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Abstract: Catalytic styrene Ph—CH=CH, oxidation is assumed to be a simple reaction procedure; however,

its details require further systematic research. Using quantum-chemical treatment, relevant intermediates
have been investigated in various charge and spin states of alternative reaction pathways of styrene
oxidation by hydroperoxyl using the [CuL]- catalyst, where H,L = trans-2,9-dibutyl-7,14-dimethyl-5,12-di(4-
methoxyphenyl)-1,2,4,8,9,11-hexaazacyclotetradeca-7,14-diene-3,10-dione. Within reaction pathway A, the
neutral hydroperoxyl radical is bonded to Cu to form 2[CuL(OOH)]". Subsequent addition of neutral styrene
results in the formation of *{[CuL(OH)](Ph—CH,—CHO)}". Reaction pathway B starts with the initial non-
radical formation of the n-complex '[Cul.(Ph—CH=CH,)]~ which is problematic due to its endothermic
character. Subsequent addition of a hydroperoxyl radical leads to *(CuL[Ph—CH(OOH)—CH,]}" and its
oxidation leads to the separation of Ph—CH(OOH)—CH,. The exothermic reaction path A is preferred over

the endothermic reaction path B.

Keywords: B3LYP hybrid functional; broken symmetry treatment; Cu oxidation state; electronic structure;

geometry optimization

Introduction

Catalytic oxidation of styreneis an environmentally
friendly path of benzaldehyde production, which
is an important intermediate in the production of
many fine compounds and commodity chemicals
(Andrade et al., 2021). Various catalysts differ in
the conversion and selectivity of benzaldehyde,
styrene epoxide, phenylacetaldehyde, 1-phenyl-
ethane-1,2-diol, benzoic acid, phenylacetaldehyde,
and other oxidation products. The development
of sustainable and effective catalytic systems for
benzaldehyde production using green oxidants,
such as hydrogen peroxide, is highly significant.
For rational design of efficient catalysts, the cor-
responding reaction mechanisms must be known.
Redox-active ligands can contribute by storing and
providing electrons, modifying the Lewis acidity
of the metal and assisting the formation/breaking
of substrate bonding.

Catalytic styrene oxidation is assumed to be a simple
reaction procedure, but its details require further
systematic research as they are crucial for the de-
velopment of new catalytic systems. Despite intense
studies on the catalyzed oxidation of alkenes with
hydrogen peroxide, no generally accepted mecha-
nism of these reactions is known.

The Wacker process (Keith and Henry, 2009) is
industrial homogeneous catalytic oxidation of eth-
ylene to acetaldehyde in the presence of PdCl, and
CuCl, and it is considered to be well understood.
Its mechanism is based on active intermediate

[PACL(CosH,)(H,O)] with ethylene m-bonded to
Pd(IT) central atom.

However, other catalytic studies using the 1* row
transition metal complexes with multidentate li-
gands suppose that intermediate M—O—O—H (M
is the metal center) is formed and the O—O bond
is activated to enable the alkene’s reaction (Zhou et
al., 2010; Lashanizadegan et al., 2017; Lashanizade-
gan et al., 2021; Lashanizadegan et al., 2022; Yang
and Sarazen, 2022; Wu et al., 2023; Abuhafez et al.,
2024; Vala et al., 2024; Razmara et al., 2025; Saveh
et al., 2025). Most of these studies are restricted to
quantum-chemical modeling of the catalyst (Lasha-
nizadegan et al., 2017; Lashanizadegan et al., 2021;
Lashanizadegan et al., 2022; Yang and Sarazen,
2022; Vala et al., 2024; Razmara et al., 2025; Saveh
etal., 2025) or its complex with hydroperoxyl (Yang
and Sarazen, 2022). The reaction pathway for
styrene epoxidation with HyO, using the 8-hydrox-
ylquinolinmanganese(III) complex [Mn"'Q,Cl] in
water was modeled as follows (Zhou et al., 2010):

[Mn™Q,Cl] + HOOH — [Mn"Q,CI(HOOH)] (1)
[Mn"Q,CI(HOOH)] - [Mn"Q,CI(OH)]* + OH~ (2)

[Mn™Q,CI(HOOH)] + Ph—CH=CH, —
~ Ph—CHOCH, + [Mn''Q,Cl] + OH- + H" (3)

[Mn'YQ,CI(OH)]* + Ph—CH=CH, -
- Ph—CHOCH, + [Mn"Q,Cl] + H* 4)

Another reaction pathway for the oxidation of sty-
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rene with O, using a cobalt(III)-tetraphenyl catalyst
[HCo™(TPP)] was modeled without any solvent as
follows (Abuhafez et al., 2024):

[HCo"(TPP)] + Ph—CH=CH, -
- [Co™(TPP)]* + (Ph—CH—CH,)* (5)

[Co'™(TPP)]* + (Ph—CH—CH,)" + O, -
- [Co"™(TPP)—O—O—CHPh—CH,] (6)

[Co"(TPP)—O—O—CHPh—CH,]
~. [Co™(OH)(TPP)] + Ph—CO—CH, (7)

Subsequently, the catalyst was regenerated using
Et;SiH.

