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1 | INTRODUCTION

Oxygen-centered radicals play a central role in radical reactions as
diverse as the autoxidation of lipids and its inhibition through antioxi-
dants, the cumol hydroperoxide process for the production of acetone
and phenol, or the reduction of ribonucleotides by class | ribonucleo-
tide reductase.™® The radicals involved in these reactions vary largely
in terms of their kinetic and thermodynamic properties (Figure 1). On
the high-activity end of the scale, we may find the hydroxyl radical
(eOH, 1), whose often very short lifetime in solution-phase experi-
ments is tightly connected to its low thermochemical stability.
Oxygen-centered radicals of intermediate stability are those derived
from phenoxy radical (2), either in the context of the antioxidative
activity of phenols such as a-tocopherol (3), or in enzyme-mediated
reactions involving tyrosyl radicals (4).”"1* On the low-activity end,
we can find nitroxyl radicals such as (2,2,6,6-tetramethylpiperidin-
1-yl)oxy radical (TEMPO, 5), whose kinetic and thermochemical stabil-
ity is high enough to allow bottling and shipping at ambient tempera-
ture. The electronic structure of oxygen-centered radicals is typically
characterized by the presence of two lone pairs at the spin-carrying

oxygen atom as shown in Figure 2. Interactions between oxygen-

The stability of various alkoxy/aryloxy/peroxy radicals, as well as TEMPO and triplet
dioxygen (30,) has been explored at a variety of theoretical levels. Good correlations
between RSEiheor and RSEe, are found for hybrid DFT methods, for compound
schemes such as G3B3-D3, and also for DLPNO-CCSD(T) calculations. The effects of
hydrogen bonding interactions on the stability of oxygen-centered radicals have been
probed by addition of a single solvating water molecule. While this water molecule
always acts as a H-bond donor to the oxygen-centered radical itself, it can act as a

H-bond donor or acceptor to the respective closed-shell parent.

ab initio calculations, hydrogen abstraction, hydrogen bonding, isodesmic equations, radicals,
thermodynamic stability

centered radicals and their condensed-phase environments depends,
among others, on specific interactions of these lone pair orbitals and
the unpaired spin with suitable interaction partners. Three specific types
of interaction have to be anticipated based on earlier precedent as
shown in Figure 2 for water as a molecular probe. These include:
(a) hydrogen bonding interactions, where one of the ROe radical lone
pair orbitals acts as the hydrogen bond acceptor; (b) single-electron
hydrogen bond (SEHB) interactions involving the ROe radical SOMO
and the o*(OH) orbital of water; and (c) 2c3e “hemibond” interactions*?
between the ROe radical SOMO and one of the water lone pair orbitals.
In the following, we analyze the impact of these interactions on the
thermodynamic stability of oxygen-centered radicals ROe as a function
of the substituent R.

2 | METHODS

2.1 | Methodological considerations

The thermodynamic stability of O-centered radicals can be character-
ized by the O—H bond dissociation energy (BDE(OH)) of the

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of Computational Chemistry published by Wiley Periodicals LLC.

J Comput Chem. 2024;45:101-114.

wileyonlinelibrary.com/journal/jcc 101


https://orcid.org/0000-0002-2045-2536
https://orcid.org/0000-0002-0534-3585
mailto:zipse@cup.uni-muenchen.de
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jcc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjcc.27221&domain=pdf&date_stamp=2023-09-25

@ | WILEY- CHEMISTRY

KOROTENKO and ZIPSE

-0

FIGURE 1 O-Centered radicals involved in common radical
reactions: hydroxyl radical (1), phenoxy radical (2), a-tocopheryl
radical (3), tyrosyl radical (4), and TEMPO radical (5).
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FIGURE 2 Possible interaction types between oxygen-centered
radicals ROe and a water molecule.

respective alcohols as defined in reaction 1 in Figure 3, larger values
indicating thermochemically less stable radicals. Variations of
BDE(OH) values can conveniently be expressed relative to a common
reference system such as hydroxyl radical (1) through the formal
hydrogen atom transfer reaction shown in reaction 2 in Figure 3. The
reaction enthalpy at 298.15 K calculated for this isodesmic hydrogen
transfer reaction is sometimes referred to as the radical stabilization
energy (RSE) of radical ROe as it reflects, to a certain extent, the influ-
ence of substituent R on the properties of radical ROe. Combination
of these RSE values with the experimentally determined BDE value of
water®® of BDE(OH, 1H) = +497.3 + 0.1 kJ mol™! as expressed in
Equation (1) provides an indirect and accurate way for the determina-
tion of BDE(OH) values in alcohols ROH.*"2°

H
s —_
R BDE(ROH) R-O + He
(reaction 1)
/’H
R<C. + Ho. RSERO) , o 5, + HO
1 (reaction 2) 1H
| e | av
P
o O-H
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/IH
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as
lAHg 1AH§S
H ~
co,
H'I + HOe RSE-D(RO- "H + HO
| 1 (reaction 2-D) O 1H
RSO alcohol is R 2
H-bond donor
FIGURE 3 Interaction of an explicit water molecule with oxygen-

centered radicals ROe and the respective parent alcohols ROH.

