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ABSTRACT: Y—H bond functionalization has always been the focus of M Thermodynamics of X' acting as H-abstractors

research interest in the area of organic synthesis. Direct hydrogen atom
transfer (HAT) from the Y—H bond is one of the most efficient and
practical methods to activate the Y—H bond. Recently, nitrogen centered
radical cations were broadly utilized as H-abstraction catalysts to activate

cor
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Y—H bonds via the HAT process. As a type of HAT catalyst, the H- XH*

affinity of nitrogen centered radical cations is a significant thermodynamic
parameter to quantitatively evaluate the thermodynamic H-abstraction
potentials of nitrogen centered radical cations. In this work, the pK,

AGHA(X™) = AGEr(X™*/H’) + AGpa(X) TPT

values of 120 protonated N-containing compounds in acetonitrile (AN)

are predicted, and the H-affinities of 120 nitrogen centered radical cations ET > @ + Egj

in AN are derived from the reduction potentials of nitrogen centered

X

radical cations and pK, of protonated N-containing compounds using
Hess’ law. This work focuses on the H-abstraction abilities of 120 nitrogen centered radical cations in AN to enrich the molecule
library of novel HAT catalysts or H-abstractors and provides valuable thermodynamic guidelines for the application of nitrogen

centered radical cations in Y—H bond functionalization.

1. INTRODUCTION

Y—H bond functionalization,"” especially for a C—H bond,*°
has always been the focus of research interest in the area of
organic synthesis. Many synthetic strategies were developed to
activate a Y—H bond into Y*®, such as Y—H activation by metal
catalysts,”~” H-abstraction by hydrogen atom transfer (HAT)
catalysts'’'® or oxidative multisite proton-coupling electron
transfer (ET) (MS-PCET) reagents,'’ >’ etc. Among so many
activation methods, direct HAT from the Y—H bond is one of
the most efficient and practical methods, in which HAT is one
of the key steps in a wide variety of Y—H functionalization
reactions. ~'® Recently, nitrogen centered radical cations
(X**) were broadly applied as H-abstraction reagents to
activate the Y—H bond via the HAT process.””~'>**~* A
typical reaction mechanism of the triple catalytic radical
reactions involving X** acting as HAT catalysts is shown in
Scheme 1.7~

From Scheme 1, it is clear that X*¥, generated from the
single electron transfer between excited photocatalyst (*PC)
and nitrogen containing substrate X (*PC + X — PC*™ + X**),
are potential HAT catalysts in Y—H bond functionalization,
and one of the key elementary steps is the HAT from Y—H
bond to X** producing the Y*. The reactive Y* experiences
following radical addition or substitution processes.”” > In
practice, Et;N** (15°*),>*™* quinuclidine radical cation (1-
azabicyclo[2.2.2]octane radical cation, ABCO®* or 21°%),”" 7
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DABCO®* (1,4-diazabicyclo[2.2.2]octane radical cation,
23°),°"* aniline radical cation (26°*),"”*' and pyridine
radical cation (70°*)**** were often reported as HAT catalysts
or H-abstractors in chemical reactions (Scheme 1).
Therefore, as a type of efficient HAT catalyst or H-
abstractor, the hydrogen atom affinity (H-affinity) of X** is a
significant thermodynamic parameter to quantitatively measure
the thermodynamic H-abstraction reactivity of an X*" and
provide valuable guidelines for the application of X** in Y-—H
bond functionalization.”” ™ It is well-known that nitrogen
centered radical cations (X**) are highly active intermediates.
Considering the stability, possible side effects, and resulting
concentration of X*, the H-affinities of X** could not be
directly measured by isothermal titration calorimetry or other
bond energy measurement methods. In this work, the pK,
values of 120 XH* (protonated N-containing compounds) in
AN are predicted, and the H-affinities of 120 X** are derived
from the reduction potentials of X** and pK, of XH*
employing Hess” law by constructing a thermodynamic
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Scheme 1. Mechanism for the Triple Catalytic Radical Reactions Involving X** Functioning as HAT Catalysts
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cycle.**7*® Moreover, the thermodynamic H-abstraction
properties of 120 X** (Scheme 2) in AN have been discussed
in detail.

