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Abstract
The gas phase reactivity of 1,3,5-triazine with several oxyanions and carbanions, as well as
amide, was evaluated using a flowing afterglow-selected ion flow tube mass spectrometer.
Isotopic labeling, H/D exchange, and collision induced dissociation experiments were
conducted to facilitate the interpretation of structures and fragmentation processes. A
multi-step (→ HCN + HC2N2− → CN− + 2 HCN) and/or single-step (→ CN− + 2 HCN) ring-opening
collision-induced fragmentation process appears to exist for 1,3,5-triazinide. In addition to proton
and hydride transfer reactions, the data indicate a competitive nucleophilic aromatic addition
pathway (SNAr) over a wide range of relative gas phase acidities to form strong anionic σ-adducts
(Meisenheimer complexes). The significant hydride acceptor properties and stability of the anionic
σ-adducts are rationalized by extremely electrophilic carbon centers and symmetric charge
delocalization at the electron-withdrawing nitrogen positions. The types of anion-arene binding
motifs and their influence on reaction pathways are discussed.
Key words: Gas phase reactions, 1,3,5-triazine, Hydride transfer, Proton transfer, Meisenheimer
complex

Introduction

T

he chemical compound 1,3,5-triazine, (C3N3H3), also
known as s-triazine, is a symmetric six-membered Nheterocyclic aromatic ring consisting of alternating carbon
and nitrogen atoms. N-heterocycles are important constituents of many natural and synthetic products (plastics, drugs,
petrochemicals, food, paints, etc.) and offer the highenergy-high-density properties desired in energetic materials
(explosives, pyrotechnics, propellants, and fuels) [1].
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Furthermore, nitrogen ring compounds are biologically relevant as model nucleobases due to their H-acceptor abilities [2]
and their role in bioactivity [3]. Triazine derivatives are
commonly used in herbicides [4], pharmaceutical products [5,
6] and as light stabilizers in polymers [7, 8]. Many of the
unique chemical and physical properties of the triazine
compounds arise from the interaction of the carbon atoms with
the electron-withdrawing nitrogen atoms within the aromatic
ring [2, 9]. While the structure-reactivity relationships of
nitroaromatics have been extensively studied, more recently
the electrostatic interaction of anions with electron-deficient
arenes and heteroarenes has gained interest [10, 11]. Our
investigation of the gas phase reactivity of the electrophilic
1,3,5-triazine and the complexes formed during these reactions
has revealed significant hydride acceptor properties and proven
insightful into anion-arene interactions.
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Polycyclic or heterocyclic conjugated systems tend to
exhibit thermodynamic and kinetic stability [12]. This
“aromatic” stability can influence physicochemical properties,
as well as the forces that govern reaction pathways [13]. While
the incorporation of nitrogen within an aromatic ring has little
effect on aromaticity, there are significant effects on reactivity
[14]. Typically the л-electron density of an aromatic ring
makes it susceptible to reactions by electrophilic agents,
however the addition of an electron-withdrawing group
activates the compound to nucleophilic attack via a SNAr
mechanism [15]. The SNAr mechanism is believed to be a
two-step addition-elimination pathway which proceeds
through a Meisenheimer complex (anionic σ-adduct)
intermediate. In solution, these complexes typically serve
as reaction intermediates, however, in the gas phase these
species can be isolated and characterized in the absence of
complicating solvent interactions [16, 17].
Transition states [18] and stable intermediates [19] of
anionic σ-adducts have been reported in gas phase reactions.
To understand the reactivity of the prototypical SNAr
reaction, Fernández et al. [20] conducted a theoretical
investigation of the stability of these structures relative to
intrinsic nucleophilicity. Interestingly, unlike aliphatic
nucleophilic substitution reactions (SN2), the identity
SNAr reactions (where nucleophile and leaving group are
the same) for aromatics with nucleophiles belonging to
the same period of the periodic table have almost identical
barrier heights. However, in non-identity reactions the
exothermicity of reaction provides a thermodynamic
driving force which influences barrier heights. The
intrinsic stability of the complex is dominated by the
nature of the aromatic substrate. During the formation of
the anionic σ-adduct, a critical balance between the
stabilization due to bond formation and destabilization
from the destruction of aromaticity dictates the relative
potential energy (minimum or transition state) of the
complex. Less stable structures gain stability through
more planar orientations through distortions of the typical
tetrahedral (sp3) Meisenheimer-type geometry. These
findings correlate nicely with the anion-arene interactions
described by Hay and Bryantsev [21] and the experimental
results of Hiraoka et al. [22].
To ensure common nomenclature in discussions of
anion–arene interactions, Hay and Bryantsev have proposed
characterization of complexes by geometric features and the
degree of covalency [21]. Figure 1 depicts the primary
binding motif categories as (a) aryl H-bonding (when acidic
hydrogens are present), (b) noncovalent anion–π complexes,
(c) weakly covalent σ-adducts, and (d) strongly covalent
σ-adducts. “Strongly covalent σ-adducts” have extensive
mixing of the anion and arene-type molecular orbitals (MOs)
to form the typical tetrahedral (sp3) Meisenheimer-type
structures. “Noncovalent anion–л complexes” exhibit
ring-centered geometries which are bound with electrostatic
forces. Moderate interaction between the anion and arene
MOs yields “weakly covalent σ-adducts” with off-center
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Figure 1. Binding modes for complexes of anions with
charge-neutral arenes (a) C–H hydrogen bonding, (b) noncovalent anion–π interaction, (c) weakly covalent σ interaction, and (d) strongly covalent σ interaction. [21] Reproduced by permission of The Royal Chemical Society

