
A

3
p
b
r
p
a
N
O
©

K

1

i
s
n
b
a
r
h
e
a
d

[
F
t

1
d

Journal of Molecular Catalysis A: Chemical 271 (2007) 32–41

Formation of nitroxide radicals from secondary amines and peracids: A
peroxyl radical oxidation pathway derived from electron spin resonance

detection and density functional theory calculation

Hong-Chang Shi ∗, Yong Li
Department of Chemistry, Tsinghua University, Beijing 100084, China

Received 23 September 2006; received in revised form 3 February 2007; accepted 6 February 2007
Available online 17 February 2007

bstract

By electron spin resonance (ESR) detection and quantum chemical calculation based on the density functional theory (DFT) at the B3LYP/6-
1G(d) level, we found that the formation of nitroxide radicals from secondary amines and peracids is a peroxyl radical oxidation reaction, where
eroxyl radicals are the reactive intermediates of peracids in the oxidation. The DFT calculation revealed the transition structures and activation
arriers of oxidizing pyrrolidine by the peroxyl radicals of peracetic acid and percarboximidic acid. Their barriers are 11.75 and 12.35 kcal/mol,
espectively, showing that the peroxyl radicals have high reactivity on secondary amines. A reaction path calculation (IRC) of the oxidation of
yrrolidine by the peroxyl radical of percarboximidic acid illustrated the process of the formation of nitroxide radical: firstly, the terminal oxygen

tom of the peroxyl radical R O O• attacks the nitrogen atom of secondary amine and forms a N O bond, and then the hydrogen atom from the

H of the secondary amine is transferred to the imido nitrogen atom or the carbonyl oxygen atom of peracid and finally forms a new N H or
H bond.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Stable nitroxide radicals as spin labels and spin probes play
mportant roles in the study of biological systems using electron
pin resonance (ESR) spectroscopy. Since the 1960s, a large
umber of experimental and theoretical research projects have
een carried out to investigate the synthesis, structure, properties
nd application of nitroxides [1–21]. Preparation of nitroxide
adicals through oxidization of secondary amines by peracids
as been the most important synthesis method and has been
xtensively investigated. Among peracids, m-chloroperbenzoic
cid (MCPBA) is the most effective and most widely used oxi-
ant [8–18]. Peracetic acid is also used sometimes [19–21].

The acetonitrile-hydrogen peroxide method of Payne et al.

22] is another useful procedure for preparing nitroxide radicals.
or example, the ester secondary amine was oxidized at room

emperature to a nitroxide radical with a yield of 88% as shown

∗ Corresponding author. Tel.: +86 10 62783878; fax: +86 10 62771149.
E-mail address: shihc@mail.tsinghua.edu.cn (H.-C. Shi).
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calculation

elow [23]. However, this actually can also be ascribed to the
ethod of using peracids because in the reaction the acetonitrile
ould first be changed into percarboximidic acid as mentioned

ater.

Throughout the last 40 years, although many nitroxide rad-
cals have been synthesized, the mechanism of their formation
emains unclear. To date, it is still not understood how secondary
mines change into nitroxide radicals. The questions are what
he reactive intermediate of the reaction is, what the transition
tructure is, how high the activation barrier of the oxidation reac-

ion is, how the unpaired electron of nitroxide is produced and
ow the relative atoms are transferred.

By a quantum chemical calculation with the density func-
ional theory (DFT) at the B3LYP/6-31G(d) level, it was found

mailto:shihc@mail.tsinghua.edu.cn
dx.doi.org/10.1016/j.molcata.2007.02.012
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Table 1
ESR spectral parameters of the radicals 5 and 3

Radical giso a(N) (mT) No. of
nitrogen

a(H�) (mT) No. of proton

I
I

m
e
a
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m
a

4

4
with low activity barriers

The oxidation of secondary amines by peracids often occurs
at temperature between 0 and 25 ◦C. Recently, Schiemann and
H.-C. Shi, Y. Li / Journal of Molecula

hat the formation of the nitroxide radicals is a radical oxidation
eaction of secondary amines by peroxyl radicals. The peroxyl
adicals are the products from peracid molecules missing the

atoms in the OOH groups. The transition structures (TS)
nd the activation barriers of oxidizing pyrrolidine by the per-
xyl radicals CH3C(O)OO• and CH3C(NH)OO• were obtained.
he barriers were low; only ∼10 kcal/mol. ESR detection also

ndicated that the activation barriers in the formation of nitrox-
de radicals are fairly low. A reaction path calculation (IRC)
evealed the microscopic process of forming nitroxide radicals.