It should be noted that this work pays close attention to the
thermodynamic potentials of X** abstracting hydrogen atoms
and discusses the reactions feasibilities based on their
thermodynamic driving forces. The thermodynamic values of
the H-affinities for X** already reflect the steric and electronic
effects from the molecular structures. However, the steric and
electronic factors between X** and Y—H in the transition states
have strong influences on the reactivities or reaction kinetics.
Furthermore, different reactants (X** and Y—H) are involved
in different HAT reactions, the reactivities are different, which
is determined by the thermodynamic driving forces, temper-
ature, solvents, steric effect, electronic effect, etc.'” Among
various effects, thermodynamic driving forces of HAT process
are the important or decisive factor to determine the reaction
rates or reactivities.~ After evaluating the thermodynamic
feasibilities of the HAT process, further kinetic study is
efficient and meaningful. In all, the roles of steric and
electronic effects are not factored into the thermodynamic
analysis and can be considered a drawback of using this type of
analysis; thus, these values can only provide thermodynamic
guidance when considering a HAT catalyst. Therefore, the
thermodynamic values of this work can only give thermody-
namic guidance. The outcomes of catalytic reactions using
such HAT agents are not predictable just based on the
thermodynamic feasibility of the HAT event alone.'” Factors
such as polarity matching and steric hindrance (i.e., kinetic
factor), electrophilicity, structural, and solvent effect of the
HAT agent with its target substrate is also crucial in dictating
reaction success/selectivity, which should be taken into
consideration seriously after choosing a potential HAT agent."”

2. RESULTS AND DISCUSSION

Based on the chemical structures of frequently used nitrogen
centered radical cations in Y—H functionalization, including
Et;N** (15°"),>>™* quinuclidine radical cation (ABCO®* or
21°%),7** DABCO®** (23°%),>°™*° aniline radical cation
(26°*)," N,N,N’,N’-tetramethyl-p-phenylenediamine radical
cation (TMPA®" or 32°%),"' and pyridine radical cation
(70°),"* 120 X** of various structures are collected and
evaluated in this work (Scheme 2). All of the 120 X** can be
divided into four categories (Scheme 3), consisting of the
general amine radical cations (X;**, 1°*—25*"), aromatic amine
radical cations (X,**, 26°"—53°"), aromatic N-heterocycle

radical cations (X;°*, 54°"—83°"), as well as tetra-substituted-
hydrazine radical cations (X,**, 84°*—120°"). It should be
noted that 120 X** are not all centered on the actual nitrogen
atom due to the existence of aromatic rings, such as X,*" and
X;**. Since the final result is that N-centered radical cation
abstracts a hydrogen atom to generate protonated product
(XH"), herein, nitrogen centered radical cations are used to
take the place of radical cations derived from nitrogen-
containing compounds for the convenience of description and
understanding.

2.1. Definitions and Results of H-Affinity of X** in AN.
As for the chemical reaction of X** abstracting a hydrogen
atom, the thermodynamic cycle (step 1—step 2—step 3) is
constructed and shown in Scheme 4.

Step 1 is the chemical process of X*" abstracting a hydrogen
atom to generate XH", X** + H® — XH', and the
thermodynamic H-abstraction ability of step 1 is described
by the H-affinity of X**, which is equal to the corresponding
Gibbs free energy of X°" abstracting a hydrogen atom:
AGHA(X.+).47

Step 2 is the chemical process of ET from H® to X*¥, X** +
H*® — X: + H, and the thermodynamic driving force of step 2
is described by the Gibbs free energy of ET: AGg(X**/H®).
AGg(X**/H*®) could be computed by a combination of the
oxidation potential of H* and the reduction potential of X*7,
E,(H*), and E,4(X**), by eq 2 in Table 1, AGgr(X**/H®) =
FIE,(H®) — E4(X*")]. Among eq 2, E_,(H®) was reported as
—2.307 V versus Fc in AN,** while the E, 4(X**) (V vs Fc) of
120 X** in AN were available from the published
literature*®™>* and displayed in the third column of Table SI.

Step 3 is the chemical process of X (N-containing
compounds) abstracting H" to produce XH*, X + H* —
XH", and the thermodynamic driving force of step 3 is
described by the Gibbs free energy of N-containing
compounds abstracting H* (PA): AGps(X). AGpa(X) could
be calculated by eq 3 in Table 1 using pK,(XH"), AGps(X) =
—1.37pK,(XH"). Herein, the pK, values of 120 XH"' are
predicted using the method developed by Luo and co-workers
in 2020.>® The details of the prediction method are shown in
the Supporting Information. To further verify the accuracy of
predicted pK,(XH") values, the predicted pK,(XH") and the
determined pK,(XH")p values of 24 XH™* in AN are
compared in Table S2, and the differences (ApK,) between
predicted pK,(XH*) and determined pK,(XH"), are calcu-
lated and shown in the last column of Table S2, ApK, =
pK,(XH*) — pK,(XH")p. It is clear that ApK, values range
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Scheme 2. Chemical Structures of Nitrogen Centered Radical Cations (X;** in the Gray Area, X,** in the Light Blue Area, X;**
in the Light Green Area, and X, in the Light Yellow Area) Investigated in this Work, along with the H-Affinities of X** in Red
(kcal/mol), Reduction Potentials of X** in Blue (V vs Fc), and pK, of XH" in Purple in Acetonitrile (AN)
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Scheme 3. Classifications of 120 Nitrogen Centered Radical Cations

