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Collision induced dissociation of protonated N-nitrosodimethylamine (NDMA) and isotopically labeled
N-nitrosodimethyl-d6-amine (NDMA-d6) was investigated by sequential ion trap mass spectrometry
to establish mechanisms of gas phase reactions leading to intriguing products of this potent car-
cinogen. The fragmentation of (NDMA+H"*) occurs via two dissociation pathways. In the alkylation
pathway, homolytic cleavage of the N-O bond of N-dimethyl, N’-hydroxydiazenium ion generates N-

dimethyldiazenium distonic ion which reacts further by a CHs radical loss to form methanediazonium
Keywords: . . . . . H .. . .
N-nitrosodimethylamine ion. Both methanedlazonlum ion and its precursor are involved in ion/molecule rea'ctlons. Methanedi-
cp azonium ion showed to be capable of methylating water and methanol molecules in the gas phase of
the ion trap and N-dimethyldiazenium distonic ion showed to abstract a hydrogen atom from a sol-
vent molecule. In the denitrosation pathway, a tautomerization of N-dimethyl, N’-hydroxydiazenium
ion to N-nitrosodimethylammonium intermediate ion results in radical cleavage of the N-N bond of the
intermediate ion to form N-dimethylaminium radical cation which reacts further through a-cleavage to
generate N-methylmethylenimmonium ion. Although the reactions of NDMA in the gas phase are differ-
ent to those for enzymatic conversion of NDMA in biological systems, each activation method generates
the same products. We will show that collision induced dissociation of N-nitrosodiethylamine (NDEA)
and N-nitrosodipropylamine (NDPA) is also a feasible approach to gain information on formation, stabil-
ity, and reactivity of alkylating agents originating from NDEA and NDPA. Investigating such biologically
relevant, but highly reactive intermediates in the condensed phase is hampered by the short life-times
of these transient species.
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1. Introduction

N-Nitrosodimethylamine (NDMA) is the smallest compound
and one of the most potent carcinogens among dialiphatic
nitrosamines. Since the first report on hepatocarcinogicity of NDMA
[1], much research has been conducted into the occurrence [2,3],
chemical properties [4], and metabolism of this compound [5-7].
Human exposure to NDMA is of concern since this compound
has previously been detected in food products, cosmetics, tobacco
products, air, and drinking water [2,3]. NDMA can often be formed
in reactions of amines with nitrate in foods such as beer, malt bar-
ley, cured meet, and fish products [2]. There are several sources
of NDMA in drinking water including direct contamination from
industrial waste e.g., the liquid rocket fuel industry [3]. NDMA is
also a by-product of water treatment involving chloramine and
chlorine disinfection [3].

* Corresponding author. Tel.: +1 519 824 4120x53850; fax: +1 519 766 1499.
E-mail address: wgabryel@uoguelph.ca (W. Gabryelski).

One important area of research deals with the metabolism of
NDMA and investigation of its mode of carcinogenic action. The
metabolism of NDMA is viewed as a competition between at least
two enzymatic pathways. The a-hydroxylation by cytochrome
P450-related enzymes is the major metabolic pathway [8] to pro-
duce formaldehyde and extremely reactive methanediazonium
ion (CH3N;*). Methanediazonium ion, a strong methylating agent,
is presumed to be the ultimate carcinogen which reacts with
the bases of DNA to form products like N7-methylguanine [9]
and promutagenic 0%-methylguanine [10,11]. Metabolic conver-
sion of NDMA via an alternative radical denitrosation pathway
[12,13] produces nitric oxide and the imine (CH3N=CH;) which
hydrolyzes rapidly to give formaldehyde and methylamine. Den-
itrosation is considered to be a detoxification metabolic pathway
of NDMA [12]. Formation of highly reactive intermediates in the
metabolic pathways of NDMA has been proposed based on experi-
mental evidence related to secondary metabolites, i.e., formation of
formaldehyde and methylamine in metabolizing tissues [14], evo-
lution of nitrogen gas [15], and the nature of the DNA adduct [9-11],
because these stable products can be detected and quantified. Tran-
sient species such as the methanediazonium ion are extremely
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difficult to detect experimentally. Kinetic studies have shown that
the methanediazoniun ion may have a half-life of ~0.3s at 25°C
[16].