In our previous study (Dobrov et al., 2020),
the Cul complex (Fig. 1) with #rans-2,9-
dibutyl-7,14-dimethyl-5,12-di(4-methoxyphenyl)-
1,2,4,8,9,11-hexaazacyclotetradeca-7,14-diene-3,10-
dione (H,L), a 14-membered bis-semicarbazide
hexaazamacrocycle, was synthesized and character-
ized by analytical and spectroscopic techniques (IR,
UV-vis, 'H and "C NMR, ESI mass spectrometry,
single-crystal X-ray diffraction, and spectroelec-
trochemistry). This complex selectively catalyzes
microwave-assisted oxidation of neat styrene to
benzaldehyde using hydrogen peroxide (30 %
aqueous solution) as the oxidizing agent under low
microwave irradiation (25 W) and in the absence
of any added solvent. Under optimized conditions
(40 min of irradiation at 80 °C), the catalytic system
provided benzaldehyde yields of up to 81 % (turn-
over frequency up to 2.4 x 10* h™') as the only prod-
uct. The CuL catalyst can be very simply separated
by cooling to room temperature.

In Dobrov et al. (2020), a free radical mechanism
for catalytic oxidation of styrene was proposed

initiated by Cu-assisted formation of hydroxyl or
hydroperoxyl radicals.
Now, two alternative mechanisms of styrene oxida-
tion by hydrogen peroxide using CuL catalysis are
investigated by quantum-chemical treatment. Our
study is restricted to the structure, energy, and
electron structure of relevant intermediates within
these reaction pathways:

i) Reaction pathway A starts with the formation of
[CuL(OOH)]4 complex followed by styrene addi-
tion.

ii) Reaction pathway B starts with the formation of
m-complex [CuL(Ph—CH=CH,)]* and subse-
quent addition of hydroperoxyl.

The reaction pathways in literature (Zhou et al.,

2010; Abuhafez et al., 2024) are related to changes

in the oxidation states of the transition metal

atom (Mn(III1)/Mn(1V), Co(II1)/Co(II), see Egs.

(1)—=(7)) and the spin states of reaction intermedi-

ates are not considered. Therefore, in our reaction

model systems, all intermediates are studied in
various charge q and spin states to account for the
non-innocent character of ligand L? and possible

Cu(I1)/Cu(I) equilibria. DFT calculations in Do-

brov et al. (2020) are restricted to the CuL complex

in various oxidation and spin states only. Possible
reaction paths of catalytic styrene oxidation were
not investigated by means of theoretical chemistry.

In our recent study, this omission is addressed.

The main aim of our preliminary DFT study was

to propose which of the catalytic reaction pathways

(A or B) is more probable and to identify the

charge and spin states of their relevant reaction

intermediates. Obtained results should enable

proposing a realistic reaction pathway, which can
be later studied in more detail.

Fig. 1. X-ray structure of CuL with atom-labeling scheme and thermal ellipsoids drawn
at 50 % probability level (Dobrov et al., 2020).
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Methods

Geometry optimization of the systems under study
was performed using B3LYP hybrid functional
(Becke, 1993) and 6-311+G* basis sets from the
Gaussian library (Frisch et al., 2016) in analogy with
our previous study (Dobrov et al., 2020). Optimized
structures were tested for the absence of imaginary
vibrations using vibrational analysis. Singlet spin
states in Cu complexes were treated using unre-
stricted formalism and their energies related to
triplet spin states were corrected as follows (‘broken
symmetry’ treatment, BS) (Malrieu and Trinquier,
2012)

<82 >’1‘ (EBS B ET)

(%) =(S" s

where Eg, Er, and Egg are singlet, triplet, and
‘broken symmetry’ (unrestricted singlet) energies,
respectively. <S> and <S*>4 are triplet and ‘bro-
ken symmetry’ values of spin squares, respectively.
Atomic charges, spin populations, and overlap
weighted bond orders were evaluated in terms of
natural population analysis (Foster and Weinhold,
1980; Reed et al., 1988; Carpenter and Weinhold,
1988). All quantum-chemical calculations were
performed using the Gaussianl6 software (Frisch
et al., 2016). The MOLDRAW software was used
for geometry manipulation and visualization (Ug-
liengo, 2012).

E,—E, = (8)

Results

Reaction pathway A

Energy parameters of DFT optimized styrene,
hydroperoxyl, [CulL]? and relevant reaction in-
termediates in various charge and spin states are
presented in Tabs. 1 and A1—A3 of Appendix.
Geometry of [CuL]? was optimized starting from
its X-ray structure (Dobrov et al., 2020) as well
as with added hydroperoxyl (starting from the
Cu—O distance of ca 2.2 A) in various charge
and spin states (spin multiplicity is denoted as
the left superscript where necessary). After ge-
ometry optimization, the original square-planar
[CuL]® complex changed its coordination to
square-pyramidal only in case of anionic doublet
?[CuL(OOH)]- (Tabs. A2 and A3 in Appendix,
Figs. 2—3, and A1—A2 in Appendix) while its
neutral analogues contain the neutral hydroper-
oxyl radical (O—Ou—H,)" (see atomic charges
in Tab. 2, spin populations in Tab. 3, and bond
orders in Tab. 4) attached by hydrogen bonding
Hy- - - N3 (N3 has the highest negative charge and
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spin population among nitrogen atoms, see Tabs.
2 and 3) without any Cu—O bonds (see Tab. 4, Fig.
A2, and Tabs. A2—A3 in Appendix).

