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Abstract N-nitrosamine is a class of carcinogenic, muta-
genic, and teratogenic compounds, which can be produced
from N-nitrosation of amine by nitrosating agents. N-
nitrosation of 19 amines (eight acyclic amines, five
heterocyclic amines, and six amines with unsaturated
groups) by N2O3 was investigated at the CBS-QB3 level
of theory. The results indicate that generally the heterocy-
clic amines have the highest reactivities among the three
kinds of amines, whereas the reactivities of the amines with
unsaturated and electron-withdrawing groups are relatively
low. Frontier molecular orbital analysis indicates that the
energy gap between the HOMO of an amine and the
LUMO of N2O3 has a close connection with the reactivity
of an amine. A structure-reactivity relationship of amines in
the N-nitrosation reactions by N2O3 was established using
the stepwise multivariate linear regression. The results
indicate that the reactivity of an amine has a definite
relationship (Radj

2=0.947) with the heterolytic bond disso-
ciation energy of R1R2N-H bond, energy of HOMO, NBO
occupancy of the natural lone pair orbital of N atom, the
NBO charge of the N atom, and the pyramidalization angle
of an amine. This work will be helpful to gain more insight
into the N-nitrosation reactions.
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Introduction

N-nitrosation reactions have attracted extensive attention
mainly due to the specific properties of their products. N-
nitrosamines, as products of N-nitrosation of amines, are a
class of undesired industrial and environmental pollutants,
and many of them are highly carcinogenic, mutagenic, and
teratogenic [1–7]. Furthermore, it is well known that N-
nitrosamines are ubiquitous in the environment, and until
now, they have been found in air [8], soil [9, 10], water
[11–13], food [14–16], cosmetics [17], rubber products [18,
19] as well as many other materials. Therefore, understand-
ing and gaining more knowledge of the reaction mechanism
and structure-reactivity relationship of the reactants in the
N-nitrosation reactions is of much importance.

As a precursor of N-nitrosamines, amines are widespread
with diverse categories in the environment. Protein break-
ing down is an important source of amines. Therefore,
aged, overcooked, processed, and even many raw foods are
rich in amines [20–23]. In addition to foods, many other
materials, such as tobacco [24], drugs [25], waster water
[26], herbicides [27], and pesticides [28], also contain
amines or compounds with amine structures. In view of the
ubiquity and diversity of amines, the studies for N-
nitrosation of different amines have long been of interest.
However, most of the research work focused on one or
several specific amines, and few studies systematically
investigated the structure-reactivity relationship of amines
in the N-nitrosation reactions.

As another reactant of N-nitrosation, various nitrosating
agents (NAs) have been found such as N2O3 [29], N2O4

[30], ONCl [31], ONSCN [32]. A theoretical study of the
structure-activity relationship of NAs in the N-nitrosation
reactions of ammonia has been performed by our previous
work [33]. Among the known nitrosating agents, N2O3 is a
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particularly important species, because it not only exerts
strong nitrosating ability, but also appears potentially both
in vitro and in vivo. It is well known that it is N2O3 rather
than nitrous acid as the effective nitrosating agent of N-
nitrosation of amines in acidic nitrite solution [34–36].
Moreover, recent studies indicate that N2O3 can be formed
in diverse pathophysiological states, which then could
further lead to N-nitrosation reaction in vivo, and the results
of which are probably injurious to biological tissues and
disease-related [37, 38].

By now, three main N2O3 isomers have been identified
[39–43], i.e., asymmetric N2O3 (asym-N2O3), symmetric
N2O3 (sym-N2O3), and trans-cis N2O3 (Scheme 1). The
asym-N2O3 is the most stable configuration thus being the
mainly existent conformation [44]. Recent theoretical
studies predicted that N-nitrosation of ammonia [45] and
dimethylamine (DMA) [36] by asym-N2O3 occurs via a
five-membered cyclic transition state. Due to the structural
similarity of amines, along with ammonia and DMA, it is
reasonable to presume that other primary and secondary
amines react with asym-N2O3 via a similar mechanism.

Although numerous studies have already been done to
investigate N-nitrosation of amines, questions on which or
what kind of amines has high reactivity, why it has strong
reactivity, and what kind of relationship between the
structure and reactivity of the amines in the N-nitrosation
reactions, are not fully understood yet. To address these
questions, we attempted to do research herein on the N-
nitrosation reaction of 19 amines (Fig. 1) including eight
acyclic amines, five heterocyclic amines, and six amines
with unsaturated group, by the most stable N2O3 isomer,
asym-N2O3. The results will elucidate the structure-reactivity
relationship of amines in the N-nitrosation reactions and will
help to in-depth understand N-nitrosation reactions.

Theoretical methods

N-nitrosation of amines by N2O3 was investigated by
density functional theory (DFT) calculations. All structures

of reactants, transition states, and products were fully
optimized at the B3LYP/CBSB7 level. Vibrational frequen-
cies were calculated at the same level to characterize the
nature of each stationary point. Intrinsic reaction coordinate
(IRC) [46] calculation was also performed at the B3LYP/
CBSB7 level to confirm that every transition state connects
the corresponding reactant and product through the
minimized-energy pathway. More reliable energies were
obtained at the CBS-QB3 level of theory [47]. All the
calculations were carried out with the GAUSSIAN-03
program package [48].