NDMA can also be activated at non-oxidative conditions via
simple protonation of this compound. Olah et al. carried out pro-
tolyticdissociation studies of NDMA in acidic media [4]. The authors
monitored the formation of products by nuclear magnetic reso-
nance (NMR) after heating NDMA in HSO3F:SbF5 solution for 4-8
days at 140°C. They observed the same products as those gen-
erated in the enzymatic denitrosation pathway, but they did not
detect methanediazonium ion. Direct observation of methanedia-
zonium ion by NMR [17] was reported in HFSO3:SO, CIF solution at
—120°C following protonation of diazomethane by HFSO3. Heat-
ing the solution to —85°C resulted in total decomposition of
methanediazonium ion and formation of methylfluorosulphate
(CH30S0,F) which is the product of methylation of fluorosulphate
by methanediazonium ion. Although the existence of methanedi-
azonium ion in solution at low temperatures is well established,
its short life-time creates uncertainties surrounding its forma-
tion through the electrophilic activation of NDMA at elevated
temperatures in strong acids. Protonolysis of NDMA is not a sig-
nificant pathway in the biological metabolism, but is believed
[4] to generate the same products as the enzymatic metabolic
pathways.

Formation and subsequent reactions of methanediazonium ion
are amenable to direct studies in gas phase by mass spectrom-
etry. Electron ionization of azomethane has been shown to be
a convenient method for generating methanediazonium ion and
monitoring ion/molecule reactions of methanediazonium ion with
ammonia and methylamine in an ionization source by ion cyclotron
resonance mass spectrometry [18]. Gas phase ion/molecule reac-
tions of methanediazonium ion with a wide range of nucleophiles
have been investigated in a pulsed electron high-pressure mass
spectrometry by producing dimethylfluoronium ion (CH3FCH3*)
and using this precursor ion as the primary reagent in the reac-
tion of methyl transfer to N, to produce methanediazonium ion
[19].

Stability of methanediazoniumion in the gas phase suggests that
gas phase protonolysis of NDMA should be an attractive method
for investigating highly reactive intermediates in NDMA chemistry.
NDMA has been analyzed using mass spectrometry with a number
of separation, ionization, and mass detection techniques. Spectral
information from several studies on tandem mass spectrometry
detection of NDMA [20-23] indicates that the protonated NDMA
is the precursor of methanediazonium ion detected at m/z 43. It
is important to note that the reported tandem mass spectrom-
etry methods are utilized for detecting NDMA at extremely low
concentrations in environmental samples, and they do not focus
on elucidating products and mechanisms of protolytic dissociation
of NDMA. Reaction pathways for gas phase protolysis of NDMA
are not well understood, mainly because they proceed via a num-
ber of reactive intermediates which have been identified in our
study.

The aim of our work was to establish gas phase chemistry
of protonated NDMA and its dissociation products using positive
mode electrospray ionization (ESI) coupled with sequential tan-
dem mass spectrometry, on a quadrupole ion trap instrument. An
isotopically labeled, deuterated analogue (NDMA-d6) was used to
confirm the validity of proposed reaction mechanisms. We will
show that a quadrupole ion trap can be used for investigating, at
the same time, both classical gas phase ion dissociation reactions
and ion/molecule reactions involving reactive ions and solvent
molecules. Studying such ion trap ion/molecule reactions can also
provide an important link between gas phase and solution chem-
istry for transient species which cannot not be easily detected in
solution.

2. Experimental

Ammonium acetate, HPLC grade water, and HPLC grade
methanol were all obtained from Fisher Scientific (Nepean, ON).
N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA),
and N-nitroso-n-dipropylamine (NDPA) were purchased from
Supelco (Oakville, ON). N-nitrosodimethyl-d6-amine (NDMA-d6)
was purchased from Cambridge Isotope Laboratories (Andover,
MA). The nitrogen gas (electrospray desolvation gas) and the
helium gas (ion trap buffer gas) were obtained from Linde (Guelph,
ON). Sample solutions for analysis, containing N-nitrosamines at
2 ppm concentration, were prepared in 0.1 mM ammonium acetate
in 90/10 (v/v) HPLC grade methanol/HPLC grade water. Each sam-
ple was introduced into the Finnigan LCQ Deca quadrupole ion
trap instrument using a syringe pump at flow rates of 3-5 pL/min.
The electrospray source was operated in the positive mode and
the spray voltage was set to 5.50kV. The temperature of the cap-
illary was set to 200°C. In order to transmit ions in the source
and minimize ion fragmentation during transmission, the capillary
voltage and tube lens offset voltage were set to 0V. The instrument
optics were also optimized for most efficient transmission of ions of
interest to the ion trap as follows—multipole 1 offset=—-8.0V, lens
voltage = —24.0V, multipole 2 offset=11.0V, multipole RF ampli-
tude =200.0 Vp-p, entrance lens=-50.0V.