Anionic complexes '[CuL]- and *[CuLL(OOH)]" are
more stable than their neutral analogues (Tabs. 1
and Al in Appendix). It can be deduced that they
are related by the following exothermic reaction

'{CuL]- +2(OOH)" - *[CuL(OOH)]- 9)

as indicated by the reaction Gibbs energy,
A Gyggs = -56.37 kJ/mol under normal conditions
(Tab. A1 in Appendix).

Spin population in ?*[CuL(OOH)]" is located mainly
at Cu, unlike the spinless '[CuL]- anion. Conse-
quently, spin transfer from neutral hydroperoxyl
radical to central Cu atom can be concluded in re-
action (9) connected with weakening of the O—Oy
bond (Tabs. 3 and 4).

Subsequent addition of neutral styrene to the
hydroperoxyl group in ?[CuL(OOH)]- (due to steri-
cal reasons, C; must be close to O, and C, close to
OH) causes hydrogen and oxygen transfers result-
ing in *{[{CulL(OH)](Ph—CH,—CHO)}> where
Ph—CH,—CH=0O is only weakly bonded to
[CuL(OH)]" (Fig. 4, Tabs. 4 and A2—A3 in Appen-
dix). Here, the O atom originally bonded to Cu is
shifted to C; simultaneously with H transfer from
C; to C, and Cu is bonded to Oy of hydroperoxyl. It
is interesting that a removal of one electron results
in analogous neutral complexes (Fig. A3, Tabs.
A2—A3 in Appendix) with significantly higher en-
ergies (Tabs. 1 and Al in Appendix). Consequently,
C.—C; bonds are weakened and double C,=O
bonds are formed (Tab. 4). The strength of Cu—O
bond is comparable with that of Cu—N1/N3 (Tab.
4) and the Cu coordination is square-pyramidal (un-
like the square-planar [CuL]9, see Tabs. A2—A3 in
Appendix). Non-vanishing spin populations in
compounds within this reaction pathway can be at
Cu, N1, N3 and hydro(pero)xyl oxygen atoms (Tab.
3). Cu in '[CuL]" has a less positive charge and no
spin population, which implies the oxidation state
of Cu(I) (Tab. 2). More positive Cu charges and
nonzero spin populations in other compounds of
this reaction pathway correspond to the oxidation
state Cu(II).

The most probable styrene oxidation step can be
described by the exothermic reaction

2[CuL(OOH)]- + Ph—CH=CH, -
~2([CuL(OH)](Ph—CH,—CHO)} (10)
as indicated by the reaction Gibbs energy,
A,Gygg = -266.67 k]J/mol under normal conditions
(Tab. A1 in Appendix).
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Tab. 1. Relative DFT energies, AEr, and Gibbs energies at 298 K, AGyqgg, of compounds under study with
charges q and spin multiplicities M,. Energy values are related to the most stable systems (in bold)
of the same composition.

q M, AEppy [k]/mol] AGygs [K]/mol]

(OOH)" 0 2 94.99 97.20
-1 1 0.00 0.00
-1 3 67.03 53.90

Reaction path A
[CuL] 0 2 127.26 148.50
-1 1 0.00 0.00
-1 3 90.95 97.98
+1 1 748.24 776.49
+1 3 778.22 799.62
[CuL(OOH)]¢ 0 1 224.48 232.30
0 3 224.43 226.92
-1 2 0.00 0.00
{{CuL(OH)](Ph—CH,—CHO)} 1 322.18 341.47
3 323.41 333.39
-1 2 0.00 0.00

Reaction path B
[CuL(Ph—CH=CH,)]“ -1 1 0.00 0.00
-1 3 37.81 20.01
2 85.46 74.80
{CuL[Ph—CH(OOH)—CH,]} 1 184.97 182.87
0 3 197.46 188.30
-1 2 0.00 0.00

Fig. 2. DFT optimized structure of [CuL]-
in singlet spin state (Cu — green, C — black,
N — blue, O — red, H — gray).