BDE(RO — H) =RSE(RO e ) + BDE ¢y (HO — H) (1)
ARSE =RSE —A/D(RO e ) —RSE(RO# ) =
=AHE’ (RO »)~AHE®(ROH) (2)

BDE — A/D(RO — H) = BDE(RO — H) + ARSE (3)

Aside from serving as a general indicator of radical stability, the
BDE(OH) values also provide the basis for assessing the thermody-
namics of hydrogen transfer reactions between O-centered radicals
and hydrogen atom donors. The experimental determination of
BDE(OH) values has only in selected cases been possible with “chemi-
cal accuracy,” which is often taken to be at the 1 kcal mol™!
(or 4 kJ mol™Y) limit. In order to provide accurate values for a broader
range of systems, efforts have in recent years been undertaken to
identify theoretical methods for the accurate calculation of bond dis-

sociation energies.

2.2 | Theoretical methods

The theoretical methods used in these types of studies range from

) 21-24
s

DFT-based methods (for extended systems wavefunction-based
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methods involving perturbation theory such as the ROMP2
(FC)/6-311+G(3df2p) approach,’>*®  double-hybrid functionals
such as B2-PLYP,2>2?¢ all the way to highly elaborate compound
schemes such as G3(MP2)-RAD,*~2%?7-32 G3B3,*>** CBS-QB3,*® or
the Weizmann-family®® of methods. More recently, the DLPNO-
CCSD(T) method for open-shell systems has emerged as an additional
tool for the accurate description of larger radicals, in particular when
combined with the complete basis set (CBS) extrapolation
scheme.3’"3% The underlying geometries employed in the above-
mentioned theoretical approaches are often optimized using hybrid
DFT methods. The compound G3B3 method, for example, employs
geometries optimized at the (U)B3LYP/6-31G(d)*°~*? level of theory.
Particularly for larger molecular systems, the geometries optimized
with or without corrective terms for London dispersion interactions
(e.g., the D3 corrections parameterized by Grimme et al.)*>** may dif-
fer considerably. Preliminary calculations of selected ROe radicals
furthermore indicated that consistent structural data require a
basis set at least as large as 6-31+G(d,p) (see Supporting Informa-
tion for further details). The subsequent results are therefore
based on geometries optimized at the (U)B3LYP-D3/6-31+G(d,p)

level of theory.

2.3 | Conformational analysis

The initial structures of molecular complexes were generated ran-
domly using the “kick” algorithm.*> Geometry optimizations have
been performed using the (U)B3LYP hybrid functional, either alone or
complemented by the D3 dispersion correction.** The 6-31G(d) and
6-31+G(d,p) all electron basis sets have been used for all elements.
Frequency calculations have been carried out to verify that the opti-
mized structures are true minima. Thermochemical corrections to H&*®
and G®* at 298.15K were calculated using the rigid rotor/harmonic

1.#¢ The symbol (%) denotes a gas phase standard state

oscillator mode
of 1atm. The individuality of the found conformers was confirmed
using an energy criterion AE;; > 10~ Hartree®” and comparing geom-
etries by distances between each atom and the centroid point.*® A
detailed description of both algorithms can be found in the Supporting

Information.

24 | Experimental data

Table 1 contains RSE and BDE(OH) values for systems selected
such that they represent the three most relevant classes of sub-
stituents in O-centered radicals: (a) radicals with alkyl substitu-
ents attached to the spin-bearing oxygen atom such as methoxy
radical (6); (b) radicals with m-systems attached to the radical cen-
ter as is the case in phenoxy radical (2) or formyloxy radical (20);
and (c) radicals with lone-pair donors attached to the radical oxy-
gen as is found in peroxy radicals or in nitroxyl radicals such as
TEMPO (5). The last column in Table 1 collects experimentally
determined BDE(OH) values together with the respective