Nitrogen-containing radical cations

X;*: General amine radical cations

X5*: Aromatic amine radical cations

X3*: Aromatic N-heterocycle radical cations
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Scheme 4. Thermodynamic Cycle Constructed According to
the Chemical Reaction of X** Abstracting Hydrogen Atoms

e @
AGHA(X™) = AGET(X™*/H') + AGpa(X)
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According to the thermodynamic cycle (step 1—step 2—step
3) from Scheme 4, AGy,(X*") values are derived from
AGgr(X**/H*®) and AGps(X) by eq 1 of Table 1 using Hess’
law, "% AGuA(X™) = AGp(X**/H®) + AGpa(X). The
reduction potential experiments are carried out in lab by
cyclic voltammetry or Osteryoung square wave voltammetry in
AN, and the reproducibility of E,.4(X"*) is 5 mV.**™>* Since
the absolute error for pK,(XH") prediction of 120 XH" is
estimated within +1.0 pK,, which was verified by the pK,
differences (ApK,) between predicted pK,(XH*) and
determined pK,(XH*) of 24 XH"* in AN (Table S2), and the
reproducibility of determined E,4(X**) in AN is +S5 mV,
according to the definition of AGy,(X**) in eq 1, the absolute
error of AGu,(X®*) values is verified as +1.5 kcal/mol.
AGyA(X*) values of 120 X** in AN are presented in the last
column of Table S1. What is more, the AGy,(X**) values,
E,a(X**) values,"*™>* and pK,(XH") values of 120 X** in AN
are also displayed in Scheme 2.

2.2. X** Are Potential Alternatives of HAT Catalysts or
H-Abstractors. As can be seen from Scheme 2, among 120
X*", 113°" is thermodynamically the weakest H-abstractor,
while 73°" is thermodynamically the strongest H-abstractor.
The H-affinity scale of 120 X°*" ranges from —56.90 kcal/mol
for 113** to —120.34 kcal/mol for 73°, spanning a very large
gap of 63.44 kcal/mol, which indicates that all of the 120 X**
cover from the thermodynamically weak HAT abstractors to
thermodynamically very strong HAT abstractors. To reveal the
underlying relationship between structures and thermody-
namic properties, the H-affinity ranges of X;*"—X,** and the
H-affinities of some characteristic nitrogen centered radical
cations (X**) in AN are summarized in Scheme 5. To
quantitatively evaluate the thermodynamic properties of
nitrogen centered radical cations investigated in this work,
the H-affinities of some common HAT catalysts or reagents in
AN are also collected in Scheme S for better comparison.

Since Et;N** (15**, —88.87 kcal/mol),>*™** ABCO** (21°*,
—95.96 kcal/mol),27_32 DABCO®* (23°", —82.87 kcal/
mol),**™* PhNH,** (26°*, —=81.00 kcal/mol),** Py** (70",
—106.93 kcal/mol),*”*> TEMPO® (—66.5 kcal/mol),””*® PhS®
(—78.3 keal/mol),”" PINO® (—84.8 kcal/mol),””** and ‘BuO*®
(—104.4 kcal/mol)*” are frequently used HAT catalyst or
reagents in Y—H bond functionalization, it is reasonable to
make following judgment criteria. As indicated from the
bottom of Scheme S, (1) if the H-affinity of an X** is smaller
than —60.0 kcal/mol [—60.0 kcal/mol < AGy,(X**)], the X**
belongs to a thermodynamically very weak HAT catalyst or H-
abstractor. (2) If the H-affinity of an X** is greater than or
equal to —60.0 kcal/mol and smaller than —80.0 kcal/mol
[—60.0 kcal/mol < AGua(X**) < —80.0 kcal/mol], the X**
belongs to a thermodynamically medium-strong HAT catalyst
or H-abstractor. (3) If the H-affinity of an X** is greater than
or equal to —80.0 kcal/mol and smaller than —105.0 kcal/mol
[—80.0 kcal/mol < AGy,(X®**) < —105.0 kcal/mol], the X** is
recognized as a thermodynamically strong HAT catalyst or H-
abstractor. (4) If the H-affinity of an X** is greater than or
equal to —105.0 kcal/mol [AGy,(X**) < —105.0 kcal/mol],
the X** is recognized as a thermodynamically very strong HAT
catalyst or H-abstractor.

