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Radical Electrophilicity/Nucleophilicity

Tauber, J.; Imbri, D.; Opatz, T.  Molecules 2014, 19, 16190—16222.
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Arylation of Pyridine

Gomberg, M.; Bachmann, W. E. J. Am. Chem. Soc. 1924, 46, 2339—2343. Abramovitch, R.; Saha, J. J. Chem. Soc. 1964, 301, 2175—2187.
Lynch, B.; Chang, H. Tet. Lett. 1964, 5, 2965—2968. Dou, B.; Lynch, B. Tet. Lett. 1965, 6, 897—901.

N2 —OH+

Gomberg-Bachmann-Hey Reaction

N2 N

+

Nucleo/Electrophilic Radicals

Via

2 3 4

52 : 30 : 18

56 : 28 : 16

X

44 : 43 : 13

X = H

X = Me

X = NO2
X

X

Me > H >> NO2

N 2

3
4

X



N

N

Ψ4

Ψ4

Ψ5 LUMO    +4.07 eV

LUMO    +3.45 eV

FMO Analysis of Neutral Arenes/Pyridinium
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HF/6-31G* level of theory

Frontier Molecular Orbital Theory

• Correctly predicts preferential reactivity at 2- and 4-positions of pyridinium 

• Explains higher reactivity of cationic form due to lower LUMO

FMO Analysis of Neutral Arenes/Pyridinium

Tauber, J.; Imbri, D.; Opatz, T.  Molecules 2014, 19, 16190—16222.
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Electrophilic Amination of Arenes

Me Me

Cl NMe2

Method A, B, or C Method A: Na2SO4/Sulfuric Acid, 100 ºC (80% yield)
Method B: UV irradiation in Sulfuric Acid (61% yield)
Method C: AlCl3, 100 ºC (50% yield)
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Key Mechanistic Features

• Redox system for radical initiation • Protonation of amines renders it electrophilic

• Significant polar component to reaction selectivity

Minisci, 1965

Bock, H.; Kompa, K. L. Angew. Chem. Int. Ed. 1965, 4, 783—783. Minisci, F.; Galli, R. Tet. Lett. 1965, 8, 433—436. Minisci, F. Chim. Ind. (Milano) 1967, 49, 705—719.



Radical Electrophilicity/Nucleophilicity

Tauber, J.; Imbri, D.; Opatz, T.  Molecules 2014, 19, 16190—16222.
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Investigating the Nucleophilic Behavior of Alkyl Radicals

Minisci, F.; Galli, R.; Cecere, M.; Malatesta, V.; Caronna, T.  Tet. Lett. 1968, 54, 5609—5612.
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Advent of “The Minisci Reaction”

Anderson, J.; Kochi, J.  J. Am. Chem. Soc. 1970, 92, 1651—1659. Minisci, F.; Bernardi, R.; Bertini, F.; Galli, R.; Perchinummo, M.  Tetrahedron 1971, 27, 3575—3579.
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Regioselectivity in the Additions of Radicals to Pyridinium

Minisci, F.; Vismara, E.; Fontana, F.; Morini, G.; Serravalle, M.  J. Org. Chem. 1987, 52, 730—736.
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Minisci, F.; Vismara, E.; Fontana, F.; Morini, G.; Serravalle, M.  J. Org. Chem. 1987, 52, 730—736.

• Magnitude of solvent effect trends Ph < n-Bu < i-Pr < t-Bu

• Either related to solvation of polar transition states (k1 vs k3) 
or to the reversibility of addition (k—1/k2[B] or k—3/k4[B])
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• No isotope effect observed for Ph radical (k—1 << k2[B] and k—3 << k4[B])

• Addition to the pyridinium is largely irreversible, regioselectivity determined by k1 vs k3
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• No desired product observed for benzyl radical in any solvent

• Low enthalpy of addition renders k—1 >> k2[B] and k—3 >> k4[B], allowing for irreversible dimerization
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• Isotope effect and regioselectvity are both significantly affected by reaction medium

• Solvent and base catalysis mainly influence the reversibility of the radical addition
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• Poorly solvated radical ion pair in benzene undergoes α-deprotonation faster than in water



•  Increasing the temperature of the reaction in water increases reversibility of radical addition

• Increasing the reversibility increases the amount of the 4-isomer
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Deactivation of Arene by Alkylation

Minisci, F.; Fontana, F.; Vismara, E.  J. Heterocyclic Chem. 1990, 27, 79—96.
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• Introduction of an inductively donating alkyl group deactivates the ring towards further alkylation

• The degree of activation increases with the nucleophilic character of the attacking radical



Nucleophilicity of Alkyl Radicals

Tauber, J.; Imbri, D.; Opatz, T.  Molecules 2014, 19, 16190—16222.
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• Hyperconjugation with adjacent σ(C—H)-orbitals raises the SOMO energy

• Nucleophilicity of radicals trends primary < secondary < tertiary

• Similarly, hyperconjugation with heteroatom lone pairs also raises the SOMO energy



Circumventing Overalkylation with Biphasic Reaction Conditions

Minisci, F.; Fontana, F.; Vismara, E.  J. Heterocyclic Chem. 1990, 27, 79—96.
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• Introduction of an alkyl group increases the lipophilicity of the product

• Extraction into the organic solvent inhibits further alkylation



Substituent, Solvent, and Acid Effects in Regioselectivity
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Predicting and Tuning Regioselectivity

O’Hara, F.; Blackmond, D. G.; Baran, P. S.  J. Am. Chem. Soc. 2013, 135, 12122—12134.
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Dehydrogenative Coupling with H2 Release