HEMISTRY

RSE(RQe) values obtained according to reaction 2 in Figure 3. In
several cases, data from different experimental sources have
been considered, and the currently most accurate recommended
value is labeled in bold. Wherever available, data form the Active
Thermochemical Tables (ATcT) have been employed.*® The O—H
bond enthalpy in water of BDE(OH) = 497.3 + 0.3 kJ mol~? rep-
resents the upper bond enthalpy limit and thus an important ref-
erence for all other systems considered here.?®°2 For the O—H
bond enthalpy in t-BuOH (7H) photoelectron spectroscopy
measurements”® yield a value of 444.9 kJ mol~1, while thermo-
chemical measurements vyield a slightly larger value of
446.8 kJ mol~1.>2 The BDE(OH) for methanol (6H) has an ATcT
value of 440.4 kJ mol~%, which is closely matched by data from
photoelectron spectroscopy.’® The O—H bond enthalpy in ethanol
(9H) at BDE(OH) = 440.4 + 0.5 kJ mol™? is practically identical to
that in methanol, which implies only a minor effect through the dif-
ferent alkyl substituents.'®>>% Stabilizing effects through further
elongations in the alkyl chain remain moderate as can be seen from
BDE(OH) = 432.3 kJ mol™! for n-butanol (11H),%® as are the effects
of benzylic substituents as in benzyl alcohol (8H) with BDE(OH)
= 442.7 kJ mol—2°3 or in cumyl alcohol PhC(CH3),OH (10H) with
BDE(OH) = 438.2 kJ mol~.5* The most accurate gas phase mea-
surements for phenol (2H) have been reported by Ashfold and
coworkers at 0 K.** As stated previously,*” the addition of thermal
corrections (0.6 kJmol™) to the experimentally determined
RSE values vyields the most accurate values of BDE(OH)
= 365.0 k mol~! for phenol (2H) and BDE(OH) = 356.6 kJ mol~*
for para-methylphenol (14H). Combination of the value for 2H with
known substituent effects>*®> we obtain reference BDE(OH) values
for substituted phenols X-PhOH with X = NH, (324 + 13) and
X =NO, (390 +8). The O—H bond energies in hydroperoxides
are quite similar to those in phenols, the value for the
parent hydrogen peroxide (H,O,, 13H) amounting to BDE(OH)
=365.7+0.2kJmol™? and that for methylhydroperoxide 15H
being only slightly lower at BDE(OH) = 358.4 + 0.7 kJ mol ™. This
latter value is closely similar to a recent comparative analysis of
alkylhydroperoxides,®* but somewhat lower than earlier estimates
based on gas phase kinetics measurements.’*®® The currently
available BDE(OH) data for PhCH,OOH (16H) of BDE(OH)
=365kimol™? and t-BuOOH (17H) of BDE(OH)=352.3
+8.8 k) mol~! are somewhat less accurate and have also seen less
attention than most other systems in Table 1.°%°° For TEMPO-H
(5H), we adopt the currently recommended BDE(OH) value in hep-
tane solution of 293.2 kJ mol~1.5%¢2 Triplet dioxygen (30,, 19) is
also included here as an important oxygen-based radical, despite the
fact that it carries a triplet ground state and thus differs from all
other systems in Table 1. It is nevertheless included here due to its
frequent involvement in oxidation reactions and its debatable role in
direct hydrogen atom abstractions from hydrocarbon substrates.
The rather low value of BDE(OH) = 205.8 kJ mol~! in radical HOOe
(13) already implies that direct hydrogen atom abstractions from
hydrocarbon substrates by 30, are thermochemically rather

unfavorable.
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(Continued)

TABLE 1

BDE(ROe)

RSE(ROe)

G3B3-D3

[b]

DLPNO-CCSD(T)>¢

(U)B2PLYPP<

DFT®

Exp. Exp.

[d]

Qz TZ Qz CBS

TZ

Radical
(17)

+324 +13'>%7
+331 +13°7

—168.8 -152.2 —156.1 —143.9 —149.3 -1524 —153.3 —153.8 —-173 +13

p-amino-PhQOe

(18)

+293.2 + 0.4%?
+291.2¢3

—206.4 -210.9 —185.1 -191.7 -195.4 -198.0 -198.4 —-204.1+04

—208.0

TEMPO

(5)

—291.5+0.2 +205.8 + 0.27%°

—291.7 —294.4 —283.8 —288.0 —290.1 —289.1 —289.2

—274.6

30,

(19

52
53

04 121 8.3 6.4 5.4
7.0 8.3 6.4 54

3.3

-2.8

MSE
MUE
R2

12.1

6.6

55

0.9823 0.9830 0.9906 0.9926 0.9936 0.9938 0.9935

0.9956

2DFT”—(U)B3LYP-D3/6-31+G(d,p).

bUsing (U)B3LYP-D3/6-31+G(d,p) optimized geometries.

“TZ, QZ’—cc-pVTZ, cc-pVQZ.

dUsing (U)B3LYP-D3/6-31G(d) optimized geometries.