Fig. 3. DFT optimized structure of
[CuL(O—O;—H,)]" in doublet spin state
(Cu — green, C — black, N — blue, O — red,
H — gray).
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Tab. 2. Natural charges of C,, C;, O, Oy, and H,, atoms in (O—Oy—H,) and (Ph—C ,H=C.H,) units,
and Cu and N atoms in the complexes under study with charges q and spin multiplicities M, Data
related to systems included in reaction paths A and B are in bold.

q M C, C, (@) Oy H,
(OOH)4 0 2 - - -0.145 -0.305 0.450
-1 1 - - -0.767 -0.630 0.396
-1 3 - - -0.511 -0.890 0.401
Ph—CH=CH, 0 1 -0.191 -0.346 - - -
Reaction path A
[CuL.(OOH)]4 1 - - -0.167 -0.317 0.484
3 - - -0.167 -0.317 0.484
-1 2 - - -0.614 -0.514 0.437
{[CuL(OH)](Ph—CH,—CHO)}4 0 1 -0.488 0.446 -0.566 -0.925 0.433
0 3 -0.488 0.448 -0.561 -0.856 0.437
-1 2 -0.491 0.436 -0.584 -1.188 0.424
Reaction path B
[CuL(Ph—CH=CH,)]4 -1 1 -0.277 -0.472 - - -
-1 3 -0.240 -0.452 - - -
2 -0.192 -0.356 - - -
{CuL[Ph—CH(OOH)—CH,]}4 1 0.019 -0.251 -0.327 -0.452 0.461
0 3 0.012 -0.228 -0.319 -0.452 0.457
-1 2 0.081 -0.785 -0.347 -0.454 0.440
H,L 0 1 - -0.857(2%) -0.680(2x) -0.383(2x)
Reaction path A
[CuL]e 0 2 0.927 -0.339(2x) -0.787(2%) -0.363(2%)
-1 1 0.603 -0.356(2x) -0.784(2x) -0.404(2x)
-1 3 0.853 -0.334 -0.748 -0.373
-0.504 -0.781 -0.366
[CuL(OOH)]4 0 1 0.925 -0.348(2x) -0.859 -0.350
-0.793 -0.355
0 3 0.925 -0.348(2x) -0.859 -0.350
-0.793 -0.355
-1 2 0.903 -0.315 -0.777 -0.369(2x)
-0.332 -0.750
{{CuL(OH)](Ph—CH,—CHO)}4 0 1 0.923 -0.296 -0.651 -0.350
-0.303 -0.677 -0.347
0 3 0.955 -0.295 -0.670 -0.337
-0.307 -0.722 -0.348
-1 2 0.956 -0.312 -0.751 -0.376
-0.317 -0.743 -0.356
Reaction path B
[CuL(Ph—CH=CH,)]4 -1 1 0.670 -0.326 -0.785 -0.411
-0.270 -0.782 -0.356
-1 3 0.885 -0.377 -0.774 -0.372(2x)
-0.396 -0.781
0 2 0.928 -0.340 -0.787 -0.362(2x)
-0.342 -0.783
{CuL[Ph—CH(OOH)—CH,]}4 0 1 0.931 -0.340 -0.787 -0.363
-0.342 -0.784 -0.363
0 3 0.926 -0.341 -0.787 -0.362
-0.341 -0.780 -0.363
-1 2 0.848 -0.310(2x) -0.778 -0.390
-0.759 -0.351
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Tab. 3. Natural spin populations at C,, Gy, O, Oy, and H,, atoms in (O—O—H,) and (Ph—C ,H=C,H,)
units, and Cu and N atoms in the complexes under study with charges q and spin multiplicities M,
Data related to systems included in reaction paths A and B are in bold.

q M, C, (O O Oy H,
(OOH)1 0 2 - - 0.742 0.268 -0.010
-1 1 - - 0.000 0.000 0.000
-1 3 - - 1.479 0.535 -0.014
Ph—CH=CH, 0 1 0.000 0.000 0.000 0.000 0.000
Reaction path A
[CuL(OOH)]d 1 - - 0.701 0.310 -0.008
3 - - 0.702 0.309 -0.008
-1 2 - - 0.097 0.007 0.001
{{CuL(OH)](Ph—CH,—CHO)}4 0 1 -0.002 -0.004 -0.005 -0.343 0.008
3 0.002 0.004 0.005 0.435 -0.011
-1 2 0.000 0.000 0.000 0.035 -0.001
Reaction path B
[CuL(Ph—CH=CHy,)]4 -1 1 0.000 0.000 - - -
-1 3 0.042 0.174 - - -
0 2 0.000 0.000 - - -
{CuL[Ph—CH(OOH) —CH,]}d 0 1 0.035 -0.998 -0.021 -0.006 0.000
0 3 -0.029 0.982 0.065 0.000 0.000
-1 2 -0.001 0.254 0.022 -0.001 0.000
Reaction path B
[CuL]d 0 2 0.526 0.115(2x) 0.111(2x) 0.006(2x)
-1 1 0.000 0.000(2x) 0.000(2x) 0.000(2x)
-1 3 0.590 0.090 0.098 0.001
0.345 0.115 0.006
[CuL(OOH)]4 0 1 -0.532 -0.110(2x) -0.111 -0.011
-0.116 -0.006
0 3 0.525 0.110(2%) 0.110 0.011
0.116 0.006
-1 2 0.575 0.054 0.106(2x) 0.002
0.047 0.004
{[CuL(OH)](Ph—CH,—CHO)}4 0 1 0.197 0.104(2x) -0.061 0.008
0.022 0.003
0 3 0.673 0.138(2x) 0.296 0.050
0.186 0.008
-1 2 0.610 0.059 0.109 0.000
0.065 0.106 0.002
Reaction path C
[CuL(Ph—CH=CHy,)]1 -1 1 0.000 0.000 0.000 0.000
-1 3 0.571 0.153 0.111 0.000
0.166 0.108 0.002
0 2 0.526 0.115(2x) 0.112 0.006(2x)
0.110
{CuL[Ph—CH(OOH) —CH,]}d 0 1 0.527 0.115(2x) 0.112 0.007(2x)
0.109
0 3 0.527 0.115(2%) 0.111(2x) 0.007(2%)
-1 2 0.507 0.000 0.083 -0.001
0.023 0.087 0.002
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Fig. 4. DFT optimized structure of
{{CuL(O4—H) |(Ph—C ,H,—C;HO)} in doublet
spin state (Cu — green, C — black, N — blue,

