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The reaction of cyclohexylidene-2-carbamylcyclohex-1-enylamines with molecular oxygen does not undergo a
[4+2] cycloaddition reactions but leads mainly to a dimer via single electron transfer (SET) from the enamine to
30,, proton transfer (PT) and consecutive radical C-C coupling, an addition to the formation of hydroperoxide

1. Introduction

The electrocyclic [4+2] addition reaction of conjugated dienes with
10, is a well-studied reaction and attracted great interest recently [1].
However, the similar reaction with triplet dioxygen is spin-forbidden
[2], since organic compounds, and so conjugated dienes, are in the
singlet state. According to that in normal cases conjugated dienes should
not react with molecular oxygen [2]. It has been reported however, that
some 2-aza-1,3-dienes (1) react with triplet dioxygen and the formation
of the endoperoxides 2 have been claimed [3,4]. It has been found later,
based on NMR studies, that 1 undergoes cyclisation and in the solution it
has the cyclic form of 3 [5,6]. It has also been shown that the reaction of
3a (R = H) with 302 does not lead to 2a but to a hydroperoxide [7,8] of
the structure 6a (R = Me) as showed by X-ray crystallography (Scheme
1) [9].

2. Experimental section
2.1. Materials and methods
Starting materials (cyclohexylidene-2-carbamylcyclohex-1-enyl-

amines) are commercially available and they were purchased from
Sigma-Aldrich. Cyclic voltammograms (CV) were taken on a VoltaLab
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10 potentiostat with VoltaMaster 4 software for data process. The
electrodes were as follows: glassy carbon (working), Pt (auxiliary), and
Ad/AgCl with 3 M KCL. The potentials were referenced vs. the ferrocene/
ferrocenium (Fc/Fc') redox couple. CV data were measured in argon
saturated DMF using 0.1 M TBAP as electrolyte. IR spectra were recor-
ded using a Thermo Nicolet Avatar 330 FT-IR instrument (Thermo
Nicolet Corporation, Madison, WI, USA). Samples were prepared in the
form of KBr pellets. ESR spectra were recorded on a Bruker ElexSys E500
X-band spectrometer. ESR conditions were as follows: microwave fre-
quency: 9.8809 GHz; microwave power: 2 mW; modulation frequency:
100 kHz; modulation amplitude: 1 G; sweep width: 130 G centered at
3521 G; each spectrum was average of 20 scans. NMR spectrum was
recorded on a Bruker Avance 400 spectrometer (Bruker Biospin AG,
Fallanden, Switzerland). Microanalyses (elemental analysis) were done
by the Microanalytical Service of the University of Pannonia. The crys-
tals were mounted on a Nonius KappaCCD diffractometer. The structures
were solved by SIR92 [10] and refined with the SHELXL [11] refinement
package using Least Squares minimization. The hydrogen atoms were
added at idealized positions and refined as riding atoms with their Uiso
parameters constrained to 1.5Ueq (parent atoms) for the OH and the
CH3 groups and to 1.2Ueq (parent atoms) for the CH; and NH groups. In
compound 6b, the organic moiety co-crystallized with a methanol
solvate.
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2.2. Crystal data for compound 6b

C16H29Cl1N5Oy, = 348.86, monoclinic, space group P2,/n, a =
11.5459(9), b = 10.1885(9), ¢ = 15.779(1) A, p = 89.559(5)°, V =
1856.1(2) A%, Z = 4, Dc = 1.25 g em ™3, p(Mo-Ka) = 0.226 cm ™, 3744
reflections measured at 298 K, 213 parameters refined on F using 3744
unique reflections to final indices R[F > 46(F)] = 0.0717, wR[F > 4c6(F)]
= 0.1301. The final residual Fourier positive and negative peaks were
equal to 0.509 and —0.257, respectively. CCDC deposition code 222432.

