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Challenges in Expanding Catalysis of Hydrogen Atom Transfer

Bordwell, F.G. Acc. Chem. Res. 1993, 26, 510

6
How can we homolytically activate stronger bonds? 



Thermodynamic Modularity of PCET

Mayer, J.M. Chem. Rev. 2010, 110, 6961Bordwell, F.G. Acc. Chem. Res. 1993, 26, 510
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Thermodynamic Modularity of PCET

Mayer, J.M. Chem. Rev. 2010, 110, 6961Bordwell, F.G. Acc. Chem. Res. 1993, 26, 510
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Kinetic Advantage of PCET
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Kinetic Advantage of PCET

Miller, D. C.; Choi, G. J.; Orbe, H. S.; Knowles, R. R. J. Am. Chem. Soc. 2015, 137, 13492

Yayla, H. G.; Wang, H.; Tarantino, K. T.; Orbe, H. S.; Knowles, R. R. J. Am. Chem. Soc. 2016, 138, 10794

Zhu, Q.; Graff, D. E.; Knowles, R. R. J. Am. Chem. Soc. 2018, 140, 741Tarantino, K. T.; Liu, P.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 27, 10022−10025
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1. Kinetics and Mechanism of Multi-Site PCET

2. Chemoselectivity in Competitive Multi-Site PCET 

3. Probing Photocatalytic C−H  Activation Mode
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Thermodynamic Cut-off for PCET
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Tarantino, K. T.; Liu, P.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 27, 10022−10025



Thermodynamic Cut-off for PCET

Tarantino, K. T.; Liu, P.; Knowles, R. R. J. Am. Chem. Soc. 2013, 135, 27, 10022−10025
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Nature of the Rate-Driving Force Relationship?

14



Nature of the Rate-Driving Force Relationship?

15



Nature of the Rate-Driving Force Relationship?
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Ketone Substrate, Photo-reductant, and Brønsted Acid Scope 
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Ketone Substrate, Photo-reductant, and Brønsted Acid Scope 
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Ketone Substrate, Photo-reductant, and Brønsted Acid Scope 

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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Free Energy Surface for the Hydrogen-bonding Mediated PCET

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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A Simple Experimental Method to Extract KA and kPCET

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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PCET is Synchronous Concerted

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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PCET is Synchronous Concerted
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Slope Significantly Deviated from Classical Prediction

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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Claude F. Bernasconi. Adv. Phys. Org. Chem, 2010.  44, 317

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

Transition state does not benefit from the product stabilization

→ additional component of intrinsic barrier

Explanation for the Small Slope : Principle of Non-Perfect Synchronization
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What is Intrinsic Barrier
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Explanation for the Small Slope : Principle of Non-perfect Synchronization

27



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

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

31



Principle of Non-perfect Synchronization

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

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

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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Synthetic Implications

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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Synthetic Implications

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

40



Summary
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Summary
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1. Kinetics and Mechanism of Multi-Site PCET

2. Chemoselectivity in Competitive Multi-Site PCET 

3. Probing Photocatalytic C−H  Activation Mode
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Account for the Unexpected PCET Chemoselectivity under 

Large Thermodynamic Bias

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



Preliminary Experimental Results

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



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



More about the Role of Thermodynamic Bias
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More about the Role of Thermodynamic Bias
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Base

More about the Role of Thermodynamic Bias: 

Rate-Driving Force Correlation

54
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 



More about the Role of Thermodynamic Bias: 

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

Rate-Driving Force Correlation

56
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 



New Hypothesis for Origin of PCET Selectivity
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New Hypothesis for Origin of PCET Selectivity

The thiol cycle will short-circuit 

the catalytic reaction if this ratio 

is too small
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Correlation between PCET Selectivity and Hydroamidation Yield

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 
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Correlation between PCET Selectivity and Hydroamidation Yield

60
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 



Electron-Withdrawing Group on Amide
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Electron-Withdrawing Group on Amide
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Electron-Withdrawing Group on Amide

63
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 



Electron-Withdrawing Group on Thiol
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Electron-Withdrawing Group on Thiol
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Electron-Withdrawing Group on Thiol

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

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

70
Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 42, 16574 



Summary and General Principles 
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Summary and General Principles 
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Summary and General Principles 
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General Implications in Organic Synthesis
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General Implications in Organic Synthesis
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General Implications in Organic Synthesis
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General Implications in Organic Synthesis
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MS-PCET kinetics and chemoselectivity determine the fate of

the upstream of the catalytic cycle.
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How could the downstream of the catalytic cycle be probed?

MS-PCET kinetics and chemoselectivity determine the fate of

the upstream of the catalytic cycle.
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1. Kinetics and Mechanism of Multi-Site PCET

2. Chemoselectivity in Competitive Multi-Site PCET 

3. Probing Two-Step C−H  Activation Mode
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Probing the Activation Mode for Sequential Cleavage-Reformation of C–H Bond

Shin, N. Y.; Ryss, J. M.; Zhang, X.; Miller, S. J.; Knowles, R. R. Science 2019, 366, 364
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Probing the Activation Mode for Sequential Cleavage-Reformation of C–H Bond

82
Manuscript in preparation 



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

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



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

substrate/thiol activation could be probed directly

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



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

How to probe the fate of the reactive intermediate? 
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This work: Fractionation Slope of Gradual Deuteration

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

Chi-Li Ni



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

Interplay between (very common) catalysts
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De-optimization!