O —red, H — gray).

Reaction pathway B

Structures of [CuL(Ph—CH=CH,)|4 were opti-
mized starting from [CuL]9 with added neutral
styrene in form of a m-complex with Cu—C,/,
distances of ca 2.4 A. Only the optimized struc-
ture of '[CuL(Ph—CH=CH,)]" preserved the
original form of a m-complex where the Cu—C,,,
bond lengths are comparable with the Cu—N1/
N3 ones and the square-planar Cu coordina-
tion lost its planarity (Fig. 5, Tabs. A2—A3 in
Appendix). Its ?[CuL(Ph—CH=CHy)]’ and
’[CuL(Ph—CH=CH,)]" analogues with separated
square-planar [CuL]? and neutral Ph—CH=CH,
components are energetically higher (Tabs. 1 and
A1—A3, and Fig. A4 in Appendix).

The lower charge and absence of spin at Cu in
'[CuL(Ph—CH=CH,)]- indicates the formal
oxidation state of Cu(I) unlike the Cu(II) one in
[CuL]9, 2[CuL(Ph—CH=CH,)]’, and *[CuL(Ph—
CH=CH,)]" (Tabs. 2—3). The Cu—N1/N3 bonds
in '[CuL(Ph—CH=CH,)]- are weaker than in
[CuL]“ and they are comparable with the Cu—C,,,
ones (Tab. 4). The C,=C, bond strength is equal to
that of free styrene (Tab. 4).

According to our results, the only stable t-complex
can be obtained by the non-radical endothermic
reaction

'[CuL]- + Ph—CH=CH, -

~ '[CuL(Ph—CH=CH,)]" (11)

as indicated by the reaction Gibbs energy,
A,Gygg = ¥91.95 kJ/mol under normal conditions
(Tab. A1 in Appendix).

An addition of the hydroperoxyl radical to
"[CuL(Ph—CH=CH,)]- leads to 2{CuL[Ph—
CH(OOH)—CH,]}" with a split Cu—C, bond and
hydroperoxyl bonding to the C, site (Fig. 6, Tabs.
A2—A3 in Appendix). Subsequently, the spin densi-
ty is shifted from hydroperoxyl to Cu with a higher
positive charge corresponding to the real oxidation
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state instead of Cu(I) in '[CuL(Ph—CH=CH,)]
(Tabs. 2 and 3). The Cu—N1/N3 bonds are weaker
than the Cu—C; one in '[CuL(Ph—CH=CH,)]-
(Tab. 4).

Electron removal from '[CulL(Ph—CH=CH,)]
should correspond to the formal oxidation state
Cu(II) but it causes the Ph—CH(OOH)—CH, split
from the [CuL]” unit (Tabs. A2—A3 and Fig. A5 in
Appendix) with higher energies (Tabs. 1 and Al in
Appendix). Based on charges and spin popula-
tions (Tabs. 2 and 3), real Cu(II) oxidation state
is preserved in neutral [CuL(Ph—CH=CH,)]’
complexes and the spin density is shifted from
hydroperoxyl to N1 and N3 atoms.

Our results show that the most advantageous
hydroperoxyl addition to the above mentioned
w-complex can be described by the following endo-
thermic reaction

'[CuL.(Ph-CH=CH,)]" + (OOH)" -

- 2(CuL[Ph-CH(OOH)-CH,]} (12)

as indicated by the reaction Gibbs energy,
AGygs = 35.92 kJ/mol under normal conditions
(Tab. A1 in Appendix).

Fig. 5. DFT optimized structure of
[CuL(Ph—C,H=C.H,)]" in singlet spin state
(Cu — green, C — black, N — blue, O — red,
H — gray).

