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Dear Editor,

Catiomers and aniomers: unique classes of isomeric ions

In chemistry, isomers (from Greek icopeptig, isomeres; isos =
“equal”, méros = “part”) are chemical species possessing
the same formula (atomic composition) but different
chemical structures.!'! Isomers are separated into two major
categories: constitutional isomers and stereoisomers (Fig. 1).
Constitutional isomers are those displaying different
connectivities whereas stereoisomers display the same
connectivity but different 2D or 3D spatial distributions of
their atoms or groups of atoms. Constitutional isomers have
been sub-divided in several types such as metamers and
tautomers whereas stereoisomers are further sub-divided
into two major classes: enantiomers and diastereomers.
Enantiomers are non-superimposable mirror images, whereas
all the others types of non-superimposable stereoisomers
with multiple stereocenters are sub-classified as diastereomers.
cis/trans- Isomers with fixed geometries as well as flexible
conformers with different shapes, due to rotations along one
or more bonds (rotamers), are sub-classes of diastereomers
(Fig. 1).

A unique and also very common type of constitutional
isomerism, which cannot be accommodated in any current
definition of isomeric types summarized in Fig. 1, arises how-
ever for ions which are formed upon cationization or
anionization of a molecule at different sites, as illustrated by
the two isomeric ions of Scheme 1.1! This ‘“terminology gap’
showed up for the first time in mass spectrometry (MS) with
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the introduction of chemical ionization (CI) and fast
desorption (FD)-MS but became crucial with the advent of
electrospray ionization (ESI)-MS,"®! which has brought access
to a variety of solution or gaseous ions that only differ in their
coordination topology. Unfortunately, due to the lack of an
appropriate term, these important and increasingly common
isomeric ions have been termed in many unspecific,
pleonastic or vague ways such as ‘isomers’,*! “ion isomers’,"”!
‘isomeric metal-cationized molecules’,!® ‘isomeric adduct
ions’” and “cationic ions’.®! These terms only inform that
we are dealing with isomeric species, but the crucial
information of the type of isomerism involved is not
provided. More specifically but incorrectly, these isomers
have also been termed either as tautomers” ' or, more
frequently, as ‘conformers’.["13!

‘Tautomers’ (from the Greek tauté meaning ‘the same” and
meros meaning ‘parts’) is an inappropriate term to
describe such unique isomeric ions since the term is widely
recognized in chemistry to describe a well-defined type
of constitutional isomerism (Fig. 1). Tautomers exist
in equilibrium and are involved in isomerism of the general
form G-X-Y=Z = X=Y-Z-G; hence they are interconverted
by the relocation of an electrofuge G group plus a double bond.
The commonest case of tautomerism, when the G electrofuge
is H', is termed “prototropy’, such as the equilibrium between
the keto and enol forms of a carbonyl compound bearing
an acidic Ca-H (Fig. 1). Conformers is also an inappropriate
term since it describes a type of stereoisomers (Fig. 1) which
are interconverted exclusively by rotations along one or
more single bonds. As the pair of isomeric ions shown in
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Figure 1. Classical types of isomers and typical examples.
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Scheme 1.

Scheme 1 illustrates, tautomers and conformers are, therefore,
misleading terms that should be avoided when describing
isomerism arising from binding of an ion to different sites
of a molecule.

This mislabeling arises because a proper and specific term is
unavailable, inducing authors to feel justified in proposing
their own terms or making misleading use of an existing term
created for other purposes. We have recently revisited the
term ‘protomer’" suggesting its use to describe isomers
arising from protonation at different sites of a molecule. This
term was not coined by us but has a long history in organic
chemistry!’® and gas-phase ion chemistry.l"®! In the 1950s,
but as far as we could verify as early as 1947,'”! organic
chemists started to use the term protomers to describe isomeric
forms of a protonated molecule in rapid equilibrium in
solution. These studies exemplify the role of the term
protomers in the early development of quantitative concepts
of bonding, and much of the current knowledge of
structure-stability relationships is derived from these
studies.'®! In the 1980s, with the introduction of mass
spectrometry, studies of protomerism, i.e. equilibria involving
protomers, were initiated in the gas phase mainly by Cacace
and coworkers,"! providing measurements of intrinsic
acidity and basicity scales unperturbed by solvent and
counter ion effects. In the 1990s, protomers were investigated
by electron ionization or chemical ionization ion cyclotron
resonance MS.?>?? Although since 1986 it has also come into
use in protein science to describe the structural unit of an
oligomeric protein,’”®! we are glad to note that the term
protomer is gaining acceptance and has been increasingly used
in MS studies to describe this important isomerism of
protonated molecules, the purpose for which it was originally
coined.?+-30]