2.3. Kinetic data for the reaction of enamines with dioxygen

Kinetic experiments were performed in CHCl; solutions at 25-40 °C
at constant dioxygen pressure under pseudo-first-order conditions. The
oxidation reactions, followed by volumetric measurements of the
dioxygen uptake, afforded a time profile indicating that the reaction
order with respect to the substrate 3 is one (Table S1). On the basis of the
calculated Vy/Vp value of 1.02 (solvent isotope effect, SIE), determined
kinetically (in the presence of 5 v/v% H,0/D50). Peroxide content: 35
% for 3a (R = H) and 30 % for 3b (R = Me) based on iodometric
titration.
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2.4. Characterization

9a (R = H): Yield: (55-60 %). M.p.: 194 °C. FT-IR bands (KBr pellet,
em 1) 3199, 3075, 2939, 2864, 2756, 1694, 1669, 1455, 1428, 1351,
1279, 1184, 1121, 1069, 1000, 956, 906, 831, 816, 779, 692, 676, 594,
522. CoeH3gN405: caled. C 71.23; H 8.68; N 12.79; found: C 70.89; H
9.03; N 12.14.

9a.nHCl: 'H NMR (400 MHz, D,0-DCl-CD30D) & (ppm): 4.81 (s, NH,
2H); 4.08-2.73 (m, 36H). 3C NMR (100 MHz, D,0-DCI-CDsOD) &
(ppm): 20.16; 20.73; 21.07; 21.19; 21.65; 23.96; 24.32; 28.74; 32.55;
32.80; 33.01; 34.55; 36.97; 38.30; 38.82; 76.15; 78.77; 85.81; 95.02;
164.95 (C=N); 190.61 (C=0).

6b (R = Me): Yield: (30-35 %). M.p.: 199 °C. FT-IR bands (KBr
pellet, cm™') 3195, 3073, 2939, 2864, 2753, 1690, 1667, 1455, 1425,
1345, 1275, 1231, 1179, 1121, 1069, 1000, 955, 906, 831, 812, 794,
690, 679, 592, 522. C15H24N503: caled. C 64.26; H 8.63; N 9.99; found:
C 64.14; H 8.79; N 10.04. GC-MS resulted the decay of the 6b product
into alcoholic form (264.10 (M™, 6.15).

6b.nHCL: 'H NMR (400 MHz, D;0-DCI-CD30D) 6 (ppm): 4.81 (s, NH,
2H); 4.06-2.63 (m, 34H); 2.48 (s, 2Me, 6H).

13C NMR (100 MHz, D;0-DCI-CDs0D) & (ppm): 20.12; 21.42; 26.76;

R
=N NH
i +20,

e-transfer

+HO, 00'-

Scheme 1. The proposed reaction mechanism of the dioxygen activation of enamines. The main route is assigned by the thick arrows.
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27.15; 28.72; 29.28; 31.06; 32.10; 35.71; 37.96; 38.62; 43.52; 75.36;
75.71; 78.32; 164.63 (C=N); 189.70 (C=0).

2.5. Computational methods

Plane Wave Density Functional Theory calculations were carried out
by Quantum Espresso v.7.0 software package [12-14]. PBE (Per-
dew-Burke-Ernzerhof) functional [15] and Ultrasoft RRKJ (Rabe-
Rappe-Kaxiras-Joanoupoulos algorithm) pseudopotential (PP) pseudo-
potential (_psl.0.1) were used for the geometry optimizations which
were performed in vacuo http://pseudopotentials.quantum-espresso.
org/legacy_tables. The Bravais-lattice index was 1 (simple or primitive
cubic cell) where the ky, ky, and k, points of the Brillouin zone were 1 1
1, and the cell size was 40 Bohr (21.17 Z\). The kinetic energy cutoff for
wavefunctions (ecutwfc) was 30.0 Rydberg, and the kinetic energy
cutoff for charge density and potential for norm-conserving pseudopo-
tential (ecutrho) was 300 Rydberg. To represent the structures of the
molecules and clusters the Molekel program was used. DFT calculations
were also performed by Gaussian software [16].

