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R Abstract. Carboxamides bearing an N-H functionality are known to undergo depro-
@A”‘? tonation under negative-ion-generating mass spectrometric conditions. Herein, we
m/z 176 o report that N-H bearing carboxamides with acidities lower than that of the
©)L ¥ hydroperoxyl radical (HO-O") preferentially form superoxide radical-anion (O,*) ad-

o ducts, rather than deprotonate, when they are exposed to the glow discharge of a
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helium-plasma ionization source. For example, the spectra of N-alkylacetamides show
peaks for superoxide radical-anion (O,) adducts. Conversely, more acidic amides,
such as N-alkyltrifluoroacetamides, preferentially undergo deprotonation under similar
experimental conditions. Upon collisional activation, the O,™ adducts of N-

alkylacetamides either lose the neutral amide or the hydroperoxyl radical (HO-O") to
generate the superoxide radical-anion (m/z 32) or the deprotonated amide [m/z (M — H)7], respectively. For
somewhat acidic carboxamides, the association between the two entities is weak. Thus, upon mildest collisional
activation, the adduct dissociates to eject the superoxide anion. Superoxide-adduct formation results are useful
for structure determination purposes because carboxamides devoid of a N-H functionality undergo neither
deprotonation nor adduct formation under HePI conditions.
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Introduction

Certain gaseous molecules are known to undergo anion
attachment under negative-ion-generating atmospheric
pressure or vacuum chemical ionization (APCI) conditions [1—
4]. One of the gaseous anions found in the plasma of discharge
ion sources under negative-ion-generating conditions is the su-
peroxide radical-anion, O, " [5-9]. Sometimes, O, " has been
generated under pulsed positive- and negative-ion chemical
ionization conditions, using a mixture of hydrogen and oxygen
as the reagent gas [10]. The attachment of this superoxide
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radical-anion to several gaseous molecules has been document-
ed. For example, the formation of adducts with O, " has been
noted for alcohols [6, 11], ketones [12], phenols [13],
tetrachlorodioxins [14], polyethers [15], phthalates [16, 17],
and some tricothecenes [7]. Recently, Cody and Dane reported
the formation of O, " adducts of linear aliphatic hydrocarbons,
alcohols, and esters under direct analysis in real time (DART)
conditions [18]. To the best of our knowledge, such an adduct
formation has not been reported for amides. Moreover, the
molecular properties that determine the specificity of O, ~ ad-
duct formation, or the details of the mechanisms involved in the
adduct formation, are poorly understood. Under negative-ion-
generating conditions, polyaromatic and halogenated com-
pounds undergo resonance electron capture because of the avail-
ability of unoccupied low-energy molecular orbitals (LUMO)
[19]. However, this LUMO-orbital model cannot rationalize the
O, " adduct formation from alkanes and alcohols. At least for
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large alkanes, it has been postulated that their high polarizability
affords longer lifetimes of adducts formed due to collisional
cooling [18]. However, it has been recognized that this model
cannot be applied to the formation of alcohol adducts [18]. Thus,
a hydrogen bonding model has been proposed as a more suitable
explanation [18].

Although O, " is known to be an efficient proton-abstracting
agent because of its basicity [gas-phase acidity of HO-O" =
346.7 kcal/mol {AGcaction of HO-O (gas) = O=0 ~ (gas) +
H' (gas)}; proton affinity (AH) of O, " = 353.0 + 0.7 kcal/mol)
[5, 20-22], our explorations with helium-plasma ionization
(HePI) of small molecules have shown that certain
carboxamides also undergo facile ionization by forming O,
adducts. Thus, the basicity of the superoxide radical-anion
should be considered as moderate (it is more basic than the
chloride or nitrite ions but less basic than the fluoride or anilide
ions) [23]. For mass-spectrometric monitoring of
carboxamides, the positive-ion-generating mode is generally
preferred because the carboxamide moiety readily undergoes
protonation under electrospray ionization conditions. Howev-
er, it has been demonstrated that carboxamides synthesized
from primary amines can be deprotonated under negative-ion
electrospray [24] and OH chemical-ionization conditions [25—
27]. Herein, we report that under HePI conditions,
carboxamides undergo O, " adduct formation and/or deproton-
ation, and we discuss the significance of the chemical nature of
the N-H functionality for the O, " attachment.