. Experimental

All the chemical reagents were commercial guaranteed
eagents, and were used without any further purification.
he samples used for ESR measurements were prepared by
dding pyrrolidine or dimethylamine and 30% of H2O2 into
H3CN H2O (v/v, 20:80). The concentration of pyrrolidine or
imethylamine was about 0.3 M, and the concentration of H2O2
as about 1.0 M. The pH values of the solution were 9.0–10.0
ecause the secondary amines were basic. In the preparation, it
as observed that some O2 bubbles were released. All ESR spec-

ra were recorded at room temperature using a Bruker ER-200D
pectrometer.

. Quantum chemical calculations

The DFT calculation was carried out with the Gaussian 98
rogram package [24]. In the last decade, the DFT method has
ecome an important tool in clarifying reaction mechanism,
specially for some difficult controversial mechanistic prob-
ems [25–31]. Recently, Schiemann and co-workers [8] used
he DFT method to calculate the electric structures of some
romatic nitroxide radicals, obtaining result that is in very good

greement with the experimental data. Therefore, in the present
tudy we selected the DFT method to explore the mechanism
f the formation of nitroxide radicals from secondary amines
nd peracids. Geometry optimizations of radical or non-radical

Scheme 1. The nitroxide radicals generated at 0 ◦C.

F
s
i

2.0069 1.51 1 1.96 4
I 2.0060 1.59 1 1.08 4

olecules, the geometries of transition structures, potential
nergy surface scans (PES), reaction path calculation (IRC),
nd estimation of solvent effects by using the polarizable
ontinuum model (PCM) (32–35) were all carried out at the
3LYP/6-31G(d) level. Obviously, using the same calculation
ethod, level and basis set is favorable for comparing the data

nd achieving reliable conclusion.

. Results and discussion

.1. Formation of nitroxide radicals is a reaction process
ig. 1. Experimental (solid line) and computer simulated (dashed line) ESR
pectra of pyrrolidine N oxide radical (I) and dimethylamine N oxide rad-
cal (II) at room temperature.



34 H.-C. Shi, Y. Li / Journal of Molecular Catalysis A: Chemical 271 (2007) 32–41

Scheme 2. Homolysis of the peroxy bond of aromatic
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cheme 3. Homolysis of the peroxy bond of peracids and formation of acylper-
xyl radical.

o-workers [8] used MCPBA to oxidize some aromatic sec-
ndary amine compounds at 0 ◦C and successfully obtained their
table nitroxide radicals (Scheme 1).

Most stable nitroxide radicals are synthesized from the sec-
ndary amine in which there are no hydrogen atoms attached to
-carbon atoms. When the �-carbon atom of a nitroxide radical
as one or several hydrogen atoms, the radical is quite unsta-
le [36]. In the present study, we used the acetonitrile-hydrogen
eroxide method for oxidizing pyrrolidine and diethylamine at
oom temperature (20 ◦C). For the two secondary amines with
our �-hydrogen atoms their nitroxide radicals were certainly
nstable, but ESR measurements (Fig. 1 (I and II)) showed that
sing this method they both can be easily changed into nitrox-
de radicals. This indicated that significant amounts of the two
itroxide radicals could be generated at room temperature and
heir lifetimes were long enough to be observed by ESR.