Fig. 6. DFT optimized structure of
{CuL[Ph—C H(O—O;;—H,) —C;H,]} in doublet
spin state (Cu — green, G — black, N — blue,

O —red, H — gray).
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Tab. 4. Overlap weighted bond orders between C,, C; O, Oy, and Hy atoms in (O—O;—H,) and
(Ph—C,H=C.H,) units, and Cu and N atoms in the complexes under study with charges q and
spin multiplicities M. Data related to systems included in reaction pathways A and B are in bold.

q M, C—C, c—0 GC~—0; C—~—O0 C—05; 00y
(OOH)1 0 2 - - - - - 0.679
-1 1 - - - - - 0.417
-1 3 - - - - - 0.090
Ph—CH=—CH, 0 1 1.380 - - - - -
Reaction path A
[CuL(OOH)] 1 - - - - - 0.720
3 - - - - - 0.719
-1 2 - - - - 0.505
{{[CuLL(OH)](Ph—CH,—CHO)} 0 1 0.868 -0.027 0.000 1.292 -0.012 0.001
0 3 0.869 -0.026 0.000 1.294 -0.007 0.001
-1 2 0.855 -0.027 0.001 1.282 -0.017 0.001
Reaction path B
[CuL(Ph—CH=CH,)] -1 1 1.279 - - - - -
-1 3 1.279 - - - - -
2 1.379 - - - - -
{CuL[Ph—CH(OOH)—CH,]} 1 0.949 0.722 -0.025 -0.025 0.000 0.530
0 3 0.958 0.690 -0.024 -0.019 -0.001 0.529
-1 2 0.975 0.668 -0.027 -0.043 -0.005 0.524
Reaction path A
[CuL]o 0 2 0.260(2x) 0.339(2x) - -
-1 1 0.188(2x) 0.298(2x) - -
-1 3 0.272 0.338 - -
0.357 0.346
[CuL(OOH)] 0 1 0.232 0.311 0.069 -
0.230 0.305 0.015
0 3 0.232 0.310 0.070 -
0.230 0.305 0.015
-1 2 0.238 0.305 0.302 -
0.215 0.313 0.023
{{CuL(OH)](Ph—CH,—CHO)}¢ 0 1 0.293 0.384 0.000 0.000(2x)
0.297 0.391 0.333
0 3 0.287 0.362 0.000 0.000(2x)
0.295 0.386 0.333
-1 2 0.241 0.308 -0.001 0.004
0.233 0.310 0.309 0.009
Reaction path B
[CuL(Ph—CH=CH,)] -1 1 0.172 0.220 - 0.195
0.132 0.240 0.240
-1 3 0.287 0.332(2%) - -0.001
0.294 0.007
0 2 0.259(2%) 0.338(2x) - 0.001(2x)
{CuL[Ph—CH(OOH)—CH,]} 0 1 0.258(2%) 0.337 0.000(2x) 0.000(2x)
0.333
0 3 0.258 0.337 0.000(2x) 0.000(2x)
0.260 0.339
-1 2 0.161 0.277 0.010 0.052
0.178 0.262 0.003 0.324
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Discussion

Using quantum-chemical treatment, relevant
intermediates in various charge and spin states
were investigated for three reaction pathways of
styrene oxidation by hydroperoxyl. The alternative
reaction pathways A and B are based on the [CuL]4
catalyst (Fig. 1), most probably its anionic form in
the singlet spin state corresponding to the formal
oxidation state of Cu(I). In the reaction pathway A,
the neutral hydroperoxyl radical is bonded to Cu to
form *[CuL(OOH)]- (Fig. 3), which is unstable in
other charge and spin states. Spin density is shifted
to Cu, which corresponds to the real oxidation state
of Cu(Il). Subsequent addition of neutral styrene
results in *{[CuL(OH)](Ph—CH,—CHO)}" forma-
tion after significant O and H atoms rearrange-
ment; here, only weakly bonded ?[CuL(OH)]- and
Ph—CHy,—CH=O0 units are present. This reaction
pathway seems to be realistic, but the Cu—OH
split must be solved (probably by reaction with
hydroperoxyl as in Lashanizadegan et al. (2017;
2021)) as well as the formation of benzaldehyde (by
interaction with hydroperoxyl (Lashanizadegan et
al., 2021) or with 2[CuL(OH)]" (Zhou et al., 2010;
Yang and Sarazen, 2022).

Reaction pathway B starts with the initial non-radical
formation of the w-complex '[CuL(Ph—CH=CH,)|
(Fig. 5) in Cu(I) oxidation state (Eq. 11); this reaction
is problematic because of its endothermic character.
However, its analogues in other charge and spin states
do not allow for such m-complex formation. Subse-
quent addition of a hydroperoxyl radical leads to
(CuL[Ph—CH(OOH)—CH,l}" (Fig. 6) with Cu—C,
bonding. Its oxidation leads to Ph—CH(OOH)—CH,
separation.