Experimental
Reagents

All reagents and solvents were purchased from Aldrich Chem-
ical Co. (St. Louis, MO, USA) and used as obtained.

Derivatization

For the preparation of the acetyl derivatives, each amine was
treated with a mixture (1 mL) of acetic anhydride (95%) and
pyridine (5%). After 5 min, the reaction mixture was acidified
with 1 M HCI (0.75 mL), and extracted into dichloromethane
(1 mL). The extracts were then dried with a stream of N, to
obtain the products as solids or oily residues. Similarly,
trifluoroacetamides were synthesized by adding trifluoroacetic
anhydride (I mL) to each amine (0.5 mL). Benzamides were
synthesized by adding benzoyl chloride (1 mL) to each amine
(0.5 mL) [28].

Gas Chromatography—Mass Spectrometry
(GC-MS)

Samples (1.0 mg/mL in dichloromethane) were introduced by
split injection to a Hewlett Packard 5890 Series II gas chro-
matograph equipped with a 30 m x 0.25 mm capillary column
coated with a 0.25-um film of XTI-5 (5% diphenyl/95% di-
methyl polysiloxane; Restek, Bellefonte, PA, USA), connected
to an HP 5970 quadrupole mass spectrometer. The oven
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temperature was held at 40°C for 4.0 min and increased (8°C/
min) to a final temperature of 250°C. The temperature was then
held at 250°C for 10 min. Electron ionization (EI) mass spectra
(70 eV) were recorded from all synthetic samples and com-
pared with the previously reported EI spectra [29], and EI
spectra in the NIST/EPA/NIH mass spectral database [30].

N-(octan-2-yl)benzamide: EI m/z (%), 233(M"", 89), 149(7),
148(23), 122(9), 106(7), 105(100), 77(3), 55(3), 51(8), 44(3),
43(6), 42(4), 41(11).

N-benzylacetamide: EI-MS m/z (%), 149(M"", 74), 106(100),
104(9), 92(4), 91(38), 89(5), 79(19), 78(10), 77(26), 76(3),
74(3), 65(13), 63(6), 52(6), 51(21), 50(10), 43(46), 42(5),
41(3), 39(10).

N-dodecylbenzamide: EI-MS m/z (%), 289(M ™, 55), 135(26),
134(24), 105(100), 77(34), 43(18), 41(15).
N-(4-bromophenyl)acetamide EI-MS m/z (%), 214(M"", 6),
173(43), 171(48), 92(41), 65(35), 64(19), 63(28), 43(100).
N-(4-fluorophenyl)acetamide: EI-MS m/z (%), 153(M", 13),
112(7), 111(100), 84(14), 83(13), 63(3),57(9), 43(30).
N-(2-chlorophenyl)acetamide: EI-MS m/z (%), 170(M ", 10),
134(29), 129(31), 127(100), 99(8), 92(9), 91(5), 90(4), 75(4),
73(5), 65(8), 64(7), 63(10), 52(3), 43(41), 39(6), 38(5).
N-butylbenzamide: EI-MS m/z (%), 177(M ", 2), 135(9),
134(10), 106(7), 78(4), 77(48), 51(19), 50(6), 41(7), 39(5).
N-pentylbenzamide: EI-MS m/z (%), 191(M ", 11), 135(7),
134(11), 106(7), 105(100), 77(52), 51(17), 50(5), 41(9), 39(5).
N-phenethylbenzamide: EI-MS m/z (%), 225(M ", 14), 134(5),
106(7), 105(100), 104(35), 91(12), 78(6), 77(53), 65(9),
51(20), 50(6), 39(6).

N-p-tolylacetamide: EI-MS m/z (%), 149(M ", 42), 107(91),
106(100), 91(5), 79(12), 78(12), 77(30), 63(5), 51(14), 43(29),
37(1).