3. Results and discussion

We reinvestigated the reactions of 3a,b (R = H and Me, respectively)
with 20 and found that the products (9a,b) were obtained, which were
in all solvents very insoluble and from 3b in a very small amount of the
hydroperoxide 6b could be occasionally isolated as the HCl adduct
(Fig. 1) [17]. The compound has similar structural features as reported
earlier for 6 [9].

The reaction of 3a with triplet dioxygen gave a new compound 9a in
good yield (55-60 %), which turned out to be the dimer of 3a (Fig. S1)
[17]. The long C14-C16 (or C13-C13) bond distance of about 1.6 A
connecting the two monomers corresponds to a single bond between sp3
hybridized carbon atoms. Based on this, we undertook DFT calculations
for 9a and showed that the optimized structures are consistent with the
crystal structure (164 pm, Fig. 2).

The somewhat longer C-C bond length than that of the average
lengths of such bonds is probably due to the steric strain in the dimer

04
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molecule. The formation of 9a,b could be interpreted as a single electron
transfer (SET) reaction from the enamines (3a,b) to dioxygen resulting
in the radical cations 4a,b and superoxide anion. Consecutive proton
transfer from 4a,b to superoxide anion gives the radical 5a,b, which in a
radical-radical coupling reaction ends up as the dimers 9a,b. Radicals
5a,b formed in the H'-transfer reaction or in the slight dissociation of
the dimers 9a,b may also react with HO9* to the hydroperoxide 6a,b.
This reaction is however very limited and the hydroperoxide (6a) could
only be isolated in small yields and only occasionally. Similar dimer
formation was observed of the resonance-stabilized radicals from the
antioxidant Irganox®HP-136 (5,7-di-tert-butyl-3-(3,4-dimethylphenyl)-
3H-benzofuran-2-one) and 3,5-di-tert-butyl-4-hydroxyanisole after H-
abstraction [18].

Since these isomers undergo C-C homolytic splitting only to a small
extent, they are claimed to form a new type of antioxidants [19]. On the
one hand, to our knowledge, H-abstraction from organic compounds by
0O, is not known in the literature. On the other hand, it is well-known
that enamines are electron-rich olefins with a strong reduction poten-
tial. Despite the fact that the one electron reduction of 30 is thermo-
dynamically unfavorabde (E° = 1.265 V vs. Fc/Fc™ in CHoCly, [20-22])
the strong reducing power of enamines (E° = —70-230 mV vs. Fc/Fch)
proved by their redox potential [23-26], and photoelectron spectra
[27]. The irreversible CVs of 1a and 1b with E° = 555 and 554 mV vs.
Fc/Fc+ show obviously, that these enamines have sufficient potential to
give up an electron to dioxygen forming an unstable cation [28,29] and
superoxide anion (Fig. 3).

Literature data show that carbanions or radicals with electron af-
finities less than 20 kcal mol~! react with ground state dioxygen [30].
Indeed, tests for the formation of superoxide anion by TNB (terazonium
blue test [31]) were positive indicating the formation of O3 . Direct
observation of radicals forming during the reaction was unsuccessful
due to its short lifetime. Using DMPO (5,5-dimethyl-1-pyrroline-1-N-
oxide) spin trap we observed a superimposed spectrum of two DMPO-
radical adducts (Fig. 4) [32-34]. Species one is a carbon-centered
radical adduct (g = 2.0051; a1 = 15.2 G; a1l = 18.3 G) formed
probably from the radical 5a. The other species is an oxygen-centred
radical adduct (g = 2.0052; aV1 = 14.0 G; a''1 = 7.4 G; a2 = 1.8 G)

c16

an

Fig. 1. The molecular structure of 6b with selected bond distances (A) and angles (°): O(1)-C(8) 1.233(3), O(2)-0(3) 1.456(3), O(2)-C(9) 1.430(3), N(1)-C(1) 1.453
(3), N(1)-C(8) 1.334(3), N(2)-C(1) 1.471(3), N(2)-C(10) 1.271(73), C(9)-C(10) 1.503(3), 0O(3)-0(2)-C(9) 106.71(19), N(1)-C(1)-N(2) 110.0(2), O(1)-C(8)-N(1) 122.0
(2), N(1)-C(8)-C(9) 118.9(2), C(8)-C(9)-C(10) 113.6(2).
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Fig. 3. The CVs of 3a (R = H) and 3b (R = Me).

very likely a result of superoxide radical trapping. The ratio of the two
species is 3.3. The correlation coefficient of the fit is R = 0.995 [35].