As indicated by the solid lines in Fig. 1, the spectra contain
triplet with the same intensities and each triplet line is further

plit into a quintet with intensities of 1:4:6:4:1. This is easily
xplained: the triplet peaks that arose from the hyperfine splitting
ere due to one nitrogen atom of the radical generated in the

ystem with a hyperfine coupling constant (hfcc, a(N)) and the
uintet was due to four identical �-protons with a(H�). The
SR parameters are summarized in Table 1. The experimental
SR spectra were well simulated using the WINEPR Simfonia

rogram (Fig. 1, dashed line) based on the ESR parameters in
able 1. The ESR lineshapes and parameters were typical of
itroxide radicals. This means that the two ESR spectra were
ue to the nitroxide radicals of pyrrolidine and diethylamine.

a
fi
(
(

Scheme 4. Wiberg’s reaction mechanism of nitriles with hyd
peracids and formation of acylperoxyl radical.

These results confirmed that the activation barriers of nitrox-
de radical formation are fairly low. This conclusion from the
xperiments is consistent with the following results obtained by
FT calculation.

.2. Generation of peroxyl radicals

In the DFT calculation at the B3LYP/6-31G(d) level, we tried
sing many peroxyl compounds to oxidize pyrrolidine, such
s neutral HOOH, CH3C(O)OOH, CH3C(NH)OOH, and their
egative ions HOO−, CH3C(O)OO−, and CH3C(NH)OO−, but
id not find any oxidation reactivity to generate the nitrox-
de radicals of pyrrolidine. Only peroxyl radicals R C(O)OO•
nd R C(NH)OO• showed oxidation reactivity on secondary
mines and the reactivity was fairly high.

Many researchers [37–41] have already proven that the oxida-
ion of alkanes by aromatic peracids proceeds through a radical

echanism. The mechanism involves the homolysis of the per-
xy bond of peracids (Scheme 2(1)) and abstraction of hydrogen
rom the OOH group of peracids by an acyloxyl radical to pro-
uce the acylperoxyl radical (Scheme 2(2)). Reaction 2 is fairly
apid, and the rate constant k has been found [42,43] to be in the
ange of 105–106 M−1 s−1.

The radical reactions in Scheme 2 also should be suitable
or non-aromatic peracids (Scheme 3(3 and 4)), because they
ave identical peroxyl groups. The difference between aromatic
nd non-aromatic peracids is only that the aromatic rings of
romatic peracids can increase the stability of their radicals,
nd so they probably have stronger oxidation activity than non-
romatic peracids.

For acetonitrile-hydrogen peroxide systems a similar reactive
eroxyl radical can be produced. Wiberg [44–46] established
he reaction mechanism of nitriles with H2O2 (Scheme 4),

ccording to which, under weak basic conditions, nitriles were
rst oxidized by hydrogen peroxide to percarboximidic acid
Scheme 4(5)) and then could be changed into amide and O2
Scheme 4(6)).

rogen peroxide and formation of percarboximidic acid.
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cheme 5. Formation of the peroxyl radical of percarboximidic acid.

The percarboximidic acid is also a peracid and so can carry
ut the hydrogen abstraction reaction to form peroxyl radicals,
s shown in Scheme 5, similar to Schemes 2 and 3. Therefore, for
he oxidation of secondary amine in the acetonitrile-hydrogen
eroxide systems, the reactive oxidant can be considered to be
he peroxyl radical of percarboximidic acid.

The calculation at the B3LYP/6-31G(d) level indicated that
n the hydrogen abstraction reaction from the OOH group of
eracids the energies of all of the reaction systems decreased
ignificantly (Scheme 6).

By DFT calculation at the B3LYP/6-31G(d) level, we
btained the transition structures TS1–TS4 and activation bar-
iers of the hydrogen abstractions of CH3C(O)OOH + HO•

1) or +CH3C(O)O• (2); CH3C(NH)OOH + HO• (3) or
CH3C(NH)O• (4) The transition structures are shown in Fig. 2
the initial structures are omitted). The activation barriers were

t
f

cheme 6. The hydrogen abstraction from the OOH group of peracids produced th
FT calculation at the B3LYP/6-31G(d) level.

able 2
ctivation barriers (�E*) obtained from electronic energies (ETS, Einitial), zero-point
f CH3C(O)OOH + HO• (1), CH3C(1)OOH + CH3C(O)O• (2), CH3C(NH)OOH + H

ETS (a.u.) ZPETS (a.u.) Einitial (a.u.)