N-(2-(2-aminoethylamino)ethyl)acetamide: EI-MS m/z (%),
145(M™, 8), 128(2), 115(55), 110(1), 99(12), 86(100),
73(15), 56(11), 43(93).

Helium-Plasma lonization (HePl) Mass
Spectrometry

For the generation of the HePI plasma, a stream of high purity
helium (99.999%, Airgas, Radnor, PA, USA) was passed through
a metal capillary held at a high voltage [31]. The metal capillary
tip was set about 10 mm from the mass analyzer entrance-cone
orifice of a Waters Micromass Quattro Ultima mass spectrometer
(Waters Corp., Manchester, UK). Typically, the helium flow rate
was maintained at 30 mL/min, and the capillary voltage was set at
2.5-3.5 kV (adjusted to obtain the optimal ion flux).

The source temperature was held at 150°C. The cone volt-
age was typically set at 10 V, and hexapole I transfer lens was
held at 20-30 V. For MS/MS experiments, the pressure of the
argon in the collision cell was maintained at 2.5 x 10> mbar.
The heater of the desolvation gas line was used to increase the
temperature of the nitrogen desolvation gas to facilitate the
thermal desorption of analytes. Typically, the “desolvation”
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temperature was set between 250 and 400°C. Samples were
deposited on a glass slide and placed in the open source about
1 cm from the capillary orifice.

Hydrogen-Deuterium Exchange Experiments

The sample was dissolved in dry acetonitrile and mixed with a
drop of D,O. The solvent was then evaporated with a stream of
nitrogen gas to obtain a solid residue, which was placed in the
ion source for mass spectrometric analysis.

Computational Methods

The Gaussian 09 program, [32] using the B3LYP [33] method
and 6-311G ++ (2d,2p) basis-set for all atoms, was used to
perform quantum mechanics (QM) calculations. All molecules
were fully optimized without any constraints. Frequency anal-
ysis was done at the same level to confirm that the optimized
structures correspond to the minimum-energy states on the
respective potential energy surfaces. Computations were also
conducted using the CAM-B3LYP functional method and 6-
31G+(d,p) basis-set to account for the dispersion corrections
because the B3LYP functional may not treat the long range
ion—dipole interactions effectively.

Calculation of Gibbs Free Energy

Gibbs free energy values were calculated at a temperature of
298.15 K and a pressure of 1.0 atm. However, calculated zero-
point energies and Gibbs free energy values were not adjusted
using an empirical scaling factor.
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Scheme 1. Proposed ionization pathways of N-p-
tolylacetamide and N-butylacetamide under HePI conditions
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Calculation of Gas Phase Acidity

The gas-phase acidity was computed as the Gibbs free energy
(AG) of the reaction (values obtained from Gaussian 09 output
files) when the neutral amide is deprotonated (AH =A™ + H").
According to Burk et al., rational predictions of gas phase
acidities can be obtained at the B3LYP/6-311G++ level of
theory [34].
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Figure 1. HePl mass spectra recorded under negative-ion

generating conditions from N-dodecylacetamide (a), N-(octan-
2-yl)acetamide (b), and N-cyclohexylacetamide (c) (capillary
voltage -3.7 kV, a cone voltage of 10 V; hexapole 1 voltage
11.6 V; source temperature 150°C; desolvation gas tempera-
ture 350°C)
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Results and Discussion

Under negative-ion-generating helium-plasma ionization
(HePI) mass spectrometric conditions, most carboxamides un-
dergo deprotonation. For example, the spectrum recorded from
N-p-tolylacetamide showed an intense peak at m/z 148 for the
(M — H) ion (Supplementary Figure 1; Scheme 1, Path I).
However, to our surprise, spectra recorded from many other
amides failed to produce significant peaks for the deprotonated
molecules. For example, the spectrum recorded from
N-dodecylacetamide did not generate a visible peak at m/z
226 (Figure 1a). Instead, an intense peak was observed at m/z
259. Evidently, the peak at m/z 259 represented an O, ~ adduct
of N-dodecylacetamide. Analogously, in the HePI spectrum of
N-(octan-2-yl)acetamide, a peak at m/z 203 was observed,
which was attributed to the O, " adduct of the parent amide
(Figure 1b). On the other hand, the spectrum recorded from N-
cyclohexylacetamide showed peaks for both species
(deprotonated molecule and O, ~ adduct at m/z 140 and 173,
respectively; Figure 1c).