MS2, MS3, and MS* experiments were carried out with an iso-
lation window of 1Th, and an activation time of 30ms. The g,
parameter and normalized collisional energy (NCE) will be indi-
cated for each spectrum specifically. The ion trap was operated in
the low mass setting to allow for detection of low mass ions.

3. Results and discussion

3.1. Sequential tandem mass spectrometry of (NDMA +H*) and
(NDMA-d6 +H*)

Fig. 1 shows all the spectral data obtained from tandem mass
spectrometry experiments on a quadrupole ion trap for protonated
N-nitrosodimethylamine (NDMA +H*) at m/z 75 and its deuter-
ated analogue (NDMA-d6+H"*) at m/z 81. Tandem mass spectra
(MS2) for (NDMA +H*) and (NDMA-d6 +H*) are shown in Fig. 1A
and B, respectively. Dissociation products of (NDMA+H*) were
detected at m/z 58, 47, 45, 44, 43, and 33. Dissociation products
of (NDMA-d6+H*) were observed at m/z 64, 51, 50, 49, 46, and
36. The first-generation fragmentation products listed above were
investigated further by sequential tandem mass spectrometry, and
the results are shown in Fig. 1 C-F. The collision induced dissocia-
tion (CID) of the first-generation fragment ion at m/z 58 produced
the second-generation products at m/z 33, 43, 47, and 59 (Fig. 1C).
The CID of the isotopically labeled analogue fragment at m/z 64
produced second-generation products at m/z 36, 46, 50, and 65
(Fig. 1D). The m/z 43 ion (Fig. 1E) is the precursor for m/z 33 and 47,
while the m/z 46 (Fig. 1F) produces the m/z 36 and m/z 50 ions. m/z
59 and 43 for the unlabeled NDMA and m/z 64 and 46 for the deuter-
ated NDMA-d6 were the only first-generation daughter ions which
were successfully examined by sequential tandem mass spectrom-
etry. It was not possible to derive any spectral data from the other
first-generation fragments. It was possible to isolate (select) the
m/z 44 fragment ion and its deuterated analogue at m/z 49, in the
ion trap. However, collisional activation of m/z 44 and m/z 49 did
not yield any detectable dissociation products. The remaining first-
generation fragment ions at m/z 33, 45, 47 (Fig. 1A) and 36, 51, 50
(Fig. 1B) did not survive the isolation (selection) step inside the ion
trap. The m/z 43 ion (Fig. 1C) and its labeled analogue at m/z 46
(Fig. 1D) were two second-generation daughter ions which were
successfully examined in sequential (MS#) tandem mass spectrom-
etry. The MS# mass spectrum of the m/z 43 ion (not shown) was the
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Fig. 1. Sequential tandem mass spectra for protonated N-nitrosodimethylamine (A, C, and E) and N-nitrosodimethyl-d6-amine (B, D, and F). (A) MS? spectrum of m/z 75
(NDMA +H*)at NCE=29.0V, g, =0.35; (B) MS? spectrum of m/z 81 (NDMA-d6 + H*) at NCE=29.5V, g, =0.35; (C) MS? spectrum of m/z 58 fragment ion at NCE=29.0V, g, =0.5;
(D) MS? spectrum of m/z 64 fragment ion at NCE=25.0V, g, =0.50; (E) MS? spectrum of m/z 43 at NCE=30.0V, g, =0.50; (F) MS® spectrum of m/z 46 at NCE=28.0V, g, =0.50.

same as the MS? mass spectrum of the m/z 43 ion (Fig. 1E), revealing
the formation of two intriguing products at m/z 33 and m/z 47. The
MS* mass spectrum of the m/z 46 ion (not shown) was identical to
the MS? mass spectrum of the m/z 46 ion (Fig. 1F) with respect to
the formation of product ions at m/z 36 and m/z 50.

3.2. Reaction patterns of (NDMA +H*) and (NDMA-d6 +H")

When the spectral data for NDMA and NDMA-d6 is carefully
examined, it becomes possible to establish the elemental compo-
sition of the dissociation products which are observed in Fig. 1.
The elemental composition of the radical and neutral losses/gains
which occur during the formation of the dissociation products can
also be determined. Based on this information, reaction pathways
can be proposed for the dissociation of (NDMA +H*) and (NDMA-
d6 +H*). Two major dissociation pathways were observed based on
the spectral data in Fig. 1.

