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Abstract: The generation of carbon radicals by halogen-atom and group transfer reactions is
generally achieved using tin and silicon reagents that maximize the interplay of enthalpic
(thermodynamic) and polar (kinetic) effects. Herein, we demonstrate a distinct reactivity mode
enabled by quantum mechanical tunnelling that uses the cyclohexadiene derivative y-terpinene as
the abstractor under mild photochemical conditions. This protocol activates alkyl and aryl halides
as well as several alcohol and thiol derivatives. Experimental and computational studies unveiled
a non-canonical pathway whereby a cyclohexadienyl radical undergoes concerted aromatization
and halogen-atom/group abstraction through the reactivity of an effective H-atom. This activation
mechanism is seemingly thermodynamically and kinetically unfavorable, but is rendered feasible
through quantum tunnelling.

One Sentence Summary: Quantum mechanical tunnelling control enables halogen-atom and
group transfer reactions through direct H-atom reactivity.

Main Text: Carbon radicals are integral reactive species for the synthesis of numerous organic
compounds.(/-4) Among the methods for their generation, strategies based on halogen-atom and
group transfer chemistry are advantageous for their use of halides and alcohol/thiol derivatives
that are commercially available or otherwise easy to access.(5-9)

Halogen-atom transfer processes follow three general reactivity principles (Fig. 1A): (i) they rely
on a collinear arrangement among the three atoms involved in the process (i.e. C, X and Y) to
achieve maximum orbital overlap between the abstracting radical (Y+) SOMO (singly occupied
molecular orbital) and the carbon—halogen antibonding orbital (c*); (ii) the Y-halogen bond needs
to be stronger than the original carbon—halogen bond in the reactant so that the process is
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thermodynamically favorable (exergonic, AG® < 0, “enthalpic effect”); (iii) rapid kinetics ensue
from the interplay of “polar effects” at the transition state that lower the barriers by charge transfer.
Considering the natural polarization of carbon—halogen bonds,(/0) nucleophilic radicals are
ideally suited to stabilize emerging positive character and therefore accelerate the abstraction.
Species like tin and silicon radicals maximize both enthalpic and polar effects and are therefore
routinely used for radical generation despite their toxicity, cost and waste management issues.(9,
11-13)

Herein, we report a distinct approach for halogen-atom transfer that does not adhere to any of these
three features. This non-canonical process exploits the reactivity of cyclohexadienyl radicals that
enable, through concerted aromatization—abstraction event, the use of formal hydrogen atoms (He)
as the abstracting species. This process relies on a collinear arrangement of four atoms in the
transition state and its feasibility is enabled by quantum mechanical tunnelling rather than
thermodynamic (enthalpic) or kinetic (polar) considerations. The mechanistic blueprint is not
limited to the activation of organic halides but likewise enables the generation of carbon radicals
from alcohol and thiol derivatives, which suggests quantum tunnelling is operating also in group
transfer chemistry.

The development of this alternative strategy for carbon radical generation started with the analysis
of the key thermodynamic and polar features controlling halogen-atom transfer. This led us to
speculate that a hydrogen-atom, He, might be a suitable reagent to perform these reactions. This
mechanistic hypothesis was based on the evidence that H-halogen bonds are stronger than standard
C-halogen bonds and they immediately dissociate in weakly basic media.(/4) This combination
should make the overall radical abstraction exothermic. Furthermore, the H-atom should polarize
the transition state through the emergence of proton-like character, thus aiding charge transfer
stabilization. Indeed, a computational comparison of halogen-atom transfer reactions on Cy—Br 1
mediated by Me;Sne, MesSie and He demonstrated that all three abstractions are highly exothermic
but the one mediated by He faces the smallest kinetic barrier (Fig. 1A).(/5) Although these results
would support this mode for halogen abstraction, its implementation is clearly hampered by the
lack of methods for generating naked He in synthetic settings.

In approaching this challenge, we turned our attention to the concept of pro-aromaticity that has
been extensively applied to the generation of silicon radicals (Fig. 1B).(/6-20) This strategy
requires the preparation of bespoke MesSi-containing cyclohexadiene derivatives (e.g. 2) that are
activated by HAT (H-atom transfer) at the bis-allylic methylenic position. This event generates the
cyclohexadienyl radical 3, that, through a thermodynamically favorable aromatization process,
ejects MesSie. This species can then be used in many types of radical chain propagations based on
halogen-atom as well as group transfer chemistry. Our initial mechanistic plan sought synthetic
conditions to translate this reactivity blueprint to simple cyclohexadiene radical 4+ as a gateway to
generate and implement He reactivity in synthetic radical chemistry.

To experimentally validate this hypothesis, we looked at dehalogenation reactions, which are
heavily exploited by the pharmaceutical sector but still require large excess of difficult-to-handle
tin and silicon reagents with AIBN (azobisisobutyronitrile) at often high temperatures (> 100 °C).
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Pleasingly, we demonstrated that the cyclohexadiene derivative y-terpinene, a feedstock derived
from the essential oil of Melaleuca alternifolia, led to the quantitative debromination of 5 (to give
17) under mild photoredox conditions using the organic dye 4CzIPN as the photocatalyst (5
mol%), NaCl or NaN3 as an additive (10 mol%) in acetonitrile solvent under blue LED irradiation.
The supplementary material discusses the identification of other reaction conditions of similar
efficiency based on the use of diarylketones photocatalysts, which demonstrates that this -
terpinene-mediated debromination can be adapted to manifolds outside the realm of photoredox
catalysis (Fig. S19 and Table S8). In addition, the replacement of y-terpinene by other pro-aromatic
agents such as simple 1,4-cyclohexadiene provided similar experimental results, in line with our
working hypothesis (Fig. S3 and Table S2). In terms of substrate scope, this reactivity was
extended to the activation and dehalogenation of the corresponding C-4 iodide (6) and,
importantly, chloride (7). Deactivated and electron-rich aryl halides were also competent
substrates as demonstrated by the high-yielding dehalogenation of 8-10 (to give 18), which
presumably proceeds via the formation of an aryl radical. Compounds 7 and 10 exemplify a class
of highly sought-after precursors for application in radical chemistry that are still difficult to
engage in methods based on both single-electron transfer (SET) as well as halogen-atom transfer
reactivity.(27-26)

This y-terpinene-based strategy is not limited to the activation of organic halides and we
successfully translated it into group transfer settings. This enabled the defunctionalisation of C-4
sulphide (11), selenide (12), xanthate (13) and alcohol derivatives (14 and 15) in moderate to
excellent yields (to give 17). Alkyl azide 16 was also readily engaged providing access to the
corresponding primary amine 19, thus offering a transition metal-free option to standard
hydrogenation conditions.
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Figure 1. A y-terpinene-mediated radical generation by halogen-atom and group transfer.
(A) General mechanism for halogen-atom transfer reactions and computational studies on three
model bromine-atom abstractions [DFT method: (u)M06-2X/def2-TZVP-SMD(MeCN) in kcal
mol™!, where Gibbs free energies are based on the individual reactants and products]. (B) Si-
containing pro-aromatic cyclohexadienyl radicals that generate silicon radicals by fragmentation.
(C) Development of a general strategy for halogen-atom and group transfer chemistry using -
terpinene as the formal He donor. Yields are isolated. “Yield obtained using Ir(ppy)s as the
photocatalyst.

