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The carbonyl-compound-catalyzed nitrosation of amines to form carcinogenic nitrosamines under nonacidic
condition is different from the classic nitrosation via acidification of nitrite anion. The mechanistic pathways
of N-nitrosodimethylamine (NDMA) formation by the reactions of dimethylamine (DMA) with the nitrite
anion catalyzed by carbonyl compounds have been investigated using the DFT/B3LYP method at the
6-311+G(d,p) level. The computational results show that the energy barriers of the nucleophilic addition
reaction, which were calculated as 27-40 kcal/mol, increase significantly with methylation but vary slightly
with chloromethylation on the carbonyl group. Comparison of energy barriers of this nucleophilic addition
reaction and the electrophilic substitution reaction indicates that the former is the rate-determining step, from
which the order of the catalytic activity is obtained as formaldehyde > chloral > acetaldehyde > acetone.
Furthermore, analysis of electronic and steric effects on catalytic activity reveals that electron-withdrawing
substituents decrease the energy barrier but electron-donating substituents and steric hindrance will block
this catalytic reaction. Based on this discovery, fluoral is proposed as a good catalyst for the nitrosation of
DMA by nitrite anion, which has a calculated energy barrier of about 26 kcal/mol. The results obtained in
this work will help elucidate the mechanisms of formation of nitrosamines.

1. Introduction

Nitrosamines are a class of undesired industrial and envi-
ronmental pollutants, many of which are carcinogenic, mu-
tagenic, and teratogenic.1-10 In particular, N-nitrosodimethyl-
amine (NDMA), which is the simplest stable nitrosamine, has
been demonstrated to be a cause of cancers in various organs,
including liver, lung, and kidney, in animals.11-15 Based on the
results on animals, the U.S. Environmental Protection Agency
(U.S. EPA) defined NDMA as a probable human carcinogen in
1997.16

In the past, NDMA was found in air, soil, water, and
food.17-23 Early studies have reported that the formation of
NDMA can take place in physiological systems.24-26 In view
of its universality, numerous experimental and theoretical studies
have been done to demonstrate the formation of NDMA,27-40

and to explore effective methods to inhibit its formation.41-45

In general, there are two different types of pathways contributing
to the NDMA formation: the oxidation of dimethylhydrazine
(UDMH) derived from dimethylamine (DMA)37,39 and the
nitrosation of DMA by nitrosating agents including NOCl, N2O3,
N2O4, and NOBF4.28,32-35

The reactions of DMA with nitrite anion under acidic
conditions have been extensively studied, and the mechanistic
pathway involving a N2O3 intermediate has been demonstrated
using kinetic and theoretical investigations.27,28,32,33 However,
the mechanisms of NDMA formation under neutral and basic
conditions, such as in drinking water and most foods, have
remained open questions, and much research has been devoted
to the formation of NDMA under nonacidic conditions.31-40 In
general, a catalyst is required for the nitrosation of DMA by
the nitrite anion. Previously, two types of catalysts were
identified. One was the chemicals that activate the nitrite anion,

such as HOCl.33,38 The other was first reported by Keefer and
Roller in 1973,31 and they are formaldehyde and chloral, which
can catalyze the reaction of DMA and nitrite anion at pH 6-11.
Recently, the authors of this paper theoretically investigated the
reaction of DMA with nitrite anion catalyzed by carbon
dioxide.40 It is noteworthy that formaldehyde and chloral as well
as carbon dioxide have the common structure of carbonyl group.
What features should these catalysts involving a carbonyl group
have?

Bearing this question in mind, in this work we elucidate the
mechanistic pathways for the formation of NDMA mediated
by carbonyl compounds from a theoretical aspect, and analyze
the effect of substituents on the catalytic reactivity. The results
obtained in this work will help us to better understand the
mechanisms of nitrosamines formation.