The structure-reactivity relationship analysis for all the
amines in the N-nitrosation reactions was performed using
the statistical software SPSS 12.0 version [49].

Results and discussion

The detailed reaction pathway for N-nitrosation of amines
by N2O3 is illustrated in Scheme 2. It is shown that the
reaction occurs in a concerted step with a five-membered
cyclic transition state. Movements of electrons indicate that
it is induced by the lone pair electrons of the N atom in
amine attacking the nitrogen of the NO moiety in N2O3. As
the valence shell of nitrogen can accommodate only eight
electrons, the N-N bond in N2O3 must begin to break while
the other N-N bond connecting DMA and NO moiety
begins to form. Further movement and rearrangement of
electrons lead to the formation of N-nitrosamine and HNO2.
Due to the structural similarity, all the selected amines in
present study react with N2O3 via this mechanism.

N-nitrosation of acyclic amines

N-nitrosation of eight acyclic amines, i.e., NH3, CH3NH2,
(CH3)2NH, C2H5NH2, (C2H5)2NH, FCH2NH2, F2CHNH2,
and F3CNH2, was studied at the CBS-QB3 level of theory.
Fully optimized geometries for the reactant complex (RC)
and transition state (TS) were illustrated in Fig. 2. It is
shown that all eight reactions occur via similar five-
membered cyclic transition states (TS1–TS8). Energy data
listed in Table 1 indicate that the reactivities of the eight
acyclic amines in the N-nitrosation reactions of N2O3 are
different. Ammonia and its alkyl(electron-donating group)-
substituted amines, i.e., NH3, CH3NH2, (CH3)2NH,
C2H5NH2, and (C2H5)2NH, are going to be first introduced,
and then followed by the discussion of FCH2NH2,
F2CHNH2, and F3CNH2 to examine the effect of electron-
withdrawing group on the reaction.

As shown in Table 1, all the reactions are exothermic,
and energy barriers of the N-nitrosation of NH3, CH3NH2,
(CH3)2NH, C2H5NH2, and (C2H5)2NH by N2O3 were
calculated to be 70.41, 38.95, 17.90, 38.15, andScheme 1 Conformations of the three N2O3 isomers
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20.69 kJ mol−1, respectively. Accordingly, the order of the
reactivity for the five amines was predicted as (CH3)2NH >
(C2H5)2NH > C2H5NH2 > CH3NH2 > NH3. Obviously, the
reaction barrier is significantly reduced with the alkylation
on ammonia, and the primary amines have higher energy
barriers than secondary amines. In other words, electron-
donating substituents of amines decrease the energy barrier
of N-nitrosation reactions. Zhao et al. [50] studied the N-
nitrosation of amines by NO2 and NO radicals and
predicted the order of the reactivity for amines to be
(CH3)2NH > CH3NH2 > NH3, which is consistent with the
result in present work.

It is well known that the frontier molecular orbitals (FMO),
i.e., the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) introduced by
Fukui [51], play a dominant role in governing chemical
reactions. The energy gap between the HOMO of the
nucleophile (electron donor) and the LUMO of the electro-
phile (electron acceptor) has long been used as a reactivity
index [52–55]. In the case of N-nitrosation of amines, the
reactivity is probably related to the energy gap between the
HOMO of the amine (as nucleophile) and the LUMO of
N2O3 (as electrophile). Therefore, to better understand the
reactivity of amines, the energies of HOMO and LUMO of
amines and N2O3 were calculated, and the result is depicted
in Fig. 3. The HOMO energies of NH3, CH3NH2,

(CH3)2NH, C2H5NH2, (C2H5)2NH were calculated to be
−0.430, −0.392, −0.369, −0.391, and −0.366 hartree,
respectively, while the LUMO energy of N2O3 is 0.008
hartree. Accordingly, the order of the energy gap is NH3 >
CH3NH2 > C2H5NH2 > (CH3)2NH > (C2H5)2NH, which
basically accounts for the order of the reactivity for the five
amines. The only exception is (C2H5)2NH, whose energy
gap is lower than that of (CH3)2NH, however, the order of
the reactivity is inverse as (CH3)2NH > (C2H5)2NH. It means
that the energy gap of the FMO is probably not a sole factor
affecting the reactivity especially when the energy gaps are
close to each other. In this case, a steric hindrance is another
factor. It is well known that two ethyl groups in (C2H5)2NH
have substantially greater steric hindrance than two methyl
groups in (CH3)2NH. Moreover, the energy gap for
(C2H5)2NH is close to that of (CH3)2NH. Therefore, a
conclusion can be drawn that the energy gap and steric
hindrance together determine the reactivities of amines with
electron-donating substituents.