CHEMISTRY
3 | RESULTS

3.1 | Influence of theoretical methods

Basis set effects were studied for (U)B2PLYP and DLPNO-CCSD
(T) calculations using (U)B3LYP-D3/6-31+G(d,p) optimized geome-
tries. The two-point (cc-pVTZ and cc-pVQZ) extrapolation strategy
was employed for DLPNO-CCSD(T) calculations to estimate the CBS
limit.3”38 In general, changing the basis set from cc-pVTZ to cc-pVQZ
in case of both (U)B2PLYP and DLPNO-CCSD(T) makes the RSE as
defined by reaction 2 in Figure 3 slightly more negative and also leads
to a small improvement of the correlation coefficient with experimen-
tal values R? (Table 1). The rather moderate magnitude of these
effects suggests that calculations with basis sets of quadruple zeta
quality may only be required in exceptional cases. In Table 1, it can be
seen that DLPNO-CCSD(T)/CBS and G3B3-D3 results are quite simi-
(-20.9
vs. —27.7 kJ mol~1) being that for formyloxy radical (20). Correlations
for the RSE values calculated at G3B3-D3 and DLPNO-CCSD(T)/CBS

levels with the corresponding experimental data is shown in Figure 4.

lar  for most systems, the largest difference

Both have positive mean signed errors (MSE) and mean unsigned
errors (MUE) of almost identical magnitude, which implies that the cal-
culated radical stabilities are systematically smaller than experimental
values. Perusal of Table 1 indicates this to result mainly from the
values for the four phenoxy radicals 2, 12, 14, and 18. The economical
(U)B3LYP-D3/6-31+G(d,p) method employed for geometry optimiza-

tion shows, in comparison, an impressively good correlation.

3.2 | The stability of alkoxy radicals in the absence
of intermolecular interactions

The stabilities of oxygen-centered radicals as collected in Table 1 and
shown graphically in Figure 4 depend significantly more on the
attached substituents than carbon- or nitrogen-centered radicals.
The underlying mechanisms for these substituent effects have been
discussed earlier and will therefore be reiterated here only briefly.®¢%”
Alkyl substituents are moderately stabilizing with RSE values around
—62 + 5 kJ mol~! through hyperconjugative interactions between the
oxygen-based SOMO and the neighboring C—C and C—H bonds.
The latter appear somewhat more effective as can be seen from the
stability difference between the methoxy and tert-butoxy radicals
(6 vs. 7). The stability of aryl- and acyloxy-radicals varies widely as a
function of the structure of the attached m-system. On the low stabil-
ity side, this includes the formyloxy radical (20) with RSE(20)
= —28.4 kJ mol~%, whose delicate electronic structure has been noted
in earlier theoretical studies.®® The phenoxy radical 2 is, in compari-
son, much more stable at RSE(2) = —132.3 kJ mol~?, and displays an
impressive stability variation of more than 50 kJ mol~! between its
4-nitro- and 4-amino-substituted variants (12 vs. 18). Peroxy radicals
are similarly stable as phenoxy radical 2. For the alkyl-substituted
cases 15, 16, and 17 included here we note that their stability is only
moderately higher as compared with the parent HOOe radical at RSE
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(13) = —131.6 kJ mol~ 1. Nitroxyl radicals such as TEMPO are, in com-
parison, significantly more stable at RSE(5) = —204 kJ mol~%, which
illustrates the superior ability of amino- as compared with alkoxy-
groups to act as electron donors. The even higher stability of triplet
dioxygen at RSE(19) = —291.5 kJ mol~* simply documents the unique
electronic structure of this system,69 that cannot (and should not) be
compared directly with all other O-centered (doublet state) radicals in
this study.

3.3 | The effects of monosolvation

The principal interaction modes of explicit water molecules with
oxygen-centered radicals ROe have already been detailed in Figure 2.
When assessing the impact of these interactions on radical stability as
defined earlier in reaction 2 in Figure 3, we also have to decide on
the interaction of water with the parent alcohols. One obvious
interaction scheme is shown in reaction 2-A in Figure 3, where the
parent alcohols act as hydrogen-bond acceptors in very much the
same way as the oxygen-centered radicals. RSEs calculated with
these interaction types will be designated “RSE-A” and reflect, in
addition to the influences of substituent R, the change in hydrogen
bond strength to the alcohol oxygen on radical formation. Alterna-
tively, the parent alcohols may also act as a hydrogen-bond donor
to the water molecule probe, while the oxygen-centered radical
remains to act as a hydrogen-bond acceptor as expressed in reac-
tion 2-D in Figure 3. RSEs calculated according to this latter defini-
tion will be designated “RSE-D.” In the following, we will first
analyze how RSE-A values differ from the gas phase values pre-

sented before in Table 1.

0
300 -250 -200 -150 -100  -50 20 0
[ ]
8 7 .-"."
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19 RSE(ROs)exp = 1.0080 * RSE(RO)calc - 4.3520
o R?=0.9935
-300

RSE(RO®)calc, ki/mol

(B)

Correlation plots for (A) DLPNO-CCSD(T)/CBS//(U)B3LYP-D3/6-31+G(d,p) and (B) G3B3-D3.