Tian, W.-F.; Hu, C.-H.; He, K.-H.; He, X.-Y.; Li, Y. Org. Lett. 2019, 21, 6930—6935. Huang, C.-Y.; Li, J.; Li, C.-J. Nat. Comm. 2021, 12, 1—9.
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• Net oxidative reaction with no chemical oxidant, solely driven by light and the release of H2
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Nucleophilicity of Boryl Radicals

 Kim, J. H.; Constantin, T.; Simonetti, M.; Llaveria, J.; Sheikh, N. S.; Leonori, D. Nature 2021, 595, 677—683.
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Minisci-Type Borylation of Nitrogen Heterocycles

 Kim, J. H.; Constantin, T.; Simonetti, M.; Llaveria, J.; Sheikh, N. S.; Leonori, D. Nature 2021, 595, 677—683.
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Enantioselective Minisci Reaction

Proctor, R. S. J.; Davis, H. J.; Phipps, R. Science 2018, 360, 419—422. Zheng, D.; Studer, A. Angew. Chem. Int. Ed. 2019, 58, 15803—15807. 
Proctor, R. S. J.; Chuentragool, P.; Colgan, A. C.; Phipps, R. J. Am. Chem. Soc. 2021, 143, 4928—4934.
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Multivariate Linear Regression Analysis

Reid, J. P.; Proctor, R. S. J.; Sigman, M. S.; Phipps, R. J. J. Am. Chem. Soc. 2019, 141, 19178—19185.

ΔΔG‡ = 0.73 — 0.30(iPOas) + 0.18(NBOC2) + 
0.17(NBORAE) + 0.26(NBONHet) — 0.21(LRAE) + 0.30(B1NHet)
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LRAE = distance along bond axis

B1NHet = minimum radius perpendicular to bond axis

NBORAE = natural bond orbital
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iPOas = asymmetric IR stretch
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Additional Mechanistic Experiments

Proctor, R. S. J.; Davis, H. J.; Phipps, R. Science 2018, 360, 419—422.
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1 equiv.

0.5 equiv. Redox Active Ester

Reaction Conditions
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D

D
D NHAc

Ph
N
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Ph+ +

Competition KIE = 3.6

• Consistent with Minisci’s measured KIE of α-THF radical and reversibility dependence on radical stability

N

1 mol% [Ir(dF(CF3)ppy)2(dtbbpy)]PF6
5 mol% (R)-TRIP Phosphoric Acid

Dioxane, rt, blue LEDs
N

H
+

75% yield, 4% ee1.1 equiv.

O

O
N

O

OMe
Me

N NO

Me

O

Me

• Suggests the free N—H bond participates with the phosphate during enantiodetermining deprotonation

• Suggests a Curtin-Hammett situation- radical addition is reversible and deprotonation is selectivity determining



Summarized Computational Study

Ermanis, K.; Colgan, A. C.; Proctor, R. S. J.; Hadry, B. W.; Phipps, R. J.; Goodman, J. M. J. Am. Chem. Soc. 2020, 142, 21091—21101.
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lowest energy calculated transition state

Enantioselectivity Model Rationalizes

• Selectivity dependence on B1NHet and LRAE

• Superior performance of N-Ac vs N-Piv

• High regioselectivity for 2-position

• Poor performance of carbamate & TFA PG

• Correlation between regio- & enantioselectivity



Proposed Reaction Mechanism

Ermanis, K.; Colgan, A. C.; Proctor, R. S. J.; Hadry, B. W.; Phipps, R. J.; Goodman, J. M. J. Am. Chem. Soc. 2020, 142, 21091—21101.
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Asymmetric Minisci Reaction with Isoquinolines

Liu, X.; Liu, Y.; Chai, G.; Qiao, B.; Zhao, X.; Jiang, Z. Org. Lett. 2018, 20, 6298—6301.

N

1 mol% DPZ
15 mol% SPINOL Phosphoric Acid

DME, —10 ºC, blue LEDs
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+

93% yield, 93% ee1.2 equiv.
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Zhiyong Jiang, 2018
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SPINOL Phosphoric AcidDPZ Photocatalyst

Differentiating Features

• Organic vs Ir photocatalyst

• Complementary (if narrow) scope of arene

• Completely different binding pocket

• Carbamate PG (deprotonation step?)



Conclusions

1) We stand on the shoulders of giants who explored much of the fundamental radical reactivity that we use today



Conclusions

2) The Minisci reaction is a powerful method for assembling desirable molecules (sp2—sp3 bonds, basic heterocycles)



Conclusions

3) Interfacing with modern catalysis (Photoredox, CPA, Co H2 evolution, electrocatalysis) has led to new innovations
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O O
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SPINOL Phosphoric Acid

N N

MeMe

OO

N N

MeMe
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HH

Cl

N

Co

Cobaloxime Hydrogen Evolution Catalyst

4) Photoredox catalysis has drastically diversified the classes of substrates that can be used as radical precursors

5) The Minisci reaction deserves to be respected as more than just an afterthought in a photoredox paper!



Future Directions

• Catalytic control over regioselectivity & enantioselectivity (atroposelective?)

• Complementary reactivity and selectivity with other catalysts (Lewis Acids? Frustrated Lewis Pairs?)

• Catalytic, out-of-equilibrium deracemization enabled by Proton-Coupled Electron Transfer™

• Further improving reactivity of heterocycles (beyond quinoline, isoquinoline, and pyridine)