The first dissociation pattern involves OH radical loss to gener-
ate the m/z 58 fragment for (NDMA +H*). The m/z 58 radical ion
dissociates further by the CH3 radical loss to generate an m/z 43
fragment ion with the elemental composition [CH3N;]*. The anal-
ogous process for (NDMA-d6 + H*) generates m/z 64 as a result of
OH radical loss, and m/z 46 [CD3N,]* through subsequent CD5 radi-
cal loss. From spectral data, the m/z 43 ion (Fig. 1E) is the precursor
for m/z 33 and 47, while the m/z 46 ion (Fig. 1F) has shown to pro-
duce m/z 36 and 50 ions. Due to the unusual mass loss (—10) and
even more unusual mass gain (+4) for both m/z 43 and m/z 46 pre-
cursor ions, it appears that the products at m/z 33, 36, 47, and 50
are not generated by a classical dissociation process. Instead, pre-
cursor or product ions must be involved in ion/molecule reactions
inside the ion trap. Since both m/z 43 and the deuterated m/z 46

precursor ions react similarly (—10Da mass loss and +4 Da mass
gain), only one reasonable elemental composition of each product
ion would satisfy experimental observations. The m/z 33 ion should
represent protonated methanol [CH30H + H* ], while the m/z 47 ion
should correspond to protonated dimethyl ether [CH;0CH3 +H*].
For the deuterated analogue products, m/z 36 should represent pro-
tonated methanol-d3 [CD3OH +H*] and m/z 50 should correspond
to protonated methylmethyl-d3 ether [CD30CH3 +H*]. The com-
position of the m/z 33, 47, 36, and 50 ions suggests that water and
methanol molecules may be involved in gas phase reactions of m/z
43 [CH3N,]* and m/z 46 [CD3N;|* ions inside the ion trap.

The second dissociation pattern of (NDMA+H*) at m/z 75
(Fig. 1A) begins with loss of NO radical to form m/z 45 ion. m/z
45 then eliminates H radical to produce m/z 44. The same pathway
for (NDMA-d6 +H*) at m/z 81 (Fig. 1B) leads to m/z 51 (NO radical
loss) followed by elimination of D radical to produce m/z 49.

3.3. Protonation site of NDMA

Before the gas phase chemistry of protonated NDMA can be
discussed, the protonation of the neutral NDMA molecule in elec-
trospray ionization (ESI) must be considered. NDMA (Scheme 1A)
has a trigonal planar structure with bond angles of approximately
120° at the amino nitrogen atom [24]. Due to extensive delocaliza-
tion of the amino nitrogen lone pair electrons into the m-electron
system of the nitroso (N=0) group, the N-N bond length (134 pm)
of NDMA is intermediate between those for a typical double N=N
(125 pm) and single N-N (145 pm) bond. The N-O bond length
(123 pm) of NDMA is also intermediate between those for a typical
double N=0O (114pm) and single N-O (136 pm) bond. Conse-
quently, free rotation about the N-N bond is hindered (a rotational
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Scheme 1. Proposed mechanisms for the collision induced dissociation of protonated N-nitrosodimethylamine (NDMA + H*). (A) O-protonation of NDMA during electrospray
ionization; (B) alkylation dissociation pathway of (NDMA + H*); (C) ion/molecule reactions of methanediazonium ion with a solvent molecule in the ion trap; (D) ion/molecule
reaction of N-dimethyldiazenium distonic ion with a water molecule in the ion trap; (E) denitrosation dissociation pathway of (NDMA +H*).

barrier of 96 kJ/mol [24]), but also NDMA is a very weak base.
NDMA is ~10'0 times less basic than the corresponding amine and
it undergoes protonation only in strong acids or “superacids” [24].
In principle, there are three possible protonation sites of NDMA -
the amino nitrogen atom, the nitroso nitrogen atom and the nitroso
oxygen atom. However, the oxygen atom has been established as
the preferred site of proton attachment [25]. The O-conjugated acid
of NDMA is the only conjugate acid that was detected by NMR in

strong acids or “superacids” [4]. It can be suggested that the chemi-
cal conditions inside a small highly charged electrospray droplet are
similar to chemical conditions in solution chemistry when dealing
with a strong acid or “superacid”. During electrospray ionization, a
proton should also be accommodated at the nitroso oxygen atom
of NDMA.