However, the advent of the ESI-MS technique gave access
not only to protomers®®! but also to many isomeric forms of
molecules which are cationized, for instance, by NH,", Na®,
K*, Rb", Cs*, Ag" and Li*,®? or anionized by deprotonation
or CI” binding,®® forming both organic®®* and inorganic
ions.*°! As for (de)protonation, the binding site has often deep
effects on the tridimensional structure, reactivity and stability
of a cationized or anionized molecule. Also, with the
development of several commercially available instruments
for ion mobility spectrometry coupled to mass spectrometry
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(IMS-MS), many cationized or anionized molecules have been
separated and found to display contrasting chemistry, shapes
and polarizabilities.*®! We have recently separated and
characterized the ‘isomeric ions” formed upon sodiation
(Scheme 2) and potassiation of steviol glycosides stevioside
(Stv) and Rebaudioside A (RebA) by traveling wave IMS-MS
(TWIM-MS) and post-TWIM-MS/MS exFeriments sampled
in the gas phase via ESI(+). In this study, 371 we have for the
first time used the general term catiomers to describe such
isomeric ions which were found to considerably differ in
shape and polarizability and hence could be properly
resolved by TWIM-MS.

Also via TWIM-MS, we have separated and properly
characterized a classical and much studied pair of protomers,
the N- and ring-protonated forms of aniline,!"*! and studied
the aniomers of ortho-, meta-, and para-hydroxybenzoic
acids.*! The two aniomers of deprotonated hydroxybenzoic
acid have also been separated and characterized via
TWIM-MS by Schréder et al®®! A recent combination of
IR-vibrational spectroscopy with IMS-MS allowed for an
unambiguous characterization of the two protomers of
benzocaine: the N- and O-protonated forms.'*! For peptides,
especially those bearing two or more basic amino acids, many
peaks are commonly separated by IMS-MS and all of
them have been frequently assigned simply to different
’conformers',[SQ] but we suspect that several ‘protomers’ may
also be involved. The term protomers could likewise be helpful
to further address the isomerism observed for ‘curious’ cases
such as the two isomers of the protonated molecule of
4-aminobenzoic acid which have been recently separated
and characterized by IMS-MS.[*}

We note many other cases of isomeric ions that are common
in organic and inorganic chemistry which could benefit if this
‘terminology gap’ is resolved. Isomeric crown ester complexes
that differ in the site of the K* coordination, for instance, also
lack a proper description but could be properly termed as
catiomers. Phenolate ion isomers and the carboxylate
forms of the ortho, meta and para isomers of hydroxybenzoic
acid could also be considered pairs of aniomers.**!
In inorganic chemistry, or when sampled by ESI(-)-MS,
the description of the pair of two possible ‘isomeric
anions’ of peroxomonosulfuric acid, i.e. [O-SO,~OOH]™ and
[HO-SO,-OOT, or the disulfurous acid, [O-SO,-SOH]™ and
[HO-SO,-SOJ, could also benefit from the term aniomers.

Note that pairs or large groups of catiomers or aniomers
could be formed from any type of molecules including those
already involved in all types of isomerism. This would be
the case, for instance, for the different enantiomeric protomers
formed from (S)-(-)-nicotine (Scheme 3(a)), which could be

OH

Scheme 2.
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Scheme 3.

protonated either at the pyrrolidyl or pyridyl group, the
trans-aniomers of the trans-glutaconic acid (Scheme 3(b)) and
the para-aniomers of 4-hydroxybenzoic acid (Scheme 3(c)).

Note that a pair of isomeric distonic ions™*' such as
CH;NH, " and ‘CH,NH;" and all their homologs and analogs
could also be classified as a distonic protomer since their
precursor molecules CH;NH, and "CH,NH;" formally differ
in their protonation sites.

Due to this ‘terminology gap’ and their increasing
importance, particularly in IMS-MS studies in which such
species are actually separated and characterized, we would
like therefore to suggest the use of the terms catiomers or
aniomers to properly describe such unique isomers formed
upon cationization (e.g. by H", Na*, NH,", K*, Ag”, etc.) or
anionization (eg. by deprotonation or CI” clustering) at
different sites of a molecule. Due to its overwhelming
importance, protomers would then be used specifically for
the sub-class of catiomers formed upon protonation whereas
deprotonated molecules would be more properly termed by
the more general description as aniomers.