configurations. Employing these definitions, true electrostatic binding of anions with aryl rings is rare and most
supramolecular bonding and solid state interactions display
off-center arrangements [10].
Computations suggest that strong nucleophiles produce
strongly covalent σ-adducts, while less nucleophilic anions
form weakly covalent σ-adducts depending on electron
deficiency in the aromatic ring [21]. Gas phase spectroscopic
evidence of these two types of structural motifs supports
this relationship [23]. The amount of interaction between
the electrons of the anion and the л-system is enhanced
and stabilized by electron deficiencies in the aromatic
ring. The degree of electron deficiency in aryl compounds can
be modulated through substitution of electron withdrawing
groups, such as –F, –CN, and –NO2. However, electronwithdrawing groups can inductively weaken the strength
of hydrogen bonds which enhances the proton transfer
processes. Therefore when aryl C–H groups are present,
both hydrogen bound anion complexes and anionic σ-adducts
must be considered. Studies of substituted benzenes
suggest that gas phase nucleophilic attack on the ring is
feasible only when the acidity of the aromatic compounds is lower than or comparable to that of the
nucleophile [24, 25]. While hydrogen bound complexes
may be present at a wide range of relative acidities, the
proton transfer channel does not become active until
about the same relative acidity range as that of
nucleophilic substitution. For highly basic nucleophiles,
the proton transfer reaction is significantly favored over
the substitution reaction [24, 26].
Depending on the nature of the anion and arene, gas phase
reactions have shown the aromatic nucleophilic substitution
channel to be in competition with multiple pathways
(proton transfer, E2 elimination, SN2, etc.) [26–29]. Of
particular interest to our current work is the presence of a
hydride transfer channel with 1,3,5-triazine to form a
hydride-Meisenheimer complex. Recently, these complexes
have been identified in the biodegradation of nitroaromatics
[30–34]. Although fragmentation patterns of the hydrideMeisenheimer complex of trinitrotoluene, [TNT + H]−, were
studied by Yinon et al., reduction and hydrolysis in their
heated source prevented identification of stable hydride
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σ-adducts [35]. Other hydride transfer mechanisms for
the anionic reductions of carbonyls and activated olefins
have been observed in the gas phase [36–40], however to
our knowledge hydride transfer to neutral aromatics and
stable anionic hydride σ-adducts have not been reported
in the gas phase. A computational study by Gronert and
Keeffe on factors influencing hydride transfer indicates
that electron withdrawing groups increase hydride ion
affinity and reaction rates, while resonance lowers
barriers to hydride transfer [41]. From this perspective,
electrophilic aromatic rings offer intriguing hydride donor
and acceptor properties.
In the present study, we investigate the reactivity of
1,3,5-triazine with amide and several oxyanions and
carbanions, as well as evaluate the reaction products using
collision-induced dissociation. A flowing afterglow-selected
ion flow tube (FA-SIFT) mass spectrometer was utilized
to measure kinetic data and analyze the dissociation
process. Isotopic labeling and H/D exchange experiments
were conducted to facilitate the interpretation of fragmentation processes and the structure of products. In addition,
theoretical calculations were carried out to elucidate the
structure of the intermediates/transition states/products and
the driving energetics behind the mechanistic processes.
Our results are discussed in terms of relative gas phase
acidities, anion-arene interactions, and σ-adduct stability.

Experimental
Ion–Molecule Reactions
All reactions were carried out using a flowing afterglowselected ion flow tube (FA-SIFT) mass spectrometer, which
has been previously described [42]. Briefly, this instrument
consists of four sections: an ion source, an ion selection
region, a reaction flow tube, and a detection system. A
flowing afterglow ion source is used to produce ions, which
are mass selected using the ion selection region quadrupole
mass filter prior to injection into the reaction flow tube.
Primary anions were prepared by electron ionization (70 eV)
of methane and nitrous oxide (2:1 ratio) to produce
hydroxide or of ammonia to produce amide. Other ionic
reagents were generated by proton abstraction of neutrals by
either NH2− or HO−. Injected ions are entrained in a flow of
helium (200 std cm3 s–1, 0.5 Torr) and thermalized to 298 K
prior to reactions with neutral reagents that are added
through multiple inlets along the length of the reaction flow
tube. Ionic reactants and products are analyzed in the
detection region using a triple-quadrupole mass filter and
an electron multiplier. The reactions are carried out under
pseudo-first order conditions (reactant ion ~105 ions cm–3;
neutral reactant ~1011 molecules cm–3), and the reported
branching ratios and reaction rate coefficients are the
averages of at least three individual measurements. Product
branching ratios are determined by extrapolating the
observed product yields to zero reaction distance in order

to extract the intrinsic ratios due to primary reactions. The
reported reaction efficiencies are the experimental rate
constant divided by the calculated collision rate constant
(Eff=kexpt/kcol). Collision rate constants were calculated
from parameterized trajectory collision rate theory [43]. Error
bars represent one standard deviation in the data; absolute
uncertainties in these rate constant measurements are ±20%.
The detector was tuned to minimize mass discrimination, and
no further corrections were made in the analysis.

Collision-Induced Dissociation
The source and selection region of the FA-SIFT mass spectrometer
has been previously employed in collision-induced dissociation
experiments to investigate fragmentation pathways and estimate
dissociation energies [44–46]. Collisional activation is accomplished by injecting the anion or adduct at varied injection energies
(Elab) of 10–80 eV, defined as the voltage difference between the
source flow tube and the injection orifice. Collisions with helium
takeplace inthevicinity oftheinjectionorifice(i.e.,SIFT-CID)that
connects the quadrupole region and the second flow tube. Nominal
center-of-mass collision energies (Ecm) can be calculated using the
relation Ecm ¼ Elab mHe =ðmHe þ mion Þ, where mHe and mion
are the masses of He and the reactant ion, respectively.
However, SIFT–CID occurs under multiple-collision conditions thereby enabling fragmentation at collision energies that are lower than threshold energies. The Ecm
should thus be taken as the lower bound for the actual
internal excitation of the anions. The mass spectra of the
precursor and fragment ions were analyzed to elucidate
the chemical structures of molecules.

