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DFT investigation of hydrogen atom-abstraction
reactions of NHC-boranes by various carbon-
centered radicals: barriers and correlation
analysest

Hong-jie Qu,® Lang Yuan,? Cai-xin Jia,® Hai-tao Yu@*2 and Hui Xu @ *2

In this study, we employed a quantum-mechanical computational method to investigate the hydrogen-
atom abstraction reactions of two nitrogen heterocyclic carbene boranes (NHC-boranes), NHC-BHz and
NHC-BH,CN, by a series of carbon-centered radicals bearing various substituents. We explored the
degree of correlation of the activation and free energy barriers to their components. Furthermore, we
also investigated the effects of the radical and substituent sizes, nucleophilicity/electrophilicity indices,
and the spin density distribution of the radical reactants on the three fundamental barriers and the
thermal contribution of the reaction energy to the kinetic barrier. Using the generated data, we assessed
the abilities of the various radical reactants to abstract the hydrogen atom from NHC-boranes. Further,
we performed a similar analysis after dividing those radical reactants into four groups, which were
classified based on the dominant factor affecting their electronic density distribution, which involves the
inductive effect, conjugation, hyperconjugation, and the feedback of lone-pair electrons. The results and
conclusions of this investigation not only provide insight into the relationships between some of the key
kinetic and thermodynamic parameters, which is useful for understanding the dynamics of such
hydrogen-abstraction reactions, but also provide information for selecting suitable radical reactants for
further experimental investigations.

1. Introduction

Nitrogen heterocyclic carbene boranes (NHC-boranes) can be
considered as Lewis acid-base coordination compounds
because the NHC donates a pair of electrons to the empty
orbital of the boron atom, leading to the formation of a C-B
coordinate bond.** Thus, the NHC and borane can be viewed as
Lewis base and acid, respectively. The electron-transfer by the
NHC renders the borane fragment electron-rich, and hence
strongly nucleophilic.>* In NHC-boranes, the B-H ¢ bonding
electrons can delocalize into the -conjugated plane of the NHC
ring via o-m hyperconjugation. This electron donation and
delocalization significantly decrease the B-H bond dissociation
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energy’>” relative to free trivalent boron species* and make the
B-H bond activation thermodynamically more favorable than
that in free BH;. Furthermore, the unpaired electron on the
central B atom of the NHC-boryl radical, that results from the
homolytic B-H bond cleavage of the NHC-borane, is effectively
dispersed on the m-orbital delocalized around the NHC
ring.»*** This delocalization significantly improves the ther-
modynamic stability of the NHC-boryl radical and thus leads to
more favorable reaction energy and thermal contribution to
kinetic barrier. The reduced kinetic barrier affords a lower B-H
activation energy, which renders the B-H activation and the
further H-abstraction kinetically more favorable compared to
the pristine BH; and even the N- and P-coordinated amine- and
phosphine-boranes.'>** Thereby, the B-H bond activation of
NHC-boranes is kinetically and thermodynamically more
favorable and results in the rich chemistry of NHC-boranes.****

The reactivity of the radical used for the H-atom abstraction
of NHC-boranes has a remarkable effect on the rate constant of
the process.”® For example, the rate constant for the hydrogen
atom abstraction with the #-BuO" radical is approximately 10°
M™' s7'**% whereas the use of alkyl radicals for the same
process affords a rate of approximately 10° M~ " s~'.? Clearly, the
polarity effect plays an important role between these two rate
constants.""” The strongly electrophilic #BuO" radical matches

This journal is © The Royal Society of Chemistry 2020
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better with the strongly nucleophilic NHC-boranes than the
relatively weak electrophilic alkyl radicals, and thus the activa-
tion (AE*) and free energy barriers (AG*) are reduced relatively
and lead to the higher H-atom abstraction rate constant.

The key parameters for evaluating the relative reactivities of
different radical reactants in the H-atom abstractions of NHC-
boranes are the kinetic barriers related to the rate constant,
such as the intrinsic barrier (AE}), activation barrier, and free
energy barrier."®?° First, the nucleophilicity and electrophilicity
of the radicals used for the H-atom abstractions, which are
generally determined by global/local nucleophilicity and elec-
trophilicity indices, are often used as the criterion for evaluating
the kinetic barriers.”*** Such a consideration is based on the
polarity-match principle, wherein the larger the electrophi-
licity index, or the smaller the nucleophilicity index of the radical,
the better is its match with the nucleophilic NHC-boranes, with
lower or larger kinetic barriers and corresponding rate constants,
respectively. Therefore, the electron-withdrawing and electron-
donating groups attached to the radical center make the
central atom electron-poor and electron-rich and thus electro-
philic and nucleophilic, respectively. However, such an assess-
ment is based more on chemical intuition, because the global
nucleophilicity and electrophilicity indices of radicals are deter-
mined by their electron affinity and ionization energy.>**” Alter-
natively, frontier orbital energies can also be used to determine
the radical's local nucleophilicity and electrophilicity indices by
taking into account the spin density distribution of the unpaired
electron.>”** Perhaps, such static or thermodynamic parameters
can be used to experientially estimate the trends of the relative
changes in the rate constants of different H-atom abstraction
reactions. However, they are not suitable for describing the strict
dynamic behavior, because the reaction dynamics involve not
only the radical reactant but also the other NHC-borane reactant,
activation transition state (TS), and the relative stabilities of the
formed products. The activation barrier can be determined from
the total electronic energies of the TS and reactants, and the
reaction energy provides the thermodynamic contribution to the
kinetic barrier,'® which is a component of the activation barrier.
Using the obtained activation barrier and thermodynamic
contribution, the intrinsic barrier of a reaction, i.e., the reaction
stereoelectronic and steric effects, can be readily separated.*
Further, by combining the activation barrier with the
temperature-dependent Gibbs thermal correction, the free
energy barrier of the reaction can be determined. Thus, in this
approach, the relevance of the radical nucleophilicity or electro-
philicity indices for determining the relative rate constants, and
the correlations of the barriers to these indices are not clear.