The O-protonation of NDMA is expected to alter structure and
electronic arrangement of NDMA. From X-ray data [24] it is known
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that stable electrophilic attachment of Lewis acids such as CuCl, at
the nitroso oxygen shortens the N-N bond of NDMA from 134 pm
(partial double bond character) to 126 pm (essentially double bond
character). It reflects greater delocalization of lone pair electrons of
the amino nitrogen towards the electron-deficient nitroso oxygen
at the attachment site. It can be expected that protonation of NDMA
at the nitroso oxygen would have a similar effect on the chemical
structure of the resulting O-conjugated acid. Consequently, a prod-
uct of the O-protonation of NDMA should represent essentially a
double bond character of the nitrogen-nitrogen bond and resem-
ble the structure of an N-dimethyl, N’-hydroxydiazenium (DMHD)
ion. Scheme 1A illustrates the O-protonation of NDMA and the for-
mation of m/z 75 N-dimethyl, N’-hydroxydiazenium (DMHD) ion in
the liquid phase, during electrospray ionization. Electrospray facil-
itates the ionization of NDMA, and then transfers the DMHD ion
into the gas phase. The gaseous m/z 75 DMHD ion is the precursor
for the gas phase protolysis reactions which we observed in our
tandem mass spectrometry studies of NDMA.

3.4. Alkylation reaction pathway of (NDMA +H*)

The m/z 75 DMHD ion is proposed to react according to two
dissociation pathways. The first pathway was termed the “alkyla-
tion” pathway and is presented in Scheme 1B and D. The first step
of the alkylation pathway (Scheme 1B) involves radical cleavage
of the N-O bond of DMHD to eliminate OH radical, and generate
the N-dimethyldiazenium radical ion at m/z 58. The m/z 58 is a dis-
tonic ion because the charge site and radical site are located on two
different atoms. Distonic ions are more stable than corresponding
classical radical ions which accommodate both the charge and the
radical site on the same atom. The m/z 58 ion is stabilized by sepa-
ration of the radical and charge site, and can be detected at a high
spectral intensity. However, it does dissociate further (Scheme 1B)
by radical site induced a-cleavage to eliminate a CHs radical and
form methanediazonium ion at m/z 43. M/z 43 methanediazonium
ion is the most abundant dissociation product of (NDMA +H"*). It is
formed as a result of the consecutive loss of OH radical and CH3
radical from the DMHD precursor ion. Further evidence for the
sequential radical losses during the formation of methanediazo-
nium ion is the MS3 spectrum of m/z 58 (Fig. 1C), which shows that
m/z 43 can be formed from the m/z 58 distonic ion.

It is important to note that the detection of methanediazonium
ion in MS? of m/z 75 (Fig. 1A), MS3 of m/z 58 (Fig. 1C) and activa-
tion of methanediazonium ion in MS* (Fig. 1E) is always associated
with the presence of product ions at m/z 33 and m/z 47. The detec-
tion of m/z 33 and m/z 47 can be linked to ion/molecule reactions of
the methanediazonium ion with water and methanol, respectively.
Scheme 1C shows the proposed mechanism for the formation of m/z
33 and 47. It occurs via an SN2 reaction where the oxygen atom of
a solvent molecule carries out a backside nucleophilic attack of a
solvent molecule on the methyl carbon atom of the methanedia-
zonium ion leading to inversion of the methyl group. This results
in the displacement of molecular nitrogen and the formation of
methylated water (m/z 33) and methylated methanol (m/z 47). The
same mechanism was postulated before for gas phase methyl trans-
fer reactions of methylating agents with a variety of nucleophiles
[19]. The methanediazonium ion plays a very important role in the
mutagenicity and carcinogenicity of NDMA. In biological systems,
methyl transfer from the methanediazonium ion intermediate to
the 0%-site of guanine and perhaps 0%- or O2-sites of thymine are
believed to be critical mutagenic events [26]. In the gas phase envi-
ronment of ion trap, one can think of water and methanol molecules
as being analogous to the nucleophilic sites of DNA, in the way they
react with the methanediazonium ion.

The methylation of water and methanol by methanediazonium
ion is not the only example of ion/molecule reactions which was

observed in the alkylation pathway of NDMA. When the m/z 58
N-dimethyldiazenium distonic ion was isolated and collisionally
activated in MS3 (Fig. 1C), one of its products was detected at m/z 59
(one m/z unit higher than the precursor ion). Such an unusual mass
gain is postulated to represent a radical reaction which involves
hydrogen abstraction by the m/z 58 ion. Scheme 1D shows the
hydrogen atom transfer from a water molecule to the radical site
on the m/z 58 N-dimethyldiazenium distonic ion to form the N-
dimethyldiazenium cation at m/z 59 and a hydroxyl (OH) radical.
The hydrogen abstraction step is illustrated for water, but could
potentially occur with any protic species within the ion trap. The
fact that this reaction occurs, helps to demonstrate how reactive
the m/z 58 distonic ion is. The alkylation pathway of (NDMA +H*)
generates at least two reactive products—at m/z 43 and m/z 58.