2. Computation Details

All the structures of reactants, transition states, intermediates,
and products were fully optimized by using Becke’s three-
parameter nonlocal exchange functional with the correlation
functional of Lee, Yang, and Parr (the B3LYP method),46,47 in
conjunction with the 6-311+G(d,p) basis set. Previous inves-
tigations have demonstrated that although the B3LYP method
underestimates the calculated energetic barriers, it provides
excellent structures compared with the more sophisticated
methods.48-51 Since the main aim of this work is to elucidate
the order of catalytic reactivity and to sum up the common
characteristics of carbonyl catalysts, the underestimation of
energy barriers calculated by the B3LYP method will not affect
the conclusions.

Vibrational frequencies of each stationary point were calcu-
lated at the same (B3LYP/6-311+G(d,p)) level of theory to
characterize the nature of the stationary points and give the zero-
point vibrational energy (ZPVE). The minimum-energy path was
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obtained by using intrinsic reaction coordinate (IRC) calculations
to confirm the connection of each transition state with the
designated equilibrium species.52 All the calculations presented
in this paper were carried out with the GAUSSIAN-03 program
package.53

To validate the B3LYP method, a single-point energy
calculation has been carried out using the MP2 method. The
solvent effect of water on the reactions of NDMA formation
was also studied. Based on the optimized geometries at the
B3LYP/6-311+G(d,p) level, the single-point energy calculation
was performed with B3LYP at the 6-311+G(d,p) level, using
the polarizable continuum model (PCM),54 denoted as PCM-
B3LYP/6-311G+(d,p)// B3LYP/6-311G+(d,p). The default
dielectric constant (ε) of water was taken from the GAUSSIAN-
03 program.

3. Results and Discussion

As seen in Scheme 1, which illustrates the mechanistic
pathway modified from ref 31, the formation of nitrosodi-
methylamine (NDMA) by the reaction of dimethylamine (DMA)
with nitrite anion catalyzed by carbonyl compounds proceeds
via multiple steps. These steps are the nucleophilic addition of
DMA with carbonyl compounds, the protonation of nascent
adducts and elimination of water, and the reaction of nitrite anion
with resulting positively charged intermediates leading to
NDMA formation. As the second step of protonation and
elimination had no transition state and was found to be
barrierless in this work, the authors will give detailed discussions
on the calculated results about the nucleophilic addition and
the electrophilic substitution reactions in the following subsections.

Figure 1 presents the Mulliken atomic charges for carbonyl
groups and some structural parameters in formaldehyde, ac-
etaldehyde, acetone, chloral and fluoral, which will be hereafter
denoted as FD, AD, AO, CA, and FA, respectively, for
simplicity.

Based on the importance of the free energy profile in the
reactions, the relative Gibbs free energies (RG) in the gas phase
were also shown in Tables S1 (see Supporting Information). It
is found that the values of relative Gibbs free energies in the
gas phase are in accordance with those of relative energies (RE).
Thus, unless otherwise noted, all energies discussed in the

following parts are the calculated adiabatic potential energies
(classical potential energy + zero-point energy corrections).

3.1. Nucleophilic Additions. The transition states (TS1-FD,
TS1-AD, TS1-AO, and TS1-CA) of these nucleophilic addition
reactions of DMA with carbonyl compounds (FD, AD, AO, and
CA) were found in this work and shown in Figure 2. In these
transition states, the N-H bond has been broken when the bond
between the carbon atom of the carbonyl group and the nitrogen
atom of the aminyl group is forming. The energy released from
the formed bond can compensate somewhat for the requirement
of the energy for the breaking bond, which contributes to the
majority of the energy barrier of the addition reaction. In view
of the relation of structure and energy, the bond lengths of
the broken and formed bonds in the transition states are the
indicators of the relative energy. As seen from Figure 2, the
partially breaking N1-H2 bond lengths were calculated as
1.212, 1.215, and 1.221 Å, in TS1-FD, TS1-AD, and TS1-AO,
respectively, whereas the partially formed N1-C12 bond lengths
were predicted as 1.568, 1.603, and 1.653 Å. The increasing
N1-H2 and N1-C12 bond lengths indicate that increased
energies were required for reaching these transition states. The
energy barriers were calculated to be 27.0, 32.3, and 39.7 kcal/
mol at TS1-FD, TS1-AD, and TS1-AO, respectively.