The second method for comparing the relative rate constants
of the H-atom abstractions by different radicals involves the use
of the charges and/or spin densities on the central atoms of the
radical reactants. However, these two approaches still only
reflect the electron-loss and electron-addition abilities or trends
of the frontier orbitals. When approaching the TS along the
reaction coordinate, the redistributions of the charge and spin
densities are inevitable. Therefore, it is somewhat unrealistic to
derive the kinetic stereoelectronic and steric effects using the
charges and spin densities alone, of the energy minimum
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structures of the radical reactants.**** Furthermore, the spin
density distribution of the product radical directly affects its
thermodynamic stability, and further affects the thermody-
namic reaction energy and thermal contribution to the kinetic
barrier. Therefore, it is difficult to strictly correlate the relative
reactivities of the radicals to their abilities for abstracting H-
atoms from the NHC-boranes using their charges and spin
density distributions.

The third method is the most chemically intuitive one and
uses the size of the radical or its substituent to estimate the
effectiveness of the H-atom abstractions from the NHC-boranes.
The size of the radical or its substituent may directly reflect the
steric hindrance faced during the radical attack. However, this
sterics-based judgment is only empirical, because of the
multitude of factors involved, such as the variations in the
reaction trajectory,® stereoelectronic and steric effects,**
reaction thermodynamics.*” Further, when the steric and elec-
tronic hindrances are not the dominant factors related to the H-
abstraction kinetics, this method is completely ineffective.

In addition to the evaluation of the effects of the above-
mentioned parameters on the three fundamental barriers, i.e.,
intrinsic, activation, and free energy barriers, it is essential to
investigate the correlations among them to understand the H-
abstraction kinetics. For a given reaction, this relationship is
very clear, as it is well-known that the intrinsic barrier and
thermal contribution constitute the activation barrier,??
whereas the free energy barrier is comprised of the activation
barrier, activation ZPVE (AE%PVE), and activation Gibbs free
energy thermal correction (AGY,,,) (see next section). However,
for the H-abstraction reactions of an NHC-borane by a series of
radicals, the degree of statistical correlation among the three
barriers appears to be of significant importance in under-
standing the H-atom abstraction reactivity of a new radical.
Furthermore, it is clear that the vibrationally-adiabatic barrier,*”
i.e., activation barrier, is made up of the intrinsic barrier and
the thermal contribution to the kinetic barrier, in which the
former is often understood as the measurement of stereo-
electronic and steric effects under the thermoneutral condition,
while the latter originates from thermodynamic reaction
energy.*>** However, to the best of our knowledge, the intrinsic
barrier and thermal contribution are rather poorly correlated to
the activation barrier.

To gain insights into the questions raised in this section on the
predictability of H-atom abstraction reactions of NHC-boranes, we
selected a series of carbon-centered radicals comprising different
substituents as the attacking radicals for performing H-atom
abstractions on two given NHC-boranes, NHC-BH; and NHC-
BH,CN. We attempted to build a statistical correlation degree
among the intrinsic, activation, and free energy barriers, followed
by the investigation of the effects of the radical and substituent
sizes, global/local nucleophilicity and electrophilicity indices, and
spin density distribution of the unpaired electron in the reactant
and product radicals on the three fundamental barriers. The
present results and conclusions provide helpful theoretical
support for not only the analysis of reaction thermodynamics and
dynamics of this type of H-abstraction reactions but also for the
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selection of radicals for carrying out H-atom abstraction in further
experimental investigations.

2. Theoretical and computational
details

2.1. Barriers

The free energy barrier is defined as the Gibbs free energy (G)
difference between the reaction TS and reactants (R) and can be
calculated according to the following equation.

- > GR) (1)

AGH = G(TS

The Gibbs free energy of a species can be calculated using
the temperature-dependent thermal correction to the Gibbs free
energy (Geor;) and total electronic energy (E) without the zero-
point vibrational energy (ZPVE, Ezpyg) correction, and can be
calculated according to the following equation.

G =E+ Gcorr (2)

Thus, eqn (1) can be rewritten as

[E(TS) + GCOrr(TS)] - Z[E(R) + Gcorr(R)] (3)

AGH =

The total electronic energy without ZPVE correction is the
difference between the total electronic energy with ZPVE
correction (E.orr) and Ezpyg and can be calculated according to
the following equation.

E= Ecorr - EZPVE (4)

By substituting eqn (4) into eqn (3), the AG* can be obtained
using the following equations.

AGI = Ecorr (TS) - EZPVE (TS) + Gcorr(TS)]
- &[Ecorr(R)

— Ezpve(R) + Gcorr(R)] (5)
R
and
AGH = — corr (TS) ZE
- :EZPVE TS) - ZEZPVE (6)
+ : Georr(TS) ZGM

where the three terms are the activation barrier (AEY), activation

ZPVE (AE%PVE) correction, and activation Gibbs free energy

thermal correction (AG%,.,). Therefore, eqn (6) can be rewritten as

AGH = AE* — AEbpyg + AGh 7)

Notably, the activation barrier AE* also includes the ZPVE

correction, and thus it could also be referred as the
vibrationally-adiabatic barrier.
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Murdoch et al.***** have improved the Marcus equation***

and re-expressed the new equation as

.1 AE)
AE' = AE} + A, E+&E) (8)
2 16AE}
or
i 1 i 1 1 2 +
AEj = SAE — (AE+ 51/ (AEY) — AEAE )

For scenarios where the Marcus intrinsic barrier (AG}) in the
original Marcus equation”™** becomes the temperature-
independent intrinsic barrier (AE}), the standard reaction
Gibbs free energy (A,G,) in the original Marcus equation was
replaced by the reaction energy (A.E, the difference between the
ZPVE-corrected electronic total energies of products and reac-
tants). These mathematical and physical treatments signifi-
cantly expanded the application scope of the Marcus theory in
chemical reactions.****” The latter two terms in eqn (8) can be
considered as thermal contributions of the reaction energy to
the kinetic barrier (AE'fherm). For simplicity, this contribution is
abbreviated as thermal contribution in the following discus-
sion. Thus, eqn (8) can be rewritten as

AE* = AE§ + AES e (10)
By substituting eqn (10) into eqn (7), we obtain
AGI AE% + AE‘therm AEV%PVE + AGgorr (11)

It is clear that the free energy barrier consists of the intrinsic
barrier, thermal contribution, negative activation ZPVE correc-
tion, and activation Gibbs free energy thermal correction.