In order to examine the effect of electron-withdrawing
group on the reaction, the N-nitrosation of FCH2NH2,
F2CHNH2, and F3CNH2 was investigated and the
corresponding energy barriers were calculated to be 82.62,
82.81, and 92.98 kJ mol−1, respectively. Obviously, these
barriers are higher than that of NH3 (70.41 kJ mol−1). This
indicates that contrary to the electron-donating groups, the

Fig. 1 Configurations of the 19
amines

Scheme 2 Reaction mechanism
for the N-nitrosation of
amines by N2O3
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electron-withdrawing groups somewhat increase the energy
barrier, thus restraining the N-nitrosation reactions. Fur-
thermore, it can also be found that a substitution with more

electron-withdrawing groups make the energy barrier
increase larger. The FMO analysis shows that the energy
gaps between the three species, FCH2NH2, F2CHNH2, and

Fig. 2 CBS-QB3 geometries for all the reactant complexes (RC) and transition states (TS) involved in the N-nitrosation of the acyclic amines by
N2O3 (Distances in Angstroms)

Reaction Eb ΔH ΔG

NH3+N2O3→H2NNO+HNO2 70.41 −51.62 −51.77
CH3NH2 + N2O3→CH3NHNO+HNO2 38.95 −81.20 −81.92
(CH3)2NH+N2O3→(CH3)2NNO+HNO2 17.90 −95.77 −103.09
C2H5NH2 +N2O3→C2H5NHNO+HNO2 38.15 −60.58 −67.11
(C2H5)2NH+N2O3→(C2H5)2NNO+HNO2 20.69 −85.89 −91.92
FCH2NH2 + N2O3→FCH2NHNO+HNO2 82.62 −54.10 −52.51
F2CHNH2 + N2O3→F2CHNHNO+HNO2 82.81 −39.54 −37.54
F3CNH2 + N2O3→F3CNHNO+HNO2 92.98 −18.43 −18.46

Table 1 CBS-QB3 energy bar-
riers (Eb, 298 K and 1 atm, in kJ
mol−1), reaction energies (ΔH
and ΔG, 298 K and 1 atm, in kJ
mol−1) for the N-nitrosation of
NH3, CH3NH2, (CH3)2NH,
C2H5NH2, (C2H5)2NH,
FCH2NH2, F2CHNH2, and
F3CNH2) by N2O3 in the gas
phase
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F3CNH2, and N2O3 are larger than that between NH3 and
N2O3 (Table 2), which indicates that these amines have
lower reactivities than ammonia. Moreover, the order of
energy gap was predicted as FCH2NH2 < F2CHNH2 <
F3CNH2, which is in good agreement with the order of the
energy barriers. In total, correlation analysis for all eight
acyclic amines reveals that the energy barrier has a good
relationship (R=0.979 and Radj

2=0.951) with the energy
gap between HOMO (amine) and LUMO (N2O3).

Additionally, as shown in Table 2, the NBO charge of the
N atom, QN, in the amines was found to have a relationship
with the reactivity of an acyclic amine. Generally, the acyclic
amine with a small absolute value of QN has a relatively high

reactivity, however, it rules out for the acyclic amines with
electron-withdrawing substituents. A similar conclusion was
also obtained for the heterolytic bond dissociation energy of
R1R2N-H bond, EN-H, in which the acyclic amine with low
value of EN-H has a high reactivity except for the acyclic
amines with electron-withdrawing groups (-F groups).
Therefore, it seems that QN and EN-H are not good
descriptors for the reactivities of the acyclic amines with
electron-withdrawing groups.

Population analysis based on NBO theory [56] was
performed to check the changes of population due to the
introduction of the substitute groups. Generally, it can be
found from Table 2 that the appearance of electron-

Fig. 3 Schematic profiles for
the energies (in hartree) of
the HOMO and LUMO of the
acyclic amines and N2O3

Species Eb EN-H EHOMO LPN (%: s, p) a QN α β

NH3 70.41 1688.07 −0.43026 1.998 (24, 76) −1.033 106.4 118

CH3NH2 38.95 1681.51 −0.39246 1.970 (21, 79) −0.851 110.1 123

(CH3)2NH 17.90 1644.32 −0.36896 1.937 (17, 83) −0.709 113.0 127

C2H5NH2 38.15 1660.49 −0.39060 1.971 (21, 79) −0.856 109.7 123

(C2H5)2NH 20.69 1623.42 −0.36641 1.938 (17, 83) −0.716 114.0 127

FCH2NH2 82.62 1575.31 −0.44030 1.929 (16, 84) −0.861 112.3 130

F2CHNH2 82.81 1528.89 −0.46290 1.932 (17, 83) −0.877 111.2 129

F3CNH2 92.98 1499.30 −0.48379 1.932 (16, 83) −0.888 111.5 130

(CH2)2NH 43.90 1628.36 −0.39484 1.967 (37, 63) −0.677 60.5 113

(CH2)3NH 16.60 1645.74 −0.37174 1.949 (21, 78) −0.724 90.5 127

(CH2)4NH 12.02 1624.61 −0.36782 1.939 (18, 82) −0.719 104.9 128

(CH2)5NH 11.90 1624.64 −0.35498 1.942 (17, 83) −0.707 112.3 126

O(CH2)4NH 17.99 1609.96 −0.37437 1.940 (17, 82) −0.718 111.0 128

CH2CHNH2 53.16 1570.94 −0.31861 1.892 (11, 89) −0.851 115.4 139

CHCNH2 71.22 1507.82 −0.34725 1.893 (12, 88) −0.854 115.0 138

C6H5NH2 47.27 1533.48 −0.29454 1.897 (11, 89) −0.833 115.1 138

C6H5CH2NH2 44.11 1627.69 −0.32335 1.968 (20, 80) −0.852 110.3 124

C6H5NHCH3 25.23 1522.93 −0.28573 1.849 (6, 94) −0.691 122.0 149

C6H5CH2NHCH3 21.69 1599.20 −0.32468 1.935 (17, 83) −0.707 113.4 127

Table 2 CBS-QB3 energy bar-
rier (Eb, at 298 K and 1 atm, in
kJ mol−1), heterolytic bond dis-
sociation energy of R1R2N-H
bond (EN-H, at 298 K and 1 atm,
in kJ mol−1), energy of highest
occupied molecular orbital
(EHOMO, in hartree), NBO oc-
cupancy of the natural lone pair
orbital of N atom (LPN), NBO
charge of N atom (QN, in e),
angle ∠R1NR2 (α, in degrees),
and pyramidalization angle (β,
in degrees) of an amine

