constant at 0.001M

e [base] is varied around the average value of 0.0001M

-
Y
Ka amide = 3550 = |/|=1+<
A amide (N-Y)(P-X-Y) 0

KpceT thiol To (X) + KpceT amide To (¥)
[base]

[base]average

<

X

K L= 205 —
\ g A thiol (S-X)(P_x_y) /
‘ k obs predicted = 1600

y=746 X 10°M
x=430X 10®M
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Competitive Stern-Vomer Experiment:
Predicted Quenching Rate vs Experimental Quenching Rate

CN
Y
Mé/u\T
H
CN
SH o
a I Keg | 0 = o
)I\ B o/Fl’\oe § ; |
MmN > oBu Bu0” | ~0® Bu0” N0
OBu OBuU
S N P 0 0
S-x N-y P-x-y X y

Initial concentrations in competitive Stern-Volmer experiment:

KpCET amide To (¥) = 1279
e [amide] and [thiol] are constant at 0.001M

KpcET thiol To (X) = 16719
e [base] is varied around the average value of 0.0001M

lo/l =1+ KoceT thiol T0 (X) ¥ AeCET amide To (¥)

k io T (X) +k amide T (Y)
I/l = 1 +|kgy ([amide] + [thiol]] [base] I/l =1+ < e ;’b : e C )[base]
ase

average

k obs experimental = 1598

k _—

obs predicted ~

1600
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Competitive Stern-Vomer Experiment:
Predicted Quenching Rate vs Experimental Quenching Rate

CN
Me)l\lil
M
CN
SH [¢]
i I Keg 0 8 o®
)’I\ /P\ © —~ ||3| i |
Me' N BuO (I) (0] BuO/I\Oe BuO/T§
OBu fe)

(0]
Bu

Initial concentrations in competitive Stern-Volmer experiment:

KpCET amide To (¥) = 1279

e [amide] and [thiol] are constant at 0.001M KpcET ehiol To (x) = 16719
thio

e [base] is varied around the average value of 0.0001M _
lo/l = 1+ KpcET thiol To (X) * ApCET amide To (¥)

KpceT thiol To (X) + KpceT amide To (¥) \ [base]
[base]

I,/ = 1 + kgy ([amide] + [thiol]) [base] o/l = 1 + <

average

k = 1598 k = 1600

obs experimental ~ obs predicted ~

KpCET amide [@Mide adduct]

is determinantal to PCET selectivity

KpcET thiol [thiol adduct] i



r

Determination of PCET Selectivity Factor in a Catalytic Reaction

an example

*r (Il) oxidant 0
NBu,OP(O)(OBu),

CN
)\/\)i
A N [: I
H

e

|,2-Dichloroethane, blue LED, rt

o
-

oxidant amide]/M [PhSH]/M base]/M Ir(dID]/M NMR yield
[ 1 [ 1 [base] [Ir(1H)] y
Ir(dF(CF3)ppy),(bpy)PF, 0.1 0.016 0.017 0.002 100%
4 . . K. . .
Ka amide = 3550 = Ny (P ) thiol + amide + base q thiol-base + amide-base
AU
S N P 0 0
X
- - S-x N-y  P-x-y X y
Ka thiol = 205 (M)
thiol + base thiol-base
KA amide a0 (M-I)
amide + base amide-base

Change in adduct concentration via oxidant-base binding is negligible

142



Determination of PCET Selectivity Factor in a Catalytic Reaction
an example

CN
*r (Il) oxidant 0
0 /©/CN NBu,OP(O)(OBu),
o N
H

|,2-Dichloroethane, blue LED, rt

oxidant [amide]/M [PhSH/M  [base]/M  [Ir(IIN]/M  NMR yield
Ir(dF(CF5)ppy), (bpy)PF, 0.1 0.016 0.017 0.002 100%
( K 3550 4 ( 4
mide = = 3550 =
A amide (N-y)(P-x-y) (0.1-y)(0.02-x-y)
. y
X X
Ku it = 205 = 205 =
U (S-x) (P-x-y) (0.02-x)(0.02-x-)
-
y = 0.01676M
x = 0.00018M

Change in adduct concentration via oxidant-base binding is negligible
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Determination of PCET Selectivity Factor in a Catalytic Reaction
an example

CN
*r (Il) oxidant 0
0 /©/CN NBu,OP(O)(OBu),
o N
H

|,2-Dichloroethane, blue LED, rt

oxidant [amide]/M [PhSH]/M  [base]l/M  [Ir(ll)/M  NMR yield

Ir(dF(CF5)ppy)- (bpy)PF, 0.1 0.016 0.017 0.002 100%

KoCET amide™ 7-1 x 10°M!s"!

KoceT whio= 9-3 x 10°M's”!

KpET thiol [thiol adduct], KpCET thiol X

. ' kK i
KpCET amide [@Mide adduct], PCET amide Y 90: 10 y = 0.01676M
x = 0.00018M
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Thioacetic Acid as PCET Substrate

Ir(dF(CF3)ppy,),(bpy)]PF,

[BDFE ~ 89 |<ca|/mo|]

0 Q 9 0 S
Il o K thicacid 0 ye SN Me Sy o K thiol I H”
M SH Bu0” 10 PO Buo” | S0 Buo” | ~o®
© OBu BuO (l)Bl? 0 OBu OBuU
K thioacid = 2900 (M) KpCET thioacia = 6-8 x 107 (M"!s”!) K thiol = 200 (M) Ko ahiot = 9:3 x 107 (M''s7))

24 -
In[kggl p === ====~====-------------=---

a=0.10 +0.02
R2=0.741

thiol H-bonded adducts with Ir-1

O thiol H-bonded adducts with Ir-2
o= 053 +0.03

[ J i - i _
R?.: 0.980 amide H-bonded adducts with Ir-1
O amide H-bonded adducts with Ir-2

-10 0 10 20
-AGO'PCET (kca|/m0|)
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Evidence for HAT-DAT Mechanism: Downstream

j\ O\ o /@\ Ir(dF(CF,)ppy,),(dtbpy)IPF, (3 mol%)
Me
NN Br Me\N\)_l\gl Br NBu,OP(O)(OBu), 20 mol%

D D (0]
o )]\ (50 mol%) 100% recovery
Me SH
r ol
0.025mmol 0.025mmol Varied [MeOD]/[MeOH], 0.5ml in total , blue LED, 20h
vol MeOD/ml vol MeOH/ml % of D product Product [D]/[H] vs [MeOD]/MeOH]
5
0.4 0.1 82 4.5 -
y =1.164x - 0.0517
4 R?=0.9962
0.3 0.2 65
3.5
0.2 0.3 42 3
0.15 0.35 25 25
2 ..
1.5
Linear correlation with slope~| = degree of ! P
deuteration solely limited by the downstream 0.5 o
H/DAT, KIE cancelled 0
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Fractionation between Thiol and Methanol

0 O
2 mol% [Ir(dF(CF3)ppy2)(bpy)IPFe
10 mol% NBu,OP(0O)(OBu),
— N—Me
(@) N—Me 50 mol% thioacetic acid
-
H Me varied MeOD/MeOH ratios (1 mL) D Me
variable temperatures
(0.05mmol)
Fractionation Slope
A
[D-substrate] A\ [MeOD]
(b) = eMAZPERT  x Kfrac(thioacid/methanol) -
[H-substrate] [MeOH]

o)

MeOD + )]\
SH

() Temperature (°C)

)

Kfrac(thioacid/methanol)
— >~  MeOH + )I\
SD

-20 0 25 55

Fractionation Slope

0.67 1.12 1.04 1.06