3.5. Denitrosation reaction pathway of (NDMA +H*)

Another dissociation pathway of (NDMA +H*) involves initial
loss of NO radical and thus is termed the denitrosation pathway. The
denitrosation pathway generates the m/z 45 and 44 product ions
which are seen in the spectrum in Fig. 1A. As with the alkylation
pathway, the denitrosation pathway is proposed to originate from
the same m/z 75 N-dimethyl, N’-hydroxydiazenium (DMHD) pre-
cursor ion which is the product of O-protonation of NDMA during
electrospray ionization. The first step in the denitrosation path-
way, illustrated in Scheme 1E, is tautomerization of the DMHD ion
to a corresponding N-nitrosodimethylammonium (NDMAm) ion.
The tautomerization is proposed to proceed through initial charge
redistribution within the structure of DMHD. In the process, the
localization of the lone pair electrons on the amino nitrogen atom
increases, the bond order of the N=N bond decreases, and the bond
order of the N-O bond increases. Essentially, the product ion result-
ing from the charge redistribution has the same structure as the
O-conjugate acid of NDMA. It is postulated that the charge redis-
tribution described is energetically unfavorable and occurs in the
ion trap during collisional activation of the m/z 75 ion. As a result
of the activation, the rotational barrier is overcome, and a 90°
rotation about the N-N bond can generate the rotational confor-
mation of the m/z 75 ion (O-protonated conjugate acid of NDMA)
which allows for a proton transfer (PT) from the oxygen atom to
the amino nitrogen atom. The final product of the tautomeriza-
tion step is the m/z 75 N-nitrosodimethylammonium (NDMAm)
ion, in which rotation about the N-N bond is unhindered. NDMAm
is the intermediate precursor ion for the dissociation products of
the denitrosation pathway (Scheme 1E). The m/z 75 NDMAm ion
is postulated to undergo homolytic cleavage of the N-N bond. This
results in the loss of NO radical and generation of m/z 45. The m/z
45 N-dimethylaminium radical cation is a classical radical cation
with both the radical and charge site located on the same nitrogen
atom. Such an ion is not very stable and prone to further disso-
ciation through a-radical cleavage of a C-H bond. As a result an H
radical is eliminated, and m/z 44 N-methylmethylenimmonium ion
is formed. The m/z 44 immonium ion is the major product of the
denitrosation pathway of (NDMA +H*) in the gas phase. The same
ion was identified as the main product of NDMA in acidic media [4].

One important point to note about the denitrosation dis-
sociation pathway is that the N-nitrosodimethylammonium
precursor ion may be generated in two ways. The first way
involves the described tautomerization of the N-dimethyl, N’-
hydroxydiazenium ion. The second way has not yet been discussed,
but it may involve direct protonation of NDMA at the amino nitro-
gen during electrospray ionization. Amino nitrogen protonation of
NDMA is thermodynamically less favorable than O-protonation.
The O-conjugate acid is stabilized through resonance. Protonation
on the amino nitrogen does not lead to resonance stabilization of
the conjugate acid, and is thus expected to be of higher energy
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[25]. However, previous studies carried out on NDMA [4] in acidic
media assumed the presence of N-nitrosodimethylammonium ion
in solution in small undetectable amounts (less than 5% of the O-
conjugate acid). This assumption was made in order to explain
formation of denitrosation products which must originate from N-
nitrosodimethylammonium ion. However, our spectral data does
not agree with this assumption, and indicates that the direct proto-
nation of NDMA at the amino nitrogen is not a significant source of
N-nitrosodimethylammonium ion. This can be concluded based on
spectral intensities of dissociation products of NDMA (Fig. 1A) from
the two established fragmentation pathways. The m/z43 (methane-
diazonium ion) is the major product of the alkylation pathway
associated with the fragmentation of the O-protonated precursor
ion. The m/z 44 (N-methylmethylenimmonium ion) is the major
product of the denitrosation pathway associated with the fragmen-
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tation of the precursor ion protonated at the amino nitrogen. The
spectral intensities for m/z 43 and m/z 44 in the MS? spectrum
of (NDMA +H") in Fig. 1A are not consistent with a ratio of 95%
O-protonated/5% N-protonated NDMA. If that were the case, the
intensity of the m/z 44 peak (product of N-protonation) would be
much smaller. Based on this observation it is postulated that the
N-nitrosodimethylammonium ion originates mainly from the tau-
tomerization of the N-dimethyl, N’-hydroxydiazenium ion. Such
tautomerization is proposed to be areversible process which occurs
in the gas phase, and determines the relative abundances of the tau-
tomers. At low ion energy, the DMHD (O-protonated) tautomer is
more abundant because its formation is favored thermodynami-
cally. However, ion activation could shift the distribution toward
the N-protonated (NDMAm) tautomer. In the gas phase, ion acti-
vation is achieved through collisions of the ion with helium gas.
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Scheme 2. Proposed mechanisms for the collision induced dissociation of protonated N-nitrosodimethyl-d6-amine (NDMA-d6 + H*). (A) O-protonation of NDMA-d6 during
electrospray ionization; (B) Alkylation dissociation pathway of (NDMA-d6 +H*); (C) ion/molecule reactions of methane-d3-diazonium ion with a solvent molecule in the ion
trap; (D) lon/molecule reaction of N-dimethyl-d6-diazenium distonic ion with a water molecule in the ion trap; (E) denitrosation dissociation pathway of (NDMA-d6 +H*).
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The tautomerization of N-dimethyl, N’-hydroxydiazeniumion to N-
nitrosodimethylammonium ion may also occur in solution where
ion activation could be achieved by heating the solution. The
denitrosation of NDMA in acidic media was observed only at ele-
vated temperatures [4], which may be related to the formation of
the N-nitrosodimethylammonium ion through the described tau-
tomerization process in liquid phase.