a Data in parentheses represent the
contribution of s and p compo-
nents into the natural orbital of
lone pair
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withdrawing groups (-F) in amine molecules results in a
reduction of NBO occupancy for the lone pair of N atom
when compared with the amines with electron-donating
groups. It indicates that the introduction of electron-
withdrawing substitutes may lead to the delocalization of
the lone pair. This result could account for the relatively
high energy barriers of the amines with electron-
withdrawing groups with comparison to those with
electron-donating groups, but it cannot give a good
explanation for the reactivity of each acyclic amines.

N-nitrosation of heterocyclic amines

Heterocyclic amines are ubiquitous in the human diet, and
many of them have been found to be mutagenic and

carcinogenic [57, 58]. Therefore, the reactivities of hetero-
cyclic amines to form N-nitrosamines were also examined.
Five heterocyclic amines, i.e., (CH2)2NH (aziridine),
(CH2)3NH (azetidine), (CH2)4NH (pyrrolidine), (CH2)5NH
(piperidine), and O(CH2)4NH (morpholine) were selected
as the nitrosating substrates. Fully optimized geometries for
the reactant complex (RC) and transition state (TS) were
illustrated in Fig. 4. The result of FMO analysis was
summarized in Fig. 5, and the CBS-QB3 energy barriers
and reaction energies were listed in Table 3.

As illustrated in Fig. 4, all five reactions occur via
similar five-membered cyclic transition states (TS9 to
TS13). Table 3 shows that the energy barriers of the N-
nitrosation of (CH2)2NH, (CH2)3NH, (CH2)4NH,
(CH2)5NH, and O(CH2)4NH by N2O3 were calculated to

Fig. 4 CBS-QB3 geometries
for all the reactant complexes (RC)
and transition states (TS)
involved in the N-nitrosation of
the heterocyclic amines by N2O3

(distances in Angstroms)
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be 43.90, 16.60, 12.02, 11.90, and 17.99 kJ mol−1, respec-
tively. Accordingly, the reactivity order is (CH2)5NH >
(CH2)4NH > (CH2)3NH > O(CH2)4NH > (CH2)2NH. In
comparison with N-nitrosation reactions of acyclic amines
(Table 2), the energy barriers for the heterocyclic amines
are somewhat lower. This indicates that N-nitrosation of
heterocyclic amines by N2O3 occurs more easily than that
of acyclic amines.

The FMO analysis in Fig. 5 exhibits a good relationship
between the reactivity and energy gap for the heterocyclic
amines. The HOMO energies of (CH2)2NH, (CH2)3NH,
(CH2)4NH, (CH2)5NH, and O(CH2)4NH were calculated to
be −0.395, −0.372, −0.368, −0.355, and −0.374 hartree,
respectively. Therefore, the order of the energy gap between
the five heterocyclic amines and N2O3 (with the ELUMO=
0.008 hartree) is (CH2)5NH < (CH2)4NH < (CH2)3NH < O
(CH2)4NH < (CH2)2NH, which is in good agreement with
the order of the reactivity. Result of linear regression
indicates that the energy barrier correlates linearly (R=
0.923 and Radj

2=0.802) with the energy gap between
HOMO (amine) and LUMO (N2O3).

Additionally, the pyramidalization angles (Scheme 3) of
the heterocyclic amines (column β in Table 2) were found
to have correlation with the reactivities. As shown in

Table 2, the values of β are 113, 127, 128, and 126° for
(CH2)2NH, (CH2)3NH, (CH2)4NH, and (CH2)5NH, respec-
tively. Basically, a larger pyramidalization angle tends to
generate a heterocyclic amine with higher reactivity. This
may be rationalized by the reason that the larger pyramid-
alization angles makes the molecule less pyramidalized and
gives the lone pair orbital a larger 2p character relative to
the original sp3 hybridized state (this is supported by a
systematic increase of p component into the natural bond of
lone pair in Table 2), the result of which makes the lone
pair being easier to accept the NO moiety of N2O3. As for
(CH2)5NH and O(CH2)4NH, although they have similar
structures both with six-membered ring and the close value
of pyramidalization angles, the energy barrier for O
(CH2)4NH is somewhat higher than that of (CH2)5NH by
around 6 kJ mol−1. This increased barrier is probably caused
by the electron-withdrawing inductive effect of oxygen atom
for O(CH2)4NH, which may decrease the capability of the
lone pair orbital accepting the NO moiety of N2O3.

In addition, the NBO charge of the N atom (QN) and
the heterolytic bond dissociation energy of R1R2N-H bond
(EN-H) of the heterocyclic amine were also taken into
consideration to examine their correlations with the
reactivity. Unfortunately, different from the case of acyclic
amines, there is no definite relationship between the
reactivity of the heterocyclic amine and QN as well as
EN-H.