H/D Exchange
Hydrogen/deuterium (H/D) exchange reactions of gas phase
ions have proven to be powerful tools for probing ion
structures in the FA-SIFT [47, 48]. In our H/D exchange
analysis, gaseous D2O was added near the middle of our
reaction flow tube downstream of the first four neutral
reactant inlets. The extent of H/D exchange for reactant and
product ions was evaluated by m/z shifts in the mass spectra.

Materials
All compounds were obtained from commercial vendors and
liquid samples were purified by several freeze-pump-thaw cycles
before use. These compounds include 1,3,5-triazine, C3N3H3,
Aldrich, Milwaukee (Winconsin), USA, 97%; ammonia, NH3,
Airgas, Denver (Colorado), USA, 99.9995%; 2-methylpropene,
CH2 =C(CH3)2, Phillips 66, Pasadena (Texas), USA, 99+%; 1,4diazine, C4H4N2, Aldrich, 99+%; furan, C4H4O, Aldrich, 99+%;
pyridine, C5H5N, Fluka, Milwaukee (Wisconsin), USA, 99.8%;
difluoromethane, F2CH2, Aldrich, 99.7%; fluorobenzene, C6H5F,
Aldrich, 99%; difluorobenzene, C6H4F2, Aldrich, 99%; 2methylfuran, (CH3)C4H3O, Aldrich, 99%; 1,4-dimethylbenzene,
(CH3)2C6H4, EM Science, Gibbstown (New Jersey), USA, 98%;
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cyclopentanol, C5H9OH, Aldrich, 99%: ethanol, C2H5OH, Decon
Laboratories, King of Prussia, (Pennsylvania), USA, 200 proof;
methanol, CH3OH, Aldrich, 99.9%; methanol-d4, CD3OD,
CDN Isotopes, Pointe-Claire (Quebec), Canada, 99.8% D;
water, H2O, distilled; water, H218O, Cambridge Isotope
Laboratories, Andover (Maryland), USA, 80% 18O; D2O,
Cambridge Isotope Laboratories, 99.9% D. The reagents were
protected from light and stored under vacuum. Helium buffer
gas (99.995%) was purified by passage through a molecular
sieve trap immersed in liquid nitrogen.

Computational Methods
Ab initio molecular orbital calculations were carried out with the
B3LYP method using the 6-311++G(d,p) and aug-CC-pVTZ
basis sets using the Gaussian 03 suite of programs [49].
Frequency calculations were carried out for all species to
establish their nature as local minima or transition states.
Enthalpy changes were calculated from the energies of the
optimized structures, and thermal corrections included for 298 K
without any scaling of the calculated vibrational frequencies.

Results and Discussion
The bimolecular ion-neutral reactions between deprotonated
1,3,5-triazine and oxygen-centered reactants (water, methanol,
cyclopentanol, and ethanol), carbon-centered reactants (2methylpropene, 1,4-dimethylbenzene, 1,4-diazine, pyridine,
fluorobenzene, difluorobenzene, furan, and 2-methylfuran),
and a nitrogen-centered reactant (ammonia) were investigated
with FA-SIFT mass spectrometry. The corresponding reverse
processes were also studied, i.e., the reactions of deprotonated
oxygen-, carbon-, and nitrogen centered reactants with neutral
1,3,5-triazine. Proton and hydride transfer reactions were
observed, however the formation of a collision stabilized
adduct/cluster dominated most of the reactions studied. Of
significant interest was the type of anion-arene binding motif
present within these complexes and the influence of this
interaction on reaction pathways.