All of the gas phase reactions, which we proposed for
(NDMA+H*) and its dissociation products, were based on
the tandem mass spectrometry information obtained for both
(NDMA+H") and its deuterated analogue (NDMA-d6+H*). All of
the pathways described for (NDMA +H*) are also valid for (NDMA-
d6 +H"). The reaction pathways for the deuterated NDMA analogue
are presented in Scheme 2. It is important to note that formation
of radical ions and occurrence of ion/molecule reactions are not
commonly observed phenomena for protonated ions which are
generated in electrospray. As such, studying the deuterated ana-
logue in addition to NDMA was vital in clarifying the identity of the
unique products of (NDMA +H*). The fact that the reactions occur
similarly for (NDMA +H"*) and (NDMA-d6 + H") helps to verify the
proposed dissociation pathways.

3.6. Alkylating products from the dissociation of (NDEA + H*) and
(NDPA +H?*)

The intriguing aspect of our NDMA studies is the detection of
products of ion/molecule reactions on a conventional quadrupole
ion trap. In numerous applications of ion/molecule reactions in
mass spectrometry [27,28], a volatile reactant is usually admitted
to an ion trap for the reactions to occur. In our experiments, water
and methanol are introduced to the trap only as ultra-trace contam-
inants of the helium buffer gas [29,30]. Since water and methanol
are present in very small amounts, ion/molecule reactions can be
observed only for very reactive ions [29,30]. Consequently, not only
classical ion gas phase dissociation reactions, but also ion/molecule
reactions of highly reactive dissociation products with solvent
molecules can be observed. lon/molecule reactions can provide a
link between gas phase and solution chemistry for transient species
which cannot easily be investigated in solution. Tandem mass spec-

tral data for larger aliphatic nitrosamines are presented in Fig. 2 to
illustrate this point.

The ion trap tandem mass spectrum for protonated N-
nitrosodiethylamine (NEMA) in Fig. 2A shows the detection of
ethanediazonium ion at mjz 57. The products of gas phase
ion/molecule reactions of the m/z 57 ethanediazonium ion with
water and methanol are also detected at m/z47 and m/z 61, respec-
tively. lon/molecule reactions of ethanediazonium ion proceed in
a similar fashion to those presented for the m/z 43 methanedi-
azonium analogue (Scheme 1C), and produce ethylated solvent
ions at m/z 47 and m/z 61 (Fig. 2A). The tandem mass spectrum
for protonated N-nitrosodipropylamine (NPMA) in Fig. 2B shows
the detection of m/z 43 propenylium ion (propyl carbocation),
but products of ion/molecule reactions for this m/z 43 propy-
lating agent with water (m/z 61) or methanol (m/z 75) are not
observed. In contrast to the formation of diazonium ions from
NDMA and MDEA, propanediazonium ion (C3H;N,*) at m/z 71,
was not detected in the spectrum of (NDPA+H"). The dissocia-
tion product of (NEMA +H") at m/z 75 and (NDPA+H*) at m/z 89
are also related to key intermediates in the chemistry of aliphatic
nitrosamines. N-ethyl, N-hydro, N'-hydroxydiazenium ion at m/z
75 (Fig. 2A) and N-propyl, N-hydro, N’-hydroxydiazenium ion
at m/z 89 (Fig. 2B) are N-protonated analogues of alkanediazoic
acids (alkyldiazohydroxides). Alkanediazoic acids are believed to
be alkylating agents and precursors for alkanediazonium and/or
alkenylium ions in metabolic pathways of aliphatic nitrosamines.
Alkanediazoic acids are extremely reactive species which decom-
pose instantly in aqueous media. It is important to note that the
detected products of NEMA and NDPA (Fig. 2) have been postu-
lated in theoretical studies [31-34] as highly reactive metabolites
in enzymatic pathways. Investigating their chemistry in condensed
phase is a challenging task [35]. m/z 75 as well as m/z 89 and m/z
43 have been detected in tandem mass spectrometry [23]. To our
best knowledge, the detection and Sy2 ion/molecule reactions of
ethanediazonium ion have not been reported before. However, a
reasonable theoretical basis for Sy2 reaction pathways of ethane-
diazoniumion has been postulated before [26]. The Sy2 mechanism
is enforced if ethyl carbonium ion derived from the loss of the leav-
ing group (N,) is too unstable to exist as an independent entity
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Fig. 2. Tandem mass spectra for protonated N-nitrosodiethylamine (NDEA) and N-nitrosodipropylamine (NDPA). (A) MS? spectrum of m/z 103 (NDEA + H*) at NCE=20.0V,