Figure 2 also shows the geometry of the transition state (TS1-
CA) of DMA reacting with CA, where the formed N1-C12
bond length was found to be 1.582 Å and the broken N1-H2
bond length was predicted as 1.241 Å. The energy barrier was
calculated to be 28.8 kcal/mol, which is higher than that of FD
(27.0 kcal/mol) but lower than that of AD (32.3 kcal/mol). The
reason is that although the N1-H2 bond length in TS1-CA is
longer than those in TS1-FD (1.212 Å) and TS1-AD (1.215
Å), the N1-C12 bond length in TS1-CA is longer than that in
TS1-FD (1.568 Å) but shorter than that in TS1-AD (1.603 Å).
After these comparisons, we can conclude that the length of
the formed N1-C12 bond has a larger influence on the energy
barrier than that of the broken N1-H2 bond.

Considering the effect of the substituents allows an under-
standing of the reactivity of the nucleophilic addition reaction
of DMA with carbonyl compounds. As presented in Figure 1,
the increased Mulliken charges at the carbon atoms of the
carbonyl groups with alkylation were calculated as 0.018, 0.180,
and 0.183 e in FD, AD, and AO, respectively. However, the
carbon atoms attacked by the nitrogen atoms carry an increased
negative Mulliken charge with methylation, which were predi-
cated as -0.011, -0.017, and -0.133 e. These opposite
electronic effects of methylation in the ground states and in the
transition states attribute to the character of the methyl group,
which has a higher electronegativity than hydrogen and the
electron-donating effect of resonance. Figure 3 illustrates that
when the σ molecular orbital of the methyl group partially
overlaps the p molecular orbital of the carbonyl group in the
ground state, the methyl group shows an electron-withdrawing
effect, but when there is a strong hyperconjugation in the
transition state, the methyl group is an electron-donating
substituent.55

The electronic movements in the nucleophilic addition of
DMA to the carbonyl group are similar to those in the [4 + 2]
pericyclic reaction (see Figure 4), in which occurs a concerted
shift of electrons in a cyclic transition state causing σ and π
bonds to simultaneously break and form.56-58 To better under-
stand the reactivity of carbonyl compounds with DMA, a frontier
molecular orbital (FMO) analysis was done to elucidate the
differences of energy barriers in the addition reactions. Accord-
ing to FMO theory, the reactivity of cycloaddition reaction is

SCHEME 1: Mechanistic Pathway of the Reaction of
DMA with Nitrite Anion Catalyzed by Carbonyl
Compounds
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related to the energy gap between the highest occupied
molecular orbital (HOMO) of the nucleophile and the lowest
unoccupied molecular orbital (LUMO) of the electrophile.59,60

Spino et al. demonstrated that the FMO theory could predict
the relative reactivity in the normal electron demand (NED)

DA reaction but not in the inverse electron demand (IED) one.61

For the pericyclic reaction studied in this paper, the energies of
the HOMO and LUMO of DMA (as nucleophile) and carbonyl
compounds (as electrophile) have been calculated and are
depicted in Figure 5. As seen in Figure 5, the energy of the
LUMO of FD calculated as -0.064 au is lower than that of
AO by about 0.036 au, with that of AD in-between. Thus the
authors conclude that the methylation on carbonyl group
increases the HOMODMA-LUMOcat energy gap, and thus results
in an increased energy barrier for catalysts FD, AD, and AO.
In other words, electron-donating substituents increase the
energy barrier of this nucleophilic addition.

As seen in Figure 5, the energy of the LUMO of CA was
calculated to be -0.091 au, which is significantly lower than
that of the corresponding AD by more than 0.050 au. The
difference of energy indicates that the chlorination at the methyl
group can decrease the HOMODMA-LUMOcat energy gap and
thus lead to the lower energy barrier for the addition of DMA
with CA. Therefore, the authors conclude that electron-
withdrawing substituents decrease the energy barrier of this
nucleophilic addition.

3.2. Electrophilic Substitution. After the protonation of the
resulting adducts, a molecule of water is eliminated without a
transition state, giving rise to positively charged intermediates.