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



BDFE (C–H)  ~ 90 kcal/mol

Interplay between (Very Common) Catalysts

88Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



HAT-HAT Deuteration

89Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



BDFE (C–H)  ~ 90 kcal/mol

Interplay between (Very Common) Catalysts

90Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



BDFE (C–H)  ~ 90 kcal/mol

Interplay between (Very Common) Catalysts

91Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



The Method of Isotope Fractionation
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Typical Experiment:  Gradual Deuteration

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



The Method of Isotope Fractionation

y = 1.0327x
R² = 0.9995
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[D-substrate]/[H-substrate] vs [D-methanol]/[H-methanol]

Typical Experiment:  Gradual Deuteration

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

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



The Method of Isotope Fractionation
Reference Mechanism HAT-HAT 

94Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



At the photodynamic equilibrium formation of D- and 

H-substrate at the same rate: 

The Method of Isotope Fractionation
Reference Mechanism HAT-HAT 

95Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



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

98Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



Calculated Isotope Fractionation Slope for HAT-HAT Mechanism

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). 

99Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



BDFE (C–H)  ~ 90 kcal/mol

Fractionation Slope and Mechanism

HAT-HAT

ETPT-HAT

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



BDFE (C–H)  ~ 90 kcal/mol

Fractionation Slope and Mechanism

HAT-HAT

ETPT-HAT

Fractionation slope ~ 1.11

Suggest HAT-HAT

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

y = 1.033x

R² = 0.9995
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BDFE (C–H)  ~ 90 kcal/mol

Fractionation Slope and Mechanism

HAT-HAT

ETPT-HAT

Fractionation slope very different from 1.11

Suggest ETPT-HAT

y = 0.296
R² = 0.9956
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102Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



y = 1.95x

R² = 0.9975
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Fractionation Slope and Mechanism

Fractionation slope very different from 1.09

Suggest HAT - ETPT

103Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



y = 1.95x

R² = 0.9975
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Fractionation Slope and Mechanism

Suggest HAT - ETPT
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Fractionation slope very different from 1.09

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



Fractionation Slope and Mechanism

Fractionation slope is 2.00,  very different from 1.11

Suggest HAT - ETPT

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



Fractionation Slope and Mechanism

Fractionation slope is 2.00,  very different from 1.11

Suggest HAT - ETPT

106Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



Fractionation Slope and Mechanism

Fractionation slope is 2.00,  very different from 1.11

Suggest HAT - ETPT

Suggest HAT - HAT

Fractionation slope is 1.02,  excellent agreement with 1.05

107Qiu, G; Ni, C-L; Knowles, R.R. 2021. Manuscript in preparation 



Summary – Rule of  Thumb
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Summary – Rule of  Thumb
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Fractionation Slope and Mechanism 

111



A Simple Experimental Method to Extract KA and kPCET

Qiu, G; Knowles, R.R. J. Am. Chem. Soc. 2019, 141, 2721−2730
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Principle of Non-perfect Synchronization
Contrast: Non-Perfect Synchronization versus Asynchronous

Without Non-Perfect Synchronization  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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New Hypothesis for Origin of PCET Selectivity

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

Hydroamidation reaction yield: 100%
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New Hypothesis for Origin of PCET Selectivity

Manuscript in preparation 

Hydroamidation reaction yield: 0%
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Correlate PCET Selectivity with Hydroamidation Efficiency

Manuscript in preparation 
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Correlate PCET Selectivity with Hydroamidation Efficiency

Manuscript in preparation 
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Q0 and Medium Yields Span
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency 
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency 
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency 
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Deconvolution of PCET Selectivity Effect on Reaction Efficiency 
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Test of the New Hypothesis: Predicted Quenching Constant

From this simultaneous equation, x and y will be known, given initial concentrations of amide, thiol, and base

123



Wesley D. Morris, James M.  Mayer. J. Am. Chem. Soc. 2017, 139, 10312

Steric effect in hydrogen-

bonding→ different intrinsic 

barrier

Precedented evidence of Changes in Intrinsic Barrier

Outlier

On the linear 

correlation line
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Physical meaning of identical Marcus parabolae
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Our Hypothesis: Parabolae of pre-PCET State and post-PCET 

State are NOT Identical 
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Our Hypothesis: Parabolae of pre-PCET State and post-PCET 

State are NOT Identical 
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Non-Identical Marcus Parabola and Brønsted Slope
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Non-Identical Marcus Parabola and Brønsted Slope
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Non-Identical Marcus Parabola and Brønsted Slope
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Non-Identical Marcus Parabola and Brønsted Slope
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Non-Identical Marcus Parabola and Brønsted Slope
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Non-Identical Marcus Parabola and Brønsted Slope
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New Hypothesis for Origin of PCET Selectivity
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Test of the New Hypothesis: Competitive Stern-Vomer Experiment

136



Test of the New Hypothesis: Predicted Quenching Constant

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  
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Test of the New Hypothesis : Predicted Quenching Constant  
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Competitive Stern-Vomer Experiment: 

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

Predicted Quenching Rate  vs Experimental Quenching Rate
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Determination of PCET Selectivity Factor in a Catalytic Reaction

an example
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Determination of PCET Selectivity Factor in a Catalytic Reaction

an example
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Determination of PCET Selectivity Factor in a Catalytic Reaction

an example
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Thioacetic Acid as PCET Substrate
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y = 1.164x - 0.0517
R² = 0.9962
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Linear correlation with slope~1 → degree of 

deuteration solely limited by the downstream 

H/DAT, KIE cancelled

Evidence for HAT-DAT Mechanism: Downstream
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Fractionation between Thiol and Methanol 