Taken together these results demonstrate that this mild y-terpinene-mediated reactivity engages
the whole spectrum of substrates classically activated by tin and silicon radical chemistry while
bypassing single-electron transfer (SET) activation, and therefore the requirement for strong
reductants. These features should make it a useful tool for carbon radical generation, so we
conducted an extensive scope investigation with the aim of benchmarking its utility in synthetic
settings. Numerous functionalized alkyl and aryl halides 2059 were susceptible to this reaction,
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leading to generally high yields of the corresponding reduced products (Fig. 2A-C). The reactivity
spanned a broad class of unactivated alkyl derivatives (primary, secondary and tertiary) and was
compatible with commonly encountered organic functionalities including free and protected
alcohols and amines, acetal, ester, lactone, lactam, aldehyde and ketone as well as HAT-labile
benzylic, allylic and a-heteroatom centers. Although most of the scope exploration was conducted
on 0.1 mmol scale, these reactions can be translated to larger scale in similar yields and efficiencies
through the use of photochemical flow reactors (Fig.s S15 and S16).(/5) In exploring the aryl
halide scope, we mostly focused on substrates containing strongly electron donating substituents
that challenge the implementation of SET-based approaches; several privileged N-heterocycles; as
well as groups that can act as a handle for cross coupling reactivity, such as pinacol boronic ester.
Pleasingly, all these derivatives worked well, giving the desired products in high yields. Synthetic
applications in group transfer and reduction chemistry were demonstrated on alcohol/thiol
derivatives (60 and 61) as well as several alkyl azides giving the corresponding primary amines
(62—65) (Fig. 2D).

As mentioned above, radical defunctionalization processes are often encountered in the
pharmaceutical literature for the preparation of high-value bioactive compounds. Substrates 66—
70 exemplify some of these processes which are generally performed through the use of toxic
tin/silicon reagents at high temperature (Fig. 2E).(27-29) Our y-terpinene-based protocol proved
applicable to these targets, thus offering, in similar chemical yields, milder and more sustainable
conditions with a volatile aromatic by-product in place of tin/silicon waste.

As a further demonstration of the general utility of this method, we explored the use of alkyl and
aryl halides in other modes (Fig. 2F) such as reductive 5-exo-trig cyclizations (71-73 to give 77—
79 and 74-76 to give 80) and Giese additions (81-83).
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Figure 2. Extended substrate scope. (A) alkyl and aryl iodides; (B) alkyl and aryl bromides; (C)
alkyl and aryl chlorides; (D) alcohol and thiol derivatives and alkyl azides. (E) Application of the
reactivity to industrially relevant defunctionalizations (27-29). (F) Application to other modes of
radical reactivity. Yields are isolated.
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We next turned our attention to the underlying reaction mechanism. First, we performed control
experiments to verify that y-terpinene and light are essential to observe reactivity, while different
bases, initiators and photocatalysts can all be used (Tables S1, S3, S5-7).(/5) We then monitored
the generation and reactivity of the cyclohexadienyl radical 4¢ (Amax = 315 nm) by laser-flash
photolysis measurements,(30-33) irradiating cyclohexadiene at hv = 355 nm in the presence of (#-
BuO); and several alkyl and aryl halides (Fig. 3A). Interestingly, all these experiments resulted in
the decay of 4« with similar bimolecular rate constants (k2, M~! s™), all clustered around 10° M™!
s71.(15) This kinetic outcome contrasts with the large difference in rates measured for the decays
of silicon radicals in the presence of similar quenchers, which are generally faster and highly
dependent on the BDE of the carbon—halogen bond, thus spanning over three orders of
magnitude.(34, 35) We initially attributed this non-canonical outcome on the basis of a rate-
limiting aromatization, followed by a faster halogen abstraction from He. However, computational
analysis of this reaction profile demonstrated the generation of naked He to be energetically uphill
of >15 kcal mol™! with a high kinetic barrier that would not be compatible with the fast reactivity
observed under our synthetic experiments (Fig. 3B-1).(15)

These findings pointed to a distinct mechanistic pathway operating under these reaction conditions.
We ruled out bromine-atom transfer (and also group transfer) taking place from 4e as this process
is highly endergonic (AG® = 23.1 kcal mol™!) and kinetically unfavorable (AG* = 38.8 kcal mol™)
(Fig. 3B-ii)(/5): the halogen abstraction would generate a bis-allylic carbon—bromine bond which
is weaker than the bond in the starting material while offering minimal charge transfer
stabilization. A deprotonation of 4¢ to the corresponding phenyl radical anion 4*~ followed by
SET(36, 37) activation of the substrates was also excluded on the basis of calculated high pK. =
28 (DMSO) for the methylenic proton in 4¢ (predicted to increase in the experimentally relevant
solvent CH3CN) (Fig. 3B-iii).(/5) Furthermore, attempts to translate the y-terpinene reactivity to
substrates that are easy to reduce but that cannot undergo atom/group transfer chemistry led to no
reactivity thus ruling out the involvement of SET (Table S13 and Fig. S30).(/5)

We then revisited our initial hypothesis and considered a hybrid mechanism where the
aromatization and the He-mediated halogen abstraction are linked and occur simultaneously (Fig.
3B-iv). Such a mechanistic option represents a non-canonical avenue in halogen-atom and group
transfer chemistry as it would feature the collinear arrangement of four atoms instead of three in
the transition state. Our calculations demonstrated that by linking the aromatization to the halogen
transfer, the bromine abstraction between 4« and 1 is typically close to thermoneutral (AG® =-2.0
kcal mol™) but still characterized by a significantly high kinetic barrier (AG* = 37.3 kcal mol™)
which should thwart reactivity. However, the very large imaginary frequency observed (v =—1780
cm!) implied a barrier with a very narrow width.(/5, 38-40) Under these circumstances a light
particle, like an H-atom, is not strictly required to have enough kinetic energy to overcome the
transition state height but can penetrate the potential energy barrier through quantum mechanical
tunnelling.(47-45) To validate this mechanistic scenario, we measured the kinetic isotope effect
(KIE) as unusually large values are strong indicators for the involvement of quantum tunnelling in
chemical reactions. Our calculations of fully deuterated cyclohexadienyl radical 4-ds in the model
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bromine abstraction process predicted a KIE = 6 based on standard transition state theory.
Crucially, when corrected with the incorporation of small curvature tunnelling (SCT),(46) a KIE
= 27 was obtained. We therefore prepared the fully deuterated cyclohexadiene and repeated the
flash-laser photolysis kinetic studies with 1, which resulted in a large measured KIE = 23, which
agrees with our calculations. Furthermore, we repeated the kinetic measurements for the photolysis
of cyclohexadiene in the presence 1 at a lower temperature (T = —15 °C) and observed an almost
identical bimolecular decay rate (k» =4.14 10°M ' s'atT=20°C vs 292 10°M ! s'at T =-15
°C) (Table S16).(15) As quantum mechanical tunnelling does not follow the traditional rules of
chemical kinetics,(47) the insensitivity of reaction rates to the temperature is an additional
evidence for its involvement. Overall, we propose this y-terpinene-based process to be based on a
photoredox-initiated radical chain propagation (Fig. 3C). The SET oxidation of NaCl/NaNj
additives is used to access the corresponding Cl¢/Nse. These species would initiate the radical
propagation by generating of the cyclohexadienyl radical 4+ via fast and favorable H-atom
abstraction with cyclohexadiene (or y-terpinene(48)). Quantum mechanical tunnelling-enabled
aromatization—halogen-atom transfer would convert, through the reactivity of a formal H-atom,
the various starting materials into the corresponding alkyl and aryl radicals. These species can re-
initiate the chain by HAT on 4(49) (or y-terpinene) or engage first in other types of reactivity (i.e.
cyclization or Giese addition). Computational analysis for the reaction profile of the various
halogen-atom and group transfer processes realized in Fig. 1C on other types of alkyl and aryl
derivatives resulted in similar reaction parameters and barrier features (Table S10). Collectively,
these results support quantum mechanical tunnelling as an important component for the whole
class of radical generations.
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Figure 3. Mechanistic studies. (A) Laser flash photolysis studies monitoring the decay of the
cyclohexadienyl radical. (B) Outline of possible mechanistic scenarios leading to quantum
tunnelling-controlled concerted aromatization—halogen-atom transfer [DFT method: (u)MO06-
2X/def2-TZVP-SMD(MeCN) in kcal mol™!, where Gibbs free energies are based on the individual
reactants and products]. (C) Proposed quantum tunnelling-enabled radical chain propagations.