Figure 1. Calculated Mulliken atomic charges for carbonyl groups and some structural parameters in each carbonyl compound.

Figure 2. Optimized geometries and main parameters of each transition
state encountered in the reaction of DMA with nitrite anion.

Figure 3. Schematic profile of the resonance of the σ molecular orbital
of the methyl group with the p molecular orbital of the carbonyl group
in the reactant and transition state.

Figure 4. Schematic profile of a cyclic transition state.
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The nascent intermediates are scavenged by the nitrite anion,
leading to the formation of prereactants of electrophilic substitu-
tion. The optimized structures of the corresponding transition
states of electrophilic substitution are depicted in Figure 2. The
partially breaking N1-C12 bond lengths were calculated to be
1.797, 1.801, and 1.834 Å in TS2-FD, TS2-AD, and TS2-AO,
respectively. The trend in the N1-C12 bond-length elongation
indicates that methylation enhances the leaving ability of the
carbonyl compounds. For the electron-donating effect of the
methyl group, the positive charge at the carbon atom of
the carbonyl group spreads to the methyl group. In addition, an
increased steric strain leads to the increased ability of the
carbonyl compound to leave with methylation. The energy
barriers of the electrophilic substitution were calculated to be
26.0, 21.6, and 21.6 kcal/mol at TS2-FD, TS2-AD, and TS2-
AO, respectively. The decreased energy barriers indicate that
the order of the reactivity of the electrophilic substitution is
PR-FD < PR-AD ∼ PR-AO.

In addition, the electrophilicity of the nitroso group in the
prereactants has a significant influence on the reactivity of this
electrophilic substitution. As seen in Table 2, the nitrogen atoms
of the nitroso groups carried decreased Mulliken charges which
were found to be -0.084, -0.068, and -0.052 e in PR-FD,
PR-AD, and PR-AO, respectively. In view of the electrophilicity
of nitroso group, the same order of the reactivity as above was
obtained.

As CA is the catalyst, the intramolecular electrophilic
substitution proceeds via the transition state of TS2-CA. As seen
in Figure 2, the partially breaking N1-C12 bond length in TS2-
CA was between the lengths of the N1-C12 bond in TS2-FD
and TS2-AD, while the partially formed N1-N2 bond length
was between the lengths of the N1-N2 bond in TS2-AD and
TS2-AO. The energy barrier at TS2-CA was calculated to be
18.9 kcal/mol, lower than that at TS2-AO by 3 kcal/mol. An
explanation for this is that the chlorination of methyl group
decreased the HOMO-LUMO energy gap from 92.2 kcal/mol
in PR-AO to 86.6 kcal/mol in PR-CA; see Table 3.

Comparison of the data presented in Table 1 indicates that
the nucleophilic addition reaction is the rate-determining step,
for which the energy barriers were calculated as 27.0, 28.8, 32.3,

and 39.7 kcal/mol for FD, CA, AD, and AO, respectively. The
catalytic activity increases with the decreased energy barriers;
therefore, the order of the catalytic activity is FD > CA > AD
> AO. This result agrees with that of the early study in which
the FD and CA, but not AD, can catalyze the nitrosation of
DMA by nitrite anion.31 In addition, as shown in Table 1, all
the steps in the whole catalyzed reaction are exothermic
processes, and the second step is the most exothermic one among
them.

Analysis of the structure-catalysis relationship of the car-
bonyl compounds showed that the predicted values of the energy
barrier (E

b
p) depend on the dual-variate linear regression equation

given as eq 1, where the ELUMO
cat means the energy of the LUMO

of the catalyst and the Vcat represents the volume of the catalyst
inside a contour of 0.001 electron/bohr3 density and was
calculated at the B3LYP/6-311+G(d,p) level using the Gaussian-
03 program package. The LUMO energy of the catalyst
correlates positively (the coefficient of correlation is 0.848) with
the electronic effect of the substituents. Figure 6 illustrates that
the E

b
p correlates linearly with the calculated energy barrier (Eb

c),
with the value of the square of the correlation coefficient (R2)
being 0.9764. Based on the above discussion, therefore, the
effect of the substituents is that electron-withdrawing substit-
uents enhance the catalytic activity of carbonyl compounds but
electron-donating substituents and steric hindrances block it.