Kinetic experiments were performed in CHCl3 solutions at 25-40 °C
at constant dioxygen pressure under pseudo-first-order conditions. The
oxidation reactions, followed by volumetric measurements of the
dioxygen uptake, afforded a time profile indicating that the reaction
order with respect to the substrate 3b is one (Fig. 5).

A straight line was obtained in a plot of the initial reaction rate versus
the initial concentration of 3b (Fig. 6A) and dioxygen (Fig. 6B) to
establish a rate law of —d[3b]/dt = k[3b][O5] with kinetic parameters:
k (3b) = (4.91 £ 0.25) x 10>M s, AH' =59 kI mol ', AS' = 78 J
mol~! K1 at 308.16 K (Fig. $3) at 35 °C, and AG' = 83 kJ mol~! was
derived from it.
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Fig. 4. The ESR spectra of the reaction mixture of 3a with dioxygen in the
presence of DMPO. Dotted line is the simulation.

Similar value has been found for 3a (k (3a) = (4.31 4+ 0.21) x 102
M~! s71). The large negative entropy of activation indicates an asso-
ciative mode of activation in the rate-determining step. On the basis of
the calculated Vy/Vp value of 1.02 (solvent isotope effect, SIE), deter-
mined kinetically (in the presence of 5 v/v% H0/D20) the oxidation
reaction is proposed to occur via an ET-PT (electron transfer-proton
transfer) mechanism, where the ET is the rate-determining step
[36-38]. The HAT (hidrogen atom transfer) can be clearly excluded.

DFT calculations were performed to study the reaction mechanism of
the dimer formation and the products of the other pathways. By
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Fig. 5. Dioxygen activation by enamines. The time course in the oxidation of
3b in CHCI; at 35 °C.
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Fig. 6. Dioxygen activation by enamines in CHCl; at 35 °C. (A) Dependence of
the initial rates on the concentration of 3b. (B) Dependence of the initial rates
on the dioxygen concentration.

comparing the total energies of the monomer products 2 and 6, the
formation of 6 was energetically unfavorable (+9.44 kJ mol1); how-
ever, experimentally it was found that the reaction of enamines with 20,
does not lead to cycloreaction. Furthermore, the formation of 3 was, less

Journal of Molecular Liquids 416 (2024) 126465

favorable than that of 2 but it is worth mentioning that the activation
barrier of the addiction of 302 to the enamine (1 — 2) seems to be
kinetically inferior to the 1 — 3 cyclization reaction but the transition
states of the elementary steps were not studied. The formation of 2, 3,
and 6 are described in the Egs. (1)-(6). Since the 1 — 3 equilibrium is
strongly shifted towards the formation of 3, an electron transfer from 3
to 30, followed by a proton transfer to 205" is noteworthy due to the
non-existence of 2. The separate molecule model resulted in very high
energies for the formation of 4 and 5 due to the not well-defined pa-
rameters of spin in PW DFT calculations. To solve this problem, the small
molecules (302, 30'2’, HO3) were added to the species 3, 4 and 5 to form
adducts, respectively. Since the formation 4 and 5 from 3 showed very
high energy by comparing the energy of separated molecules (see Egs.
(7) and (8)), it was noteworthy to study clusters where there was weak
interactions between the molecules. In this cluster model the ion pair [4
+ 30'27] could not be found as a minimum since it converged to [3 +
302], however; [5 + HO3] was observed, and its energy was +127.1 kJ
mol ! higher than that of [3 + 302], Eq. (9). Direct comparison of 4 +
305" and 5 + HO} was possible by the separate molecule model, and it
was found that 5 + HO3 had +40.6 kJ mol ! higher energy referred to 4
+ 30'2’, Eq. (10). It means that the formation of free HO3 by deproto-
nating a monomer cationic radical species was unfavorable. The
dimerization was studied in two cases: [4+4] and [5 + 5] clusters were
compared to the dimer forms 7 and 9, see Egs. (11), (12). Gaussian
calculation at different theoretical levels showed also unfavorable en-
ergies (AG; ~300 kJ mol ' in vacuo; AG; = +144 kJ mol™! at M062X/
TZVP/SMD in chloroform) for (7) but resulted in significantly smaller
value (~40 kJ mol ! in vacuo; and +67 kJ mol ™ at M062X/TZVP/SMD
in chloroform) for (8) by using the separate molecule model. We can
assume that a reasonable value for the formation of 4 could be derived
by combining the energies Eqgs. (9) and (10) calculated by PW. It means
that by eliminating the AG; of (10) from (9) it results in +86.5 kJ mol !
which is, however; only a fictive approximation but a derived AGﬁalc
shows a good agreement with the derived experimental value (AGﬁxp =
+83kJmol™Y). It depends, however; on the A value used for the Marcus’

