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Mass spectrometry of analytical derivatives.
1. Cyanide cations in the spectra of
N-alkyl-N-perfluoroacyl-a-amino acids
and their methyl esters
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The central mission for the development of the National Institute of Standards and Technology/National Institutes of Health/
Environmental Protection Agency Mass Spectral Library is the acquisition of reference gas chromatography-mass spectrometry data
for important compounds and their chemical modification products. The addition of reliable reference data of various derivatives of
amino acids to The Library, and the study of their behavior under electron ionization conditions may be useful for their identification,
structure elucidation, and a better understanding of the data obtained when the same derivatives are subjected to other ionization
methods. N-Alkyl-N-perfluoroacyl derivatives of amino acids readily produce previously unreported alkylnitrilium cations of compo-
sition [HC=N-alkyl]*. Homologous [HC=N-aryl]* cations are typical for corresponding N-aryl analogs. The formation of other ions
characteristic for these derivatives involves oxygen rearrangement giving rise to ions [C,F,,,,~-C=N*-C_H,,,,] and [C,F,,,,~C=N*-aryll.
The introduction of an N-benzyl substituent in a molecule favors a process producing benzylidene iminium cations. .-Threonine and
L-cysteine derivatives exhibit more fragmentation pathways not typical for other a-amino acids; additionally, the N -amino group in
L-lysine directs the dissociation process and provides structural information on the substitution at the amino functions in the molecule.
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Introduction

Aminoacids -the basic structuralunits of peptides and proteins
- are important objects of analysis in metabolomics because of
their critical functions in energy metabolism, neurotransmis-
sion, and lipid transport. Mass spectrometry (MS] and nuclear
magnetic resonance spectroscopy are the core technologies
used for the study of amino acids and peptides, both analytical
techniques producing complementary structural information.
Routine analysis of amino acids, peptides, and their chemical
modification products by electron ionization (El] began with

and were
18-28

the initial development of analytical organic MS,'-"
later enhanced by utilization of new ionization methods.
Amino acid physical and chemical properties can be altered
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by derivatization to reduce their sensitivity to catalytic or
thermal decomposition. Reactive functional groups can
become more stable, more accessible to El, and favor frag-
mentation pathways more useful for structure elucidation
upon El. Consequently, various derivatization methods have
been employed for blocking amino, hydroxyl, mercapto, and
carboxyl functions to produce alkyl, acyl, and trialkylsilyl deriv-
atives, alkyl and aryl formates, and more. However, systematic
studies of certain chemical derivatives in these series have not
been performed. Consequently, reliable gas chromatography-
mass spectrometry (6C-MS] reference data are not available.
Further development of the chemical modification methods for
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amino acids and their residues and the study of their behavior
under numerous ionization techniques remain an active
area of investigation. Reference data are required to identify
compounds in biological research and, thus, the acquisition of
reference GC-MS data for compounds like amino acid deriva-
tives remains the mission for the development of the National
Institute of Standards and Technology/National Institutes
of Health/Environmental Protection Agency Mass Spectral
Library (The Library).?’ The process of evaluating data for The
Library requires assessing the consistency between a spec-
trum and a structure using ion thermochemistry, along with
the known ion-fragmentation rules. Unexplained peaks are
identified, followed by their thorough analysis to reconcile their
formation. The proposal of unusual fragmentation processes
specific for certain compounds requires additional compound
and spectral analyses. Therefore, the National Institutes of
Health Mass Spectrometry Data Center reports the results
of an extensive El study regarding the behavior of amino acid
derivatives with partially and completely blocked functional
groups by alkyl and perfluoroacyl groups. The identification
and probable intermediacy of nitrilium cations is a key finding
of this investigation.

Experimental

Materials

Glycine,L-alanine, L-phenylalanine,3-alanine, L-valine, L-leucine,
L-isoleucine, L-serine, L-threonine, L-cysteine, L-methionine,
L-aspartic acid, L-glutamic acid, L-lysine, methyl esters of
N-benzylglycine and N-tritylglycine, 2-"°C- and 3,3-dideutero-
L-alanines, 2-methyl-N-[{4-methylphenyl)-L-alanine, methyl
ester of N-benzyl-L-alanine, 2-methyl-N-benzyl-3-alanine,
SN-L-phenylalanine, methyl ester of N-benzyl-L-phenylalanine,
N-benzyl-L-valine methyl ether, ethyl ester of N-trityl-L-leucine,
methyl esters of O-tert-butyl- and N-trityl-L-serines, methyl
ester of O-tert-butyl-L-threonine, methyl ester of S-benzyl-L-
cysteine, methyl ester of N-benzyl-L-methionine and dimethyl
ester of L-glutamic acid were commercially available. Acylating
reagents (trifluoroacetic, pentafluoropropionic and heptafluor-
obutyric anhydrides), as well as alkylating reagents [methyl,
trideuteromethyl, ethyl, propyl, butyl and pentyliodides), solvent
(anhydrous acetonitrile and powdered sodium hydroxide] were
also commercially available.