Eb
p ) 179.683ELUMO

cat + 0.165Vcat + 33.902 (1)
3.3. Predication of Fluoral as a Catalyst for DMA React-

ing with Nitrite Anion. Fluorinated compounds exhibit unique
properties62 and thus are extensively used in pharmaceutical63

and agrochemical fields.64 Especially, trifluoroacetaldehyde
(fluoral, denoted as FA in this work), which is industrially
produced by reduction of trifluoroacetic acid, has rich chemical
reactivity. In this work, we propose fluoral to be a good catalyst
for the reaction of DMA with nitrite anion, the mechanism of
which was elucidated from a theoretical aspect. The encountered
transition states in this catalytic process were found to be TS1-
FA and TS2-FA for the nucleophilic addition and electrophilic
substitution, respectively. TS1-FA and TS2-FA, shown in Figure
7, share the common characteristics of the transition states
described above. The energy barriers were calculated as 25.8
and 20.1 kcal/mol at TS1-FA and TS2-FA, respectively;
therefore, the nucleophilic addition is the rate-determining step
of the reaction of DMA with nitrite anion. As seen in Figure 5,
the energy gap of the HOMO of DMA and the LUMO of FA
is the lowest, and this is the reason that the energy barrier of
FA catalytic reaction is lower than those of FD (27.0 kcal/mol)
and CA (28.8 kcal/mol). Consequently, the conclusion can be
drawn that FA is a good catalyst for DMA reacting with nitrite
anion. This result in turn supports the previous conclusion that
the catalysts have the common features of electron-withdrawal
and small steric hindrance; see Figure 6.

3.4. The Effects of Solvent. The solvent effect of water on
the formation of NDMA was also considered using the PCM-
B3LYP/6-311+G(d,p) method. As can be seen from Table 1,
in aqueous solvation the energy barriers for nucleophilic addition
at TS1-FD, TS1-AD, and TS1-AO were calculated to be 17.1,
23.9, and 32.7 kcal/mol, which were decreased by 9.9, 8.4, and
7.0 kcal/mol compared to those values in the gas phase. The
decreased solvent effect of water from TS1-FD to TS1-AO is
because the methylation on the carbonyl group decreased the
strength of the hydrogen bonds between the water and catalysts.
The energy barriers at TS1-CA and TS1-FA, which were
calculated as 28.8 and 25.8 kcal/mol in the gas phase, decreased
to be 21.2 and 18.4 kcal/mol in aqueous solvation. In addition,

Figure 5. Schematic profiles of the energies of the HOMO and LUMO
of DMA and carbonyl compounds.
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the solvent effect of water decreased the energy barriers of
electrophilic substitution reactions by 6∼9 kcal/mol.

It is notable that the ionic intermediates (the reactants) of
the electrophilic step were stabilized in water and the formation
of prereactants was changed from exothermic process
(-103.0∼-132.6 kcal/mol) in the gas phase to endothermic
process (1.4∼17.7 kcal/mol) in water except when FA was a
catalyst (-1.0 kcal/mol). The comparison of the energy barriers
of each step shows that the nucleophilic addition is the rate-
determining step in aqueous solvation, which is in good
agreement with the results in the gas phase.

It is important to remark that the PCM as an implicit solvent
model gives excellent results in treating the strong long-rang
solute-solvent interactions which dominate many solvation
phenomena but it does not satisfactorily consider the mediation

of solvent in reactions. Therefore, a further investigation will
be devoted to test if the water is involved in the transition states
or not.