−379.939089 0.071977 −379.946273
−532.616171 0.109222 −532.627203
−360.048698 0.084405 −360.059065
−492.849149 0.136169 −492.849805

he data in parentheses are with the zero-point correction energies.
lysis A: Chemical 271 (2007) 32–41 35

alculated based on the energies and zero point energy (ZPE)
orrection of the systems, which are shown in Table 2.

From the data in Table 2, the activation barriers (�E*) of
he hydrogen abstraction are extremely low, even negative and
ll are negligible. Therefore, if the peroxy bond of peracids
s homolytically cleaved into two radicals, the radicals would
asily convert peracid molecules into corresponding peroxyl rad-
cals. This may be why the formation of the peroxyl radicals is
ery rapid (k = 105–106 M−1 s−1).

According to Table 2, CH3C(NH)O• have high reactivity
n the production of peroxyl radicals, because its activation
arrier for hydrogen abstraction is extremely low. By using
cetonitrile-hydrogen peroxide method of Payne et al. [22] we
asily obtained the ESR spectra of the nitroxide radicals (Fig. 1)
f pyrrolidine and diethylamine at room temperature. A logical
eason is that the systems easily generate the peroxyl radical of
ercarboximidic acid.

.3. Formation of clusters: a spontaneous transfer of the
one-pair electrons on the N atom of secondary amine
oward the peroxyl radical
By DFT calculation at the B3LYP/6-31G(d) level we found
hat secondary amines and peroxyl radicals can spontaneously
orm unusual clusters.

e peroxyl radicals and the energies of the systems were remarkably lower by

correction energies (ZPETS, ZPEinitial) of initial and transition structures (TS)
O• (3) and CH3C(NH)OOH + CH3C(NH)O• (4)

ZPEinitial (a.u.) Radical �E* (kcal/mol)

0.076810 HO• 4.51 (1.48)
0.114345 CH3C(O)O• 6.92 (3.71)
0.089707 HO• 6.50 (3.18)
0.139650 CH3C(NH)O• 0.41 (−1.77)
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ig. 2. Transition structures TS1–TS4 of the hydrogen abstractions of
H3C(O)OOH + HO• (1) or +CH3C(O)O• (2); CH3C(NH)OOH + HO• (3) or
CH3C(NH)O• (4) obtained by DFT calculation at the B3LYP/6-31G(d) level.

For reaction systems of pyrrolidine and CH3C(O)OO• or
H3C(NH)OO• peroxyl radicals, when the distance between
(3) and O(15) is greater than 4.9 or 3.9 Å (Fig. 3(a1 and b1)),
o electron transfer occurs between pyrrolidine and the peroxyl
adical. The graphs a1 and b1 show that the highest spin density
f the unpaired electron is on the end oxygen atom of the per-
xyl radical. The second highest is on another oxygen atom of
he peroxy bond, and the rest are on the carbonyl oxygen atom
r on the nitrogen atom of the imido group. When the distance

s close to 4.70 or 3.81 Å (Fig. 3(a2 and b2)), respectively, the
lectron transfer starts. Then the N atom of pyrrolidine carries
small unpaired electron population. The distance of 4.70 or

.81 Å between the end oxygen atom of the peroxyl radical and

b
(
t
t

lysis A: Chemical 271 (2007) 32–41

he N atom of pyrrolidine is too far for the electron transfer.
he electron transfer may take place through O(18)· · ·H(10) or
(18)· · ·H(10) because the distances (2.14 or 2.17 Å) are much

horter than those between N(3) and O(15).
When the distances between N(3) and O(15) are 2.265 or

.343, clusters of pyrrolidine and the corresponding peroxyl
adicals are formed. The spin density surface graph of acluster
s shown in Fig. 4 (the graph for bcluster is shown in Fig. 7).

potential energy surface (PES) scan calculation from a1 or
1 to acluster or bcluster shows that this is a spontaneous process
ecause the activation barrier has not appeared. Formation of
cluster or bcluster makes the system energy fall to ∼10 kcal/mol
ower than a1 or b1 (Table 3).

It is interesting that the clusters formed by the secondary
mine and peroxyl radicals are different from those of non-
adical molecules. It is not a simple adduct of the two molecules.
n the clusters, approximately half of the unpaired electron pop-
lation is located on the N atom of pyrrolidine, which indicates
hat the electron transfer between the secondary amine and per-
xyl radicals occurs spontaneously.