Microsynthesis

Several methods of derivatization
perfluoroacylation followed by alkylation/esterification is
best suited for amino acid polyhydrates, whereas alkylation
followed by esterification may be preferable for “dry” amino
acids. Procedures 1 and 2 (below) have been employed for the
synthesis of alkyl esters/ethers of N-alkyl-N-perfluoroacyl
amino acids. In addition, authentic samples of derivatives
were prepared on the basis of partially alkylated or acylated
amino acids. All N-aryl amino acids were the initial chemicals
for the synthesis of N-aryl-N-acyl derivatives.

30-33 were used. Initial

Procedure 1

Perfluoroacyl anhydride (ratio 1:5) was gradually added to
a suspension of Tumol of amino acid in 30pL of acetonitrile
at 5°C. The mixture was stirred for 15min, and analyzed by
GC-MS. To accomplish alkylation, powdered NaOH and alkyl
iodide (1:10 molar ratio) were added gradually to the previous
mixture at 5°C, stirred for 15min, and then the reaction
mixture was analyzed by GC-MS after NaOH removal.

Procedure 2
The reaction conditions were the same as above, only the
sequence was reversed: acylation was followed by alkylation.

Instrumentation

El mass spectra were recorded on GC-MS systems with
quadrupole analyzers (ionization energy 70eV and ion source
temperature 230°C), as previously described.* Separation
was achieved on a fused silica capillary column (30 m, 0.25mm
internal diameter, and nonpolar stationary liquid phase of
polymethylsiloxane + 5% phenyl groups) with programmed
oven temperature from 60°C to 270°C at a rate of 5C min~';
the injection temperature was 230°C. GC tandem mass spec-
trometry (MS/MS] data were obtained at 2, 5, 10, and 17eV
collision energies on systems with quadrupole analyzers using
nitrogen as the collision-induced dissociation gas.

Data analysis

The data evaluation is based on a comparison with the spectra
of corresponding "*C-, "®N-, and ?H-labeled analogs and
N-alkyl and N-perfluoroacyl homologs.

Results and discussion

For N-alkyl-N-perfluoroacyl-a-amino acids and their alkyl
esters, characteristic El-induced cleavages of C,~C;), C(5-Cy,
and C;-N bonds remain typical; sometimes these cleavages
are accompanied by hydrogen rearrangement. Mass values
of ions that result from the loss of carboxyl radicals or water
molecules can be used for determination of the molecular
weights of acids; ions resulting from the elimination of neutral
alkanol and the alkyloxy and alkoxycarbonyl radicals from
the ester functions are useful for the determination of M** of
esters when peaks of M'* are absent in the spectra. The frag-
mentation patterns observed in this work are similar to those
reported earlier for homologous butyl esters of amino acids;*
the spectra of all the derivatives studied will be included in the
next public release of The Library.
There are two types of ions, which most likely have struc-
tures of nitrilium cations [Figure 1(a)-(f]] and apparently have
been overlooked in earlier publications that are specific for
all N-alkyl-N-perfluoroacyl-a-aminoalkanoic acids and their
alkyl esters.

The first type is a product of multiple cleavages and
has a composition [HC=N-CH,]* and mass value 42 (ion
a) in the spectra of N-trifluoroacetyl (TFA] derivatives of
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Figure 1. El mass spectra of methyl esters of N-trifluoroacetyl- derivatives of N-methyl-L-phenylalanine (a), "*N-methyl-L-
phenylalanine (b), N-trideuteromethyl-L-phenylalanine (c), N-ethyl-L-phenylalanine (d), N-methyl-L-alanine (e], and 2-'3C-N-methyl-L-

alanine (f).