The smallest system, where the influence of water complexation
can be explored, is the H,O/HOe radical reference system itself
(i.e., R=H in Figure 2). This involves the water dimer on the reactant
side, whose hydrogen-bound structure has been studied in large detail
experimentally as well as theoretically.”®~7? Whether or not minima
other than the structure shown in Figure 5 exist on the potential
energy surface depends largely on the theoretical method.”® At the
B3LYP-D3/6-31+Gl(d,p) level employed here only one true minimum
can be located for the water dimer. This minimum is characterized by
a hydrogen bonding distance of 191.2 pm. Three true minima are
found for the complex of hydroxyl radical 1 with water at the
UB3LYP-D3/6-31+G(d,p) level.”* In the energetically most favorable
structure the HOe radical acts as hydrogen bond donor, while the
roles are reversed in the second-best structure 1a_2 located
8.0 kJ mol™? higher in energy (DLPNO-CCSD(T)/CBS results).”>”?
This latter structure corresponds to the hydrogen bonding situation
shown in Figure 2a and is characterized by a hydrogen bonding dis-
tance of 203.2 pm. The energetically least stable minimum corre-
sponds to a “hemibond” structure 1a_3 best described by the orbital
interaction described before in Figure 2c and is located 13.0 kJ mol™?
higher. Concentrating on water complex 1a_2 with the hydrogen-
bonding pattern shown in Figure 2a, a radical stabilization energy of
RSE-A(1a) = +4.1 kJ mol~! is obtained at the DLPNO-CCSD(T)/CBS
level of theory. By definition, the corresponding RSE value in the
absence of hydrogen bonding interactions with water is 0.0 kJ mol~?,
and we may thus conclude that hydrogen-bond formation to the oxy-
gen atom of the HOe radical is destabilizing by +4.1 kJ mol~%. From
the geometrical data and the ESP plots for the water complexes 1Ha
and 1a_2, as well as the SD plot for 1a_2 we can see that the underly-

ing hydrogen bonding interactions correspond to those expected from
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2D- and 3D-structures, quantum theory of atoms in molecules (QTAIM), electrostatic potential (ESP), electron localization

function (ELF = 0.90 a.u.), spin density (SD = 0.01 a.u.) for water dimer 1Ha and the water complexes of hydroxyl radical 1a_1-1a_3. For the
latter three complexes relative enthalpies AH&* (kJ mol~2) calculated at the (U)B3LYP-D3/6-31+G(d,p) (DFT) and DLPNO-CCSD(T)/CBS (CBS)

levels are also given.

the principal interaction types presented in Figure 2. This is also sup-
ported by NBO analysis of the hydrogen bonding interaction
strengths of these systems (see Supporting Information).

Analysis of the energetically best water complexes of all other
radicals studied here shows that the hydrogen-bonding pattern
described by Figure 2a is present in all of these. Interactions of types
(b) and (c) can also be identified for some of the radicals, but these are
systematically less stable and thus have a comparatively low Boltz-
mann population with little impact on the calculated RSE values. Fur-
ther structural analysis of the water complexes of O-radicals and their
parent alcohols indicates that more than one contact typically exists
between the complexation partners. These can be C-H- --Oyy,” 88081
Ar---Hw’®®  and other weak

interactions,®® or a second hydrogen bond (as in the case of peroxy

“secondary” intermolecular

radicals and the corresponding peroxide parents, see below). These

additional interactions are stabilizing in nature and thus influence both

the water/substrate complexation energies and their structural char-
acteristics. As a consequence, the water/substrate complexation ener-
gies show only poor correlations with single structural parameters
such as hydrogen bond distances.

The molecular orbitals of phenoxy radical 2 shown as an example
in Figure 6 allow, in combination with the associated molecular elec-
trostatic potential (ESP), for a better understanding of the
intermolecular interactions. The 24a and 24p (HOMO) orbitals have a
similar shape and contribute to the electron density on the oxygen
atom along the aromatic ring plane, to which the 25« (SOMO) and
25p (LUMO) orbitals show a perpendicular orientation.

Since there is no electron in the LUMO, this leads to the forma-
tion of two more negative ESP-regions on oxygen favorable for
hydrogen bonding interactions. All oxygen-centered radicals studied
here have a similar electronic structure at the radical center. The sec-

ond effect, which can affect the charge distribution on the radical

85UB017 SUOWWOD BARR1D 3ot |dde 3y} Aq peusenob a/e 9 VO ‘SN 0 S9INJ 10} A%eiq1T 8UIUO A1/ UO (SUO PUOD-PLE-SWBIALOD A8 |IMA 1 1[oUUO//StNY) SUORIPUOD PUe SWB L 38U 835 *[7202/20/70] U0 ARiqITauluo A8|im ‘Auewse aueiyo0D Ag T2z/2'901/200T OT/I0p/L00 A8 | M ALeIq 1 [eulUo// SRy Woi) pepeo|umoq 'z ‘%202 ‘X.86960T



@ | WILEY- CHEMISTRY

KOROTENKO and ZIPSE

)

(A) (B)

¢

e\

(©)
‘

25 o (-0.24296 a.u.)

8

25 (-0.14938 a.u.)
SOMO LUMO

¥ W

24 B (-0.26111 a.u.)

24 o (-0.27210 a.u.)