4. Summary

In this work, we have carried out a theoretical investigation
of the mechanistic pathway of the reactions of DMA with nitrite
anion catalyzed by carbonyl compounds. A multiple-step
process, involving the nucleophilic addition of DMA with
carbonyl compounds, the protonation of nascent adducts and
elimination of water, and the reaction of nitrite anion with
resulting positively charged intermediates leading to NDMA
formation, has been examined. The computational results show
that the energy barriers of the nucleophilic addition reaction,
which were calculated as 27∼40 kcal/mol, significantly increase
with alkylation but slightly vary with chloromethylation on the
carbonyl group. Comparison of energy barriers of this nucleo-
philic addition reaction and the electrophilic substitution reaction
indicates that the former is the rate-determining step. Thus, the
order of the catalytic activity is obtained as formaldehyde (FD)
> chloral (CA) > acetaldehyde (AD) > acetone (AO), which
reasonably explains the early results that formaldehyde and
chloral but not other carbonyl compounds are the catalysts of
this reaction.

Furthermore, analysis of the electronic and steric effects on
catalytic activity reveals that electron-withdrawing substituents
can decrease the energy barrier but electron-donating substit-
uents and steric hindrance will block this catalytic reaction.
Based on this discovery, the authors propose that fluoral (FA),
which has an electron-withdrawing substituent and a small
hindrance, is also a good catalyst for the reaction of DMA with
nitrite anion, which has a calculated energy barrier of about 26
kcal/mol. These results will be helpful in elucidating the
mechanisms of formation of nitrosamines and discovering
efficient inhibitors.
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TABLE 1: Energy Barriers (Eb) and Reaction Energies (∆E) with Zero-Point Energy Corrections for Each Step (in Scheme 1)
in the Cycle of Catalyzed Reactions in the Gas Phase and Water Calculated at the B3LYP/6-311+G(d,p) Level, in kcal/mola

in the gas phase in water

cat Eb1 Eb2 ∆E1 ∆E2 ∆E3 ∆E4 Eb1 Eb2 ∆E1 ∆E2 ∆E3 ∆E4

FD 27.0(23.4) 26.0(23.7) -8.3 -218.0 -120.7 -10.4 17.1 17.1 -11.1 -289.2 7.4 -14.2
AD 32.3(26.2) 21.6(20.8) -1.3 -227.1 -109.7 -19.9 23.9 13.5 -3.4 -294.7 14.7 -25.4
AO 39.7(29.8) 21.6(20.8) 7.0 -233.9 -103.0 -27.4 32.7 14.8 5.8 -298.4 17.7 -31.9
CA 28.8(22.6) 18.9(15.8) -3.2 -210.1 -126.0 -19.6 21.2 11.2 -6.3 -279.0 1.4 -25.8
FA 25.8(21.6) 20.1(16.8) -7.5 -202.9 -132.6 -13.0 18.4 11.2 -9.4 -276.1 -1.0 -18.3

a For comparison, the energy barriers calculated at the MP2/6-311+G(d,p) level based on the B3LYP/6-311+G(d,p) optimized structures are
also presented in parentheses.

TABLE 2: Mulliken Atomic Charges at C12 and N2 in
Some Transition States

species C12 species N2

TS1-FA -0.011 TS2-FA -0.084
TS1-AD -0.017 TS2-AD -0.068
TS1-AO -0.133 TS2-AO -0.052

TABLE 3: Energies of the HOMO and LUMO as Well as
the HOMO-LUMO Energy Gaps, in kcal/mol, in
Prereactants of Electrophilic Substitution

species EH EL EH-L

PR-FD -150.6 -57.7 92.9
PR-AD -145.0 -52.7 92.3
PR-AO -143.7 -51.5 92.2
PR-CA -153.7 -67.1 86.6
PR-FA -156.9 -69.7 87.2

Figure 6. Prediction values of energy barrier (Eb
p) versus the calculated

energy barrier (Eb
c).

Figure 7. Optimized geometries and main parameters of the transition
states of the reaction of DMA with nitrite anion catalyzed by FA.

Investigation of NDMA Formation J. Phys. Chem. A, Vol. 113, No. 4, 2009 717



National Natural Science Foundation of Beijing (No. 8072006)
and PHR (IHLB).

Supporting Information Available: The optimized struc-
tures and main parameters of the reactants, intermediates, and
products; the energies and the lowest harmonic vibrational
frequencies (LHVF) of the species in the formation of NDMA
at the B3LYP/6-311+G(d,p) level; geometries (x, y, z coordina-
tion). These materials are available free of charge via the Internet
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