2.2. Nucleophilicity and electrophilicity indices

Based on Parr's definition,* the global electrophilicity index (w)
of a radical can be expressed as

o (12)
in which u is the global chemical potential,** and 7 is the
global chemical hardness.*>** These two quantities can be ob-
tained from the ionization potential (I) and electron affinity (4),
i.e., —(I + A) and I — A,”™* respectively. For a radical, another
approximate method to determine its global electrophilicity
index is to use the energies of the highest occupied molecular
orbital (HOMO) of a-spin states and the lowest unoccupied
molecular orbital (LUMO) of B-spin states (Efiomo and
EPumo, Tespectively) as substitutes for ionization potential and
electron affinity, i.e., I = —Efiomo and A = —EP umo

The global nucleophilicity index (N) of a radical is defined
as52,53

N = Efiomo — Efiomo(F’) (13)

in which Efjomo(F°) is the reference and equals to the HOMO
energy of a-spin states of the F* radical, which is considered the
most electrophilic.

This journal is © The Royal Society of Chemistry 2020
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After obtaining the global electrophilicity and nucleophilicity
indices of a radical, its local electrophilicity (wg) and nucleophi-
licity (Ng) indices can be readily calculated using the spin density
(ps) on the radical center according to the following equations®**

wp = Wpg (14)
and

Ny = Np, (15)
2.3. TST rate constant and activation energy

In this study, we used the traditional transition state theory
(TST)**** to calculate H-atom abstraction rate constants, and
the corresponding equation is*’

(16)

kerst = 711:10“11(1{) kB—T <E) " exp (iGT)

got(TS) A\ p° kg T
in which o, is the rotational symmetry number of the species,
and kg, h, R, n, and p° are the Boltzmann constant, Planck
constant, gas constant, number of reactant molecules, and
standard state of the pressure, respectively. Furthermore, the
Arrhenius equation can be expressed as

E,
Ink=-——2"+In4 17
n =7 I (17)
in which, E, is the activation energy, and A is Arrhenius pre-
exponential factor. The activation energy in a given temperature
range can be readily obtained by plotting the graph of In kvs. —1/RT.

2.4. Computational aspects

The geometries of all stationary points were located using unre-
stricted computations without any symmetry constraint at the
B3LYP/6-311++G(d,p) and MO06-2X/6-311++G(d,p) levels of
theory.”®* The density functional theory (DFT) computations
were conducted using the Gaussian 09 software package.®® The
validity of such a computational level of theory has been proved
in previous reports (comparison and explanation of methods,
see: ESIT).*°® Further, frequency computations at the same level
of theory were used not only to provide ZPVE and Gibbs free
energy thermal correction but also to prove the existence of these
located stationary points, i.e., no imaginary frequency for minima
and only one imaginary frequency for the TSs. Note that in both
geometry optimizations and frequency computations, the solvent
effect was considered using the self-consistent reaction field
method®”® with the polarizable continuum model.”*” The
solvent used in computations is benzotrifluoride, which is
selected based on the available experiments.'””>”® Unless other-
wise specified, the discussed data were obtained at the B3LYP/6-
311++G(d,p) level. When the results are method-dependent or
require emphasis and comparison, they are directly discussed at
the B3LYP/6-311++G(d,p) and MO06-2X/6-311++G(d,p) levels of
theory. Furthermore, the electrophilicity/nucleophilicity indices
of some minimum structures used in the next discussion were
computed at the mPWPW91/6-311+G(d,p) level of theory.”

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion

Scheme 1 lists the various C-centered free radicals employed for
abstracting the hydrogen atoms of NHC-BH; and NHC-BH,CN.
To obtain a more realistic effect of the different radicals on
reactions, the substituents were selected based on the size effect
and electron-withdrawing and electron-donating properties.
The electronic properties involve not only the inductive effect
originating from the electronegativity but also the hyper-
conjugative stabilizations from the different electron delocal-
ization patterns.

3.1. Thermal contribution

The calculated data (Tables S6-S9t) indicates that all of the H-
atom abstraction reactions in our investigation possess nega-
tive reaction energy and negative thermal contribution. The
negative thermal contribution decreases the activation and free
energy barriers and favors B-H bond activation. Furthermore,
the exothermicity indicates a more favorable thermodynamic
stability of the products compared to the reactants, which is
attributed to these two aspects: one is higher C(sp?,sp*)-H bond
energy (>90 kecal mol ") of the closed-shell products” than the
B-H bond energy (<90 kcal mol ) of the NHC-borane reac-
tants,”” while the other is the more effective delocalized stabi-
lization of the unpaired electron of the open-shell NHC-boryl
radical products than the open-shell C-centered radical
reactants.

The fitting results shown in Fig. 1 indicate that the thermal
contribution has an acceptable linear dependence on the single-
electron spin density of the radical reactant’s central C atoms,
which is reflected by the coefficients of determination (CODs,
RZ) of 0.89 and 0.88, for the NHC-BH; and NHC-BH,CN reaction
series, respectively, at the B3LYP level. The values of the nega-
tive slopes of the corresponding fitting equations were very
close (—14.08 for NHC-BH; and —14.14 for NHC-BH,CN) and
a slightly larger (0.33 kcal mol™') positive intercept was
observed for the NHC-BH; than for NHC-BH,CN, indicating
that the NHC-BH,CN reaction series has a more favorable
thermal contribution than that of NHC-BH;. This result is
attributed to the lower thermodynamic stability of NHC-'BH,
than NHC-'BHCN. Clearly, the single-electron delocalization
through p-m conjugation between the -CN and B plays

I\{ R! N/

E >:—>B/\ + R— [ >:—>}'3HR1 + RH
N \H N
v \

NHC-boranes
R'=H,CN
R'= Me, Et, 'Pr, "Pr, "Bu, ‘Bu, CH,CH=CH,, CH,CH=CF,, CH,Ph, CH(CH;)CN,
CH,CN, (CH,),CN, (CH,);CN, (CH,),CN, CH,COOH, CH,COMe, CH,CHO,
CH,NHCOH, CH,CONH,, CH,N=CH,, CH,NHMe, CH,NH,, CH,SCHj,
CH,0CH;, CH,SH, CH,CFH,, CH,Cl, CH,0H, CH,F, CH,CF,H, CHF,,
CH,CF;

NHC-boryl radicals

Scheme 1
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Fig.1 Analysis of correlations of thermodynamic reaction energy (A,E)
and thermal contribution (AEfem) to the spin density (pc) on the
central carbon atoms of the attacking radicals for the H-abstraction
reactions of NHC-BHz and NHC-BH,CN at the B3LYP/6-311++G(d,p)
(a) and M06-2X/6-311++G(d,p) (b) levels of theory.