We fully recognize that the introduction of new terms
should always be received with great reluctance by the
scientific community since we ought to avoid unnecessary
‘buzz words’ that could contribute to form an uncontrolled
‘terminology zoo’ as much as possible. The introduction of
new terms to describe the unique class of isomers described
herein seems however inevitable and urgent in order not to
create confusion but to remove a confusion that has already
been installed in the scientific literature. Indeed the
indiscriminate use of unspecific terms such as ‘ion isomers’,
or misleading terms such as tautomers, conformers and
‘isobars’, only exacerbates the problem, and the terms
catiomers and aniomers seem to offer a solution.

Alessandra Tata and Marcos N. Eberlin*
University of Campinas, Institute of Chemistry,
UNICAMP-IQ, Campinas, SP 13083-970, Brazil

*Correspondence to: M. N. Eberlin, University of Campinas,
Institute of Chemistry, UNICAMP-IQ Barao Geraldo, Campinas,
SP 13083-970, Brazil.

E-mail: eberlin@igm.unicamp.br

Rapid Commun. Mass Spectrom. 2016, 30, 1249-1252

Copyright © 2016 John Wiley & Sons, Ltd.

Rapid
¥ Communicationsin
L Mass Spectrometry

REFERENCES

[1] R. H. Petrucci, R. S. Harwood, F. G. Herring. General
Chemistry. Prentice-Hall, 2002, p. 91.

[2] R.L.Smith,L.]J. Chyall, B.]. Beasley, H. I. Kenttamaa. The site
of protonation of aniline. J. Am. Chem. Soc. 1995, 117, 7971.

[3] F. Coelho, M. N. Eberlin. The bridge connecting gas-phase
and solution chemistries. Angew. Chem. Int. Ed. 2011, 50,
5261.

[4] R. A. Jockusch, W. D. Price, E. R. Williams. J. Phys. Chem. A
1999, 103, 9266.

[5] C.Jia, Z. Wu, C. B. Lietz, Z. Liang, Q. Cui, L. Li. Gas phase
ion isomer analysis reveals the mechanism of peptide
sequence scrambling. Anal. Chem. 2014, 86, 2917.

[6] O. W. Hand, B. E. Winger, R. G. Cooks. Enhanced silver
cationization of polycyclic aromatic hydrocarbons
containing bay regions in molecular secondary ion mass
spectrometry. Biomed. Environ. Mass Spectrom. 1989, 18, 83.

[7]1 R.Srinivas, J. Hrusak, D. Suelzle, D. K. Boehme, H. Schwarz.
Experimental and theoretical characterization of isomeric
adduct ions of silicon radical cation and benzene and their
neutral counterparts. |. Am. Chem. Soc. 1992, 114, 2802.

[8] C. Xu, E. Dodbiba, N. L. T. Padivitage, Z. S. Breitbach,
D. W. Armstrong. Metal cation detection in positive ion
mode electrospray ionization mass spectrometry using a
tetracationic salt as a gas-phase ion-pairing agent:
Evaluation of the effect of chelating agents on detection
sensitivity. Rapid Commun. Mass Spectrom. 2012, 26, 2885.

[9] C. Yao, M. L. Cuadrado-Peinado, M. Poléagek, F. Turecek.
Gas-phase tautomers of protonated 1-methylcytosine.
Preparation, energetics, and dissociation mechanisms.
J. Mass Spectrom. 2005, 40, 1417.

[10] O. M6, M. Yaénez, J. E. Gal, P. C. Maria, M. Decouzon.
Enhanced Li* binding energies in alkylbenzene derivatives:
The scorpion effect. Chem. Eur. ]. 2003, 9, 4330.

[11] F. Turectek, X. Chen. Protonated adenine: Tautomers,
solvated clusters, and dissociation mechanisms. J. Am. Soc.
Mass Spectrom. 2005, 16, 1713.

[12] S. Abirami, Y. M. Xing, C. W. Tsang, N. L. Ma. Theoretical
study of alpha/beta-alanine and their protonated/alkali
metal cationized complexes. J. Phys. Chem. A 2005, 109, 500.

[13] T. Wyttenbach, G. von Helden, M. T. Bowers. Gas-phase
conformation of biological molecules: Bradykinin. J. Am.
Chem. Soc. 1996, 35, 8355.

[14] P. M. Lalli, B. A. Iglesias, H. T. Toma, G. F. Sa, R. ]. Daroda,
J. C.Silva, J. E. Szulejko, K. Araki, M. N. Eberlin. Protomers:
formation, separation and characterization via travelling
wave ion mobility mass spectrometry. J. Mass Spectrom.
2012, 47, 712.

[15] F. Cacace, G. de Petris, F. Grandinetti, G. Occhiucci.
Gas-phase ion chemistry of cyanamide. A mass
spectrometric and ab initio study of gaseous [H,N-CN]*¥,
[HN-CNJH*, and [HN-CN]~ ions. J. Phys. Chem. A 1993
97, 4239.