Further experimentation showed that the intensity of the
O, " adduct peak is highly dependent on the ionization source
conditions. Evidently, low cone voltages (the voltage bias
between the entrance orifice and the skimmer of the low-
vacuum source region) favors greater adduct formation.
A similar effect has been noted by Cody and Dane under
direct analysis in real time (DART) conditions [18]. For
N-cyclohexylacetamide, a cone setting of about 10 V provided
the optimal adduct formation conditions (Figure lc). In fact,
the changes to the voltage bias between the two ends of the
first hexapole transfer lens of the Quattro mass spectrometer
had a more pronounced effect on the abundance of the adduct.
For example, the intensity of the O, adduct peak from
N-cyclohexylacetamide (m/z 173) decreased rapidly at poten-
tial differences higher than 10 V, whereas that for the
deprotonated molecule (m/z 140) increased (Figure 2).
Although the trendlines were not smooth, the plots clearly
demonstrated the general tendencies of intensity changes.

Furthermore, the adduct formation is also influenced by the
temperature of the ion source. As the source-block temperature
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Figure 3. Energy minimization of the superoxide anion adduct of N-butylacetamide (color scheme: carbon, dark gray, hydrogen,

light gray, oxygen, red, and nitrogen, blue)
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was increased, the relative intensity of the superoxide radical-
anion-adduct peak observed for N-cyclohexylacetamide (m/z
173) gradually decreased, whereas that of the deprotonated
amide (m/z 140) did not show any significant changes
(Supplementary Figure 2). This observation suggests that ad-
duct formation is not favored for kinetically excited molecules.

The structure of the O, adducts and the mechanism of their
formation have not been elucidated in previous investigations
[18]. In solution chemistry, the superoxide radical-anion is
known to attack the carbonyl group as a nucleophile [35]. A
similar mechanism has been proposed for the adduct formation
with phenyl benzoates [16]. Because O, ~ is known to form
conjugates even with non-carbonyl compounds, such as hydro-
carbons and alcohols, we presumed the mechanism of adduct
formation with carboxamides to be different [18]. We postu-
lated that the addition to amides takes place via the N-H bond
(Scheme 1, Path II) and not via the carbonyl group as proposed
for solution-based methods, or gas-phase methods for esters
[18] (Scheme 1, Path III).

To scrutinize our postulate, we conducted computational
energy minimizations on several hypothetical structures of
the O, " adduct formed from N-butylacetamide (Scheme 1),
using two computational protocols: B3LYP method with a 6-
311G ++ (2d,2p) basis-set and the CAM-B3LYP functional
method with a 6-31G+(d,p) basis-set. However, we could not
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Figure 4. Schematic illustration of relative Gibbs free energies
(in kcal/mol) of the product ions produced as a result of the
fragmentation of the superoxide radical anion adducts of N-
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Scheme 2. Deprotonation of a secondary amide

find an energy-minimized configuration for a structure in
which the superoxide radical-anion has been added to the
carbon atom of the carbonyl group (Structure 3, Scheme 1).
Because the B3LYP functional does not treat the long range
ion—dipole interactions effectively, we employed also the
CAM-B3LYP functional method, which is considered to ac-
count for the dispersion corrections. In fact, during the process
of energy minimization by both methods, the covalently bond-
ed adduct (Structure 3) converged to produce Structure 2, in
which the oxygen of the superoxide radical-anion is
noncovalently bonded to the amide hydrogen. In other words,
computations supported the supposition that Structure 2 is the
preferable structure of the adduct that exists in the gas phase
(Figure 3, and Supplementary Figure 6). However, we note that
for benzenedicarboxylate esters, the O, addition reaction
takes place at the carbonyl carbon [16].