a dominant role in the relatively high thermodynamic stability
of NHC-BH,CN. Furthermore, the negative slopes in the two
fitting equations imply that the thermal contribution becomes
less favorable to the barrier (more positive in value) with
decreasing spin density. The decreasing spin density on the C
radical center indicates greater delocalization and higher ther-
modynamic stability, which in turn decreases the reaction
energy and thermal contribution. This trend is well supported
by the results shown in Fig. 1, wherein, with the reduction of
spin density, the reaction energy decreases, and the thermal
contribution becomes more positive in value. Thus, the
decreasing spin density on the C radical center disfavors the
reduction of activation and free energy barriers. Furthermore,
the COD (0.87) of spin density vs. reaction energy is very close
with those (0.88 and 0.89) of the spin density vs. thermal
contribution at the B3LYP level, as shown in Fig. 1. This
agreement means that for the present H-atom abstraction
reactions, the spin density distribution of the reactant radicals
has a strong linear correlation to reaction energy. The reaction
energy and thermal contribution can be approximately deter-
mined from the spin density distribution of radical reactants.

We found that the higher is the reactivity of the radical
reactant, the more negative in value is its thermal contribution
(Fig. S11). Because alkyl radicals and radicals substituted by the
groups with only inductive effect have lower thermodynamic
stability than the C-centered radicals bearing m-conjugated
groups, the latter type of radicals have a less favorable H-atom
abstraction thermal contribution than the two former types of
radicals. For instance, the methyl radical, which does not have
any substituent effects, possesses the most favorable thermal
contribution among all tested radicals, while the radicals
comprising an unsaturated double bond, such as ‘CH,CH=
CH,, 'CH,-CH=CF,, "CH,-N=CH,, ‘CH,Ph, etc.,, have the
smallest (more positive in value) thermal contribution
(Fig. S1T). The electron delocalization pattern clearly plays
a dominant role in such results.
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Different electron delocalization patterns were also found to
cause varying nucleophilicities and electrophilicities of the
radical reactants (Fig. S2t1). The radicals bearing a strong
electron-withdrawing group, such as ‘CH,CF;, "CH,COOH,
'CH,CHO, 'CH,CN, 'CF,H, 'CFH,, are relatively strongly elec-
trophilic (weakly nucleophilic), whereas the Et’, Pr’, and Bu’
radicals which bear electron-donating substituents are less
electrophilic (strongly nucleophilic) than Me’. Furthermore, the
radicals comprising central C atoms bonded directly to the
heteroatom groups (-NH,, -NHMe, -OMe, -OH, etc.) have
stronger nucleophilicity than Me’, implying that the inductive
effect originating from the electronegativity is of minor impor-
tance, and the dominant factor is the electronic feedback of the
lone-pair electrons of the heteroatoms into the p orbital of the
central C atoms. Thus, those radicals with heteroatomic
substituents display an electron-contributing characteristic.
The radicals with the unsaturated groups -N=CH,, -CH=CH,,
-CH=CF,, and -CH,Ph have a similar property, but their
electron-transfer pattern does not indicate the feedback of the
lone-pair electrons, instead indicating p-m conjugation. Despite
the apparent likely relationship between the nucleophilicity/
electrophilicity of the radicals and the electron-transfer
patterns of substituents, the linear fitting gave a low COD
between the spin densities on the C radical centers and the
global/local nucleophilicity and electrophilicity indices
(Fig. S37). Even for the spin density vs. local nucleophilicity
index, which has the highest COD among the four indices, the
COD of the linear fitting was only 0.42.

Similarly, the thermal contribution had the best linear
correlation degree with local nucleophilicity index; however, the
COD is somewhat low, as indicated by 0.34 and 0.24 for the
NHC-BH; and NHC-BH,CN reaction series, respectively
(Fig. S4t). These results imply that it is difficult to predict the
thermal contribution of the H-atom abstraction of a radical,
based on its spin density localized at the central C atom. The
assessment is only qualitative for the radicals in their extremely
nucleophilic and electrophilic states, such as the alkyl radicals
and C-centered radicals bearing strong electron-withdrawing
substituents (-CHO, -COOH, -COMe, etc.).

3.2. Intrinsic barrier

The definition of the intrinsic barrier is complex and is gener-
ally considered to involve the stereoelectronic effect of a reac-
tion.®?* For some chemical reactions, particularly the
bimolecular radical additions and atom/group abstractions, the
sizes of the molecules or their substituents bonded to the
radical center atoms are often empirically deemed to reflect the
stereoelectronic effect; the larger the molecule or substituent,
the stronger is the stereoelectronic effect of the reaction, and
thus the higher is the corresponding reaction intrinsic barrier,
and vice versa. However, if the intrinsic barrier is the only aspect
in the composition of the activation barrier other than the
thermal contribution, it should include the stereoelectronic
effect in addition to the steric effect.”®> For example, the steric
hindrance originating from the van der Waals repulsion,
geometric deformation repulsion of the TS, electrostatic action

This journal is © The Royal Society of Chemistry 2020
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energy, dispersive energy, etc. should contribute to the intrinsic
barrier. Therefore, only when the stereoelectronic and steric
effects are dominant, and the molecule or group size can reflect
them, the intrinsic barrier would have a good correlation degree
to the molecule or group size. Obviously, the contribution of the
intrinsic barrier is somewhat more complicated than thermal
contribution.

The results of the calculated intrinsic barriers for the H-
abstraction by different radicals clearly indicate that the
intrinsic barrier is poorly dependent on the radical size or
substituent size (Fig. S5t). The most indicative examples are
those of almost all investigated alkyl radicals, including Me"
which has the smallest size, which have a larger intrinsic barrier
than the other substituted radicals, except ‘CH,NH, and
"CH,N(CH;)H. For instance, the radical reactants bearing the
strong electron-withdrawing groups, such as 'CH,CF;, 'CH,-
COOH, °‘'CH,CHO, 'CH,COMe, have a significantly lower
intrinsic barrier than that of the alkyl radicals examined in this
study. Such a result is much closely related to the electrophilic
and nucleophilic characteristics of the radicals. For ‘CH,NH,
and "CH,N(CH;)H, the strong transfer of the lone-pair of elec-
trons from N to the single-electron-occupied p orbital renders
the C radical center electron-rich and strongly nucleophilic,
while the strong electron-withdrawing groups cause an
electron-poor characteristic at the carbon radical center and are
thus electrophilic. Electrophilic radicals are better in polarity-
matching with nucleophilic NHC-boranes than nucleophilic
radicals, and thus the electrophilic radicals such as “CH,CFs3,
'CH,COOH, ‘CH,CHO, and ‘CH,COMe, have lower H-atom
abstraction intrinsic barriers than the strongly nucleophilic
radicals such as "CH,NH, and "CH,N(CH;)H.