According to the above judgment criteria, TEMPO® (—66.5
kcal/mol) and PhS*® (—78.3 kcal/mol) are identified as the
thermodynamically medium-strong H-abstractors. Et;N°**
(15°*, —88.87 kcal/mol), ABCO** (21°*, —95.96 kcal/mol),
DABCO®* (23%*, —82.87 kcal/mol), PANH,** (26%*, —81.00
kcal/mol), PINO® (—84.8 kcal/mol), and ‘BuO°® (—104.4
kecal/mol) are identified as the thermodynamically strong H-
abstractors. Py** (70°*, —106.93 kcal/mol) belongs to a
thermodynamically very strong HAT catalyst or H-abstractor,
which is thermodynamically even better H-abstractor than H®
(—=102.3 keal/mol)”" in AN.

Among 120 X** and except 113** (—56.9 kcal/mol), the H-
affinity scale ranges from —61.03 kcal/mol for 114°" to
—120.34 kcal/mol for 73°%, which means that X*" generally
belongs to thermodynamically medium-strong, strong, or very
strong H-abstractors. To be precise, 11 X** (24°*, 54**, §7°*,
70°*—74%*, and 77°"—79°*) are recognized as the thermody-
namically very strong H-abstractors with AGy, (X**) < —105.0
keal/mol. 42 X** (1°7—18°%, 21°"—23°*, 26°*, 28°*, 30°*, 33,
41, 55° =56, 58°—62°*, 65°*, 68* —69°*, 75" —76"", and
80°"—83"") are recognized as the thermodynamically strong
H-abstractors with —80.0 kcal/mol < AGy,(X**) < —105.0
kcal/mol. 66 X** (19°t—20°, 25°*, 27°*, 29°*, 31°*—32°",

Table 1. Chemical Processes, Thermodynamic Parameters, and Computed Equations of Step 1—Step 3 for X** Abstracting

Hydrogen Atoms to Generate XH* in AN

step X chemical process
step 1 (HT) X** + H* - XH*
step 2 (ET) X"+ H®* - X: + H*
step 3 (PT) X + H" - XH*
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parameters and computed equations eq X
AGyA(X*Y) = AGE(X™/H®) + AGp (X)) (1) 1
AGy(X**/H") = FIE,(H') — E (X1 (2) 2
AGpy(X)= — L37pK,(XH)  (3) 3
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Scheme 5. Thermodynamic Comparisons on H-Affinities of X,**—X,** and Common Radicals (Y*), along with H-Affinities of
Some Characteristic X** in AN (kcal/mol)
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34°7—40°", 42°"—53°", 63°"—64°", 66°'—67°", 84*'—112"",
and 114°*—120°%") are recognized as the thermodynamically
medium-strong H-abstractors with —60.0 kcal/mol <
AG(X®**) < —80.0 kcal/mol. Only 113°" (—56.90 kcal/
mol) belongs to the thermodynamically weak H-abstractor.
That is, most X** (108 = 66 + 42) are thermodynamically
medium-strong or strong H-abstractors.

From Scheme 5, it is obvious that the H-affinity scale ranges
from —69.76 kcal/mol (25°*) to —107.30 kcal/mol (DBU**)
for X,**, from —66.23 kcal/mol (32°*) to —82.55 kcal/mol
(33**) for X,*", from —77.32 kcal/mol (63°") to —120.34
kcal/mol (73°*) for X;**, and from —61.03 kcal/mol (114°*)
to —78.73 kcal/mol (105°*) for X,** except 113°" (—56.90
kcal/mol). Normally, the H-affinities have the following regular
pattern: X,*" ~ X,*" < X;** & X;"*, implying that X,** and
X,** have similar thermodynamic H-abstraction properties,
while X,*" and X;** have the similar thermodynamic H-
abstraction properties. In light of H-affinity scales, X;**
(—69.76 to —107.30 kcal/mol) with the structure of general
amine radical cations and X;** (=77.73 to —120.34 kcal/mol)
with the structure of aromatic N-heterocycle radical cations
generally belong to the thermodynamically medium-strong,
strong, or very strong H-abstractors. X,*" (—66.23 to 82.55
kcal/mol) with the structure of aromatic amine radical cations
and X,** (—61.03 to —78.73 kcal/mol except 113°*") with the
structure of tetrasubstituted-hydrazine radical cations generally
belong to the thermodynamically medium-strong H-abstrac-
tors.