N-methyl-L-phenylalanines and N-methyl-L-alanines [Figure
1(a) and (e]]. This ion has not been discussed in prior reports
of amino acid mass spectrometric fragmentation. Mass shifts
of 1Da are observed in the spectra of 2-"*C- and "°N-labeled
compounds [Figure 1(f]] and (Figure 1(b), respectively], indi-
cating the presence of a C,- and an amino N-atom in the ion a.
This ion also includes the methyl group connected to nitrogen
as demonstrated by a 3Da increase (from 42 Da to 45Da) in
the case of the N-trideuteromethyl analog [Figure 1(c]], and by
a 14Da increase (to m/z 56) when N-methyl is replaced by an
ethyl group [Figure 1(d]]. The remaining question is whether
the hydrogen resident at C(, remains. The introduction of a
substituent at the Cy-atom does not affect the formation of
ion a. The presence of high-intensity peaks of ions of type a
([CH,~C=N-C,H,CH,]*; 132Da) in the spectrum of the methyl
ester of 2-methyl-N-p-tolyl-N-TFA-L-alanine [Figure 2(a]] may
suggest that the hydrogen atom at C(, remains intact in the
process of ion a formation.

The second characteristic type of ion is formally a product
of a rearrangement process involving migration of carbonyl
oxygen at the amino group to Cyy followed by C,-N-cleavage,
with the charge localization at a nitrilium N-atom (ion b,
[C,F,,.;-C=N"-C H,,.]). Peaks at m/z 110 with elemental
composition C3H;NF; were reported to be characteristic of
n-butyl esters of N-methyl-N-TFA-derivatives of six a-amino

acids along with some 3- and ~-amino acids; however, the
presence of this ion has not been observed in any non-N-
methylated N-TFA amino acids.*®

This ion and its homologs were investigated with the use
of isotope-labeled amino acids. In the spectra of N-methyl-
N-TFA alanines [Figure 1(e] and (f]], peaks of the ion
[CF,C=NCH,I* at m/z 110 are prominent. For N-methyl-N-
TFA-L-phenylalanine, 1Da and 3Da mass shifts are observed
in the spectra of *N- and N-CD, analogs [Figure 1(b), m/z 111
and Figure 1(c), m/z 113]. Homologs of b ions [C,F;,C=NCH,]*
(m/z 160) and [C,F,C=NCH,]* (m/z 210) are characteristic for
N-pentafluoropropionyl (PFP) and N-heptafluorobutyryl (HFB])
derivatives.

Type a and b ions are products of complex decomposition
processes. Table 1 represents major routes for their formation
in the cases of L-phenylalanine, L-methionine, L-aspartic acid,
and L-lysine derivatives, and Table 2 summarizes the intensi-
ties of nitrilium cations in the spectra. General fragmentation
patterns leading to the formation of nitrilium cations a and b
in the case of the L-phenylalanine derivative are presented in
Scheme 1.

Nitrilium cations (b;) are specific for N-aryl-N-perfluoroacyl
a-amino acids when an aromatic carbon atom is directly
connected to the nitrogen. Thus, a high-intensity peak of
N-tolylacetonitrile cation at m/z 186 (55%) is observed in the
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Figure 2. El mass spectra of N-TFA derivatives of 2,0-dimethyl-N-p-tolyl-L-alanine (a), (S)-(+)-2-phenyl-N,0-dimethyl-L-glycine (b) and

N-benzyl-0-ethyl-L-glycine (c).

Table 1. Major routes for the formation of types a and b ions according to MS-MS data.

Amino acid derivative

lona

lonb

L-Phenylalanine, N-methyl-N-
TFA-, methyl ester

[M-C,H,CH,-COOCH,-COCF.J*

[M-C,H,CH,-OCHCOOCH,J*

L-Methionine, N-methyl-N-
TFA-, methyl ester

[M-CH,SCHCH,-CH,0H- CO-COCF,J*
[M-COOCH,-HSCH,-COCF,-C,H,]*

[M=SCH,-HCOOCH,-HSCH,-COCF4-CyH,)*

[M-COOCH,-HSCH,-C4H,0]*

L-Aspartic acid, N-methyl-N-
TFA-, dimethyl ester

[M-COCF,-HCOOCH,-C,H,0,]"

[M-COOCH,-CH,0H-C,H,0,]*
[M-COOCH,-CH,C0-C,H,0,]*

-Lysine, N,N’-Dimethyl-N,N’-
di{TFA), methyl ester

[M-CH,0H-N(CH,)COCF,C,H,~CO-COCF,J*

[M-CH40H-N(CH,)COCF,C,H,-C,HO,I*
[M-COCF,-HCOOCH,-CH;N C,H,]*

Table 2. Relative intensities of peaks of ions a ([HC=N-CH,]*, m/z 42) and b ([CF,-~-C=N*-CH,]l, m/z 110) in the spectra of methyl esters of
N-methyl-N-TFA derivatives of L-glycine (I}, L-alanine (Il), L-phenylalanine (Il1), L-valine (IV), L-leucine (V), L-isoleucine (VI), L-serine (VII),
L-threonine (VIII), L-cysteine (IX), L-methionine (X), L-lysine (XI), L.-glutamic acid (XII) and L-aspartic acid (XIII).