The results of the analysis shown in Fig. 2 indicates the
medium linear dependence of the intrinsic barrier on the
global/local nucleophilicity and electrophilicity indices, in
which those possessing a relatively high COD are the local
electrophilicity and global nucleophilicity indices; the former
CODs are 0.85 (NHC-BH;) and 0.77 (NHC-BH,CN) and the latter
are 0.80 (NHC-BH;) and 0.70 (NHC-BH,CN). It is likely that the
local electrophilicity and global nucleophilicity indices can be

45 45

" (@ " o, R*=076 U = 0,R2=067
40+ ® 0., R* =085 40 ® o, R?=0.77
L] A N,R?>=0.80 A
351 v N, R*=058 351 v

w
S
L

Index (eV)
5

Index (eV)
5

é é ]IO ]I2 ]‘4 ]‘6 ll8 2‘0

AE} (kcal mol™)

AE} (kcal mol™")

Fig. 2 Correlations of nucleophilicity/electrophilicity indexes of the
attacking radicals to the intrinsic barriers (AE§) to the H-abstraction
reactions of NHC-BHz (a) and NHC-BH,CN (b).
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used to estimate the relative intrinsic barrier heights only
between those radicals that have a sufficiently large difference
in their nucleophilicity or electrophilicity indexes.

3.3. Activation barrier

Activation barrier is comprised of intrinsic barrier and thermal
contribution. It should be noted that all of the presently
investigated H-atom abstraction reactions are exothermic,
which results in a negative thermal contribution. The calculated
results (Fig. S61) revealed that the intrinsic barriers of those H-
abstractions account for 52-87% (NHC-BH3) and 56-86% (NHC-
BH,CN) of the activation barriers. Thus, the decreased effect of
the thermal contribution to the activation barrier exceeds the
positive effect of the intrinsic barrier. Furthermore, at the low
activation barrier height, the percentage of the intrinsic barrier
is close to that of thermal contribution. With an increase in the
activation barrier, the proportion of the contribution of the
intrinsic barrier and thermal contribution approximately
increase and decrease, respectively (Fig. S61). However, the
estimation of the change regularities of the intrinsic barrier and
thermal contribution relative to the activation barrier, from
their absolute contributions to the activation barrier, is chal-
lenging (Fig. S7t). Further analysis indicated that the linear
correlation degrees of the activation barrier to the intrinsic
barrier and thermal contribution are somewhat low, which is
reflected from their CODs of 0.73 (NHC-BH3) and 0.59 (NHC-
BH,CN) for the intrinsic barrier and the CODs of 0.19 (NHC-
BH;) and 0.47 (NHC-BH,CN) for the thermal contribution
(Fig. S8(a)7)-

Furthermore, we found that the activation barrier has a poor
correlation to the global/local nucleophilicity and electrophi-
licity indices (Fig. S8(b) and (c)) with CODs of 0.04-0.79.
Despite the poor correlation, it is unambiguous that the change
of activation barrier approximately obeys the polarity-matching
rule for the radicals with strong-withdrawing and strong-
donating groups, which leads to their relatively low and high
activation barriers, respectively, as shown in Fig. S9.7 This trend
agrees with the change of the intrinsic barrier relative to the
global/local nucleophilicity and electrophilicity indices, as dis-
cussed above.

By comparing the results presented in Fig. S91 with those in
Fig. S1 and S5, we explored the variation regularity of the
activation barrier relative to the intrinsic barrier and thermal
contribution. For ‘CH,NH, and ‘CH,N(CHj3)H, the strong
nucleophilicity originating from strong electron-donating
groups and weak matching with nucleophilic NHC-boranes
led to high intrinsic barriers of their H-abstraction reactions.
Further, considering their slightly low thermal contributions,
their activation barriers were very high. Thus, the intrinsic
barrier dominates their activation barriers. For ‘CH,N=CH,,
‘CH,Ph, 'CH,CH=CF,, and ‘'CH,CH=CH,, despite their
medium intrinsic barriers, the very small thermal contributions
arising from their high p-m conjugative stabilization, led to the
high activation barriers. However, for the #-Bu’, i-Pr’, Et", n-Pr’,
and n-Bu’ radicals with relatively high intrinsic barriers, their
very low thermodynamic stabilities result in large thermal
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contributions and thus activation barriers of a medium-height.
Finally, for ‘CH,CF;, ‘CH,COOH, "CH,CHO, and 'CH,COMe,
the strong electron-withdrawing groups make their C radical
centers strongly electrophilic and afford good agreement with
the nucleophilic NHC-boranes, and thus lower their intrinsic
barriers. Despite having relatively small thermal contributions,
their H-atom abstraction reactions have low activation barriers.
Thus, the dominant factor that determines their activation
barriers is the intrinsic barrier.

3.4. Free energy barrier

For the H-abstraction reactions investigated in this study, the
activation ZPVE correction, intrinsic barrier, and activation
Gibbs free energy correction account for less than 4%, 27-54%,
and 28-47% of the free energy barrier, respectively; the latter
two had over 71% for each reaction (Fig. S107). Furthermore,
the thermal contribution serves to lower the H-abstraction free
energy barrier, and its proportion in the free energy barrier
varies from 8 to 29% and is less than not only the intrinsic
barrier but also the Gibbs free energy thermal correction.
However, we did not observe variational regularities of the
thermal contribution and intrinsic barrier with the increase in
free energy barrier (Fig. S10 and S117). This trend can be directly
observed from the analysis shown in Fig. 3, which involves the
linear fitting of the free energy barrier vs. thermal contribution
and intrinsic barrier; their respective CODs are only 0.63 and
0.23 for the NHC-BHj; reaction series, and 0.45 and 0.53 for the
NHC-BH,CN reaction series.