Elucidation of Structure, Mechanisms,
and Energetics
Collision-induced dissociation (CID) mass spectrometry
was employed to investigate the key structural features,
energetics, and thermochemical properties of our gas-phase
ion–molecule reactions. In CID, selected precursor ions are
activated by multiple collisions with a buffer gas which
increases the internal vibrational and rotational energy of the
ion until dissociation occurs. Mass shifts corresponding to
isotopic labeling and fragmentation patterns allow the
elucidation of structure and insight into reaction and
dissociation mechanisms. In a simple bond-breaking
process, the dissociation product intensities yield information regarding bond energies within the precursor ion.
Coarse decomposition threshold energies can be extracted
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from energy-dependent precursor ion breakdown curves.
However in more complex processes, the product intensities will be associated with activation energies that
reflect bond breaking and bond formation. Application of
the extended kinetic method to the fragmentation ratios of
proton-bound ion complexes allows the relative proton
affinity of an unknown to be determined relative to a
series of reference bases.
Figure 2a displays the FA-SIFT mass spectrum for the
reaction of HO− + 1,3,5-triazine. The major product ion of
the reaction is deprotonated 1,3,5-triazine (m/z 80); a small
contribution from the stabilized ion-dipole complex is
observed at m/z 98 ([HO•C3H3N3]−). Minor ion peaks at
m/z 26 (CN−), m/z 44, and m/z 71 suggest either appreciable
contributions from impurities or a fragmentation pathway.
Similar ion peaks from CID of the hydroxide-1,3,5-triazine
cluster, [HO•C3H3N3]− (Figure 2b) are observed. This
suggests that the HO− + 1,3,5-triazine product ion peaks
at m/z 26, 44, and 71 originate from the reactant ion-dipole
cluster, [HO•C3H3N3]−, as opposed to impurities. Further
supporting this interpretation is the observed isotopic shift
(inset, Figure 2a) of m/z 44 to 46 and m/z 71 to 73 when
H18O− was utilized in both the reaction and cluster
generation. Clearly 18O is incorporated into the products
and fragments; however this result can be explained
through either an electrostatic clustering interaction (m/z 44,
[CN−• • • H2O] and m/z 71, [C2HN2−• • • H2O]) or a covalent
bonding interaction (m/z 44, [NH=CHO−] and m/z 71,
[C2N2H3O−]).
To resolve the nature of these peaks, the m/z 44 ion
was generated in the source from the reaction of HO− +
1,3,5-triazine; unfortunately, the m/z 71 ion could not be
generated in sufficient quantities to study. Mass selection
and injection of the m/z 44 ion over an Ecm injection
energy range of 1–2 eV, resulted only in an ion peak at
m/z 42. If the m/z 44 ion were a water cluster, a peak at m/z 26
should have been observed. The peak at m/z 42 (NCO−) is
consistent with loss of H2 from NH=CHO−. CID of the m/z 96
ion produced the same m/z 42 peak, implying that this ion has a
keto-type structure generated from the loss of H2 from an m/z
98 covalently bound adduct. Therefore, the peaks at m/z 26
(CN−), m/z 44 (NH=CHO−), and m/z 71 (C2N2H3O−) indicate
an addition mechanism prior to a ring-opening fragmentation
process, signifying the presence of a covalent σ-adduct motif
within the stabilized ion-dipole complex.
Figure 2c displays the mass spectrum of the reaction of
CH3O− + 1,3,5-triazine. The major product ion of the
reaction is the hydride transfer product of 1,3,5-triazine to
produce a hydride-Meisenheimer complex, C3H4N3− (m/z 82).
This product was confirmed by an isotopic shift (inset,
Figure 2c) of m/z 82 to 83 for the reaction of CD3O− with
1,3,5-triazine. Additional peaks show the presence of
deprotonated 1,3,5-triazine at m/z 80, a stabilized species
at m/z 112 and minor peaks at m/z 26 and 44. CID of the
stable species (Figure 2d) does not reveal additional
fragmentation pathways.
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Figure 2. FA-SIFT Mass Spectra of (a) the reaction of HO− + 1,3,5-triazine with insets of isotopic shift studies, (b) CID of the
hydroxide-1,3,5-triazine species, [HO•C3H3N3]−, at an Ecm injection voltage of 1.2 eV. (c) the reaction of CH3O− + 1,3,5-triazine
with insets of isotopic shift studies, and (d) CID of the methoxide-1,3,5-triazine species, [CH3O•C3H3N3]−, at Ecm of 0.65 eV

The presence of a ring-opening fragmentation pathway
led to concerns that the C3H2N3− (m/z 80) species (Scheme 1)
could be the intact 1,3,5-triazinide (1) and/or its ring-opened
structure (2). Hydrogen migration during ring opening may
give rise to a second ring-opened species (2′).
Producing 1,3,5-triazinide, C3H2N3−, in the source
through the reactions of CH3O− and HO− with 1,3,5triazine allowed the structure of the m/z 80 product to be
probed by CID and H/D exchange. The injection of
1,3,5-triazinide yielded about 10% CN− ions even at the
lowest injection energy (Ecm ~0.5 eV). Figure 3 shows
the relative yields of the product ions in CID of the
1,3,5-triazinide anion as a function of SIFT injection
energy. As the injection energy increases, more CN− ions
are observed together with a minor amount of m/z 53 ions. A
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nominal CID threshold energy has been estimated from
the decomposition behavior of 1,3,5-triazinide to be
roughly 1.5 eV (35 kcal mol–1) following the calibration
procedure described earlier for SIFT-CID involving multiple
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Scheme 1. Intact and ring-opened C3H2N3− (m/z 80) species