Since Et;N** (15°*, —88.87 kcal/mol),*~*> ABCO** (21°*,
—95.96 kcal/mol),”’** DABCO®** (23**, —82.87 kcal/
mol),**™* and Py** (70, —106.93 kcal/mol)**** have
been widely applied into Y—H bond functionalization via
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HAT strategy, according to their H-affinities data, it is
reasonable to infer that X;** with the structure of general
amine radical cations and X;*" with the structure of aromatic
N-heterocycle radical cations are a type of potential HAT
catalysts in Y—H bond functionalization, which should be paid
more attention by synthetic chemists.

Additionally, several valuable conclusions can be made as
follows.

(1) As for general amine radical cations X,**, the H-affinities
are strongly affected by the number of substituents in
central nitrogen-atom. Specifically, the H-affinities of
monosubstituted amine radical cations (1°*—12°")
range from —103.90 kcal/mol (4°*) to —104.67 kcal/
mol (1°*), which indicates that monosubstituted amine
radical cations (1°*—12°%) are the thermodynamically
strong H-abstractors with AGy,(X**) < —100.0 kcal/
mol. The H-affinities of disubstituted amine radical
cations (13°*—18%") range from —88.87 kcal/mol
(15°%) to —101.26 kcal/mol (13°*), which means that
disubstituted amine radical cations (13°*—18°*) are the
thermodynamically strong H-abstractors with
AGgA(X*") < —88.0 kcal/mol. The H-affinities of
trisubstituted amine radical cations (19°*—25°") range
from —69.76 kcal/mol (25°") to —107.30 kcal/mol
(DBU®* or 24°*), which indicates that H-affinities of
trisubstituted amine radical cations (19°*—25°%") span a
wide range of 37.54 kcal/mol, and cover from
thermodynamically medium-strong to very strong H-
abstractors due to their various trisubstituted structures.

(2)

Most aromatic amine radical cations X,** are medium-
strong H-abstractors. Since H-affinities of X,** (26°"—
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X,*" and Frequently Used Oxidative MS-PCET Reagents in

Scheme 6. Thermodynamic Comparisons on H-Affinities of X,*"—
AN (kcal/mol)
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53°") range from —66.23 kcal/mol to —82.55 kcal/mol;
therefore, the thermodynamic H-abstraction abilities of
X,** are between TEMPO® (—66.5 kcal/mol)®' and
PINO® (—84.8 kcal/mol).”" Most H-affinities of X,** are
smaller than —80.0 kcal/mol [AGgA(X,"*) > —80.0
kcal/mol, 27°%, 29°%, 31°%, 32°%, and 34°"—53°");
therefore, most aromatic amine radical cations X,** are
medium-strong H-abstractors.

(3) Aromatic N-heterocycle radical cations X;** with various

structures have significant differences in thermodynamic
H-abstraction abilities, and not all X;*" are thermody-
namically strong or very strong H-abstractors. The H-
affinities of X;*" (—77.32 to —120.34 kcal/mol) suggest
that not all aromatic N-heterocycle radical cations are
thermodynamically strong [—80.0 kcal/mol <
AGuA(X**) < —105.0 kcal/mol] or very strong
[AGyA(X**) < —105.0 kcal/mol] H-abstractors. X;**
with various structures have significant differences in
thermodynamic H-abstraction abilities, such as the H-
affinities of 63°" (—77.32 kcal/mol) and 73" (—120.43
kcal/mol). Furthermore, the thermodynamic H-abstrac-
tion abilities could be regulated by adjusting different
substituents in aromatic N-heterocycles, such as 59°*—
67" (=77.32 to —85.29 kcal/mol) owning the same
parent structure of indole.
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(4) Tetra-substituted-hydrazine radical cations X,** (—56.9
to —78.3 kcal/mol for 84°*—120°") are unsuitable to be
applied as H-abstractors in Y—H bond functionalization,
in contrast, the X,H" can act as good H-donors in
chemical reactions to quench key radicals generating the
desired products.