While using eqn (7), we found that upon increasing the free
energy barrier, the percentages of the activation barrier and
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Fig. 3 Analysis of correlation degrees of free energy barrier (AGH to
activation barrier (AE%), intrinsic barrier (AE}), and thermal contribution
(AEferm) for the H-abstraction reactions of NHC-BHz and NHC-
BH,CN at the B3LYP/6-311++G(d.p) (a) and M06-2X/6-311++G(d,p)
(b) levels of theory.
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Gibbs thermal correction approximately increase and decrease,
respectively (Fig. S121). However, the contribution of the Gibbs
free energy thermal correction to the free energy barrier did not
have a significant difference in value (Fig. S11 and S137). Thus,
the free energy barrier should be dominated by the activation
barrier. This estimation agrees well with the results of the linear
fitting between the activation and free energy barriers (Fig. 3),
which gives high CODs of 0.93 (NHC-BH3;) and 0.92 (NHC-
BH,CN).

Further analysis indicated that the free energy barrier has
a poor correlation to the global/local nucleophilicity and elec-
trophilicity indices (Fig. S14%), as noted, that the best depen-
dence is on the global nucleophilicity index with the CODs of
0.74 (NHC-BH;) and 0.52 (NHC-BH,CN). By comparing them
with the CODs of 0.80 (NHC-BH;) and 0.70 (NHC-BH,CN) for
the intrinsic barrier (Fig. 2) and 0.79 (NHC-BH3) and 0.61 (NHC-
BH,CN) for the activation barrier (Fig. S81), the best correlation
to the global nucleophilicity index can be clearly seen to be the
intrinsic barrier, followed by the correlations to the activation
and free energy barriers. Thus, the electron- and/or orbital-
energy-dependent nucleophilicity/electrophilicity indices are
much more related to the intrinsic barrier than that of the
activation and free energy barriers, including the thermody-
namic reaction energy and temperature effect.

Despite the low dependence of the free energy barrier on
nucleophilicity/electrophilicity indices, the comparison of the
free energy barriers between the two radicals bearing the strong
electron-withdrawing and electron-donating groups is abun-
dantly clear (Fig. S137). For instance, the radicals with relatively
small global nucleophilicity index ("CH,CFs; (4.65), "CHF, (5.66),
"CH,COOH (4.69), ‘CH,CHO (4.77), "CH,COMe (5.00), etc.),
caused by the presence of strong electron-withdrawing substit-
uents, have lower free energy barriers than those possessing
strongly electron-donating and global nucleophilic groups (¢-
Bu' (7.33), i-Pr" (7.01), "CH,NHMe (8.01), ‘CH,NH, (7.87), etc.).
This trend can be clearly explained by considering the polarity-
matching rule. This regularity is very similar to that displayed in
the analysis results for the intrinsic and activation barriers.
Furthermore, the free energy barrier distribution (Fig. S137)
with varying radical reactants is very similar to activation barrier
distribution (Fig. S9t), which indicates a high correlation
between them. Importantly, these results agree well with the
analysis results shown in Fig. 3.

3.5. Classification analysis of attacking radicals

The analysis indicates the reasonable predictability of the
relative intrinsic, activation, or free energy barrier heights for
the H-atom abstractions of an NHC-borane by the radicals with
strongly nucleophilic and electrophilic substituents, respec-
tively. However, for the radicals with closely nucleophilicity or
electrophilicity indices, the veracity of the judgment of their
reactivity is significantly affected by their differing electronic
distribution patterns. For alkyl radicals and those with unsat-
urated groups, the electronic delocalization stabilizations are
generally o-p hyperconjugation and p-m delocalization,
respectively. However, for the radicals bearing heteroatomic

This journal is © The Royal Society of Chemistry 2020
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(AEfnerm) and (b) thermodynamic reaction energy (A,E) for four kinds of radicals and (c) for types | and Il as a whole.

substituents, the electronic redistribution involves not only the
inductive effect but also n — p electronic delocalization. Such
complicated electronic delocalization effects lead to a low
dependence of barriers on the radical reactants (Fig. 2, S8, and
S137). To understand the effect of electronic delocalization on
the H-atom abstraction barrier in greater detail, we divided all
of the investigated radical reactants into four groups based on
the differences in their electron redistribution patterns. The
first type (type-I) is the alkyl radicals, which were Me’, Et’, n-Pr’,
i-Pr’, n-Bu’, and ¢Bu’. The second type (type-II) radicals are
‘CH,NH,, 'CH,NHMe, ‘CH,NHCOH, 'CH,0H, 'CH,OCH,,
‘CH,SH, ‘CH,SCHj;, ‘CH,F, ‘CHF,, and ‘CH,CI, in which the
atoms bonded directly to the C radical centers are heteroatoms.
The third type (type-IlI) radicals include ‘CH,CH=CF,,
‘CH,CH=CH,, ‘CH,N=CH,, 'CH,Ph, 'CH,CN, 'CH(CH;)CN,
"CH,CHO, 'CH,COOH, "CH,COMe, and 'CH,CONH,, among
which, the central carbons are bonded to unsaturated bond.
The fourth type (type-IV) comprise the (CH,),CN (n = 2-4) and
CH,CF,H;_, (n = 1-3) types, among which the inductive effect
is the only prevailing effect.

3.5.1. Thermal contribution. As shown in Fig. 4(a) and (b),
the thermal contributions and reaction energies for the H-atom
abstractions of NHC-boranes with the type-I and type-III radi-
cals are highly linearly dependent on the single-electron spin
densities on the C centers of the attacking radicals, and the
CODs vary in the 0.90-0.94 range. Notably, the correlation
degree improved evidently as compared with that before

grouping (Fig. 1). Upon merging the type-I and type-III radicals
into one group and reinvestigating the dependence degrees of
their thermal contribution and reaction energy on the single-
electron spin density, a higher COD appeared, 0.96 and 0.92
for NHC-BH3;, and 0.95 and 0.92 for NHC-BH,CN, respectively
(Fig. 4(c)). This result implies that the o-p hyperconjugation
and p-7 conjugation in the type-I and type-III radicals, respec-
tively, have almost the same effect on the correlations of
thermal contribution and reaction energy on single-electron
spin density. However, for the type-II and type-IV radicals, the
corresponding CODs are lower than 0.57, indicating a poor
degree of correlation. Such a result is most likely caused by the
inductive effect, which is the typical electron-transfer pattern in
the type-1I and type-IV radicals.