Figure 3. Relative yield of the product ions from the SIFT
collision-induced dissociation of 1,3,5-triazinide, C3H2N3―, as
a function of translational energy in the center-of-mass frame
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collisions [50]. The derived value compares qualitatively well
with our calculated rate-determining barrier (44.3 kcal mol–1)
and the experimental dissociation energy for 1,3,5-triazine
(40 kcal mol–1) [51].
The photodissociation of neutral 1,3,5-triazine to produce
three HCN molecules has been attributed to two reaction
channels, a simultaneous three-body dissociation mechanism
and a consecutive two-body process from a ring-opened
structure, which proceeds by the initial formation of HCN
and H2C2N2 [52]. A similar dissociation scheme (Scheme 2)
can be used to describe the fragmentation of 1,3,5-triazinide.
The reagent anion proceeds through a ring-opening transition
state TS1. The ring-opened anion 2 can further fragment
via TS2 to an ion-neutral adduct 3. After loss of HCN the
NC-N=CH− anion 4 (m/z 53) transforms via TS3 to an
ion-neutral adduct 5, which loses HCN to yield the
terminal product ion CN−.
An energy diagram for the decomposition of 1,3,5triazinide is shown in Figure 4. The ring-opened transition
state TS1 has a relatively low bond energy of 29.9 kcal mol-1.
The diagram assumes that the HCN molecules have been
sequentially lost. Interestingly, the observed yield of the
NC-N=CH− anion is minor and the decomposition of
1,3,5-triazinide proceeds primarily to form the terminal
anion CN− even at the lowest collision energy studied.
Anions 1, 2, and 2′ have the same mass; however, these
structures can be differentiated, in principle, by changes in
reaction rate constants and by deuterium exchange
reactions. Based on these studies [53], the yield of the
ring-opened anion 2 and 2′ is negligibly small following
injection of 1,3,5-triazinide; it is possible that collisions
with helium sequentially destroy the intermediate species.
Alternatively and more probably, the energized species
can fragment by a multi-step and/or single-step process in
which the species are stabilized by the complexation energy of
the fragment ion and neutral product. This stabilizing effect
will significantly lower the energy barriers in Figure 4.
The presence of a ring-opened structure was further
evaluated using H/D exchange. This technique allows the
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barrier for internal proton transfer or the proton affinity
difference between the two deprotonated species (i.e., DO−
and C3H2N3−) to be assessed. An endothermic gas phase
H/D exchange process can be driven by the complexation
energy (ΔHcomplexation ~15–20 kcal mol–1) within an iondipole complex. Based on the computational proton
affinities at the B3LYP/6-311++G** level of theory for
the isomeric forms of 1,3,5-triazinide [386.7 kcal mol–1
for (1), 356.8 kcal mol–1 for (2), and 356.1 kcal mol–1 for
(2′)] relative to the experimental proton affinity of
hydroxide [390.3 kcal mol–1] the only ion-dipole complex
capable of undergoing H/D exchange is the ring-closed
form (1) as shown in Scheme 1. Experimentally, the
C3H2N3− anion formed from both HO− and CH3O−
deprotonation showed two H/D exchanges with D2O
(inset, Figure 2a) strongly suggesting that the ring-closed
Structure (1) is the dominant species. The experimental
and computational data indicate that the mechanistic
reaction pathways most likely proceed through an intact
1,3,5-triazinide or triazine structure.
All of the carbanion [C4H7−, C4H3N2−, C4H3O−, C5H4N−,
FC6H4−, F2C6H3−, (CH3)2C6H3−, (CH3)C4H2O−] reactions
with 1,3,5-triazine resulted almost exclusively in the
formation of a stabilized ion-dipole complex. CID of these
carbanion complexes did not display an addition-fragmentation
pathway, only deprotonated forms of the anionic species.
However, the ratio of CID fragment ions did not correlate
with relative proton affinities as would be expected by
kinetic method techniques. The method generally assumes
that the peak intensities reflect the difference in Gibbs
free energy between the transition state of a proton-bound
complex and the two competing dissociation channels.
One would expect a decreasing ratio of carbanions to
1,3,5-triazinide as the proton affinity of the carbanion
increases; nonetheless, in all cases, a majority of the
1,3,5-triazinide (990%) retained the proton (see supporting
information for relative abundances). This deviation from
thermodynamic relationships indicates either a significant
barrier to proton transfer or a non-proton bound form of
ion-dipole complex (this aspect is discussed below).

Reactivity of 1,3,5-Triazine

N CH

N
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CN

5

Scheme 2. Dissociation scheme for the fragmentation of
1,3,5-triazinide

The gas phase reactions formed a number of primary and
secondary products; the latter tend to be anionic clusters
with the neutral reactant. Table 1 lists the series of 1,3,5triazine (M) reactions along with the corresponding proton
affinity [54] of the reactant anion (X−), the overall rate
constant, reaction efficiency, and the initial product ion
distribution. The primary product ions in Table 1 correspond
to a proton transfer reaction, (M–H)−, a stabilized anionarene complex (X−∙M), a hydride transfer reaction (M + H)−,
and a fragmentation pathway (m/z 71, 44, 26) originating
from an SNAr process. The carbanion reactions displayed
only traces (G1%) of deprotonated 1,3,5-triazine (M–H)−.
The m/z 44 peak is only observed in reactions with

1266

J. M. Garver, et al.: Gas Phase Reactions of 1,3,5-Triazine

Figure 4. Energy diagram for the decomposition of 1,3,5-triazinide. Calculations performed at the B3LYP/6-311++G(d,p) level
of theory (kcal mol–1)

oxyanions. The additional peak observed at m/z 71 for the
reaction with HO− corresponds to a loss of HCN from the
reactant ion-dipole complex (m/z 98).
Our data show both the proton transfer and the addition
SNAr pathways to be active. This is expected since the
acidities of 1,3,5-triazine and the nucleophiles are similar as
discussed in the introduction. Variations in product ion
distribution can be interpreted as a competition between the
exit channel for proton transfer and conversion within the

ion-dipole complex. Normally this competition is between
exit channels, however the elimination step of the SNAr
mechanism for 1,3,5-triazine is thermodynamically inhibited
since hydride is such a poor leaving group. We will
simplify our discussion by treating the stabilized anion-arene
complex, (X−∙M), as a single isomer composed of the anionic
σ-adduct. Although a small amount of the proton-bound
isomer exists, computations (see below) suggest that the
Meisenheimer complex is significantly lower in energy

Table 1. 1,3,5-triazine (M) Reactions at 298 K with Proton Affinity (kcal mol−1), Overall Rate Constant (kexpt)a in Units of 10−10 cm3 s−1, Reaction Efficiency
(Eff=kexpt/kcol)b, and Initial Product Ion Distribution
Reaction

NH2− + C3N3H3
OH− + C3N3H3
CH3O− + C3N3H3
C2H5O− + C3N3H3
C5H9O− + C3N3H3
carbanionf + C3N3H3
C3N3H2− + H2Og
C3N3H2− + CH3OHg
a

Proton affinity (X−)c

403.4±0.1
389.5±0.1e
381.5±0.7e
378.3±0.8
375.0±1.1e
381.9-393.0
386.1±0.7
386.1±0.7