g, =0.25; (B) MS? spectrum of m/z 131 (NDPA+H*) at NCE=19.0V, g, =0.20.
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in an encounter complex of ethanediazonium ion with a nucle-
ophile (water, methanol). A projected life-time of ethyl carbocation
is close to its vibration frequency, which implies that ethyl carbo-
cation is on borderline of stability. Thus, ethanediazonium ion will
probably react with water and methanol via Sy 2 reaction pathways.

A part of the controversy in the chemistry of aliphatic
nitrosamines is the nature and potency of the ultimate carcino-
gen in the critical alkylation step. Our observations indicate that
methanediazonium and ethanediazonium ions are the most potent
alkylating agents, as only these two species were capable of alkylat-
ing solvent molecules. Our results also show that alkanediazonium
ions are associated with decomposition of NDMA and NDEA, but
propenylium ion was detected for the NDPA precursor. In order to
provide a rational explanation for the formation of different alky-
lating agents from different nitrosamines, mechanisms of gas phase
reactions of nitrosamines have to be established. Larger aliphatic
N-nitrosamines dissociate according to different pathways than
those presented for NDMA. We are currently working on inves-
tigating gas phase chemistry of different classes of nitrosamines to
elucidate reactions leading to the formation of alkylating agents
and other reactive species which may be associated with DNA
damage.

4. Conclusions

A detailed sequential tandem mass spectrometry study of
(NDMA+H*) and (NDMA-d6+H*) has established the mecha-
nisms of gas phase reactions for protolytic cleavage of NDMA.
Following its nitroso oxygen protonation, NDMA decomposes via
reactive intermediates in two dissociation pathways. In the alkyla-
tion pathway, the homolytic cleavage of the N-O bond gave rise
to N-dimethyldiazenium distonic ion which showed to abstract
a hydrogen atom from a solvent molecule. Further CHs radical
loss from the N-dimethyldiazenium distonic ion has produced
methanediazonium ion which showed to be capable of methylat-
ing water and methanol molecules in the gas phase of the ion trap.
In the denitrosation pathway, the tautomerization of N-dimethyl,
N’-hydroxydiazenium ion to N-nitrosodimethylammonium inter-
mediate ion resulted in the homolytic cleavage of the N-N
bond to form relatively unstable N-dimethylaminium radical
cation which reacted further through a-cleavage to generate N-
methylmethylenimmonium ion. The fragmentation of (NDMA +H*)
has shown a number of interesting features such as unique struc-
tures of small ions generated from radical cleavages of chemical
bonds and ion/molecule reactivity of products from the alkylation
pathway. We believe that similar reactions of (NDMA +H*) occur
in the condensed phase.

We have also established that the protolytic cleavage of NDMA,
NDEA, and NDPA in the gas phase generates the same products
as those implicated in metabolic decomposition pathways of the
corresponding compounds. Investigating such reactive products
in the gas phase provides not only the detection of biologically
relevant transient species but also insights into their reactivity
through gas phase ion/molecule reactions. We believe that tan-
dem mass spectrometry can contribute to a better understanding
of chemistry of N-nitrosamines with respect to key interme-
diates such as alkylating agents, reactive radicals, and perhaps
other biologically relevant species which have not been considered
before.
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