Our current understanding of halogen-atom and group transfer chemistry is based around the
consideration of enthalpic and polar effects. The results presented here demonstrate that transition
state theory is not the only framework to approach these reactions and that quantum tunnelling can
be leveraged to enable otherwise elusive types of reactivity. We hope that this blueprint for carbon
radical generation might stimulate the development of further alternative strategies that challenge
thermodynamic and kinetic control.

Funding: D. L. thanks EPSRC for a Fellowship (EP/P004997/1), the European Research Council
for a research grant (758427) and the Leverhulme Trust for additional support (Philip Leverhulme
Prize); S. L. thanks CNRS and ANR (PhotoFlat N°220424) for financial support. Prof. Nadeem S.

9



10

15

20

25

30

35

40

Sheikh is kindly acknowledged for initial calculations. Author contributions: T.C., B.G., M.J.T.,
FJ.,H.Z., S.L. and D.L. designed the project; T.C. and B.G. performed the synthetic experiments;
M.J.T. and H.Z. performed the computational studies; S.C.-L. performed the laser flash photolysis
experiments; K.J.G. performed the scale-up optimization in flow; all authors analysed the results
and were involved in the mechanistic understanding of the process; Competing interests: Authors
declare no competing interests. Data and materials availability: All data are available in the main
text or the supplementary materials.

Supplementary Materials

Materials and Methods
Figures S1 to S35
Tables S1 to S34
NMR Spectra
References (50-177)

References:

1. S. P. Pitre, N. A. Weires, L. E. Overman, Forging C(sp3)—C(sp3) Bonds with Carbon-
Centered Radicals in the Synthesis of Complex Molecules. Journal of the American
Chemical Society 141, 2800-2813 (2019).

2. S. Crespi, M. Fagnoni, Generation of Alkyl Radicals: From the Tyranny of Tin to the
Photon Democracy. Chem. Rev. 120, 9790-9833 (2020).

3. M. Yan, J. C. Lo, J. T. Edwards, P. S. Baran, Radicals: Reactive Intermediates with
Translational Potential. Journal of the American Chemical Society 138, 12692-12714
(2016).

4. M. P. Plesniak, H.-M. Huang, D. J. Procter, Radical cascade reactions triggered by single
electron transfer. Nature Reviews Chemistry 1, 0077 (2017).

5. F. Dénes, C. H. Schiesser, P. Renaud, Thiols, thioethers, and related compounds as
sources of C-centred radicals. Chem. Soc. Rev. 42, 7900-7942 (2013).

6. S. Z. Zard, Radicals in Action: A Festival of Radical Transformations. Org. Lett. 19,
1257-1269 (2017).

7. J. Wu, R. M. Biér, L. Guo, A. Noble, V. K. Aggarwal, Photoinduced Deoxygenative
Borylations of Aliphatic Alcohols. Angew. Chem. Int. Ed. 58, 18830-18834 (2019).

8. F. Julia, T. Constantin, D. Leonori, Applications of Halogen-Atom Transfer (XAT) for
the Generation of Carbon Radicals in Synthetic Photochemistry and Photocatalysis.
Chem Rev 122, 2292-2352 (2022).

0. C. Chatgilialoglu, C. Ferreri, Y. Landais, V. I. Timokhin, Thirty Years of (TMS)3SiH: A
Milestone in Radical-Based Synthetic Chemistry. Chem Rev 118, 6516-6572 (2018).

10.  R. H. Krech, D. L. McFadden, An empirical correlation of activation energy with
molecular polarizability for atom abstraction reactions. Journal of the American
Chemical Society 99, 8402-8405 (1977).

11.  P. A. Baguley, J. C. Walton, Flight from the Tyranny of Tin: The Quest for Practical
Radical Sources Free from Metal Encumbrances. Angew. Chem. Int. Ed. Engl. 37, 3072-
3082 (1998).

10



10

15

20

25

30

35

40

45

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

C.Le, T. Q. Chen, T. Liang, P. Zhang, D. W. C. MacMillan, A radical approach to the
copper oxidative addition problem: Trifluoromethylation of bromoarenes. Science 360,
1010-1014 (2018).

W. P. Neumann, Tri-n-butyltin Hydride as Reagent in Organic Synthesis. Synthesis 1987,
665-683 (1987).

Y.-R. Luo, Comprehensive Handbook of Chemical Bond Energies (Ist ed., (CRC Press,
2007).

, see SI for more information.

A. Bhunia, A. Studer, Recent advances in radical chemistry proceeding through pro-
aromatic radicals. Chem 7, 2060-2100 (2021).

G. Binmore, J. C. Walton, L. Cardellini, Radical-chain decomposition of cyclohexa-1,4-
diene-3-carboxylates and 2,5-dihydrofuran-2-carboxylates. J. Chem. Soc., Chem.
Commun., 27-28 (1995).

A. Studer, S. Amrein, Silylated Cyclohexadienes: New Alternatives to Tributyltin
Hydride in Free Radical Chemistry. Angew. Chem. Int. Ed. 39, 3080-3082 (2000).

A. Studer, S. Amrein, F. Schleth, T. Schulte, J. C. Walton, Silylated Cyclohexadienes as
New Radical Chain Reducing Reagents: Preparative and Mechanistic Aspects. Journal of
the American Chemical Society 125, 5726-5733 (2003).

J. C. Walton, A. Studer, Evolution of Functional Cyclohexadiene-Based Synthetic
Reagents: The Importance of Becoming Aromatic. Acc. Chem. Res. 38, 794-802 (2005).
N. G. W. Cowper, C. P. Chernowsky, O. P. Williams, Z. K. Wickens, Potent Reductants
via Electron-Primed Photoredox Catalysis: Unlocking Aryl Chlorides for Radical
Coupling. Journal of the American Chemical Society 142, 2093-2099 (2020).

H. A. Sakai, W. Liu, C. C. Le, D. W. C. MacMillan, Cross-Electrophile Coupling of
Unactivated Alkyl Chlorides. J. Am. Chem. Soc. 142, 11691-11697 (2020).

I. Ghosh, T. Ghosh, J. I. Bardagi, B. Konig, Reduction of aryl halides by consecutive
visible light-induced electron transfer processes. Science 346, 725-728 (2014).

C. M. Hendy, G. C. Smith, Z. Xu, T. Lian, N. T. Jui, Radical Chain Reduction via Carbon
Dioxide Radical Anion (CO2e-). Journal of the American Chemical Society 143, 8987-
8992 (2021).

T. Q. Chen, D. W. C. MacMillan, A Metallaphotoredox Strategy for the Cross-
Electrophile Coupling of alpha-Chloro Carbonyls with Aryl Halides. Angew. Chem. Int.
Ed. Engl. 58, 14584-14588 (2019).

I. A. MacKenzie et al., Discovery and characterization of an acridine radical
photoreductant. Nature 580, 76-80 (2020).

Z.]. Song et al., Two Scalable Syntheses of 3-(Trifluoromethyl)cyclobutane-1-
carboxylic Acid. Organic Process Research & Development 25, 82-88 (2021).