Kinetic data

Product ions (%)

kexpt

Eff

15.1±0.3
14.5±0.5
8.40±0.08d
7.20±0.01
—
—
—
10.7±0.1d

0.85
0.83
0.61
0.60
—
—
—
0.53

−

(M-H)
92
60
7
1

−

(X ∙M)
8
25
49
60
75
99
100

(M+H)−

31
40

(m/z 71)

(m/z 44)

(m/z 26)

2

10
12

3

25

100

Error bars represent one standard deviation of the mean of three or more measurements; absolute accuracy is ±20%.
Efficiency is the ratio of the experimental rate constant to the collision rate constant calculated using parameterized trajectory collision theory [43].
NIST Chemistry WebBook, NIST Standard Reference Database Number 69 [53], except where otherwise noted.
d
Previous work [56].
e
HO− [58], CH3O− [58], C5H9O− this work.
f
Carbanions [C4H7−, C4H3N2−, C4H3O−, C5H4N−, FC6H4−, F2C6H3−, (CH3)2C6H3−, (CH3)C4H2O−].
g
Fragmentation upon injection of 1,3,5-triazinide produced ~10% CN−, however this ion did not participate in the primary reactions.
b
c
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(consistent with the strong stabilizing effect of electronwithdrawing nitrogen) than the H-bonded complex and would
dominate a Boltzmann distribution at equilibrium.
The product ion distributions for the gas phase anionic
reactions with 1,3,5-triazine can be interpreted as a competition between a proton transfer pathway and the addition
mechanism of the SNAr reaction. Most gas phase ionmolecule reaction mechanisms are represented by a doublewell potential energy curve [55] where ion-dipole interactions form a potential minimum before significant changes in
chemical bonding occurs in the central barrier. Often, there
is more than one energetically accessible potential minimum
within the reactant-ion dipole complex. As the nucleophile
(X−) approaches the arene, either a H-bonding or an
electrostatic interaction develops along a minimum energy
reaction pathway leading to two different reactant ion-dipole
complexes, an aryl H-bonded complex and a Meisenheimer
complex. Most proton transfer reactions have very low
transition state barriers producing single-well reaction
characteristics. Based on this single-well feature, the
reactivity of proton transfer has direct correlations with the
relative proton affinity of an anion. On the other hand, the
SNAr (addition-elimination) reaction proceeds by nucleophilic
attack on an electrophilic carbon to produce a resonancestabilized Meisenheimer complex. (The hydride transfer
reaction is an alternate pathway from the H-bonded complex
driven by the exothermic formation of an aldehyde, see
pathway below). A conversion barrier between the two
pathways is highly likely based on previously reported
calculations which suggest that large barriers may exist
between binding motifs [56]. The presence of a conversion
barrier is reasonable based on the large geometry changes and
shifts in electron density between the σ-adduct and H-bonded
complexes. Based on this overall picture, when an ion-dipole
complex is formed there are three possible outcomes:
dissociation back into reactants, an ensuing proton/hydride
transfer (if the exit barrier is low enough), or stabilization
through collisions with the carrier gas (if the lifetime of the
complex is long enough).
As anticipated, there is a strong correlation between the
degree of proton transfer and the relative gas phase proton
affinity between 1,3,5-triazinide (Δ acid H 298 = 386.1 ±
0.7 kcal mol–1) [53] and the anions (non-carbon centered).
The high proton affinity of NH2− (ΔacidH298 =403.40±
0.10 kcal mol–1) [57] generates a highly exothermic pathway
to the ammonia and triazinide products. The proton transfer
rate constant for reaction of amide with 1,3,5-triazine is
kPT =1.4×10–9 cm3 s–1 (kPT =kexpt × branching fraction)
with a reaction efficiency of 80%. With this large
thermodynamic driving force of 17.3 kcal mol-1 one
would expect near collision rate reaction efficiency. The
lower reaction efficiency observed and the presence of a stable
complex suggest that conversion between the two reaction
pathways is inhibited and reaction rates can be influenced by
the type of anion-arene complexes that are energetically
accessible.
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The proton transfer rate constant for reaction of HO−
(ΔacidH298 =389.5±0.1 kcal mol–1) [58] with 1,3,5-triazine is
kPT =8.7×10–10 cm3 s–1 with a reaction efficiency of 50%.
This reaction is exothermic by only 3.4 kcal mol–1 and
formation of the anionic σ-adduct becomes competitive; the
product ion ratios are 60% proton transfer and 40%
Meisenheimer complex (25% stable complex and 15%
fragmentation). Proton transfer becomes endothermic by
4.6 kcal mol-1 for CH3O− (ΔacidH298 =381.5±0.7 kcal mol–1)
[58] and kPT =5.9×10–11 cm3 s–1 with a reaction efficiency
of 4%.
The reaction of cyclopentoxide does not result in proton
transfer, however our forward and reverse rate measurements relative to isopropanol (kf =2.4±0.6×10–11 cm3 s–1; kr =
3.28±0.14×10–10 cm3 s–1) give thermodynamic values of
ΔacidG298 =366.9±1.1 kcal mol–1 and ΔacidH298 =375.0±
1.1 kcal mol–1. These measurements indicate that cyclopentanol
is considerably more acidic than reported by previous studies
(ΔacidH298 =383.0±4.6 kcal mol–1) [59]. Therefore, when the
endothermicity is greater than 4.6 kcal mol–1, proton transfer for
anions with 1,3,5-triazine is below the detection limits of our
instrument (kPT G 1×10–12 cm3 s–1).
The dominance of the proton transfer channel when the
reaction is highly exothermic is consistent with other gas
phase work. For example, Briscese and Riveros [24, 26]
observed exclusive proton transfer and complete inhibition
of the SNAr reaction in their flourobenzene systems when
proton transfer was about 9 kcal mol–1 exothermic. It is
therefore intriguing that the Meisenheimer complex was
observable in our studies of NH2− + 1,3,5-triazine where the
acidity difference is 17 kcal mol–1; this result suggests
inhibition from conversion barriers and/or a more stable
Meisenheimer complex. The enhanced stabilization is consistent with computations that have shown significant
stabilization energies for anionic σ-complexes containing
nitro groups relative to other electron-withdrawing groups
[20, 60].
A hydride transfer channel becomes active for methoxide
and is a major product channel for ethoxide. The hydride
transfer rate constant (kHT) for reaction of CH3O− with
1,3,5-triazine is kHT =2.6×10–10 cm3 s–1 (kHT =kexpt ×
branching fraction) with a reaction efficiency of 19%. The
hydride transfer rate constant for reaction of C2H5O− with
1,3,5-triazine is kHT =2.9×10–10 cm3 s–1 with a reaction
efficiency of 24%.
Another insightful trend in the data shows that as the
proton transfer channel is less available there is an increase
in both a stabilized anion-arene complex (X−∙M) and
fragmentation products. Based on the diagram of the
reaction system (Figure 5), one may envision the increase
in a stabilized complex due to an increase in “trapped” Hbonded complex. However, the increase in fragmentation
products from an additive pathway (m/z 44, see CID section)
indicates an increase in Meisenheimer complex. While the
amide results indicate that conversion between binding
motifs is inhibited, an increase in Meisenheimer complexes
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(a)