Conclusions

Our DFT study compared two possible reac-
tion pathways of styrene oxidation by hydrogen
peroxide under Cul catalysis, where H,L =
trans-2,9-dibutyl-7,14-dimethyl-5,12-di(4-methoxy-
phenyl)-1,2,4,8,9,11-hexaazacyclotetradeca-7,14-
diene-3,10-dione. Despite the restriction to the
main reaction intermediates, our results indicate
that the reaction starts more probably by the
formation of ?[CuL(OOH)]- (reaction pathway
A). The alternative reaction pathway B starting
with '[CuL(Ph—CH=CHy)]- is afflicted by the
endothermic character of this m-complex forma-
tion. Possible charge and spin states of the relevant
reaction intermediates were also identified. Results
of quantum-chemical calculations in vacuum indi-
cate that the exothermic reaction path A (A,Gygs =
-323.04 kJ/mol), which contains two exothermic

Breza M, Reaction mode of catalytic styrene oxidation...

reaction steps (see Egs. (9) and (10)), is preferred
over the endothermic reaction path B (A Gy =
127.87 kJ/mol), which contains two endothermic
reaction steps (see Egs. (11) and (12)). Future stud-
ies should provide additional details on the realistic
reaction mechanism, including solvent effects.
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Appendix

Tab. Al. DFT energies, Eppr, and Gibbs energies at 298 K, Gygg, of compounds under study with charges q,
spin multiplicities M, and spin squares <S§*>. Most stable systems are in bold.

q M, <S»> Eppr [hartree] Gugg [hartree]

H,L 0 1 0.000 -1876.93425 -1876.26433

Ph—CH=CH, 0 1 0.000 -309.71674 -309.61529

(OOH)1 0 2 0.754 -150.95195 -150.96003

-1 1 0.000 -150.98813 -150.99705

-1 3 2.014 -150.96260 -150.97652

Reaction path A:

[CuL]d 0 2 0.754 -3516.26778 -3515.61885

-1 1 0.000 -3516.31625 -3515.67541

-1 3 2.007 -3516.28161 -3515.63809

+1 1 0.000 -3516.03126 -3515.37966

+1 3 2.011 -3516.01984 -3515.37085

[CuL.(OOH)]4 0 1 1.008 -3667.23105 -3666.56946
-3667.23104% -3666.56843

0 3 2.008 -3667.23106 -3666.57048

-1 2 0.754 -3667.31654 -3666.65691

{{[CuL(OH)](Ph—CH,—CHO)}4 0 1 0.554 -3977.02647 -3976.24456
-3977.02660 -3976.24371 7

0 3 2.011 -3977.02613 -3976.24679

-1 2 0.753 -3977.14931 -3976.37377

Reaction path B:

[CuL(Ph—CH=CHy,)]4 -1 1 0.000 -3826.02113 -3825.25568

-1 3 2.006 -3826.00673 -3825.24806

0 2 0.754 -3825.98858 -3825.22719

{CuL[Ph—CH(OOH)—CH, ]} 0 1 1.008 -3976.93793 -3976.15870
-3976.94032% -3976.15974 %

0 3 2.008 -3976.93556 -3976.15767

-1 2 0.754 -3977.01077 -3976.22939

dCorrected according to Eq. (8)
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Tab. A2. Selected bond lengths (in A) between relevant atoms in compounds under study with charges
q and spin multiplicities M (see Fig. 1 and Tab. 2 for atom notation). Data related to systems
included in reaction pathways A and B are in bold.

q M, C—C; Cc.—O C,—On C:—O C—0y; O—Oy N3---Hg
(OOH)1 0o 2 - - - - - 1.326 -
-1 1 - - - - - 1.519 -
-1 3 - - - - - 2.222 -
Ph—CH=CH, 0 1 1.337 - - - - - -
Reaction path A
[CuL(OOH)]a 1 - - - - - 1.326 1.795
0 3 - - - - - 1.326 1.794
-1 2 - - - - - 1.473 2.298
{{CuL(OH)](Ph—CH,—CHO)}1 0 1 1.519 2.411 4.376 1.212 3.236 3.750 5.123
0 3 1.519 2.412 4.418 1.211 3.271 3.770 2.568
-1 2 1.527 2.406 3.943 1.216 3.127 3.944 2.998
Reaction path B
[CuL(Ph—CH=CH,)]" -1 1 1.373 - - - - - -
-1 3 1.359 - - - - - -
0 2 1.338 - - - - - -
{CuL[Ph—CH(OOH)—CH,]}4 1 1.486 1.457 2.375 2.435 2.849 1.449 8.104
0 3 1.484 1.474 2.384 2.443 2.884 1.447 8.733
-1 2 1.496 1.491 2.410 2.513 2.985 1.450 6.490
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Tab. A2. (cont.)

q M, Cu—N1 Cu—N3 Cu—O0O/0Oy Cu—C,/,
Reaction path A
[CuL] (exp.) 0o - 1.962(2) (2x) 1.867(2) (2x) - -
[CuL]d 2 2.002(2x) 1.892(2x) - -
-1 1 2.135(2x) 1.905(2x) - -
-1 3 2.021 1.921 - -
1.934 1.908
[CuL(OOH)] 0 1 2.018 1.912 3.285 -
2.016 1.886 3.506
0 3 2.017(2x) 1.913 3.277 -
1.886 3.503
-1 2 2.095 1.948 2.049 -
2.140 1.941 2.914
{{CuL(OH)](Ph—CH,—CHO)}1 0 1 2.046 1.872 5.064 5.881
2.023 1.885 2.039 4.755
0 3 2.051 1.928 4.946 5.745
2.031 1.907 1.992 4.633
-1 2 2.106 1.957 5.118 4.964
2.090 1.961 2.064 4.398
Reaction path B
[CuL(Ph—CH=CH,)]" -1 1 2.282 2.164 - 2.212
2.448 2.035 2.114
-1 3 1.980 1.905 - 6.715
1.969 1.908 6.200
0 2 2.002 1.891 6.513
2.001 1.893 7.013
{CuL[Ph—CH(OOH)—CH,]}* 0 1 2.000 1.891 8.398 8.642
2.001 1.894 7.060 8.561
0 3 2.006 1.891(2x) 7.748 6.808
2.003 7.253 5.843
-1 2 2.106 1.957 5.118 4.964
2.090 1.961 2.064 4.398
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Tab. A3. Selected bond angles (in degrees) in compounds under study with charges q and spin multi-
plicities M, (see Fig. 1 and Table 2 for atom notation). Data related to systems included in reaction
pathways A and B are in bold.