I. S. Young, Y. Qiu, M. J. Smith, M. B. Hay, W. W. Doubleday, Preparation of a
Tricyclopropylamino Acid Derivative via Simmons—Smith Cyclopropanation with
Downstream Intramolecular Aminoacetoxylation for Impurity Control. Organic Process
Research & Development 20, 2108-2115 (2016).

C. Giitz, M. Binziger, C. Bucher, T. R. Galvao, S. R. Waldvogel, Development and
Scale-Up of the Electrochemical Dehalogenation for the Synthesis of a Key Intermediate
for NS5A Inhibitors. Organic Process Research & Development 19, 1428-1433 (2015).
K. U. Ingold, J. Lusztyk, J. C. Scaiano, Absolute rate constants for the reactions of
tributylgermyl and tributylstannyl radicals with carbonyl compounds, other unsaturated

11



10

15

20

25

30

35

40

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

molecules, and organic halides. Journal of the American Chemical Society 106, 343-348
(1984).

M. Salamone, G. A. DiLabio, M. Bietti, Hydrogen Atom Abstraction Selectivity in the
Reactions of Alkylamines with the Benzyloxyl and Cumyloxyl Radicals. The Importance
of Structure and of Substrate Radical Hydrogen Bonding. Journal of the American
Chemical Society 133, 16625-16634 (2011).

J. W. Taylor et al., Direct Measurement of the Fast, Reversible Addition of Oxygen to
Cyclohexadienyl Radicals in Nonpolar Solvents. The Journal of Physical Chemistry A
108, 7193-7203 (2004).

A. Effio, D. Griller, K. U. Ingold, J. C. Scaiano, S. J. Sheng, Studies on the
spiro[2.5]octadienyl radical and the 2-phenylethyl rearrangement. Journal of the
American Chemical Society 102, 6063-6068 (1980).

M. Ballestri ef al., Tris(trimethylsilyl)silane as a radical-based reducing agent in
synthesis. The Journal of Organic Chemistry 56, 678-683 (1991).

C. Chatgilialoglu, Organosilanes as radical-based reducing agents in synthesis. Acc.
Chem. Res. 25, 188-194 (1992).

A. Studer, D. P. Curran, Organocatalysis and C[/H Activation Meet Radical- and
Electron-Transfer Reactions. Angew. Chem. Int. Ed. 50, 5018-5022 (2011).

C. P. Andrieux, J. Pinson, The Standard Redox Potential of the Phenyl Radical/Anion
Couple. Journal of the American Chemical Society 125, 14801-14806 (2003).

A. Nandi, Z. Alassad, A. Milo, S. Kozuch, Quantum Tunneling on Carbene
Organocatalysis: Breslow Intermediate Formation via Water-Bridges. ACS Catalysis 11,
14836-14841 (2021).

D. Ley, D. Gerbig, P. R. Schreiner, Tunnelling control of chemical reactions — the
organic chemist's perspective. Organic & Biomolecular Chemistry 10, 3781-3790 (2012).
P. R. Schreiner et al., Methylhydroxycarbene: Tunneling Control of a Chemical Reaction.
Science 332, 1300-1303 (2011).

P. R. Schreiner, Quantum Mechanical Tunneling Is Essential to Understanding Chemical
Reactivity. Trends in Chemistry 2, 980-989 (2020).

E. M. Greer, K. Kwon, A. Greer, C. Doubleday, Thermally activated tunneling in organic
reactions. Tetrahedron 72, 7357-7373 (2016).

P. R. Schreiner, Tunneling Control of Chemical Reactions: The Third Reactivity
Paradigm. Journal of the American Chemical Society 139, 15276-15283 (2017).

J. Meisner, J. Kistner, Atom Tunneling in Chemistry. Angew. Chem. Int. Ed. 55, 5400-
5413 (2016).

J. Ho et al., Chloroform as a Hydrogen Atom Donor in Barton Reductive
Decarboxylation Reactions. The Journal of Organic Chemistry 78, 6677-6687 (2013).

R. T. Skodje, D. G. Truhlar, B. C. Garrett, A general small-curvature approximation for
transition-state-theory transmission coefficients. The Journal of Physical Chemistry 85,
3019-3023 (1981).

S. H. Bae et al., Tunneling Controls the Reaction Pathway in the Deformylation of
Aldehydes by a Nonheme Iron(III)-Hydroperoxo Complex: Hydrogen Atom Abstraction
versus Nucleophilic Addition. Journal of the American Chemical Society 141, 7675-7679
(2019).

12



10

15

20

25

30

35

40

45

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

B. Schweitzer-Chaput, M. A. Horwitz, E. de Pedro Beato, P. Melchiorre, Photochemical
generation of radicals from alkyl electrophiles using a nucleophilic organic catalyst.
Nature Chemistry 11, 129-135 (2019).

M. Newcomb, S. U. Park, N-Hydroxypyridine-2-thione esters as radical precursors in
kinetic studies. Measurements of rate constants for hydrogen-atom-abstraction reactions.
Journal of the American Chemical Society 108, 4132-4134 (1986).

Z.]. Song, J. Qi, M. H. Emmert, J. Wang, X. Yang, D. Xiao, Two Scalable Syntheses of
3-(Trifluoromethyl)cyclobutane-1-carboxylic Acid. Organic Process Research &
Development 25, 82-88 (2021).

L. Sanchez-Abella, S. Fernandez, N. Armesto, M. Ferrero, V. Gotor, Novel and Efficient
Syntheses of (—)-Methyl 4-epi-Shikimate and 4,5-Epoxy-Quinic and -Shikimic Acid
Derivatives as Key Precursors to Prepare New Analogues. The Journal of Organic
Chemistry 71, 5396-5399 (2006).

M. Brauns, N. Cramer, Efficient Kinetic Resolution of Sulfur-Stereogenic Sulfoximines
by Exploiting CpXRhlII-Catalyzed C—H Functionalization. Angewandte Chemie
International Edition 58, 8902-8906 (2019).

F. W. Friese, A. Studer, Deoxygenative Borylation of Secondary and Tertiary Alcohols.
Angewandte Chemie International Edition 58, 9561-9564 (2019).

R. Robles, I. Izquierdo, C. Rodriguez, M. a. T. Plaza, A. J. Mota, L. s. Alvarez de
Cienfuegos, Synthesis of nucleosides from 4-methylidenefuranoses: a non-classical
electrophilic addition. Tetrahedron: Asymmetry 13, 399-405 (2002).

L. Caiger, C. Sinton, T. Constantin, J. J. Douglas, N. S. Sheikh, F. Julia, D. Leonori,
Radical hydroxymethylation of alkyl iodides using formaldehyde as a C1 synthon.
Chemical Science 12, 10448-10454 (2021).

A. M. Arnold, A. Pothig, M. Drees, T. Gulder, NXS, Morpholine, and HFIP: The Ideal
Combination for Biomimetic Haliranium-Induced Polyene Cyclizations. Journal of the
American Chemical Society 140, 4344-4353 (2018).

H. Zhao, A. J. McMillan, T. Constantin, R. C. Mykura, F. Julia, D. Leonori, Merging
Halogen-Atom Transfer (XAT) and Cobalt Catalysis to Override E2-Selectivity in the
Elimination of Alkyl Halides: A Mild Route toward contra-Thermodynamic Olefins.
Journal of the American Chemical Society 143, 14806-14813 (2021).

A.J. McMillan, M. Sienkowska, P. Di Lorenzo, G. K. Gransbury, N. F. Chilton, M.
Salamone, A. Ruffoni, M. Bietti, D. Leonori, Practical and Selective sp3 C—H Bond
Chlorination via Aminium Radicals. Angewandte Chemie International Edition 60, 7132-
7139 (2021).