(b)

(c)

Figure 5. Reaction coordinate plots for the reaction of 1,3,5-triazine with (a) hydroxide, (b) methoxide, and (c) furanide. Calculations
performed at the B3LYP/aug-cc-pVTZ level of theory. Energy values at 0 K are relative to separated reactants in units of kcal mol–1

J. M. Garver, et al.: Gas Phase Reactions of 1,3,5-Triazine

in less exothermic or more endothermic reactions suggests
that although inhibited, conversion between anion-arene
complexes is energetically accessible.

Potential Energy Surface of 1,3,5-Triazine
Reactions
To help characterize the mechanisms in the reactions of
1,3,5-triazine, DFT calculations were carried out using the
Gaussian 09 suite of programs. Due to the wide variation in
the ions and molecules studied, we were unable to find a
level of theory that was capable of accurately reproducing
enthalpies of deprotonation for all species. However, the
B3LYP/aug-cc-pVTZ calculations for the cyclic compounds
(1,3,5-triazine and furan) and the relative values for H2O
versus CH3OH were within 1 kcal mol–1 of the experimental
gas phase acidity values; therefore differences between
calculated energies should be fairly accurate. Reaction
coordinate plots with optimized structures and associated
energies at 0 K for the reaction of 1,3,5-triazine with (a)
hydroxide, (b) methoxide, and (c) furanide are shown in
Figure 5.
The reaction profile for HO− + C3H3N3 (Figure 5a)
clearly depicts potential energy minima for an aryl H-bonded
complex and a relatively more stable Meisenheimer complex
along different reaction pathways which lead to the same
products, deprotonated triazine and water. Although not
depicted, a hydrogen migration from the oxygen to the
nitrogen in the Meisenheimer complex similar to those
seen by Mukherjee and Ren [61], produces a stable keto-like
ring opened structure (−40.2 kcal mol–1). The barrier to this
process lays 7.3 kcal mol–1 below the total energy of reactants
and may be the pathway that leads to the observed fragmentation products. The H-bonded complex proceeds through the
typical “single-well” proton transfer pathway, while the
anionic σ-adduct follows a gas-phase ion–molecule reaction
double-minimum potential. The transition state for the
proton transfer channel (−18.9 kcal mol–1) and the central
barrier (−15.4 kcal mol–1) for the double-well are close in
energy and well below the product energy (−1.3 kcal mol–1).
This suggests that both channels contribute to products and
display single-well characteristics controlled primarily by the
exothermicity of reaction.
Before collisional stablization, the ion–dipole complex
should be able to freely convert between binding motifs
given the potential energy surface for the hydroxide-triazine
reaction (Figure 5a) and the conversion barrier should have
no influence on the reaction. We would expect a similar
conversion barrier for the amide-triazine reaction, however
this does not explain the experimental data that suggest an
inhibited reaction. A reasonable explanation accounting for
the presence of a collisionally stabilized complex and
inhibited efficiency originates from the large exothermicity
of reaction. While hydroxide participates in a slightly
exothermic proton transfer process, proton transfer with
amide is highly exothermic. As a result of the stability of the
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products, proton transfer through the anionic σ-adduct for
amide has double-well characteristics with the conversion
barrier inhibiting and controlling the reaction pathway.
Computations for NH2− + 1,3,5-triazine support this view
(see supporting information) with the anionic σ-adduct
(−44.0 kcal mol–1) and H-bonded product ion-dipole complex (−23.2 kcal mol–1) lying below the conversion barrier
(−15.7 kcal mol–1).
The reaction profile for CH3O− + C3H3N3 (Figure 5b)
also indicates the presence of an aryl H-bonded complex
and a relatively more stable Meisenheimer complex. The
H-bonded complex and anionic σ-adduct follow singlewell characteristics to proton transfer products and a
double-well potential leading to hydride transfer products.
The proton transfer process is endothermic and is
expected to be extremely slow. The alternate hydride
transfer pathway is exothermic by 12.9 kcal mol–1 and
should be the dominant channel kinetically controlled by
the slightly higher central barrier (−7.3 kcal mol–1). This
relationship is observed in the product ion ratios of 7%
proton transfer and 31% hydride transfer.
The presence of a hydride transfer pathway is intriguing,
since often competing processes can interfere with detection
of this mechanism. Hydride transfer involves motion of a
proton with an electron pair between electron deficient sites.
The hydride affinities for closed shell neutrals range from 6
to 106 kcal mol–1 [62]. Our computations suggest that the
hydride affinity of 1,3,5-triazine is 52 kcal mol–1 (similar to
acrylonitile, C3H3N, at 56 kcal mol–1 [62]) indicating a
moderately strong bonding interaction between the 1s2
electrons of the hydride and the π* orbitals. Gronert and
Keefe discuss this “in phase” interaction within a threenuclei (C•••H•••C) transition state framework in terms of
maxim overlap to account for non-linear geometries [41].
Our calculated bond angle (157°) and the overlap of the
HOMO for the methoxide reaction depict this type of
constructive interaction. Weak hydrogen bonding between
the oxygen of the anion and the hydrogen attached to the