Scheme 3 Pyramidalization angle β of amine (defined as the angle
between N-H bond and R1-N-R2 plane in present work)

Fig. 5 Schematic profiles for the energies (in hartree) of the HOMO
and LUMO of the heterocyclic amines and N2O3

Table 3 CBS-QB3 energy barriers (Eb, 298 K and 1 atm, in kJ mol−1), reaction energies (ΔH andΔG, 298 K and 1 atm, in kJ mol−1) for the N-nitrosation
of (CH2)2NH (aziridine), (CH2)3NH (azetidine), (CH2)4NH (pyrrolidine), (CH2)5NH (piperidine), and O(CH2)4NH (morpholine) by N2O3 in the gas phase

Reaction Eb ΔH ΔG

(CH2)2NH+N2O3→(CH2)2NNO+HNO2 43.90 −32.73 −30.93
(CH2)3NH+N2O3→(CH2)3NNO+HNO2 16.60 −90.25 −94.52
(CH2)4NH+N2O3→(CH2)4NNO+HNO2 12.02 −90.87 −96.36
(CH2)5NH+N2O3→(CH2)5NNO+HNO2 11.90 −89.66 −93.92
O(CH2)4NH+N2O3→O(CH2)4NNO+HNO2 17.99 −98.19 −102.41
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N-nitrosation of amines with unsaturated groups

N-nitrosation of six amines with unsaturated groups, i.e.,
CH2=CHNH2, CH≡CNH2, C6H5NH2, C6H5CH2NH2,
C6H5NHCH3, and C6H5CH2NHCH3, by N2O3 was also
investigated. Fully optimized geometries for the reactant
complex (RC) and transition state (TS) were illustrated in
Fig. 6. CBS-QB3 energy barriers and reaction energies
were listed in Table 4.

The energy barriers calculated for CH2=CHNH2,
CH≡CNH2, C6H5NH2, C6H5CH2NH2, C6H5NHCH3, and

C6H5CH2NHCH3 are 53.16, 71.22, 47.27, 44.11, 25.23, and
21.69 kJ mol−1, respectively. Accordingly, the reactivity
order is C6H5CH2NHCH3>C6H5NHCH3 > C6H5CH2NH2 >
C6H5NH2 > CH2=CHNH2 > CH≡CNH2. Similar to the
acyclic amines, the secondary amines with unsaturated group
have significantly higher reactivities than the primary amines
with unsaturated group. In comparison with the corresponding
acyclic and heterocyclic amines, the amines with unsaturated
group generally have higher energy barriers.

The HOMO energies of these amines were calculated to be
−0.319, −0.347, −0.295, −0.323, −0.286, and −0.325 hartree,

Fig. 6 CBS-QB3 geometries
for all the reactant complexes
(RC) and transition states (TS)
involved in the N-nitrosation of
the amines with unsaturated
groups by N2O3 (Distances in
Angstroms, β represents dihe-
dral angle ∠R1-N-H-R2)

Reaction Eb ΔH ΔG

CH2CHNH2 + N2O3→CH2CHNHNO+HNO2 53.16 −70.23 −68.62
CHCNH2 + N2O3→CHCNHNO+HNO2 71.22 −42.79 −41.18
C6H5NH2 + N2O3→C6H5NHNO+HNO2 47.27 −95.92 −94.38
C6H5CH2NH2 + N2O3→C6H5CH2NHNO+HNO2 44.11 −79.09 −79.43
C6H5NHCH3+N2O3→C6H5NCH3NO+HNO2 25.23 −75.24 −82.85
C6H5CH2NHCH3+N2O3→C6H5CH2NCH3NO+HNO2 21.69 −81.27 −93.59

Table 4 CBS-QB3 energy bar-
riers (Eb, 298 K and 1 atm, in
kJ mol−1), reaction energies
(ΔH and ΔG, 298 K and 1 atm,
in kJ mol−1) for the N-nitro-
sation of CH2CHNH2,
CHCNH2, C6H5NH2,
C6H5CH2NH2, C6H5NHCH3,
and C6H5CH2NHCH3 by N2O3

in the gas phase
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respectively. Note that the energy gap between the HOMO of
amines with unsaturated group and LUMO of N2O3 is
definitely lower than those of acyclic and heterocyclic
amines, which is contrary with previous hypothesis that a
lower energy gap leads to a higher reactivity of an amine.

The frontier orbitals, such as the HOMOs, are canonical
molecular orbitals which are generally delocalized over the
whole molecule. The HOMOs of all 19 amines were
illustrated in Fig. 7. It can be found that the distributions
of HOMOs for the amines with unsaturated groups are
different from those of acyclic and heterocyclic amines. In
the case of the acyclic and heterocyclic amines, the HOMO
has larger amplitude on the N atom than other atoms;
however, in the case of the amines with unsaturated groups,

in addition to the N atom, the HOMO also has considerably
larger amplitude on the unsaturated group than that of the N
atom. In other words, the reactive position of the HOMO is
mainly located at the N atom for the acyclic and
heterocyclic amines, whereas two reactive positions are
located at the N atom and the unsaturated group for the
amines with unsaturated groups. Therefore, for both acyclic
and heterocyclic amines, the energy level of HOMO
represents the reactivity to react with an electrophile
(N2O3 in this study), as shown in Scheme 2, since the
reaction site for N-nitrosation of amines by N2O3 only
locates at the N atom. However, as for the amines with
unsaturated groups, the energy level of HOMO is mainly
attributed from the interaction between the N atom and

Fig. 7 The HOMOs and the corresponding energies (in parentheses, in hartree, calculated at the CBS-QB3 level) of the 19 amines
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unsaturated groups, therefore, it cannot be a representation
of the reactivity.