(2a_1)

el
<

|
£

(=]

.00 0.27

30 a (-0.24970 a.u.) 30 B (-0.15793 a.u.)
SOMO LUMO

29 o (-0.28618 a.u.) 29 8 (-0.27611 a.u.)

FIGURE 6 Orbital analysis for phenoxy radical (2) and the best conformation of its complex with one water molecule (2a_1). Electrostatic
potential (A), spin density (SD = 0.005 a.u.) (B), and molecular orbitals (C) calculated at the UB3LYP-D3/6-31-+G(d,p) level of theory.

center, is based on the concept of o-holes as reported previously for
sulfur-,24 nitrogen-,2> and halogen-containing compounds.®® The elec-
tron density of the oxygen atom is slightly shifted toward the covalent
bond along the C—Qe (or O—Qe) axis, the effect being most visible

for peroxy radials.

3.4 | The effects of monosolvation on the stability
of alkoxy radicals

The RSE-A values of alkoxy radicals listed in Table 2 are somewhat
less negative than the RSE values in Table 1. These radicals are thus
destabilized

through  mono-complexation  with  water, the

destabilization varying between 2.6 kJ mol~! for n-BuOe (11) and
7.0 kJ mol~? for PhCH,Oe (8). These changes imply that the complex-
ation energies for the parent alcohols (acting as H-bond acceptors) are
larger than those for the respective radicals, which leads to an
increase in BDE(O—H) values in the respective parent compounds
(Figure 7). This may, at least in part, be due to differences in the oxy-
gen atom partial charges (NBO), which are significantly smaller on the
radical oxygen as compared to those in the parent alcohols (see Sup-
porting Information). Changing the role of the parent alcohol to that
of the H-bond donor vyields the alkoxy radical RSE-D values in
Table 2, which are closely similar to the RSE values of uncomplexed
alkoxy radicals in Table 1. The associated BDE-D(OH) values are thus
quite similar to the BDE(OH) values as shown graphically in Figure 8.
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TABLE 2 RSE-A and RSE-D values (kJ mol™2) calculated for selected O-centered radicals (ordered according to Table 1).
RSE(ROe)
R-Op i R-0
Acceptor \H s cce T_O‘\ ':-i
\ ptor Donor i
HO e O
H H H
Alcohol Alcohol
Radical DFT® CBS® G3B3-D3¢ DFT® CBS® G3B3-D3¢
HOe (1) +6.1 +4.1 +4.1¢ +6.1 +4.1 +4.1¢
HC(O)Oe (20) -394 -10.3 —23.9 -9.0 +16.4 +3.1
_15.0¢ +11.5¢
t-Bu-Oe (7) -55.1 —44.3 —44.6 —62.9 —49.5 -52.7
PhCH,Oe (8) —-56.6 —45.2 —45.0 —56.5 —43.6 —44.8
CH30e (6) —60.6 —53.7 —-51.6 —63.4 —55.3 —55.7
CH3CH,0e 9) —60.1 —51.5 —50.2 —65.7 -551 —56.1
PhC(CH3),0e (10) -55.1 —-41.5 —44.3 —535 —38.8 —40.1
n-Bu-Oe (11) —62.7 —53.1 —52.2 —68.5 -57.1 —57.5
p-nitro-PhOe (12) —1253 -115.3 -114.8 —-104.7 -98.1 —95.6
HOOe (13) —142.9 —-137.1 —137.6 —142.9 —-137.1 —137.6
PhQOe (2) —144.0 —132.5 —130.4 —133.4 —124.0 —118.9
PhCH,0O0e (16) —137.5 —126.8 -129.3 —127.5 —116.3 —-118.7
CH300e (15) —143.5 —136.0 -137.3 —-1323 —-124.9 —126.1
p-methyl-PhOe (14) —153.1 —140.0 —138.5 —143.8 —132.7 —128.3
t-Bu-OQOe (17) —149.6 —139.5 —144.5 -137.1 -127.8 —131.8
p-amino-PhOe (18) —183.2 —163.9 —165.7 —-176.3 —158.2 —160.9
TEMPOe (5) —215.5 —203.4 —208.8 —-198.6 —189.8 —-191.4
¢O0e (19) —236.4 —258.2 —257.6

#U)B3LYP-D3/6-31+G(d,p) level of theory.

PDLPNO-CCSD(T)/CBS using (U)B3LYP-D3/6-31-+G(d,p) optimized geometries.

“Using (U)B3LYP-D3/6-31G(d) optimized geometries.
dUsing (U)B3LYP-D3/6-31+G(d,p) optimized geometries.

Only for the benzyloxy-type radicals 8 and 19 are the RSE-D values
similarly less negative than already found for the RSE-A values, the
largest change being that for benzyloxy radical 8 with a AARSE =
+8.6 kJ mol .