Compound lonjzu lnjz110 Compound lonjzu L2110 Compound lonjzu2 lnjz110
I 22 33 VI 37 24 X 29 31
Il 24 39 Vii 16 14 Xl 14 29
Il 48 20 VI 50* 7 X 90 69
v 52 45 IX 33 16

Vv A 31 X 34 14

*May contain a contribution from an oxonium ion fragment.
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Scheme 1. Formation of ions a and b from M** of N-methyl-N-trifluoroacetyl-L-phenylalanine.

spectrum of the methyl ester of N-p-tolyl-N-TFA-2-methyl-
L-alanine [Figure 2(a)]l. An aromatic ring may also stimulate
the formation of ions of type a; and b; when it is introduced
to Cpy, as seen in the spectrum of 2-phenyl-N-methyl-N-TFA-
glycine methyl ester [Figure (2(b]] where high-intensity peaks
at m/z 118 (100%) and 110 (48%) are present.

Oxygen rearrangements leading to nitrilium cations have
been observed previously for other compounds as well. Thus,
N-alkyl-C-phenylnitrilium cations are the base peaks in the
El spectra of N-alkylsulfabenzamides;* it was established
that the mechanism involves an ipso attack of the amide
oxygen and further fragmentation to the thermodynamically
or kinetically favored products.® Type a ions were observed
in the El spectra of N-methyl-N-TFA-amphetamines and
a four-centered mechanism of oxygen migration has been
suggested.®’ The formation of nitrilium ions with a structure of
a C-alkyl-N-phenylnitrilium cation have been observed in the
electrospray ionization spectra of amides of N-acetylglycine
and -alanine, and a mechanism for their formation has been
proposed.®®

Unlike N-phenyl compounds, the introduction of a benzyl
radical at the amino function diminishes the formation of
nitrilium cations and substitutes different fragmentation
alternatives because of the presence of benzyl H-atoms and
the ability to produce stable benzylidene iminium cations |c,
[C,HsCH=NHR]"). Thus, iminium cations ¢ (¢; and ¢,) along
with benzyl cations (m/z 91) dominate in the spectrum of the
methyl ester of N-benzyl-N-TFA-glycine [Figure 2(c])] whereas
ions of type @ and b are significantly reduced. Benzyl H-atoms
also facilitate an additional fragmentation alternative, leading
to the loss of a neutral water molecule from M**.

Below are briefly described specific fragmentation patterns
and diagnostically important ions typical for certain sub-
classes: (1) the "simple” amino acids, such as glycine and
a- and phenyl-alanines, (2] amino acids with branched alkyl
chains (valine, leucine, and isoleucine), and (3) amino acids
with additional functional groups such as serine, threonine,
cysteine, methionine, aspartic, and glutamic acids and lysine.

Only the glycine derivative with no substituents at C, the
simplest representative of the class of amino acids, can
produce the radical cation [M-CO,]*under El as a result of
the interaction of alkoxycarbonyl and perfluoroacyl moie-
ties. These [M-C0,]** ions are prominent in the spectra of
N-methyl-N-TFA-L-glycine methyl esters and their ethyl and
PFP and HFP analogs, and readily eliminate a molecule of

water. A similar unique behavior was reported earlier® for
N-TFA-glycine methyl ester when compared to its alanine,
phenylalanine, and aspartic acid analogs.

The distinguishable decomposition under the El of deriv-
atives of amino acids with branched alkyl chains, such as
L-valine, L-leucine, and L-isoleucine, result from the formation
of iminium cations [HN({CH,]=C[CF,;)OH]* at 128 Da for their
corresponding N-methyl-N-TFA acids and methyl esters. In
the spectra of N-PFP- and N-HFB-homologs the peaks at
m/z 178 and m/z 228, respectively, confirm the presence of
perfluoroacyl moieties in the ions.

Incorporation of a hydroxyl function in the molecules of
L-serine and L-threonine complicates the mass spectra for
their derivatives by generating major competing processes
caused by the fragmentation-directing effects of the alkanol
moiety.