As shown in Table 2 that the appearance of unsaturated
groups in amine molecules results in a reduction of NBO
occupancy for the lone pair in nitrogen atom when compared
with the acyclic and heterocyclic amines. It indicates that the
introduction of the unsaturated group may lead to the
delocalization of the lone pair. This result somewhat accounts
for the relatively high energy barrier of the amine with
unsaturated group. In addition, the contribution of s and p
components into the natural orbital of lone pair was also taken
into account. It is interesting to observe that the contribution
of p component into the lone pair orbital generally increases
with the introduction of unsaturated group.

As for CH2=CHNH2, CH≡CNH2, and C6H5NH2, the
order of their reactivities is C6H5NH2 > CH2=CHNH2 >
CH≡CNH2. NBO analysis indicates that CH2=CH-, CH≡C-,
and C6H5- are all electron-withdrawing groups because of a
lower occupancy (1.892, 1.893, and 1.897) on the lone pair
of them than that of NH3 (1.998). As stated above, electron-
withdrawing groups somewhat increase the energy barrier,
thus restraining the N-nitrosation reactions. However, in
comparison with the barrier of NH3 (70.41 kJ mol−1), the
electron-withdrawing effect of C6H5-, CH2=CH-, and
CH≡C- groups does not increase the reaction barrier, which
is inconsistent with the previous conclusion. This inconsis-
tency possibly results from the larger pyramidalization
angles β of the three amines, whose values are 139, 138,
and 138° for CH2=CHNH2, CH≡CNH2, and C6H5NH2,
respectively, which are larger than that of NH3 with the value
of 118°. As discussed above, a larger pyramidalization angle
β makes an easier reaction. Therefore, in this case, the
reactivity of an amine is probably determined by the
competition of the electron-withdrawing effect of groups
(C6H5-, CH2=CH-, and CH≡C-) with the structural factor
pyramidalization angle β.

According to the electron-donating effect, substitution of a
CH3- group in C6H5NH2 (i.e., C6H5NHCH3) remarkably
reduces the energy barrier from 47.27 to 25.23 kJ mol−1.
Similarly, due to the electron-withdrawing effect of C6H5-
group, the energy barriers of the N-nitrosation of C6H5CH2NH2

and C6H5CH2NHCH3 are slightly higher than those of
CH3NH2 and (CH3)2NH2.

In addition, the NBO charge of the N atom, QN, and the
heterolytic bond of R1R2N-H bond, EN-H, were also taken
into consideration to examine their correlations with the
reactivity of the amine with unsaturated groups. Similar to
the acyclic amines, generally, the amine with unsaturated
groups with a small absolute value of QN has a relatively
high reactivity. However, there is no definite relationship
between the dissociation energy EN-H and the reactivity,
which is probably due to the electron-withdrawing effect of
the unsaturated substituents.

Structure-reactivity relationship analysis

The structure-reactivity relationship of the amines in the N-
nitrosation by N2O3 was investigated using the stepwise
multivariate linear regression (MLR). The descriptors used
for the MLR were listed in Table 2, where the Eb, EN-H,
EHOMO, LPN, QN, α, and β represents the energy barrier, the
heterolytic bond dissociation energy of R1R2N-H bond, the
energies of the highest occupied unoccupied molecular
orbital, NBO occupancy of the natural lone pair orbital of N
atom, the NBO charge of the N atom, the angle ∠R1NR2

and pyramidalization angle of an amine, respectively.
The stepwise multivariate linear regression was performed

with all the descriptors in Table 2. The final regression model
was obtained as Eq. 1. The model shows that the predicted
energy barrier (Ep

b) depends on five descriptors EN-H, EHOMO,
LPN, QN, and β, while the descriptor angle α was excluded
due to failing to meet the criteria for P≤0.05. Figure 8 shows
that the predicted energy barrier (Ep

b) correlates linearly with
the calculated energy barrier (Ec

b) with a correlation coefficient
(R) and adjusted determinate coefficients (Radj

2) being 0.981
and 0.947, respectively. Accordingly, there is a definite
relationship between the reactivity of an amine with hetero-
lytic bond dissociation energy of R1R2N-H bond, energy of
the highest occupied molecular orbital, NBO occupancy of
the natural lone pair orbital of N atom, NBO charge of N
atom, and pyramidalization angle of an amine. Furthermore,
the regression model reveals that the energy barrier correlates
negatively with all five descriptors. In light of the standard-
ized coefficients (Eq. 2), it leads to a conclusion that the LPN,
QN, and β make a considerable contribution to the energy
barrier, whereas the EN-H and EHOMO contribute a little. This
predicts that the high values of the NBO occupancy of the
natural lone pair orbital, the NBO charge of the N atom, and

Fig. 8 Predicted energy barriers (Ep
b) versus the calculated energy

barriers (Ec
b) for the N-nitrosation of amines by N2O3
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pyramidalization angle of an amine are important basic
features for a highly reactive amine.