3.5 | The effects of monosolvation on the stability
of aryloxy radicals

The monosolvation enthalpy AHE:*(ArOse) increases systematically
when moving from acceptor- to donor-substituted phenoxy radicals,
the lowest value being found for radical p-NO,-PhOe (AHE}(12)
=-20.1kJmol™) and the highest for p-NH,-PhOe (AHE(18)
=—25.5kJmol~ %) at DLPNO-CCSD(T)/CBS level. This is accompanied
by a decrease in the hydrogen bonding distances r(Oe.--H) of
195.2 pm for radical 12 and 183.3 pm for 18, and an increase in the
partial charge of the radical oxygen atom of —0.46 in radical 12 and
—0.55 in radical 18. It should be added that the NBO charge of the
radical oxygen atom in aryloxy radicals amounts to only 70% of
the charge of the same atom in the parent phenols. From a structural

point of view, the aryloxy radical water complexes are largely similar
in that the water is located in the aryl group ring plane. That this type
of orientation provides the most effective interaction with the oxygen
lone pair electron density is easily seen in Figure 6.

Comparing the RSE-A and RSE-D values for aryloxy radicals in
Table 2, we note that these are actually quite different. In a very gen-
eral sense, these differences result from phenols being much better
hydrogen bond donors as compared to acceptors. Focusing first on
the RSE-A values, we note that these are systematically larger (more
negative) by approx. 10 kJ mol~ as compared with the RSE values for
aryloxy radicals in Table 1. This shift results from differences in com-
plexation energies AHE°(ArOH) for the parent phenols, which are
approx. 10kJmol~! smaller than for the resulting phenoxy radicals.
Taking the parent phenol system as an example, we have AHE*(2H)
=-13.1kJmol™* versus AH&*(2) = —21.7 kJmol ™. The difference of
these values of AAHE® = —8.6kJ mol~* is closely similar to the differ-
ence in RSE(2) and RSE-A(2) values (—123.6 vs. —132.5kJ mol~%). The
range of RSE-D values listed for aryloxy radicals in Table 2 (—98.1 for
radical 12 to —158.2 for radical 18) is somewhat larger than the range
of RSE values in Table 1 (from —106.1 for radical 12 to —152.4 for
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FIGURE 7 BDE(OH)and BDE-A(OH) values (DLPNO-CCSD(T)/CBS//(U)B3LYP-D3/6-31+G(d,p) results).
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FIGURE 8 BDE(OH)and BDE-D(OH) values (DLPNO-CCSD(T)/CBS//(U)B3LYP-D3/6-31+G(d,p) results).
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radical 18). This is due to the fact that p-NO,-PhOH is a much better
H-bond donor as compared to the donor-substituted phenols 14H
and 18H. As a result, we find that p-NO,-PhOe is destabilized and p-
NH,-PhOe is (weakly) stabilized when their respective parent phenols act
as H-bond donors. For the parent phenol (2H) system, we find that RSE
and RSE-D values are almost identical (—123.6 vs.—124.0 kJ mol™2).

3.6 | The effects of monosolvation on the stability
of peroxy radicals, triplet dioxygen and TEMPO

The monosolvation enthalpies AHE*(ROOe) for the radicals CH3OOe,
t-BuOOe, and PhCH,00e are —13.6, —13.8, —17.0kJ mol~%, respec-
tively. For peroxides such as CH;OOH, t-BuOOH, and PhCH,OOH
interacting with water as a H-acceptor AHE*(ROOH), these values are
~13.9, —13.0, and —18.1kJmol~ ™. These closely similar complexation
energies of alkylperoxy radicals and alkylhydroperoxides imply that
their RSE and RSE-A values are almost identical. Alkylhydroperoxides
are, however, much better hydrogen bond donors than acceptors. As
a consequence, the RSE-D values for alkylperoxy radicals are much
smaller (less stabilizing) than the respective RSE values. For methyl-
peroxy radical (CH30Oe, 15) as the smallest system in this group, the
difference amounts  to RSE-D = —124.9 kJmol~* versus
RSE=—134.7 kJ mol ™.

For HOOQe (13) as the smallest possible peroxy radical the situa-
tion is much more complicated due to multiple interactions between
the solvating water molecules and the HOOe/H,0, interaction part-
ners. The minima identified for these systems at the DLPNO-CCSD
(T)/CBS//(U)B3LYP-D3/6-31+G(d,p) level of theory are shown in Fig-
ure 9 together with the respective relative stabilities. The best con-
former of the HOOH- - -H,O complex is of cyclic type (Figure 9A) with

two H-bonds, in which the HOOH molecule can be considered as

o oo

9 9

9 .
] ?
AHYI%S 0.0 +1.8

(A) (B)