The orientation of electron transfer is a problem that
ust be resolved. According to the calculation, the total
ulliken charges on the peroxyl radicals CH3C(O)OO• and
H3C(NH)OO• in acluster and bcluster were −0.28 and −0.25

Table 3), respectively, and so the transfer evidently is from
yrrolidine to the peroxyl radical. The Mulliken atom spin den-
ity on the N(3) atom of pyrrolidine is approximately the same
s that of O(15) of the peroxyl radical. This indicated that the
one-pair electron on the N atom of the secondary amine was
artly transferred to the peroxyl radical and partly paired with its
npaired electron. This resulted in the N atom of the secondary
mine possessing the unpaired electrons.

.4. The mechanism of generating nitroxide radicals of
econdary amines by peracids

By DFT calculation at the B3LYP/6-31G(d) level we have
btained transition structures (Fig. 5) and activation barriers
Table 4) of pyrrolidine oxidation by the peroxyl radicals of per-
cetic acid and percarboximidic acid. Their activation barriers
ere low, only ∼10 kcal/mol.
Since this is a radical reaction, the reaction system has a

ingly occupied molecular orbital (SOMO) and the orbital
lso is the highest occupied molecular orbital (HOMO) of the
ystem. The SOMO graphs and spin density surface graphs of
he systems both reflect the unpaired electron population in the
ystems. Therefore, the two graphs should have similar external
orm. For example, Fig. 6 shows the SOMO graph and the spin
ensity graph of the transition structure aTS. Obviously, their
xternal forms are approximately the same. From Fig. 6, one
an see that at the TS, large unpaired electron populations are
till present in pyrrolidine.

The above activation barriers are the result of calculating the

imolecular system of a peroxyl radical and a secondary amine
gas phase). However, the reaction occurs in solvent. Therefore,
he influence of the solvent on the activation barrier of the oxida-
ion has to be considered. Solvents CH2Cl2, CH3CN and H2O
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Table 3
The charge and spin density on pyrrolidine and peroxyl radicals in acluster and bcluster and the system energy reduction (�E)

Total charges on the peroxyl radicals Spin density Ecluster (a.u.) E1 (a.u) �E (kcal/mol)

O(15) N(3)

a −0.28 0.55 0.45 −516.148262 −516.132345 −9.98
b −0.25 0.55 0.44 −496.257136 −496.240625 −10.36

Fig. 3. The spin density surface graphs obtained by DFT calculation at the B3LYP/6
(a1, a2) or CH3C(NH)OO• (b1, b2).

F
t
B

w
W
t
g
by utilizing DFT geometries of the transition structures and the
clusters obtained for the bimolecular systems. The calculation
results of ETS, Ecluster and the activation barriers of including

Table 4
Activation barriers (�E*) obtained based on electronic energies (ETS, Ecluster),
zero-point correction energies (ZPETS, ZPEcluster) of clusters and transition
structures (TS) of pyrrolidine and peroxyl radicals of peracetic acid (a) or
percarboximidic acid (b)

*

ig. 4. The spin density surface graph of acluster formed by pyrrolidine and
he peroxyl radical of peracetic acid obtained by the DFT calculation at the
3LYP/6-31/G(d) level.

a
b

T

-31G(d) level for the systems of pyrrolidine and peroxyl radical CH3C(O)OO•

ere frequently used in the preparation of nitroxide radicals.
e used Tomasi’s polarized continuum model (PCM) [32–35]

o estimate the effects of the solvents. DFT/6-31G(d)/PCM ener-
ies ETS, Ecluster for CH2Cl2, CH3CN and H2O were determined
ETS ZPETS Ecluster ZPEcluster �E (kcal/mol)