B. G. Pasupuleti, K. Khongsti, B. Das, G. Bez, 1,2,3-Triazole tethered 1,2,4-trioxanes:
Studies on their synthesis and effect on osteopontin expression in MDA-MB-435 breast
cancer cells. European Journal of Medicinal Chemistry 186, 111908 (2020).

T. Suzuki, Y. Ota, M. Ri, M. Bando, A. Gotoh, Y. Itoh, H. Tsumoto, P. R. Tatum, T.
Mizukami, H. Nakagawa, S. lida, R. Ueda, K. Shirahige, N. Miyata, Rapid Discovery of
Highly Potent and Selective Inhibitors of Histone Deacetylase 8 Using Click Chemistry
to Generate Candidate Libraries. Journal of Medicinal Chemistry 55, 9562-9575 (2012).
X. Zhang, B. Lin, J. Chen, J. Chen, Y. Luo, Y. Xia, Synthesis of Sulfimides and N-Allyl-
N-(thio)amides by Ru(I)-Catalyzed Nitrene Transfer Reactions of N-Acyloxyamides.
Organic Letters 23, 819-825 (2021).

13



10

15

20

25

30

35

40

45

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

E. Taskinen, Thermodynamic, spectroscopic, and density functional theory studies of
allyl aryl and prop-1-enyl aryl ethers. Part 1. Thermodynamic data of isomerization.
Journal of the Chemical Society, Perkin Transactions 2, 1824-1834 (2001).

S. H. Kyne, C. Lévéque, S. Zheng, L. Fensterbank, A. Jutand, C. Ollivier, Iron(II)
catalyzed reductive radical cyclization reactions of bromoacetals in the presence of
NaBH4: optimization studies and mechanistic insights. Tetrahedron 72, 7727-7737
(2016).

L. Chenneberg, A. Baralle, M. Daniel, L. Fensterbank, J.-P. Goddard, C. Ollivier, Visible
Light Photocatalytic Reduction of O-Thiocarbamates: Development of a Tin-Free
Barton—McCombie Deoxygenation Reaction. Adv. Synth. Catal. 356, 2756-2762 (2014).
M. Diaz, M. Ferrero, S. Fernandez, V. Gotor, 6-s-cis Locked Analogues of the Steroid
Hormone 1a,25-Dihydroxyvitamin D3. Synthesis of Novel A-Ring Stereoisomeric 1,25-
Dihydroxy-3-epi-19-nor-previtamin D3 Derivatives. The Journal of Organic Chemistry
65, 5647-5652 (2000).

C. G. Na, D. Ravellj, E. J. Alexanian, Direct Decarboxylative Functionalization of
Carboxylic Acids via O—H Hydrogen Atom Transfer. Journal of the American Chemical
Society 142, 44-49 (2020).

J. S. Mugridge, R. G. Bergman, K. N. Raymond, Does Size Really Matter? The Steric
Isotope Effect in a Supramolecular Host—Guest Exchange Reaction. Angewandte Chemie
International Edition 49, 3635-3637 (2010).

N. J. Taylor, E. Emer, S. Preshlock, M. Schedler, M. Tredwell, S. Verhoog, J. Mercier, C.
Genicot, V. Gouverneur, Derisking the Cu-Mediated 18F-Fluorination of Heterocyclic
Positron Emission Tomography Radioligands. Journal of the American Chemical Society
139, 8267-8276 (2017).

Z.Yan, X.-A. Yuan, Y. Zhao, C. Zhu, J. Xie, Selective Hydroarylation of 1,3-Diynes
Using a Dimeric Manganese Catalyst: Modular Synthesis of Z-Enynes. Angewandte
Chemie International Edition 57, 12906-12910 (2018).

P. P. Chandrachud, L. Wojtas, J. M. Lopchuk, Decarboxylative Amination: Diazirines as
Single and Double Electrophilic Nitrogen Transfer Reagents. Journal of the American
Chemical Society 142, 21743-21750 (2020).

A. Millet, P. Larini, E. Clot, O. Baudoin, Ligand-controlled B-selective C(sp3)-H
arylation of N-Boc-piperidines. Chemical Science 4, 2241-2247 (2013).

J. D. Nguyen, B. ReiB, C. Dai, C. R. J. Stephenson, Batch to flow deoxygenation using
visible light photoredox catalysis. Chemical Communications 49, 4352-4354 (2013).

E. Speckmeier, M. Klimkait, K. Zeitler, Unlocking the Potential of Phenacyl Protecting
Groups: CO2-Based Formation and Photocatalytic Release of Caged Amines. The
Journal of Organic Chemistry 83, 3738-3745 (2018).

K.-P. Shing, Y. Liu, B. Cao, X.-Y. Chang, T. You, C.-M. Che, N-Heterocyclic Carbene
Iron(IIT) Porphyrin-Catalyzed Intramolecular C(sp3)-H Amination of Alkyl Azides.
Angewandte Chemie International Edition 57, 11947-11951 (2018).

J. A. Davy, J. W. Mason, B. Moreau, J. E. Wulff, Xanthates as Synthetic Equivalents of
Oxyacyl Radicals: Access to Lactones under Tin-Free Conditions. The Journal of
Organic Chemistry 77, 6332-6339 (2012).

Z. Wang, Y. Kuninobu, M. Kanai, Molybdenum-Mediated Desulfurization of Thiols and
Disulfides. Synlett 25, 1869-1872 (2014).

14



10

15

20

25

30

35

40

77.

78.

79.

80.

81.

82.

&3.

&4.

85.

86.

87.

88.

&9.

90.

91.

92.

T. Fukuyama, Y. Fujita, H. Miyoshi, I. Ryu, S.-C. Kao, Y.-K. Wu, Electron transfer-
induced reduction of organic halides with amines. Chem. Commun. 54, 5582-5585
(2018).

T. Furukawa, M. Tobisu, N. Chatani, Nickel-catalyzed borylation of arenes and indoles
via C—H bond cleavage. Chemical Communications 51, 6508-6511 (2015).

L. Zhao, C. Hu, X. Cong, G. Deng, L. L. Liu, M. Luo, X. Zeng, Cyclic
(Alkyl)(amino)carbene Ligand-Promoted Nitro Deoxygenative Hydroboration with
Chromium Catalysis: Scope, Mechanism, and Applications. Journal of the American
Chemical Society 143, 1618-1629 (2021).

J.-A. Jiang, J.-L. Du, Z.-G. Wang, Z.-N. Zhang, X. Xu, G.-L. Zheng, Y.-F. Ji, Practical
Cu(OACc)2/TEMPO-catalyzed selective aerobic alcohol oxidation under ambient
conditions in aqueous acetonitrile. Tetrahedron Letters 55, 1677-1681 (2014).

T. Utsumi, K. Noda, D. Kawauchi, H. Ueda, H. Tokuyama, Nitrile Synthesis by Aerobic
Oxidation of Primary Amines and in situ Generated Imines from Aldehydes and
Ammonium Salt with Grubbs Catalyst. Advanced Synthesis & Catalysis 362, 3583-3588
(2020).

S. Estopifia-Durén, L. J. Donnelly, E. B. McLean, B. M. Hockin, A. M. Z. Slawin, J. E.
Taylor, Aryl Boronic Acid Catalysed Dehydrative Substitution of Benzylic Alcohols for
C-0O Bond Formation. Chemistry — A European Journal 25, 3950-3956 (2019).

W. Mazumdar, N. Jana, B. T. Thurman, D. J. Wink, T. G. Driver, Rh2(II)-Catalyzed
Ring Expansion of Cyclobutanol-Substituted Aryl Azides To Access Medium-Sized N-
Heterocycles. Journal of the American Chemical Society 139, 5031-5034 (2017).

S. Imai, H. Togo, Synthetic utility of iodic acid in the oxidation of benzylic alcohols to
aromatic aldehydes and ketones. Tetrahedron 72, 6948-6954 (2016).