After analyzing the linear dependence of thermal contribu-
tion on the global/local nucleophilicity and electrophilicity
indices (Fig. S15t), we found that the thermal contribution of
the H-abstractions by the type-I radicals has a very high linear
dependence on the global nucleophilicity (Fig. 5(a)), global
electrophilicity, and local electrophilicity indices of the attack-
ing radicals, and the CODs were higher than 0.97. For the type-II
radicals, the thermal contribution had a high correlation to the
global nucleophilicity index alone, with CODs of 0.88 and 0.91
for the NHC-BH; and NHC-BH,CN reaction series, respectively
(Fig. 5(a)). No acceptable correlation degree was found between
the thermal contribution and global/local nucleophilicity and
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electrophilicity indices for the type-III and type-IV radicals; the
relevant CODs were lower than 0.73 (Fig. 5(a) and S157).

3.5.2. Intrinsic and activation barriers. For the intrinsic
and activation barriers to the H-abstractions by the four types of
radicals, the global nucleophilicity index had a superior corre-
lation to them than with the other three indices (Fig. S16 and
S177). Thus, we chose to use the global nucleophilicity index
more often, as will be seen in further discussion. The relevant
results are shown in Fig. 5(b) and (c).

For the type-I radicals, their intrinsic barriers to H-
abstraction reactions are almost independent of the global/
local nucleophilicity and electrophilicity indices (Fig. 5(b) and
S157) of the attacking radicals, whereas their activation barriers
exhibited a strong linear dependence on the global nucleophi-
licity index with CODs of 0.98 (NHC-BH3) and 0.97 (NHC-
BH,CN) (Fig. 5(c)). Further, considering the significant depen-
dence of the thermal contribution on the global nucleophilicity
index (Fig. 5(a)), it is clear that the activation barriers to the H-
abstractions of NHC-boranes by various alkyl radicals should be
strongly dependent on the thermal contribution, but not on the
intrinsic barrier. This trend is well supported by the following
linear analysis shown in Fig. 6(a), wherein, a low COD (<0.53)
between the activation and intrinsic barriers; however, a high
COD (0.92) between activation barrier and thermal contribution
was observed. The correlation between the activation barrier
and the thermal contribution can be rationalized according to
the direct calculated results. As listed in ESI Tables S6 and S8,
the change ranges of the intrinsic barriers to the H-abstractions
of NHC-BH; and NHC-BH,CN by all of the used alkyl radicals
are only 1.07 and 1.46 kcal mol™*, respectively, which are at
least twice less than those of the thermal contributions
(2.53 kecal mol™* for NHC-BH; and 4.0 kcal mol™* for NHC-
BH,CN). Thus, the small change range of the intrinsic barrier
should be responsible for the weak correlation between the
activation barrier and the intrinsic barrier. Clearly, in such H-
abstraction reactions, the thermodynamic stabilities of the
alkyl radicals play a dominant role in determining the relative
activation barrier heights. In contrast, the stereoelectronic and
steric effects play only a minor role. Although the relative acti-
vation barrier heights can be experientially estimated based on
the size or number of the substituents directly bonded to the C
centers of the alkyl radicals, such as the trend with Me < n-Bu <

34760 | RSC Adv, 2020, 10, 34752-34763

n-Pr = Et < i-Pr < t-Bu (NHC-BHj3) (Fig. S97), the results cannot
be used to evaluate the relative intrinsic barrier heights (¢-Bu <
Me < n-Bu < i-Pr = Et < n-Pr for NHC-BHj series), which account
for the stereoelectronic and steric effects.

For the type-II radicals, CODs of 0.92 and 0.81 between the
global nucleophilicity index and intrinsic barrier (Fig. 5(b)) are
close to 0.88 and 0.91 between the global nucleophilicity index
and thermal contribution (Fig. 5(a)), whereas the activation
barrier is significantly strongly dependent on the global nucle-
ophilicity index, as noted by the CODs of 0.98 and 0.94 for NHC-
BH; and NHC-BH,CN, respectively (Fig. 5(c)). Furthermore, for
the radicals of types III and IV, the global nucleophilicity index
is not only strongly dependent on the intrinsic barrier but also
the activation barrier, as shown in Fig. 5(b) and (c).

Further analysis indicated that the activation barriers to the
H-abstractions by the radicals of types II, III, and IV had
a greater correlation to the intrinsic barrier (CODs: 0.93-1.00)
than with the thermal contribution (CODs: 0.56-0.89), which is
completely opposite from the trend observed for the type-I
radicals, as displayed in Fig. 6(a). These results suggest that
relative activation barriers for the H-atom abstraction by the
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Fig. 7 Plots of activation energy (E,) vs. activation barrier (AEF), free
energy barrier (AG¥), and the difference (E, — AE¥) between activation
energy and activation barrier for the H-abstraction reactions of NHC-
BH3 and NHC-BH,CN at the B3LYP/6-311++G(d,p) (a) and M06-2X/6-
311++G(d,p) (b) levels of theory.
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radicals of types II, III, and IV are kinetically controlled by the
intrinsic barrier; however, for the type-l radicals, they are
thermodynamically-controlled by the thermal contribution of
the reaction energy.

3.5.3. Free energy barrier. As shown in Fig. 5(d), the corre-
lation degree analysis reveals a significant linear dependence
(CODs larger than 0.88) of the H-abstraction free energy barriers
on the global nucleophilicity index for each of the four types of
radicals. Further, the H-abstraction free energy barriers by the
type-III radicals have a more remarkable correlation to local
electrophilicity index (CODs: 0.92 (NHC-BH;) and 0.97 (NHC-
BH,CN)) than the global nucleophilicity index (CODs: 0.94 (NHC-
BH;) and 0.88 (NHC-BH,CN)), as displayed in results presented
in the ESI Fig. S18.1 Thus, it is feasible to use the global nucle-
ophilicity index to determine the relative activation or free energy
barrier heights of the H-abstractions of NHC-boranes by each of
the four types of radicals. Furthermore, the fitting between the
free energy barrier and global/local nucleophilicity indices gives
positive slopes, while the fitting provides negative slopes for the
global/local electrophilicity indices. This means that the larger is
the nucleophilicity and electrophilicity indices of a radical, the
higher and lower are the free energy barriers, respectively.
Clearly, such a result agrees well with the polarity-matching rule,
which suggests that the smaller the nucleophilicity index or the
larger the electrophilicity index of a radical, the better is its
matching with the nucleophilic NHC-boranes, and thus the lower
is the free energy barrier.