−516.129528 0.184195 −516.148262 0.184270 11.75 (11.70)
−496.237442 0.196250 −496.257136 0.196538 12.35 (12.17)

he data in parentheses included zero-point energy correction (ZPE).
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Fig. 5. Clusters acluster and bcluster and transition structures aTS and bTS of oxi-
d
a

t
i

c
s
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f
p
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i

i

Fig. 6. SOMO graph (orbital contour value = 0.05) and spin density surface
g
p
3

p
t
d
i
v
o
Scheme 2 or reaction 1 in Scheme 7. Some yeas ago Minisci and
co-workers proposed a ‘molecule-induced homolysis’ process
[47,48], which also produced two primary radicals. However,

Table 5
Activation barriers (�E*) of pyrrolidine oxidation by peroxyl radicals of per-
acetic acid (a) or percarboximidic acid (b) based on electronic energies ETS,
Ecluster obtained by using polarizable continuum model (PCM) at the B3LYP/6-
31G(d) level

Solvent ETS (a.u.) Ecluster (a.u.) �E* (kcal/mol)

CH2Cl2 a −516.135982 −516.152770 10.53
CH2Cl2 b −496.244803 −496.262456 11.07
CH3CN a −516.137066 −516.153582 10.36
izing pyrrolidine by the peroxyl radicals of peracetic acid and percarboximidic
cid obtained by calculation at the B3LYP/6-31G(d) level.

he influences of solvents CH2Cl2, CH3CN and H2O are shown
n Table 5.

From the data in Table 5, the activation barriers (�E*) cal-
ulated taking into account the influence of solvents were not
ignificantly changed and they were 1–2 kcal/mol lower than the
arriers (�E*) in Table 4.

According to the above results and discussion, the mechanism
or the formation of nitroxide radicals from secondary amine and
eracid should be a peroxyl radical oxidation pathway. Taking
he system of pyrrolidine and peracetic acid as an example, the

echanism for the formation of nitroxide radicals is as shown

n Scheme 7.

The mechanism indicates that the formation of nitroxide rad-
cals goes through three reaction steps (Scheme 7(1–3)).

C
H
H

raph (isospin = 0.002) of transition structure (aTS) of pyrrolidine and the
eroxyl radical of peracetic acid obtained by DFT calculation at the B3LYP/6-
1G(d) level.

Reaction 1 is the homolysis of the peroxy bond of peracids
roducing the two primary radicals. However, the activa-
ion barriers of this direct homolysis may be high. For the
irect homolysis of the peroxy bond of aromatic peracids
n Scheme 2(1), the authors [37,38] do not provide its acti-
ation barrier or rate constant. The process of production
f primary radicals may not be as simple as reaction 1 in
H3CN b −496.246150 −496.263447 10.85

2O a −516.144807 −516.161052 10.19

2O b −496.255485 −496.272140 10.45
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S peracetic acid. The �E* = 11.75 kcal/mol in the scheme is the activation barrier of
o calculation at the B3LYP/6-31G(d) level.
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Table 6
The electron spin densities on N(3), O(15), and O(16) of the six structures in
Fig. 7 and their energy changes (�E)

N(3) O(15) O(16) �E (kcal/mol)

bcluster 0.44 0.54 0.02 0
bTS 0.30 0.50 0.20 12.35
b3 0.04 0.52 0.44 −8.65
b4 0.02 0.60 0.37 −14.34
b5 0.08 0.76 0.14 −32.55
b

o
a
s
c
m

m
a
b
t
i
c

s
T
d
a

cheme 7. The mechanism of forming its nitroxide radical of pyrrolidine by
xidizing pyrrolidine by the peroxyl radical of peracetic acid obtained by DFT

hey do not provide the activation barrier or rate constant of
he molecule-induced homolysis either. Therefore, how pri-

ary radicals are generated is a problem that chemists are still
esearching.

Reaction 2 is the generation of the peroxyl radical through
ydrogen abstraction by the primary radicals. This is an approx-
mately spontaneous process.

Reaction 3 is the oxidation of the secondary amine to the tar-
et nitroxide radical by the peroxyl radical, which is a process
ith low activation barrier. Reactions 2 and 3 indicated that once

he primary radicals (Scheme 7(1)) form, both the generation of
eroxyl radicals and the formation of the final nitroxide radical
re very easy. Therefore, the rate-determining step in the per-
xyl radical oxidation should be reaction 1 in Scheme 7, because
he primary radicals are produced by the peroxy bond homol-
sis, which requires surmounting higher barriers than those in
eactions 2 and 3.