J. A. Law, N. M. Bartfield, J. H. Frederich, Site-Specific Alkene Hydromethylation via
Protonolysis of Titanacyclobutanes. Angewandte Chemie International Edition 60,
14360-14364 (2021).

K. B. Wiberg, S. T. Waddell, Reactions of [1.1.1]propellane. Journal of the American
Chemical Society 112,2194-2216 (1990).

K. L. Erickson, J. Markstein, K. Kim, Base-induced reactions of methylenecyclobutane
derivatives. The Journal of Organic Chemistry 36, 1024-1030 (1971).

V. Kanchupalli, D. Joseph, S. Katukojvala, Pyridazine N-Oxides as Precursors of
Metallocarbenes: Rhodium-Catalyzed Transannulation with Pyrroles. Organic Letters 17,
5878-5881 (2015).

B. R. Brutiu, I. Klose, N. Maulide, Facile C—S Bond Cleavage of Aryl Sulfoxides
Promoted by Brensted Acid. Synlett 32, 488-490 (2021).

M. Kelada, J. M. D. Walsh, R. W. Devine, P. McArdle, J. C. Stephens, Synthesis of
pyrazolopyrimidinones using a “one-pot” approach under microwave irradiation.
Beilstein Journal of Organic Chemistry 14, 1222-1228 (2018).

C.J. McElhinny Jr, F. I. Carroll, A. H. Lewin, A Practical, Laboratory-Scale Synthesis of
Perampanel. Synthesis 44, 57-62 (2012).

A. L. E. Larsson, R. G. P. Gatti, J.-E. Bickvall, Synthesis of chiral and achiral analogues
of ambroxol via palladium-catalysed reactions. Journal of the Chemical Society, Perkin
Transactions 1, 2873-2877 (1997).

15



10

15

20

25

30

35

40

45

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

D. M. Hodgson, C. L. Mortimer, J. M. McKenna, Amine Protection/a-Activation with the
tert-Butoxythiocarbonyl Group: Application to Azetidine Lithiation—Electrophilic
Substitution. Organic Letters 17, 330-333 (2015).

Y. B. Bhujabal, K. S. Vadagaonkar, A. Gholap, Y. S. Sanghvi, R. Dandela, A. R. Kapdi,
HFIP Promoted Low-Temperature SNAr of Chloroheteroarenes Using Thiols and
Amines. The Journal of Organic Chemistry 84, 15343-15354 (2019).

H. Wang, X. Sun, S. Zhang, G. Liu, C. Wang, L. Zhu, H. Zhang, Efficient Copper-
Catalyzed Synthesis of Substituted Pyrazoles at Room Temperature. Synlett 29, 2689-
2692 (2018).

X. Jiang, J. Zhang, S. Ma, Iron Catalysis for Room-Temperature Aerobic Oxidation of
Alcohols to Carboxylic Acids. Journal of the American Chemical Society 138, 8344-8347
(2016).

B.1. Yoo, Y.J. Kim, Y. You, J. W. Yang, S. W. Kim, Birch Reduction of Aromatic
Compounds by Inorganic Electride [Ca2N]++e— in an Alcoholic Solvent: An Analogue of
Solvated Electrons. The Journal of Organic Chemistry 83, 13847-13853 (2018).

A. Kodimuthali, A. Mungara, P. L. Prasunambab, M. Pal, A Simple Synthesis of
Aminopyridines: Use of Amides as Amine Source. Journal of the Brazilian Chemical
Society 21, 1439-1445 (2010).

H. Serizawa, K. Aikawa, K. Mikami, Direct Synthesis of a Trifluoromethyl Copper
Reagent from Trifluoromethyl Ketones: Application to Trifluoromethylation. Chemistry
— A European Journal 19, 17692-17697 (2013).

W.M.J. Ma, T. D. James, J. M. J. Williams, Synthesis of Amines with Pendant Boronic
Esters by Borrowing Hydrogen Catalysis. Organic Letters 15, 4850-4853 (2013).

A. Vallone, S. D'Alessandro, S. Brogi, M. Brindisi, G. Chemi, G. Alfano, S. Lamponi, S.
G. Lee, J. M. Jez, K. J. M. Koolen, K. J. Dechering, S. Saponara, F. Fusi, B. Gorelli, D.
Taramelli, S. Parapini, R. Caldelari, G. Campiani, S. Gemma, S. Butini, Antimalarial
agents against both sexual and asexual parasites stages: structure-activity relationships
and biological studies of the Malaria Box compound 1-[5-(4-bromo-2-
chlorophenyl)furan-2-yl]-N-[(piperidin-4-yl)methylJmethanamine (MMV019918) and
analogues. European Journal of Medicinal Chemistry 150, 698-718 (2018).

T. Saito, S. Yagai, Hierarchical self-assembly of an azobenzene dyad with inverted amide
connection into toroidal and tubular nanostructures. Organic & Biomolecular Chemistry
18, 3996-3999 (2020).

Y.-D. Du, B.-H. Chen, W. Shu, Direct Access to Primary Amines from Alkenes by
Selective Metal-Free Hydroamination. Angewandte Chemie International Edition 60,
9875-9880 (2021).

A. V. Tymtsunik, V. A. Bilenko, Y. M. Ivon, O. O. Grygorenko, I. V. Komarov,
Synthesis of a novel Boc-protected cyclopropane-modified proline analogue.
Tetrahedron Letters 53, 3847-3849 (2012).

S.-H. Ueng, M. Makhlouf Brahmi, E. Derat, L. Fensterbank, E. Lacote, M. Malacria, D.
P. Curran, Complexes of Borane and N-Heterocyclic Carbenes: A New Class of Radical
Hydrogen Atom Donor. Journal of the American Chemical Society 130, 10082-10083
(2008).

A. Ttoh, E. Yamaguchi, Y. Goto, Synthesis of Indolines via a Photocatalytic
Intramolecular Reductive Cyclization Reaction. Heterocycles 101, 177 (2020).

16



10

15

20

25

30

35

40

45

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

J. Pelletier, S. Olivero, E. Dufiach, Nickel - Catalyzed Electrochemical Synthesis of
Dihydro - Benzo[b]thiophene Derivatives. Synthetic Communications 34, 3343-3348
(2004).

Y. Yoshimi, H. Kanai, K. Nishikawa, Y. Ohta, Y. Okita, K. Maeda, T. Morita, Electron
transfer promoted photochemical reductive radical cyclization reactions of allyl 2-
bromoaryl ethers. Tetrahedron Letters 54, 2419-2422 (2013).

J. Wu, P. S. Grant, X. Li, A. Noble, V. K. Aggarwal, Catalyst-Free Deaminative
Functionalizations of Primary Amines by Photoinduced Single-Electron Transfer.
Angewandte Chemie International Edition 58, 5697-5701 (2019).

T. Shen, T. Wang, C. Qin, N. Jiao, Silver-Catalyzed Nitrogenation of Alkynes: A Direct
Approach to Nitriles through CJC Bond Cleavage. Angewandte Chemie International
Edition 52, 6677-6680 (2013).

K. Matsuo, M. Kuriyama, K. Yamamoto, Y. Demizu, K. Nishida, O. Onomura, Nickel-
Catalyzed Hydrodeoxygenation of Aryl Sulfamates with Alcohols as Mild Reducing
Agents. Synthesis 53, 4449-4460 (2021).

Y.-R. Luo, Handbook of Bond Dissociation Energies in Organic Compounds (1st ed.).
(CRC Press, Boca Raton, 2002).