Ep
b ¼ �0:167EN�H � 123:921EHOMO � 838:242LPN

� 237:443QN � 3:491b þ 2146:372
ð1Þ

Ep
b ¼ �0:369EN�H � 0:253EHOMO � 1:096LPN

� 0:863QN � 1:064b
ð2Þ

Conclusions

N-nitrosation of 19 amines (eight acyclic amines, five
heterocyclic amines, and six amines with unsaturated group)
by N2O3 was investigated at the CBS-QB3 level of theory. In
the case of the acyclic amines, the reaction barrier is
decreased with alkylation on ammonia. Furthermore, a
conclusion is drawn that the electron-donating substituents
of amines facilitate the N-nitrosation reactions, whereas the
electron-withdrawing substitutions somewhat restrain the
reactions. As for the heterocyclic amines, they generally
have the highest reactivities among the three studied kinds of
amines. It was found that the larger the pyramidalization
angle of the heterocyclic amines is, the higher the reactivities
would be. For the amines with unsaturated groups, the
reactivity was found to be probably determined by the
competition of the electron-withdrawing effect of substitu-
ents (C6H5-, CH2=CH-, and CH≡C-) with the structural
factor pyramidalization angle β. Frontier molecular orbital
analysis indicates that the energy gap between the HOMO of
an amine and the LUMO of N2O3 is an important factor
predicting the reactivity of an amine only when the reactive
position of the HOMO mainly located at the N atom of the
amines, otherwise it is not. This is the case for the acyclic
and heterocyclic amines but not for the amines with
unsaturated groups, because the HOMO of the amines with
unsaturated group is attributed from the interaction between
the N atom and unsaturated group of the amines rather than
the N atom itself.

A structure-reactivity relationship model was established
using a stepwise multivariate linear regression. The model
shows that the energy barriers have a definite relationship (R=
0.981 and Radj

2=0.947) with five descriptors EN-H, EHOMO,
LPN, QN, and β, which represent the heterolytic bond
dissociation energy of R1R2N-H bond, the energies of the
highest occupied molecular orbital, NBO occupancy of the
natural lone pair orbital of N atom, the NBO charge of N atom,
and the pyramidalization angle of an amine, respectively, and
they are inversely proportional to the five descriptors. The
results will elucidate the structure-reactivity relationship of

amines in the N-nitrosation reactions and will help to gain an
in-depth understanding of N-nitrosation reactions.

Acknowledgments This work was supported by National Natural
Science Foundation of China (No. 20903006), Beijing Natural
Science Foundation (No. 2092008) and Beijing Nova Program (No.
2008B09).

References

1. Anderson LM, Souliotis VL, Chhabra SK, Moskal TJ, Harbaugh
SD, Kyrtopoulos SA (1996) Int J Cancer 66:130–134

2. Hecht SS (1998) Chem Res Toxicol 11:559–603
3. Goto Y, Matsuda T, Ito K, Huh HH, Thomale J, Rajewsky MF,

Hayatsu H, Negishi T (1999) Mutat Res-Fundam Mol Mech
Mutag 425:125–134

4. Lin HL, Hollenberg PF (2001) Chem Res Toxicol 14:562–566
5. Wolf T, Niehaus-Rolf C, Luepke NP (2003) Food Chem Toxicol

41:561–573
6. Dennehy MK, Loeppky RN (2005) Chem Res Toxicol 18:556–565
7. Mittal G, Brar APS, Soni G (2008) Exp Toxicol Pathol 59:409–414
8. Stehlik G, Richter O, Altmann H (1982) Ecotoxicol Environ Saf

6:495–500
9. Oliver JE (1979) J Environ Qual 8:596–601

10. Haruta S, Chen WP, Gan J, Simunek J, Chang AC, Wu LS (2008)
Ecotoxicol Environ Saf 69:374–380

11. Tomkins BA, Griest WH (1996) Anal Chem 68:2533–2540
12. Mitch WA, Sharp JO, Trussell RR, Valentine RL, Alvarez-Cohen

L, Sedlak DL (2003) Environ Eng Sci 20:389–404
13. Charrois JWA, Arend MW, Froese KL, Hrudey SE (2004)

Environ Sci Technol 38:4835–4841
14. Sen NP, Seaman S, Miles WF (1979) J Agric Food Chem

27:1354–1357
15. Yamamoto M, Iwata R, Ishiwata H, Yamada T, Tanimura A

(1984) Food Chem Toxicol 22:61–64
16. Song PJ, Hu JF (1988) Food Chem Toxicol 26:205–208
17. Spiegelhalder B, Preussmann R (1984) J Cancer Res Clin Oncol

108:160–163
18. Sen NP, Kushwaha SC, Seaman SW, Clarkson SG (1985) J Agric

Food Chem 33:428–433
19. de Vocht F, Burstyn I, Straif K, Vermeulen R, Jakobsson K,