.5. Microscopic view of nitroxide radical formation: a
wo-step process

The reason that the peroxyl radicals have high oxidation reac-
ivity is that the terminal oxygen atom of the peroxyl radical can
ombine with the nitrogen atom of secondary amine and at the
ame time, the carbonyl or imido group of the peroxyl radicals
an combine with the hydrogen atom on the nitrogen atom in sec-
ndary amines, which forms a good leaving group R C(O) OH
carboxylic acid) or R C(O) NH2 (amide).

As an example, Fig. 7 shows the formation process of a

itroxide radical from pyrrolidine and the peroxyl radical of
ercarboximidic acid (system b). The IRC calculation at the
3LYP/6-31G(d) level revealed that the formation of the nitrox-

de radicals is a two-step process in which the terminal O(15)

t
c
d
f

6 0.45 0.55 0.00 −70.91

f the peroxyl radical is transferred to the N(3) of the secondary
mine and an N O bond forms first, then the H(10) of the
econdary amine is transferred to the N(18) of the peroxyl radi-
al. Finally, a nitroxide radical of pyrrolidine and an acetamide
olecule are generated.
Something unusual was observed in the nitroxide radical for-

ation process: from the cluster to b4, the spin density of the N
tom of pyrrolidine was gradually decreased (Fig. 7(bTS, b3 and
4)). After the NH2 group was generated by the hydrogen atom

ransfer, the spin density of the N atom of pyrrolidine rapidly
ncreased again (Fig. 7(b5)), and finally the unpaired electron
ompletely belonged to the nitroxide radical (Fig. 7(b6)).

The electron spin densities on N(3), O(15), and O(16) of the
ix structures in Fig. 7 and their energy changes are listed in
able 6. The data also indicated that the density on N(3) first
ecreases to approximately zero (b3 and b4) and then increases
gain as H(10) bonds to N(18) (b5). Finally, the unpaired elec-
ron entirely belongs to the nitroxide radical (b6). Another

haracteristic is that the energy of the final product system
ecreased by 70.91 kcal/mol, showing that the oxidation formed
airly stable radicals.
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B ster is
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ig. 7. Microscopic process from bcluster to the nitroxide radical in the system o
3LYP/6-31G(d) level. Isospin = 0.002 a.u. The spin density surface graph bclu

f final products is from IRC and Opt calculation.

. Conclusions

In the present work based on ESR detection and DFT calcu-

ation, we reached the following conclusions.

. In the preparation of nitroxide radicals by oxidation of
secondary amines, the peroxyl radicals of peracids are reac-

3

olidine and peroxyl radical CH3C(NH)OO• obtained by DFT calculation at the
from Opt calculation, b3, b4 and b5 are from IRC calculation and the graph b6

tive intermediates of the oxidant of the oxidation reac-
tion.

. The hydrogen abstraction by the primary radicals to form

peroxyl radicals is an approximately spontaneous process.

. The peroxyl radicals and secondary amines can sponta-
neously form clusters with energy reduction (∼10 kcal/mol).
In the clusters, about one-half of the unpaired electron
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population of peroxyl radicals is already localized on the
N atom of the secondary amine.

. According to DFT calculation, the activation barriers of
pyrrolidine oxidation by the peroxyl radicals of peracetic
acid and peroxocarboximidic acid are only 11.75 and
12.35 kcal/mol, respectively. The barriers of the radical reac-
tions are low. This means that the peroxyl radicals have high
oxidation reactivity on secondary amines.

. According to the above results the rate-determining step of
the whole reaction should be the formation of the primary
radicals through homolytic cleavage of the RO OH bond
of peracids. Once the primary radicals are formed, both the
production of the peroxyl radicals and finally the formation
of target nitroxide radicals are very easy.

. The formation of nitroxide radicals is a two-step process of
the terminal oxygen atom transfer of peroxyl radicals to the
nitrogen atom of secondary amines followed by the hydro-
gen atom transfer from the N H of secondary amines to the
carbonyl oxygen atom or imido nitrogen atom of peracids.
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