N3—Cu—NYT
q M, NI—Cu—NI N3—Cu—N3¥ N1—Cu—N3 .
NI1—Cu—N3’
Reaction path A
[CuL]"(exp.) 180.0 180.0 82.83(7) (2x) 97.17(7) (2x)
[CuL] 0o 2 180.0 180.0 82.2(2x) 97.8(2%)
-1 1 180.0 180.0 81.4(2x) 98.6(2x)
-1 3 176.8 177.0 81.3 95.8
83.2 99.7
[CuL(OOH)]1 0 1 169.3 177.0 82.7 97.3
82.4 98.2
0 3 169.3 177.0 82.8 98.1
82.3 97.3
-1 2 139.7 159.4 79.4 94.5
79.1 92.7
{{CuL(OH)](Ph—CH,—CHO)}4 0 1 156.1 165.7 81.2 95.6
95.7 95.7
0o 3 158.9 158.6 79.8 95.7
81.5 95.1
-1 2 142.1 155.6 78.3 92.8
79.6 93.4
Reaction path B
[CuL(Ph—CH=CH,)]" -1 1 124.9 123.7 70.8 79.6
71.0 88.2
-1 3 179.9 179.6 82.4(2x) 97.7
97.5
0o 2 179.4 179.9 82.2(2x) 97.7(2%)
{CuL[Ph—CH(OOH)—CH, |} 0 1 179.5 179.9 82.3 97.8(2x)
82.1
0 3 178.3 179.8 82.3(2x) 97.5
97.9
-1 2 142.1 155.6 78.3 92.8
79.6 93.4
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Tab. A3. (cont.)

q M, NI—Cu—O N3—Cu—O N1—Cu—C, N3—Cu—C,,
Reaction path A
[CuL]4(exp.) - - - -
[CuL] 0 2 - - - -
-1 1 - - - -
-1 3 - - - -
[CuL(OOH)]1 0 1 106.0 74.2 - -
95.4 52.8
0 3 106.1 74.4 - -
95.6 52.8
-1 2 128.3 96.4 - -
105.3 79.0
{{CuL(OH)](Ph—CH,—CHO)} 0 1 145.9 93.0 133.1 113.6
105.8 90.6 137.2 102.9
0 3 145.2 96.0 132.3 117.6
101.5 90.4 101.5 106.4
-1 2 162.7 104.3 145.2 131.8
117.6 100.7 154.1 114.7
Reaction path B
[CuL(Ph—CH=CH,)]" -1 1 - - 143.0 119.3
110.7 96.7
-1 3 - - 118.9 49.9
110.9 51.8
0 2 - - 116.3 144.6
111.2 137.5
{CuL[Ph—CH(OOH)—CH,]} 0 1 101.1 134.1 109.1 138.8
100.1 130.1 117.6 131.9
0 3 107.3 110.5 115.0 106.1
99.9 117.5 108.6 97.7
-1 2 162.7 104.3 145.2 131.8
117.6 100.7 117.6 114.7

Breza M, Reaction mode of catalytic styrene oxidation...

105



q=0M,=2 q=-1M,=3

Fig. Al. DFT optimized structure of [CuL]?in various spin states
(Cu — green, C — black, N — blue, O — red, H — gray).

q=0M,=1 q=0M,=3

Fig. A2. DFT optimized structure of [CuL(O—O;—H,)]" in singlet and triplet spin states
(Cu — green, C — black, N — blue, O — red, H — gray).

q=0M,=1 q=0M,=3

Fig. A3. DFT optimized structure of {{CuL(Oy—H)](Ph—C ,Hy—C.HO)}" in singlet and triplet spin
states (Cu — green, G — black, N — blue, O — red, H — gray).
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q=0M,=2 q=-1M,=3

Fig. A4. DFT optimized structure of [CuL(Ph—C ,H=C_ H,)]9 in various spin states
(Cu — green, C — black, N — blue, O — red, H — gray).

q=0M,=1 q=0M,=3

Fig. A5. DFT optimized structure of {CuL[Ph—C H(O—O;—H,) —C.H,]}" in singlet and triplet spin
states (Cu -green, C — black, N — blue, O — red, H — gray).
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