Since nitrogen centered radical cations (X**) are highly
unstable intermediates in solution, X*" may undergo
deprotonation from a—C—H bonds (if have) or other
degradation.”*™**** According to the definition for H-affinities
of X**, the thermodynamic potential of X°* abstracting
hydrogen atoms is dependent on the reduction potentials of
X** and the pK, of XH"; therefore, the deprotonation and
degradation processes of X** do not affect the thermodynamic
evaluation on H-affinities of X*" as a type of HAT reagents or
catalysts. In addition, whether X** acts as a hydrogen atom
abstractor, proton donor, or hydrogen atom donor relies on
the existing reaction conditions. For example, the Et;N°**
(15°*) was designed to function as hydrogen atom
abstractors,” proton donors,”>*** or hydrogen atom
donors”™* in chemical transformations, respectively.

2.3. X** Are Potential Alternatives of Oxidative MS-
PCET Reagents in Chemical Reactions. MS-PCET strategy
has been broadly researched and successfully employed in
organic synthesis,17_23 in which a proton and an electron from
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Scheme 7. Thermodynamic Comparisons of *Ir'"/ABCO Pair Acting as HAT and MS-PCET Reagent, Respectively, in AN
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or to different sites transfer in a concerted elementary step. For
oxidative MS-PCET,"” a single-electron oxidant/Brensted base
pair (Ox"/B~ pair) can act as a formal hydrogen atom (H*®)
abstractor, in which an electron transfers to single-electron
oxidant, while a proton transfers to the Brensted base. The
combination of a strong single-electron oxidant and a strong
Bronsted base could overcome the high energy barrier of Y—H
bond dissociation and activate the strong Y—H bond into Y*."”
The stronger the oxidation potential of a single-electron
oxidant is, and the stronger the basicity of Brensted base is, the
stronger the H-affinity of the Ox*/B™ pair is."” Due to the very
high single-electron oxidation ability of the photocatalyst;
therefore, the photoexcited catalyst/Brensted base pair (*PC*/
B~ pair) is a type of efficient and si%niﬁcant oxidative MS-
PCET reagent in chemical synthesis.'” Since both X** and
oxidative MS-PCET reagents are efficient H-abstractors in
chemical reactions and they both need single-electron oxidant/
Bronsted base pair to achieve the activated function,'” it is
necessary to compare the thermodynamic H-abstraction
abilities between X** and oxidative MS-PCET reagents to
clarify their thermodynamic differences.

Herein, the H-aflinities of frequently used oxidative MS-
PCET reagents,'”*”®" such as *[Ru"(bpy);]*"/AcO™ pair
(=96.0 kecal/mol),"” *[1'™(ppy),(bpy)]**/AcO™ pair (—89.4
kcal/mol),"”” [Fe(bpy);]>*/Py pair (—87.0 kcal/mol),"
*4CzIPN/lutidine pair (94.3 kcal/mol),"” *methylene blue*/
DMAP pair (—104.9 kcal/mol),'” *N-Me-Mes-Acr*/Py pair
(—104.1 keal/mol),"” and *eosin Y/lutidine pair (—82.3 kcal/
mol),"” in AN are collected in Scheme 6, along with the H-
affinities of X** (X;*"—X,"*). From Scheme 6, it is clear that
the H-affinities of these seven oxidative MS-PCET reagents
range from —82.3 kcal/mol (*eosin Y/lutidine pair) to —104.9
keal/mol (*methylene blue*/DMAP pair), which all belong to
medium-strong or strong hydrogen atom abstractors.

According to the H-affinities scales, it is found that X,**
(—66.23 to —82.55 kcal/mol) and X,** (—56.9 to 78.73 kcal/
mol) are generally weak H-abstractors than oxidative MS-
PCET reagents, demonstrating that X,** and X,** are not ideal
alternatives of oxidative MS-PCET reagents in chemical
reactions. About 11 X** from X,** and X;** (24°%, 54°F,
57°*,70°*—74°", and 77°*—79*") are thermodynamically even
better H-abstractors than the *methylene blue”/DMAP pair
(—104.9 kcal/mol) and *N-Me-Mes-Acr’/Py pair (—104.1
kcal/mol) in AN. About 42 X** from X,** and X;** (1°*—18°",
21.+_23-+, 26”, 28“, 30.+, 33o+, 410+, 55.+—56.+, 58° —
62°%, 65°%, 68°"—69°*, 75°*—76°", and 80°*—83°*) are the
thermodynamic alternatives of oxidative MS-PCET reagents in
chemical reactions, whose H-affinities are greater than —80.0
kcal/mol and smaller than —105.0 kcal/mol in AN. These

thermodynamic results suggest us to pay more attention to the
H-abstraction properties of general amine radical cations and
aromatic N-heterocycle radical cations, and they are a type of
important HAT catalysts or H-abstractors.