To establish diagnostically useful generalizations on O,
adduct formation, we recorded spectra of many acetylated
amines. The results suggest that only the derivatives generated
from primary aliphatic amines form O, " adducts (Supplemen-
tary Table 1).

In contrast, the spectra recorded from aniline derivatives or
N-trifluoroacetamides failed to show peaks for O, " adducts
(Supplementary Table 2). Computational calculations support
these results and show that it is much more favorable for O, " to
abstract the proton of an aromatic amide (AG = 10 kcal mol ")
as opposed to abstracting the proton of an aliphatic amide (AG
= 72 kcal mol ") (Figure 4). However, compounds such as
benzamide and N-phenylethylbenzamide, even though they are
aromatic, do undergo O, " adduct formation (Supplementary
Figure 3). Moreover, tertiary amides derived from secondary
amines failed to form O, " adducts because they do not bear an
N-H bond.

1

33 Da
m/z 114

Scheme 3. Proposed fragmentation pathways of the O, ad-
duct of N-butylacetamide
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To deprotonate a carboxamide, gaseous superoxide radical
anions present in the HePI source should act as a base. Upon
abstracting a proton from the amide, it forms a hydroperoxyl
radical (H-O-O") as a by-product. The gas-phase acidity of the
hydroperoxyl radical is known to be 346.7 + 0.8 kcal mol '
[20-22]. We computed the gas-phase acidity of the
hydroperoxyl radical by the density functional theory method
B3LYP with a 6-311G++ basis set using Gaussian 09 program.
The value obtained, 346.7 kcal/mol, was in excellent accord
with the literature value 346.7 kcal/mol given in NIST
webbook [22], which indicated that the values computed for
other carboxamides are credible. When the analyte amide is
less acidic (larger AG,.q value) than that of the hydroperoxyl
radical, then the O, " attachment appears to be favored. In
contrast, when the amide to be ionized is more acidic than the
hydroperoxyl radical (e.g., N-butyl-2,2,2-trifluoroacetamide),
the deprotonation process is favored (Supplementary Table 3).

Aliphatic and aromatic carboxamides in solution are gener-
ally regarded as pH-neutral compounds. However, amides
derived from primary amines exhibit a certain degree of acidity
because the removal of a proton from the N—H functionality
generates a charge-delocalized anion (Scheme 2). From the
data available, it appears that more acidic amides generally
undergo deprotonation (Supplementary Table 2), whereas less
acidic amides undergo adduct formation when they encounter
O, " ions (Supplementary Table 1). Analogously, the strong
electron-withdrawing properties of the trifluoromethyl group
render trifluoroacetamides significantly acidic (R' = CFj;
Scheme 2), to suppress the formation of O, " adducts from this
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group of compounds (Supplementary Table 2). The computed
value for the gas-phase acidity of the trifluoroacetamide listed
in Supplementary Table 3 supports these observations.