&

AHES 0.0 +24.1

(E) (F)

both a H-accepting(r(Oay- - -HOH) = 227.5 pm) and a H-donating (r
(OHgi- - -OH5) = 190.1 pm) system at the same time. The presence of
two H-bonds gives this complex a rather low monosolvation enthalpy
of AHES(13H)=—-22.5kJ mol~%. This type of structure was estab-
lished experimentally by matrix isolation infrared spectroscopy.®” For
the HOOQe..-H,O complex, we identify the three conformations
shown in Figure 9E-G. The most stable conformation is also of cyclic
type (Figure 9E) and is very similar to the best conformer of the
HOOH:- - -H,0 complex. In this structure, the HOOe radical is interact-
ing with water as both a H-acceptor and a H-donor through two
H-bonds: (1) between the hydrogen of water and the spin-bearing
oxygen with r(Oe...HOH)=246.9 pm; and (2) between the hydrogen
of the HOOe radical and the oxygen of water with r(OH,--OH,)
=177 pm. This structure has been described already in earlier theo-
retical®® and experimental®”?° studies. The other two conformers of
the HOOe---H,0 complex are more than 20kJmol~? less stable
because they contain only one H-bond with r(Oe...HOH) distances of
204.6-206.4 pm as shown in Figure 9. Although the water complexes
of radical 13 and its parent 13H share large structural similarities, the
complexation energy of radical 13 is significantly more favorable at
AHEP(13)=-29.7kJ mol~2. This difference of 7.5kJmol~?! translates
into a significant stabilization of radical 13 and the associated values
of RSE(13)=-129.6kJmol™? and RSE-A(13)=-137.1kJmol ™.
Given the simultaneous presence of multiple H-bonding interactions
in the water complexes in Figure 9, RSE-A and RSE-D values are taken
to be identical for this system. For triplet oxygen (?0,, 19), the HOO»
radical represents (formally) the parent alcohol. The list of conformers
presented in Figure 9 for the HOOe---H,O complex lacks a structure
where the HO group oxygen interacts with water as the H-bond
acceptor, and calculation of an RSE-A values is therefore impossible.
Acting as a H-bond donor as in Figure 9E, radical 13 forms a much

more stable water complex as compared to triplet oxygen. This leads

X CX
.0 °°

+12.3 +13.2
(©) (D)

9

d

+24.1
(©)

FIGURE 9 Relative AH®* values (in kJ mol~2) for the HOOH- - -H,0 (A-D) and HOOs. - -H,O (E-G) complexes (DLPNO-CCSD(T)/CBS//(U)

B3LYP-D3/6-31+G(d,p) results).
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to a very substantial difference between RSE(19)=—290.1kJmol !
and RSE-D(19) = —258.1 kJ mol 2. The TEMPO radical (5) as the most
stable (doublet) system considered here forms a water complex char-
acterized by a comparatively short H-bond of r(Oe...-HOH)
=182.7pm and a complexation energy of AHS®=-22.8kJ mol =2,
This value is larger as compared to that for the closed-shell TEMPOL
parent acting as a H-bond acceptor (AHE® = —15.1kJ mol~1), which
implies that RSE-A(5) = —212.2 kJ mol~! is more negative (more stabi-
lizing) than RSE(5)=—195.4kJmol~1. However, TEMPOL is a much
better H-bond donor (than acceptor), which is also reflected in RSE-D
(5)=—189.8kJmol %,

The final system considered here is HC(O)Oe radical 20, whose
electronic structure varies significantly as a function of the level of
theory. This is also the reason for the largely different RSE values
obtained from DFT, DLPNO-CCSD(T)/CBS, and G3B3-D3 calculations
(Table 1). The water complexes of formic acid (20H) are more stable
as compared to the water complex of radical 20, and the RSE-A and
RSE-D values are thus less negative (less stabilizing) as compared to
RSE(20) = —20.9 kJ mol~L. Formic acid is a particularly good H-bond
donor, which leads to RSE-D(20) = +16.4 kJ mol ™.

4 | CONCLUSIONS

The range of (formally) oxygen-centered radicals considered here
includes the comparatively unstable hydroxyl radical (1), alkoxy radi-
cals such as CHzOe (6), aryloxy radicals such as PhOe (2), peroxy radi-
cals such as CH3;0Oe (15), and nitroxy radicals such as TEMPO (5).
The most favorable water complexes identified for these systems all
correspond to type (A) shown in Figure 2. The alternative interaction
modes described as the SEHB or 2c3e hemibond are found only in
(some) higher energy conformers of the water/radical complexes. The
influence of water complexation on the respective RSE values is smal-
lest for the group of alkoxy radicals and largest for the group of ary-
loxy radicals. The parent alcohol system can act as H-bond donor or
acceptor in almost all systems, which gives rise to the associated
RSE-A and RSE-D values. The difference between BDE-A and BDE-D
simply reflects the difference in hydrogen bonding in the closed shell
parent. Selecting the thermochemically most stable alcohol/water
complex leads to the smaller (less negative) of the RSE-A or RSE-D
values. For most of the systems considered here, this is the RSE-D
values, the exceptions being the alkoxy radicals CH;Oe, CH3;CH,Oe,
n-Bu-Oe, and t-Bu-Oe.
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