Nichols L, Peplonska B, Taeger D, Kromhout H (2007) J Environ
Monit 9:253–259

20. Knize MG, Salmon CP, Pais P, Felton JS (1999) Adv Exp Med
Biol 459:179–193

21. Garcia-Closas R, Garcia-Closas M, Kogevinas M, Malats N,
Silverman D, Serra C, Tardón A, Carrato A, Castaño-Vinyals G,
Dosemeci M, Moore L, Rothman N, Sinha R (2007) Eur J Cancer
43:1731–1740

22. Costa M, Viegas O, Melo A, Petisca C, Pinho O, Ferreira
IMPLVO (2009) J Agric Food Chem 57:3173–3179

23. Im J, Choi HS, Kim SK, Woo SS, Ryu YH, Kang S-S, Yun C-H,
Han SH (2009) Cancer Lett 274:109–117

24. Hecht SS, Chen C-HB, Ornaf RM, Jacobs E, Adams JD,
Hoffmann D (1978) J Org Chem 43:72–76

25. Brambilla G, Martelli A (2007) Mutat Res-Rev Mut Res 635:17–52
26. Lee C, Schmidt C, Yoon J, von Gunten U (2007) Environ Sci

Technol 41:2056–2063
27. Zimmerman WT, Hillemann CL, Selby TP, Shapiro R, Tseng CP,

Wexler BA (1991) ACS Symp Ser 443:74–86
28. Koutros S, Lynch CF, Ma XM, Lee WJ, Hoppin JA, Christensen

CH, Andreotti G, Freeman LB, Rusiecki JA, Hou LF, Sandler DP,
Alavanja MCR (2009) Int J Cancer 124:1206–1212

J Mol Model (2011) 17:669–680 679



29. Casado J, Castro A, Leis JR, Quintela MAL, Mosquera M (1983)
Monatsh Chem 114:639–646

30. Lv CL, Liu YD, Zhong RG (2008) J Phys Chem A 112:7098–7105
31. Challis BC, Shuker DEG (1980) Food Cosmet Toxicol 18:283–288
32. da Silva G, Dlugogorski BZ, Kennedy EM (2006) Chem Eng Sci

61:3186–3197
33. Liu YD, Zhong RG (2009) Theor Chem Acc 124:261–268
34. Mirvish SS (1975) Toxicol Appl Pharmacol 31:325–351
35. Krul CAM, Zeilmaker MJ, Schothorst RC, Havenaar R (2004)

Food Chem Toxicol 42:51–63
36. Lv CL, Lui YD, Wang YH, Zhong RG (2007) Acta Chimi Sinica

65:1568–1572
37. Wink DA, Mitchell JB (1998) Free Radic Biol Med 25:434–456
38. Grisham MB, Jourd'Heuil D, Wink DA (1999) Am J Physiol

Gastrointest Liver Physiol 276:G315–G321
39. Hawkins M, Downs AJ (1984) J Phys Chem 88:1527–1533
40. Wang XF, Zheng QK, Fan KN (1997) J Mol Struct 403:245–251
41. Lee CL, Lee YP, Wang XF, Qin QZ (1998) J Chem Phys

109:10446–10455
42. Wang XF, Qin QZ (1998) Spectrochim. Acta Part A 54:575–580
43. Wang X, Qin QZ (1999) J Photochem Photobiol A: Chem 122:1–5
44. Sun Z, Liu YD, Lv CL, Zhong RG (2009) J Mol Struct Theochem

908:107–113
45. Morgon NH, De Souza AR, Sambrano JR (2006) J Mol Struct

Theochem 759:189–194
46. Gonzalez C, Schlegel HB (1989) J Chem Phys 90:2154–2161
47. Montgomery JJA, Frisch MJ, Ochterski JW, Petersson GA (1999)

J Chem Phys 110:2822–2827

48. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA, Vreven T Jr, Kudin KN, Burant
JC, Millam JM, Iyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniela AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S, Cioslowski
J, Stefanov BB, Liu G, Liashenko A, Piskorz P, Komaromi I,
Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng CY,
Nanayakkara A, Challacombe M, Gill PMW, Jonson B, Chen
W, Wong MW, Gonzalez C, Pople JA (2004) Gaussian 03,
Revision C.02. Gaussian Inc, Wallingford

49. SPSS, vs 12.0. SPSS Inc, Chicago, IL
50. Zhao YL, Garrison SL, Gonzalez C, Thweatt WD, Marquez M

(2007) J Phys Chem A 111:2200–2205
51. Fukui K, Yonezawa T, Shingu H (1952) J Chem Phys 20:722–725
52. Klopman G (1968) J Am Chem Soc 90:223–234
53. Herndon WC (1972) Chem Rev 72:157–179
54. Houk KN (1975) Acc Chem Res 8:361–369
55. Fukui K (1982) Angew Chem Int Ed Engl 21:801–809
56. Reed AE, Curtiss LA, Weinhold F (1988) Chem Rev 88:899–926
57. Knize MG, Felton JS, Gross GA (1992) J Chromatogr 624:253–265
58. Schut HAJ, Snyderwine EG (1999) Carcinogenesis 20:353–368

680 J Mol Model (2011) 17:669–680


	Theoretical investigation of reactivities of amines in the N-nitrosation reactions by N2O3
	Abstract
	Introduction
	Theoretical methods
	Results and discussion
	N-nitrosation of acyclic amines
	N-nitrosation of heterocyclic amines
	N-nitrosation of amines with unsaturated groups
	Structure-reactivity relationship analysis

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