M. Newcomb, S. U. Park, N-Hydroxypyridine-2-thione esters as radical precursors in
kinetic studies. Measurements of rate constants for hydrogen-atom-abstraction reactions.
Journal of the American Chemical Society 108, 4132-4134 (1986).

L. V. Jackson, J. C. Walton, Homolytic dissociation of 1-substituted cyclohexa-2,5-
diene-1-carboxylic acids: an EPR spectroscopic study of chain propagation. Journal of
the Chemical Society, Perkin Transactions 2, 1758-1764 (2001).

G. Binmore, J. C. Walton, L. Cardellini, Radical-chain decomposition of cyclohexa-1,4-
diene-3-carboxylates and 2,5-dihydrofuran-2-carboxylates. Journal of the Chemical
Society, Chemical Communications, 27-28 (1995).

J. C. Walton, A. Studer, Evolution of Functional Cyclohexadiene-Based Synthetic
Reagents: The Importance of Becoming Aromatic. Accounts of Chemical Research 38,
794-802 (2005).

A. Studer, S. Amrein, Silylated Cyclohexadienes: New Alternatives to Tributyltin
Hydride in Free Radical Chemistry. Angewandte Chemie International Edition 39, 3080-
3082 (2000).

J. Mortensen, J. Heinze, The Electrochemical Reduction of Benzene—First Direct
Determination of the Reduction Potential. Angewandte Chemie International Edition in
English 23, 84-85 (1984).

S. E. Vaillard, A. Postigo, R. A. Rossi, Fast Tin-Free Hydrodehalogenation and
Reductive Radical Cyclization Reactions: A New Reduction Process. The Journal of
Organic Chemistry 69, 2037-2041 (2004).

J. A. Bell, E. Grunwald, E. Hayon, Kinetics of deprotonation of organic free radicals in
water. Reaction of glycolate (HOCHCO2-), (HOCHCONH2), and (HOCCH3CONH?2)
with various bases. Journal of the American Chemical Society 97,2995-3000 (1975).
T. Hokamp, A. Dewanji, M. Liibbesmeyer, C. Miick-Lichtenfeld, E.-U. Wiirthwein, A.
Studer, Radical Hydrodehalogenation of Aryl Bromides and Chlorides with Sodium
Hydride and 1,4-Dioxane. Angewandte Chemie International Edition 56, 13275-13278
(2017).

17



10

15

20

25

30

35

40

45

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

H. Olivier, Y. Chauvin, L. Saussine, Reduction of aromatic ketones by some rare earth
metals in ether: Reversibility of the reduction steps. Tetrahedron 45, 165-169 (1989).

C. M. Hendy, G. C. Smith, Z. Xu, T. Lian, N. T. Jui, Radical Chain Reduction via Carbon
Dioxide Radical Anion (CO2e-). Journal of the American Chemical Society 143, 8987-
8992 (2021).

I. A. MacKenzie, L. Wang, N. P. R. Onuska, O. F. Williams, K. Begam, A. M. Moran, B.
D. Dunietz, D. A. Nicewicz, Discovery and characterization of an acridine radical
photoreductant. Nature 580, 76-80 (2020).

A. F. Chmiel, O. P. Williams, C. P. Chernowsky, C. S. Yeung, Z. K. Wickens, Non-
innocent Radical Ion Intermediates in Photoredox Catalysis: Parallel Reduction Modes
Enable Coupling of Diverse Aryl Chlorides. Journal of the American Chemical Society
143, 10882-10889 (2021).

R. Ishimatsu, S. Matsunami, K. Shizu, C. Adachi, K. Nakano, T. Imato, Solvent Effect on
Thermally Activated Delayed Fluorescence by 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene. The Journal of Physical Chemistry A 117, 5607-5612 (2013).

D. M. Arias-Rotondo, J. K. McCusker, The photophysics of photoredox catalysis: a
roadmap for catalyst design. Chemical Society Reviews 45, 5803-5820 (2016).

V. V. Pavlishchuk, A. W. Addison, Conversion constants for redox potentials measured
versus different reference electrodes in acetonitrile solutions at 25°C. Inorganica
Chimica Acta 298, 97-102 (2000).

H. G. Roth, N. A. Romero, D. A. Nicewicz, Experimental and Calculated
Electrochemical Potentials of Common Organic Molecules for Applications to Single-
Electron Redox Chemistry. Synlett 27, 714-723 (2016).

E. D. Nacsa, D. W. C. MacMillan, Spin-Center Shift-Enabled Direct Enantioselective a-
Benzylation of Aldehydes with Alcohols. Journal of the American Chemical Society 140,
3322-3330 (2018).

H. J. Kuhn, S. E. Braslavsky, R. Schmidt, Chemical actinometry (IUPAC Technical
Report). Pure and Applied Chemistry 76, 2105-2146 (2004).

B. G. Stevenson, E. H. Spielvogel, E. A. Loiaconi, V. M. Wambua, R. V. Nakhamiyayev,
J. R. Swierk, Mechanistic Investigations of an a-Aminoarylation Photoredox Reaction.
Journal of the American Chemical Society 143, 8878-8885 (2021).

T. Constantin, F. Julia, N. S. Sheikh, D. Leonori, A case of chain propagation: a-
aminoalkyl radicals as initiators for aryl radical chemistry. Chemical Science 11, 12822-
12828 (2020).

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V.
Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V.
Ortiz, A. F. Izmaylov, J. L. Sonnenberg, Williams, F. Ding, F. Lipparini, F. Egidi, J.
Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N.
Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M.
Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A.
Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K.
N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A.
P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C.
Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B.
Foresman, D. J. Fox, Gaussian 16 Rev. C.01. (Wallingford, CT, 2016).

18



10

15

20

25

30

35

40

45

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Y. Zhao, D. G. Truhlar, The M06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and
transition elements: two new functionals and systematic testing of four M06-class
functionals and 12 other functionals. Theoretical Chemistry Accounts 120, 215-241
(2008).

F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and
quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Physical
Chemistry Chemical Physics 7, 3297-3305 (2005).

A. V. Marenich, C. J. Cramer, D. G. Truhlar, Universal Solvation Model Based on Solute
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk
Dielectric Constant and Atomic Surface Tensions. The Journal of Physical Chemistry B
113, 6378-6396 (2009).

S. Grimme, Supramolecular Binding Thermodynamics by Dispersion-Corrected Density
Functional Theory. Chemistry — A European Journal 18, 9955-9964 (2012).

G. Luchini, J. V. Aledre-Requena, Y. Guan, I. Funes-Ardoiz, R. S. Paton, GoodVibes
v3.0.1 (2019).

C. Y. Legault, CYLview, 1.0b. (2009).

J. L. Bao, D. G. Truhlar, Variational transition state theory: theoretical framework and
recent developments. Chemical Society Reviews 46, 7548-7596 (2017).

E. P. Wigner, in Part I: Physical Chemistry. Part II: Solid State Physics, A. S.
Wightman, Ed. (Springer Berlin Heidelberg, Berlin, Heidelberg, 1997), pp. 96-109.

A. Kuppermann, D. G. Truhlar, Exact tunneling calculations. Journal of the American
Chemical Society 93, 1840-1851 (1971).

B. C. Garrett, N. Abusalbi, D. J. Kouri, D. G. Truhlar, Test of variational transition state
theory and the least - action approximation for multidimensional tunneling probabilities
against accurate quantal rate constants for a collinear reaction involving tunneling into an
excited state. The Journal of Chemical Physics 83, 2252-2258 (1985).