Upon collisional activation, the O, " adducts generated from
amides undergo fragmentation by two different pathways
(Scheme 3). For example, the CID mass spectrum recorded
from the O, " adduct of N-cyclohexylacetamide (m/z 173)
showed a significant peak at m/z 32 for the superoxide
radical-anion because of the ejection of N-cyclohexylacetamide
as a neutral species but a much smaller peak at m/z 140 for the
loss of H-O-O" radical (Figure 5a). Product-ion mass spectra
support that the O, " adduct of N-butylacetamide (m/z 147)
fragments in a similar manner (Supplementary Table 1). Com-
putations confirmed that the O, " adduct of N-butylacetamide
requires much more energy (72 kcal/mol) to lose an H-O-O'
radical as opposed to a neutral amide (14 kcal/mol) (Figure 4).
Further computational evaluations showed that the bond be-
tween the amide hydrogen and the O, " oxygen is longer (1.62
A) than the N-H bond (1.07 A) (Figure 3), indicating that the
O-H bond is weaker and more likely to break upon collisional
activation. In other words, for somewhat acidic compounds,
even if an adduct is formed, the noncovalent association be-
tween the two entities is weak. Thus, upon mildest collisional
activation, the association breaks to eject the superoxide anion.
For example, the association between the superoxide anion and
N-cyclohexylacetamide or N-phenylethylacetamide (the com-
puted gas-phase acidities for which are 358.0 and 354.3 kcal/
mol; Supplementary Table 3) is considered weak, and upon
collisional activation they break to generate O, ~ (Figure 5a and
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Figure 5. Product-ion spectra recorded from m/z 173, 195, and 177 ions generated from N-cyclohexylacetamide (a), N-
phenylethylacetamide (b), and N-(2-(2-aminoethylamino)acetamide (c), respectively (capillary voltage of —2.9 kV; cone voltage of
10 V; hexapole | transfer lens voltage 10 V; collision energy 20 eV; source temperature 150°C, desolvation gas temperature 250°C)
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b). In contrast, the m/z 177 adduct ion generated from the less
acidic N-(2-(2-aminoethylamino)-ethyl) acetamide (computed
gas phase acidity 418.7 kcal/mol; Supplementary Table 3)
ejected an H-O-O" radical to form an m/z 144 ion for the
deprotonated amide (Figure 5c).

To confirm that the hydrogen atom at the N-H bond of the
amide participates in the radical loss of H-O-O", a hydrogen—
deuterium exchange experiment was conducted using
N-cyclohexylacetamide as the test compound. The HePI spec-
trum recorded from a deuterium-exchanged sample showed an
additional peak at m/z 174 to indicate that the labile amide
hydrogen atom had been replaced by a deuteron (Supplemen-
tary Figure 4). The product-ion spectrum recorded upon CID
activation of the mass-isolated m/z 174 showed a peak at m/z
140 (Figure 6). The peak at m/z 140, which represents the loss
of a 34-Da D-0-O" radical, supports the fragmentation mech-
anism presented in Scheme 3. The proposed mechanism was
further supported by the kinetic isotope effect witnessed from
the deuterium-labeled sample. The fragmentation of the m/z
173 and 174 ions, generated from the unlabeled and labeled
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samples, respectively, produced a peak at m/z 140 in both
cases, but with two different relative intensities (Figure 6).
The ratio of the relative intensities of the m/z 173:140 peaks
was determined to be 8.05 (Figure 6a); this value differs from
the ratio of the relative intensities of m/z 174:140, which is 11.7
(Figure 6b). This result demonstrated that the amide hydrogen
directly participates in the H-O-O" radical loss.

Aliphatic amides are found in many everyday products, one
of which is chewing gum. WS-23, an amide found in chewing
gum (specifically 5 peppermint cobalt gum), serves as a
flavoring agent. Supplementary Figure 5 shows that WS-23
forms a superoxide radical anion adduct.

Conclusions

From the observed results on carboxamide spectra under HePI
conditions, we make the following diagnostically useful con-
clusions: (1) Only certain carboxamides generate O, " adducts
under HePI conditions. (2) N—H bearing carboxamides of low
acidity (derived from primary aliphatic amines) form O, "
adducts. (3) Relatively acidic carboxamides, such as
trifluoroacetamides and anilides do not form O, * adducts. (4)
Relatively acidic carboxamides, such as trifluoroacetamides
and anilides undergo deprotonation to produce an (M — H)
ion. (5) Carboxamides that do not bear a N-H functionality
neither form O, " adducts nor produce deprotonated molecules.

Moreover, our results suggest that the gas-phase acidity
owing to the N-H functionality (when present) is one of the
criteria that determine the degree of adduct formation with the
superoxide radical-anion. More acidic substrates are
deprotonated by O, " acting as a base. In contrast, weaker acids
undergo adduct formation. Presumably, our hypothetical mod-
el could be used to rationalize the formation of superoxide
radical-anion adducts from other compounds such as alcohols
and hydrocarbons as well.
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