It should be pointed out that the N-containing compound
(X) must be activated by a single-electron oxidant, especially a
photoexcited photocatalyst, into X** first (Scheme 1),>/~*
accordingly, a single-electron oxidant/N-containing compound
pair (Ox*/X pair) must be constructed to generate X** species
in HAT reactions.'” Since the N-containing compound (X) is
one type of organic Brensted base, outwardly, it seems to be
the same that a single-electron oxidant/Brensted base pair is
involved in both HAT reactions and MS-PCET reactions.'’
Although both HAT reactions and MS-PCET reactions need a
single-electron oxidant/Brensted base pair, the roles of N-
containing compound (X) in HAT reactions and MS-PCET
reactions are totally different. In HAT reactions, N-containing
compounds (X) should be transformed into nitrogen centered
radical cations (X**), which are the real HAT catalysts or H-
abstractors.””~* However, in MS-PCET reactions, N-contain-
ing compounds (X) just act as the proton abstractors.'’ >’

Besides the different roles of N-containing compounds (X)
in the single-electron oxidant/X pair, the thermodynamic H-
abstraction abilities of a single-electron oxidant/X pair in HAT
reactions and MS-PCET reactions are also different. Herein,
*Ir{[dF(CF,)ppyl,(dtbbpy)}(PF¢);/ABCO pair (*Ir''/
ABCO pair) is selected as an example to elucidate the
thermodynamic differences between them (Scheme 7). When
the *Ir''/ABCO pair acts as the HAT reagent, ABCO (E,, =
0.720 V vs Fc) is oxidated into ABCO** by the photocatalyst
FIPM [E,oq(*Ir'™) = 0.83 V vs Fc in AN]."” ABCO®* is the real
H-abstractor or catalyst in chemical reactions, and the H-
affinity of ABCO®" is estimated as —95.96 kcal/mol in AN.
However, when the *[F1/ABCO pair acts as an MS-PCET
reagent, the H-affinity of the *Ir"!/ABCO pair is dependent on
the reduction potential of *Ir'™ [E 4(*Ir'") = 0.83 V vs Fc]
and the pK, of ABCOH" (19.09 calculated in MeCN),
AGuA(*Ir'™/ABCO) = F[E, . (*Ir'™) + E (H*)] +
1.37pK,(ABCOH"), which is estimated as —97.7 kcal/mol in
AN. If the H-affinity of ABCO®* is compared with that of the
*I'/ABCO pair, it can be discovered that the difference of
thermodynamic H-abstraction abilities for ABCO** (—95.96
kcal/mol) and the *Ir'"'/ABCO pair (—97.70 kcal/mol) is not
significant, and they both belong to the thermodynamically
strong H-abstractors.

Therefore, it raises another important question: when does
the *Ir''/ABCO pair function as a HAT reagent or a MS-
PCET reagent? it can be assumed that the type of substrate to
be activated determines the H-abstraction mechanism. If the
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Scheme 8. Thermodynamic Comparisons between H-Affinities of X;**—

(Homolytic Energy) in AN (kcal/mol)
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substrate is a weak polar Y=H bond, direct HAT from Y—H
bond to X** may be favorable.”” > In addition, if the substrate
is a strong polar Y—H bond, perhaps the MS-PCET
mechanism of hydrogen atom transferring from Y—H bond
to *Ir' and ABCO, respectively, may be favorable."’~** The
thermodynamic H-abstraction properties of the X** and *Ir'"!/
ABCO pairs acting as HAT or MS-PCET reagents remind us
to probe far into the H-abstraction process and find more
mechanistic evidence.

2.4. Applications of X** into Y—H Bond Functional-
ization as a Type of Potential H-Abstraction Reagents.
According to the thermodynamic results of H-affinity for X**,
nitrogen centered radical cations are definitely potential H-
abstractors in Y—H bond functionalization. For a Y—H bond,
the bond dissociation free energy (BDFE) of the Y—H bond,
BDFE(Y—H), is a very important thermodynamic parameter
to evaluate the bond strength and breaking difficulty. 62763
Based on the H-affinities of X** and the BDFE(Y—H) values,
the thermodynamic driving forces of HAT from the Y—H bond
to X** (X** + Y-H — XH" + Y*) could be calculated by
subsequent eq 4

AGp(X°/YH) = AGy,(X*1)+BDEF(YH)) (4)

If the AGp,r(X**/YH) value is greater than 0, AGyar(X*/
YH) > 0, the H-abstraction process from YH to X** is
thermodynamically unfavorable. If the AGy,r(X**/YH) value

is more negative than 0, AGp,r(X**/YH) < 0, the H-
abstraction process from YH to X** is thermodynamically
feasible.