J. Zheng, S. Zhang, B. J. Lynch, J. C. Corchado, Y.-Y. Chuang, P. L. Fast, W.-P. Hu, Y .-
P. Liu, G. C. Lynch, K. A. Nguyen, C. F. Jackels, A. F. Ramos, B. A. Ellingson, V. S.
Melissas, J. Villa, 1. Rossi, E. L. Coitino, J. Pu, T. V. Albu, R. Steckler, B. C. Garrett, A.
D. Isaacson, D. G. Truhlar, POLYRATE, Version 2010-A. (University of Minnesota:
Minneapolis, MN, 2010).

J. Zheng, S. Zhang, J. C. Corchado, Y.-Y. Chuang, E. L. Coitifio, B. A. Ellingson, D. G.
Truhlar, GAUSSRATE, Version 2009-A. (University of Minnesota: Minneapolis, MN,
2009).

I. M. Alecu, J. Zheng, Y. Zhao, D. G. Truhlar, Computational Thermochemistry: Scale
Factor Databases and Scale Factors for Vibrational Frequencies Obtained from Electronic
Model Chemistries. Journal of Chemical Theory and Computation 6, 2872-2887 (2010).
M. Page, J. W. M. Jr., On evaluating the reaction path Hamiltonian. The Journal of
Chemical Physics 88, 922-935 (1988).

L. G. Gao, D. G. Fleming, D. G. Truhlar, X. Xu, Large Anharmonic Effects on Tunneling
and Kinetics: Reaction of Propane with Muonium. The Journal of Physical Chemistry
Letters 12, 4154-4159 (2021).

J. A. Sanson, M.-L. Sénchez, J. C. Corchado, Importance of Anharmonicity, Recrossing
Effects, and Quantum Mechanical Tunneling in Transition State Theory with

19



10

15

20

25

30

35

40

45

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Semiclassical Tunneling. A Test Case: The H2 + Cl Hydrogen Abstraction Reaction. 7The
Journal of Physical Chemistry A 110, 589-599 (2006).

A. D. Becke, Density - functional thermochemistry. III. The role of exact exchange. The
Journal of Chemical Physics 98, 5648-5652 (1993).

C. Lee, W. Yang, R. G. Parr, Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density. Physical Review B 37, 785-789 (1988).
S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. The Journal of Chemical Physics 132, 154104 (2010).

C. Adamo, V. Barone, Toward reliable density functional methods without adjustable
parameters: The PBEO model. The Journal of Chemical Physics 110, 6158-6170 (1999).
J. Tao, J. P. Perdew, V. N. Staroverov, G. E. Scuseria, Climbing the Density Functional
Ladder: Nonempirical Meta--Generalized Gradient Approximation Designed for
Molecules and Solids. Physical Review Letters 91, 146401 (2003).

V. N. Staroverov, G. E. Scuseria, J. Tao, J. P. Perdew, Comparative assessment of a new
nonempirical density functional: Molecules and hydrogen-bonded complexes. The
Journal of Chemical Physics 119, 12129-12137 (2003).

J.-D. Chai, M. Head-Gordon, Systematic optimization of long-range corrected hybrid
density functionals. The Journal of Chemical Physics 128, 084106 (2008).

J.-D. Chai, M. Head-Gordon, Long-range corrected hybrid density functionals with
damped atom—atom dispersion corrections. Physical Chemistry Chemical Physics 10,
6615-6620 (2008).

W. J. Hehre, R. Ditchfield, J. A. Pople, Self—Consistent Molecular Orbital Methods.
XII. Further Extensions of Gaussian—Type Basis Sets for Use in Molecular Orbital
Studies of Organic Molecules. The Journal of Chemical Physics 56, 2257-2261 (1972).
P. C. Hariharan, J. A. Pople, The influence of polarization functions on molecular orbital
hydrogenation energies. Theoretica chimica acta 28, 213-222 (1973).

R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, Self - consistent molecular orbital
methods. XX. A basis set for correlated wave functions. The Journal of Chemical Physics
72, 650-654 (1980).

F. Neese, E. F. Valeev, Revisiting the Atomic Natural Orbital Approach for Basis Sets:
Robust Systematic Basis Sets for Explicitly Correlated and Conventional Correlated ab
initio Methods? Journal of Chemical Theory and Computation 7, 33-43 (2011).

M. Saitow, U. Becker, C. Riplinger, E. F. Valeev, F. Neese, A new near-linear scaling,
efficient and accurate, open-shell domain-based local pair natural orbital coupled cluster
singles and doubles theory. The Journal of Chemical Physics 146, 164105 (2017).

A. Altun, F. Neese, G. Bistoni, Local energy decomposition analysis of hydrogen-bonded
dimers within a domain-based pair natural orbital coupled cluster study. Beilstein J. Org.
Chem. 14, 919-929 (2018).

X. Li, X. You, C. K. Law, D. G. Truhlar, Kinetics and branching fractions of the
hydrogen abstraction reaction from methyl butenoates by H atoms. Physical Chemistry
Chemical Physics 19, 16563-16575 (2017).

J. Wu, L. G. Gao, H. Ning, W. Ren, D. G. Truhlar, Direct dynamics of a large complex
hydrocarbon reaction system: The reaction of OH with exo-tricyclodecane (the main
component of Jet Propellant-10). Combustion and Flame 216, 82-91 (2020).



10

15

20

25

30

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

K. Jana, B. Ganguly, DFT studies on quantum mechanical tunneling in tautomerization of
three-membered rings. Physical Chemistry Chemical Physics 20, 28049-28058 (2018).
Y. Zhang, J. B. Rommel, M. T. Cvitas, S. C. Althorpe, Shallow-tunnelling correction
factor for use with Wigner—Eyring transition-state theory. Physical Chemistry Chemical
Physics 16, 24292-24300 (2014).

T. V. Albu, B. J. Lynch, D. G. Truhlar, A. C. Goren, D. A. Hrovat, W. T. Borden, R. A.
Moss, Dynamics of 1,2-Hydrogen Migration in Carbenes and Ring Expansion in
Cyclopropylcarbenes. The Journal of Physical Chemistry A 106, 5323-5338 (2002).

L. Cheng, C. Doubleday, R. Breslow, Evidence for tunneling in base-catalyzed
isomerization of glyceraldehyde to dihydroxyacetone by hydride shift under formose
conditions. Proceedings of the National Academy of Sciences 112, 4218-4220 (2015).

T. Yanai, D. P. Tew, N. C. Handy, A new hybrid exchange—correlation functional using
the Coulomb-attenuating method (CAM-B3LYP). Chemical Physics Letters 393, 51-57
(2004).

T. Clark, J. Chandrasekhar, G. W. Spitznagel, P. V. R. Schleyer, Efficient diffuse
function-augmented basis sets for anion calculations. III. The 3-21+G basis set for first-
row elements, Li—F. Journal of Computational Chemistry 4, 294-301 (1983).

J. Tomasi, B. Mennucci, R. Cammi, Quantum Mechanical Continuum Solvation Models.
Chemical Reviews 105, 2999-3094 (2005).

J. C. Walton, Enhanced Proton Loss from Neutral Free Radicals: Toward Carbon-
Centered Superacids. The Journal of Physical Chemistry A 122, 1422-1431 (2018).

B. Thapa, H. B. Schlegel, Density Functional Theory Calculation of pKa’s of Thiols in
Aqueous Solution Using Explicit Water Molecules and the Polarizable Continuum
Model. The Journal of Physical Chemistry A 120, 5726-5735 (2016).

K. Shen, Y. Fu, J.-N. Li, L. Liu, Q.-X. Guo, What are the pKa values of C—H bonds in
aromatic heterocyclic compounds in DMSO? Tetrahedron 63, 1568-1576 (2007).

F. Eckert, I. Leito, I. Kaljurand, A. Kiitt, A. Klamt, M. Diedenhofen, Prediction of acidity
in acetonitrile solution with COSMO-RS. Journal of Computational Chemistry 30, 799-
810 (2009).