carbon at the site of attack may facilitate this orientation
of the transition state as well as lower the overall energy.
In addition to high hydrogen binding energies, hydride
acceptors tend to have high electron binding energies.
Computations suggest that the electron-withdrawing character
of –CN and –NO2 groups produce very stable hydride adducts
corresponding to positive electron affinities (2.4 kcal mol–1
and 27.7 kcal mol–1, respectively) [63]. The nitrogen
atoms in the 1,3,5-triazine ring should have a similar
effect on the electron affinity by shifting electron density
away from the nearby reaction center reducing the
Coulombic repulsive forces and increasing the effective
nuclear charge. Furthermore, negative charge delocalization at the nitrogen positions and resonance within the
ring help stabilize the additional electron density in the
anionic product and transition state structures.
The reaction profile for C4H3O− + C3H3N3 (Figure 5c)
provides insight into the lack of proton transfer for the
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carbanion reactions. The potential energy profile for the
proton transfer reaction displays double-well characteristics.
Analogous to the hydride transfer process, the proton
transfer can also be viewed as a three-nuclei array in which
the HOMO is antibonding resulting in an electrostatically
controlled reaction (shuttling of the proton between two
atoms with electron pairs) [41]. The degree of stability in
this “ionic” transition state [Ar−∙∙∙H+∙∙∙X− ]‡ correlates with
the electronegativity of the attacking atom of the nucleophile
[64]. Due to high electronegativity, amide and oxyanions
concentrate electron density to generate strong electrostatic
attractions and low transition state barriers. Carbanions are
less capable of shifting electron density, which results in
weak electrostatic forces in the transition states and barriers
to proton transfer. Furthermore, while electron-withdrawing
nitrogen and delocalization in 1,3,5-triazine weakens the C-H
bond, this also reduces the stabilizing electrostatic/H-bonding
interactions (very small δ− on carbon site in Ar−) in the
transition state. These factors combine to generate activation
barriers to proton transfer between carbon centers. Thus, even
with a large thermodynamic driving force, the furanide
(ΔacidH298 =391.10±0.40 kcal mol–1) [65] reaction has a
transition state barrier of 5 kcal mol–1 above the H-bonded
complex inhibiting and slowing the reaction. Essentially
the ion-dipole complex is trapped in either a H-bonded
complex well or an anionic σ-adduct. The energy diagram
indicates the anionic σ-adduct is over 30 kcal mol–1 more
stable than the H-bonded complex, and therefore is
statistically favored. This trapping of the ion-dipole
complex prohibits thermodynamically controlled conversion between proton bound forms resulting in the lack of
deprotonated 1,3,5-triazine in our CID studies.
One final aspect revealed in our computations (see
supporting information for specific bond lengths and
angles of the Meisenheimer complexes) is the slight
distortion of the aromatic ring (sp3 bond angle character
range of the Nu–C–H bonds is 99–108°, and dihedral
angle range of the CNu–plane of ring is 7–10°, where CNu
is the site of nucleophilic addition) and the short adduct
bond lengths (G1.5Å, covalent). Therefore, all of the
Meisenheimer complexes formed are in the strong σ-adduct
category. This result is expected due to the strong bond
energies associated with C–N, C–C, and C–O bonds. In
addition, the exceptionally high stability of these adducts is
generated by the symmetric nature of the ring where most of
the electron density is localized at the nitrogen positions,
thereby delocalizing the charge over the entire ring.

Conclusion
Our investigation of the reactions of 1,3,5-triazine has
provided a more detailed understanding of the influence
of anion-arene interactions on mechanisms and product
distributions in the gas phase. Analysis of reactivity
trends, collision induced fragmentation processes and H/D
exchange experiments revealed intriguing structure–reactivity

relationships generated by the electron-withdrawing character
of the heteroaromatic nitrogen. The major conclusions drawn
from this work include the following.
(1) A multi-step and/or single-step ring-opening collisioninduced fragmentation appears to exist for 1,3,5-triazinide,
similar to the photodissociation pathways reported for
neutral 1,3,5-triazine.
(2) The electron-withdrawing nitrogen atoms in the 1,3,5triazine ring significantly reduce Coulombic repulsive
forces to generate extremely electrophilic carbon centers.
The presence of a major hydride transfer process
indicates the strength of this effect.
(3) The symmetric nature of the nitrogen atoms in the ring
allows stabilization of the negative charge density in the
anionic products through delocalization over the entire
ring. This effect is manifested in the high stability of the
strong covalent σ-adducts.
(4) The SNAr addition pathway in 1,3,5-triazine is competitive
over a wider range of relative gas phase acidity differences
than previously reported for other aromatic systems.
(5) Our data suggest that the type of interactions initially
formed in the loose anion–arene complexes and the
transition state barriers between binding motifs can
significantly influence competition between different
channels which may be operative in gas-phase reactions.
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