Herein, the BDFE of various representative Y—H
bonds, ">~ consisting of C,—H, C»—H, Cy,—H, N—H,
and O—H bonds, in AN are gathered and displayed in Scheme
8, along with the H-affinities of X** (X,**—X,**). As shown in
Scheme 8, it can be discovered that BDFE(Y—H) ranges from
74.6 kcal/mol for Cy,»—H bond in benzylalcohol (a—HO—C5P3—
H) to 128.4 kcal/mol for Cy,—H bond in CH=CH among the
24 Y—H bonds, covering a very large thermodynamic scale by
53.8 kcal/mol.

Several interesting conclusions could be drawn according to
the thermodynamic results: (1) C,,—H bond (BDFE = 1284
kcal/mol) in the CH=CH molecule is the most difficult to be
activated by the direct HAT process among the 24 Y—H
bonds, and pyrrodiazole radical cation [73°%, AGy,(73°") =
—120.34 kcal/mol] is the strongest H-abstractor among 120
X*" investigated in this work. However, 73°* could not activate
C,—H via HAT from the view of thermodynamics. (2) X,**
[AGya(X,*") = —66.73 to —82.55 kcal/mol] and X,**
[AGyA(X,*") = —56.90 to —78.73 kcal/mol] would not be
the first choice to activate a variety of Y—H bonds [BDFE(Y—
H) = 74.6 — 128.4 kcal/mol], and few of them have the
thermodynamic capability to abstract hydrogen atoms from the
Y—H bond. (3) X;** [AGuA(X,**) = —75.65 to —104.67 kcal/
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mol except 25°*] and X;** [AG(X;*F) = —77.32 to —120.34
kcal/mol] could establish a practical library of H-abstractors
owning various thermodynamic properties to activate various
Y—H bonds [BDFE(Y—H) = 74.6—128.4 kcal/mol]. (4) The
combination of Schemes 2 and 8 is a significant instructional
tool to help synthetic chemists choose suitable H-abstractors
to activate and functionalize various Y—H bonds. For example,
ABCO*®* (21°%, —95.96 kcal/mol) could be selected to activate
N—H bond from alkylamine, C,>—H bond from aldehyde and
amide, as well as a-Cy—H bonds from amine, alkyne, alkenyl
group, alcohol, aryl group, and ether group, but ABCO®* could
not be used to activate Cy,’—H, C,;—H, O—H, and C;—H of
the methyl group from alkane.

3. CONCLUSIONS

In summary, as a type of HAT catalyst or H-abstractor, the H-
affinity of X*" is a significant thermodynamic parameter to
quantitatively measure the thermodynamic H-abstraction
reactivity of an X**, and provide valuable guidelines for the
application of X** in the Y—H bond functionalization. In this
work, the pK, values of 120 XH" in AN are predicted, and the
H-affinities of 120 X** are derived from the E,4(X**) and
pK,(XH"*) using Hess’ law by constructing a thermodynamic
cycle. The thermodynamic H-abstraction properties of 120 X**
in AN have been discussed in detail, and several worthy
conclusions can be drawn as follows: (1) X** are potential
alternatives of HAT catalysts or H-abstractors. (2) The
thermodynamic H-abstraction properties of X;**—X,*" are
closely related to their chemical structures. (3) X** are
potential alternatives of oxidative MS-PCET reagents in
chemical reactions. (4) Roles of N-containing compound
(X) are totally different in a single-electron oxidant/X pair in
HAT and MS-PCET reactions, and the thermodynamic H-
abstraction abilities are also different. (5) A combination of
Schemes 2 and 8 is a significant instructional tool to help
synthetic chemists choose suitable H-abstractors to activate
and functionalize various Y—H bonds.

4. METHODS

The pK, values of 120 XH" in AN were predicted by the
method developed by Luo and co-workers in 2020 at http://
pka.luoszgroup.com/prediction. Prediction methods: XGBoost
with RMSE = 1.79 and r* = 0.918 (80:20 train test split). The
accuracy of the predicted pK,(XH") in AN is verified as +1.0
pK, in this work (Table S2).
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