Fig. 6(b) and (c) display the degree of linear dependence of the
free energy barrier on the thermal contribution and intrinsic
barrier, respectively. The results indicate that the free energy
barriers to the H-atom abstractions by the type-I radicals have
a strong correlation to the thermal contribution, but a poor
dependence on the intrinsic barrier. This trend is similar to the
relationship between the activation barrier and its components,
which are the thermal contribution or intrinsic barrier. Appar-
ently, this results from the close intrinsic barriers to the H-atom
abstractions of NHC-boranes by different alkyl radicals. For the
type-II radicals, the H-abstraction free energy barriers have
medium and similar degrees of linear correlation (CODs: 0.84-
0.95) to both thermal contribution and intrinsic barrier. The H-
abstraction free energy barriers of the type-III and type-IV radi-
cals have a strong linear correlation to the intrinsic barrier with
CODs of greater than 0.92 and are weakly dependent on the
thermal contribution, with CODs in the 0.72-0.74 range.

When considering the contribution of the activation barrier
to free energy barrier according to eqn (7), we found that the
free energy barriers of each of the four kinds of radicals possess
a strong linear correlation degree to the activation barrier with
the CODs larger than 0.92 (Fig. 6(d)). Further, considering the
results presented in Fig. 3, it could be known, whether the
radical reactants are divided into groups or not, the CODs
between the free energy and activation barriers is similar.
Furthermore, the slopes in both cases indicated a positive
correlation between the free energy and activation barriers.
Such a robust quantitative relationship between the free energy
and activation barriers is of enormous importance for under-
standing the H-abstraction reaction kinetics of the reaction
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series studied herein. When comparing the relative reactivities
of the H-atom abstraction reactions of NHC-boranes by
different radicals, the results from this study will allow a direct
comparison of the temperature-independent activation barriers
or relative rate constants without considering the effect of the
temperature-dependent Gibbs free energy thermal correction.

3.6. Activation energy

In the computational study, we performed the temperature-
dependent Gibbs free energy thermal corrections for all
located stationary points and computed the H-abstraction TST
rate constants (k) in the 273-376 K temperature range. Further,
we obtained the DFT-based theoretical activation energy of each
H-atom abstraction reaction using the standard In(ky) vs. —1/RT
Arrhenius plot (Tables S7 and S97), which is very important for
observing the rate constant changes and understanding ther-
mochemical kinetics in a thermal environment. As shown in
Fig. 7, the activation energy is slightly higher than the activation
barrier by 0.26-1.34 kcal mol ! for each H-atom abstraction
reaction. Furthermore, the activation energy is rather closely
related to the activation and free energy barriers, as noted by the
CODs of 0.99 and 0.92 for the former and latter, respectively.
Thus, when employing the Arrhenius equation to approximately
estimate H-atom abstraction reaction kinetics, the activation
barrier can be directly used as a replacement of the activation
energy with a simple correction to the Arrhenius pre-
exponential factor.

4. Summary and conclusions

In this study, we investigated the H-atom abstraction reactions
of NHC-BH; and NHC-BH,CN by various C-centered radicals by
employing a DFT-based computational method. Using the
results computed at the B3LYP/6-311++G(d,p) level of theory, we
performed correlation analysis for the thermal contribution and
the three fundamental barriers, the intrinsic, activation, and
free energy barriers, which were further explored for revealing
their possible dependence on spin density distribution and
global/local nucleophilicity and electrophilicity indices of the
radical reactants. On the basis of the theoretical computations
and correlation analyses, the following conclusions are drawn.

(1) Before grouping, the H-atom abstraction reaction energy
and thermal contribution have a strong linearly correlation to the
spin densities on the central carbon atoms of the attacking radi-
cals. After grouping, the correlation is improved for the alkyl
radicals (type-I) and the radicals with the central atoms bonded to
unsaturated substituents (type-IIT). However, relative to the results
before grouping, the corresponding correlations weaken for the
type-II radicals with the central atoms bonded to heteroatoms and
the type-IV radicals, (CH,),CN (n = 2-4) and CH,CF,H; _, (n =1-3)
with only inductive effect; the inductive effect is believed to play
a dominant role in the weakening of the correlation.

(2) Before grouping, we did not find any acceptable depen-
dencies of the activation and free energy barriers on the
intrinsic barrier and thermal contribution. After grouping, the
activation and free energy barriers of the type-I radicals have
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a high linear correlation to thermal contribution; however, for
the radicals of types II, III, and 1V, it is the intrinsic barrier that
exhibits a highly linear correlation to the activation and free
energy barriers. The relative activation barriers of the type-I
radicals are thermodynamically-controlled, whereas for the
radicals of types II, III, and IV, the relative activation barriers are
kinetically controlled. Whether the radicals are grouped or not,
the free energy barrier is highly linearly dependent on the
activation barrier.

(3) Before grouping, the global/local nucleophilicity and
electrophilicity indices cannot be used to predict thermal
contribution and the three fundamental barriers; relatively, the
nucleophilicity/electrophilicity indices have a greater correla-
tion to the intrinsic barrier than to the activation and free
energy barriers. After grouping, the global nucleophilicity index
of the type-I radicals has a strong linear correlation to the
thermal contribution, but not to the intrinsic barrier. However,
the opposite trend is observed for the other three kinds of
radicals, whose global nucleophilicity indexes are much more
related to the intrinsic barrier than thermal contribution.
Furthermore, the global nucleophilicity index can be used to
predict the activation and free energy barriers of each of the four
kinds of radicals.

(4) Polarity effect plays an important role in understanding
H-abstraction reaction kinetics of NHC-boranes. For a pair of
radicals with sufficiently strong electron-withdrawing and
electron-donating substituents, their radical center atoms are
strongly electrophilic and nucleophilic, respectively. Thus, the
former has better polarity-matching with nucleophilic NHC-
boranes and lowers the H-atom abstraction intrinsic, activa-
tion, and free energy barriers, than the latter. After grouping,
the polarity effect can be directly used to predict and address
the relative H-abstraction reactivities of each type of radicals,
which indicates that the electrophilic or less nucleophilic
radicals are better in polarity-matching with strongly nucleo-
philic NHC-boranes than the nucleophilic or less electrophilic
radicals; the former can provide relatively low intrinsic, activa-
tion, and free energy barriers.
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