The molecular ion of N,0-dimethyl-N-TFA-threonine
methyl ester eliminates a carbomethoxy radical and a mole-
cule of methanol to produce the base peak in the spectrum.
Replacement of 0-methyl with O-tert-butyl- or O-TFA changes
the primary fragmentation processes. Decomposition of the
M*™ of N-methyl-O-tert-butyl-N-TFA-threonine mainly starts
with the alcohol function, producing the [M-C,H,]*, [M-0C,H,[*,
and [M-C,H,0CH(CH,]I" ions; the loss of the carbomethoxy
radical is observed only from the [M-0C,H,]* fragment. In
the molecular ion of the O-TFA-derivative, both the acidic
and alcoholic moieties participate in the primary fragmenta-
tion, and the [M-C[CH,)OC(OJCF,]* ion is the base peak in the
spectrum.

The El-induced fragmentation of L-cysteine and L-methio-
nine N-methyl-N-TFA derivatives is affected by the sulfur
atom generating competing processes of decomposition. In
both cases, peaks of thionium ions [CH,S=CH,I* (m/z 61) of
significant intensity are observed along with type a and b ions.
In addition, N-methyl-N-TFA-L-cysteine can readily produce
the methylthioacrylic acid radical cation as a result of elimina-
tion of neutral trifluoroacetamide; the corresponding methyl
ester eliminates the neutral N-methyltrifluoroacetamide
molecule with the formation of methyl methylthioacrylate
radical cations. Cleavage of C,~-N does not appear typical for
the same kind of derivatives of a homologous L-methionine.

The decomposition of molecular ions of dimethyl esters of
L-aspartic and L-glutamic acid derivatives proceeds via the
loss of carbomethoxy or TFA radicals and methanol elimina-
tion. The resulting cations undergo hydrogen and skeletal
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Scheme 2. Fragmentation of dimethyl ester of N-methyl-N-trifluoroacetyl-L-aspartic acid.

rearrangement processes giving rise to the ions presented in
Scheme 2.

The w-amino group in L-lysine is distant from the amino
acid moiety and therefore does not participate in analogous
fragmentation processes, as described above for N-methyl-
N-TFA-amino acid derivatives. However, the w-amino group
directs fragmentation, clarifying the interpretation of frag-
mentation and the determination of substitutions at N-atoms:
the base peak at 140Da that is typical for N -methyl-N _-TFA
derivatives and 180 Da for N _-TFA derivatives (Table 3).

Conclusion

In summary, nitrilium ions of type a [R'-C=N-R]* and b
[C.,F,,..~C=N*"-C_H,,,,] are characteristic for N-alkyl-N-
perfluoroacyl-amino acids and their alkyl esters. These ions
are also typical for N-aryl analogs when the amino N-atom is
directly connected to an aromatic carbon. In addition, the pres-
ence of an aromatic ring at N or C(, enhances the formation
of ions of type @ and b. Iminium cations become specific for
N-benzyl-N-alkyl-a-amino acids because of the production of

Table 3. Characteristic ions [m/z [relative intensity)] in the spectra of methyl esters of N,N’-diltrifluoroacetyl)- (A), N-o.-methyl-N,N’-
diltrifluoroacetyl)- (B), N-methyl-N,N’-diltrifluoroacetyl)- (C) and N,N’-dimethyl-N,N'-di(trifluoroacetyl)- (D]-L-lysine.

lons A B C D
M** 352 (0) 366(0.3) 366 (0.4) 380 (0.5)
[M-CH,0H]** 320 (7) 334 (1) 334 (1) 348 (8)
[M-COOCH,J* 293 (4] 307 (3) 307 (3) 321 (26)
[M-COCF,]* 255 (0.1) 269 (0.4) 269 (3) 283 (3
[M-COOCH,;-HN(CH,JCOCF,I* 180 (100) 180 (100) 180 (20) 194 (17)
[HN(COCF,)=CH ]+ 126 (27) 126 (15) 126 (4) 126 (3)
[CH,N(COCF,)=CH,] 140 (3) 140 (12) 140 (100 140 (100)
[HC=N-CH,)* (a) 42 (2) 42 (17) 42 (10) 42 (29)
[CF,~N=C-CH,]* (b) 110 (2) 110 (15) 110 (6) 110 (31)
[CsH,I* 67 (19) 67 (20) 67 (16) 67 (23)
[CF,] 69 (18] 69 (14) 69 (19] 69 (19)
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stable benzylidene iminium cations ¢ (C,H;CH=NHR]*] with a
diminishing formation of ions a and b.

The decomposition of alkyl-perfluoroacyl-amino acids
and their derivatives with the formation of nitrilium cations
may be particularly useful to a better understanding of the
origin of toxic cyanides in the environment“>*! and in prebiotic
chemistry,*243
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