theory (e.g. A = 1.5 then AGialc = 92kJ mol™ ) according to AG' =

2
(AG;H) Furthermore, the bond dissociation energy (BDE) of 9 (122.1 kJ

mol 1) which belongs to the long C-C bond, showed good agreement
with the BDE energies found in the literature (95-110 kJ mol™ 1) [39].
The BDE of 7 was also reasonable (57.4 kJ mol™!) therefore it can be
assumed that the formation of 7 and 8 charged dimers is also possible.
Gaussian showed, however; only 42.3 kJ mol~! for BDE of 9 by using
separate model (5 + 5 — 9) while the cluster model (12) resulted in 65.9
kJ mol~l. Note, that in the latter case, the monomers had different
orientation to each other from the one optimized by Quantum Espresso.
The deprotonation of 7 resulting in 9 was energetically favored, see Eq.
(13). The C-C bond was 164, 166, and 166 pm in 7, 8, and 9, respec-
tively, while in the clusters, the C-C distance increased up to 417-433
pm. The proposed mechanism of the dimerization and the minor reac-
tion pathways can be seen in Scheme 1 while the optimized structure of
9a is in Fig. 2.

1+30,—>2 AE=-89.0kJmol™! ¢))
[1+30,] >2 AE=-94.6kJmol! )
1->3 AE=—-43.9kJmol! 3)
[1+ 3020 —» [3 4+ 203] AE = —40.4 kJ mol ! 4
1+3%0,-6 AE=-79.5kJmol! 5)
[1+°%0,] >6 AE=-852kJmol! (6)
3+30, > 4+3%05 AE=+512.5kJ mol’ %)
3 +30, > 5+ HO3 AE = +553.1 kJ mol~! (8)
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[3 + %0,] > [5 + HO3] AE = +127.1 kJ mol ! 9
41305 > 5+ HO3 AE = +40.6 kJ mol™? (10)
[4+4] >7 AE=—-57.4kJmol! 11)
[5+5] -9 AE=-122.1kJmol! (12)
7 +23%05 > 9+ 2H0; AE=-25.8kJmol™! 13)

4. Conclusion

We believe that the formation of both compounds, the hydroperox-
ide 6b and the dimer 7a, proceeds via similar intermediates and their
mechanism can be interpreted as shown in Scheme 1. The ratio of
oxygenation/dimerization is very small so that under the conditions
applied the dimerization is the main reaction pathway. In summary, the
results outlined above suggest clearly that the reaction of enamines with
302 does not lead exclusively to the corresponding peroxides (2a,b).
Single electron transfer to molecular oxygen takes place resulting in
radical cations (4a,b) and superoxide anion. The consecutive proton
transfer from 4a,b to superoxide anion leads to neutral radicals (5a,b)
and HOy*. The formers may dimerize to the dimers (9a,b) or in reaction
with HOy* end up in the hydroperoxides (6a,b).

5. Notes
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