[16] M. Aschi, M. Attina, F. Cacace, A. Cartoni, F. Pepi. A mass
spectrometric and computational study of gaseous
peroxynitric acid and (HOONO,)H" protomers. Int. J. Mass
Spectrom. 2000, 195/196, 1.

[17] E. Havinga, H. Veldstra. Researches on sulphanilamide,
para-aminobenzoic acid and their derivatives. III:
Ultraviolet absorption spectra and potentiometric titrations.
Des Travaux Chimiques des Pays-Bas 1947 — Wiley Online
Library.

[18] P. Beak. Energies and alkylation of tautomeric hetreocyclic
compounds: Old problems — new answers. Acc. Chem. Res.
1977, 10, 187.

[19] F. Cacace. Gas-phase ion chemistry in the 21st century. Pure
Appl. Chem. 1997, 69, 227.

wileyonlinelibrary.com/journal /rcm

A ‘01 *910T ‘T€T0L60T

sdny wouy

sdiy) SUORIpUOY pue SuiIAL, 341 93§ “[€20¢/S0/S0] U0 Kxeiqry autfuQ Ko[iA “euidwie)) a1 [enpuise ANSIOAIUN £Q §76LWO1/Z001 01 /10P/WOd K31

119)/W0d" K[ 1A

2SUBDIT SUOWWOY) dANTAI) djqeatidde ayy £q pautaaos are sa[ore YO $asn Jo sa[ni 10j AIRIGIT duluQ K3[1AL UO (Suont



¥

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

wileyonlinelibrary.com/journal /recm

Rapid
Communications in

= Mass Spectrometry

F. Cacace, M. Attina, A. Cartoni, F. Pepi. Gas-phase fluorination
of acetylene by XeF": Formation, structure and reactivity of
C,H,F* isomeric ions. Chem. Phys Lett. 2001, 339, 71.

M. Aschi, F. Cacace, G. de Petris, F. Pepi. Gas-phase proton
affinity of nitric acid and its esters. A mass spectrometric
and ab initio study on the existence and the relative stability
of two isomers of protonated ethyl nitrate. J. Phys. Chem.
1996, 100, 16522.

F. Cacace, M. Attina, G. De Petris, M. Speranza. Protonated
nitric acid. Structure and relative stability of isomeric
H,NO;" ions in the gas phase. |. Am. Chem. Soc. 1990, 112,
1014.

A. B. Chetverin. Evidence for a diprotomeric structure of
Na,K-ATPase. Accurate determination of protein
concentration and quantitative end-group analysis. FEBS
Lett. 1986, 196, 121.

C. Lapthorn, T. J. Dines, B. Z. Chowdhry, G. L. Perkins,
F. S. Pullen. Can ion mobility mass spectrometry and
density functional theory help elucidate protonation sites
in ‘small” molecules? Rapid Commun. Mass Spectrom. 2013,
27, 2399.

S. Warnke, J. Seo, J. Boschmans, F. Sobott, J. H. Scrivens,
C. Bleiholder, M. T. Bowers,S. Gewinner, W. Schollkopf,
K. Pagel, G. von Helden. Protomers of benzocaine:
Solvent and permittivity dependence. J. Am. Chem. Soc.
2015, 134, 15897.

R. S. Galaverna, G. A. Bataglion, G. Heerdt, G. F. de Sa,
R. Daroda, V. S. Cunha, N. H. Morgon, M. N. Eberlin. Are
benzoic acids always more acidic than phenols? The case
of ortho-, meta-, and para-hydroxybenzoic acids. Eur. J. Org.
Chem. 2015, 10, 2189.

F. Bernardi, F. Cacace, G. Occhiucci, A. Ricci, I. Rossi.
Protonated cyanogen fluoride. Structure, stability, and
reactivity of (FCN)H" ions. J. Phys. Chem. A 2000, 104, 5545.
T. Kuivalainen, R. Kostiainen, H. Bjork, R. Uggla,
M. R. Sundberg. Fragmentation of protonated
0O,0-dimethyl O-aryl phosphorothionates in tandem mass
spectral analysis. |. Am. Soc. Mass Spectrom. 1995, 6, 6488.
A. Ricci, B. Di Rienzo, F. Pepi, A. Troiani,S. Garzoli,
P. Giacomello. Acid-catalysed glucose dehydration in the
gas phase: a mass spectrometric approach. J. Mass Spectrom.
2015, 50, 228.

A. Kaufmann, P. Butcher, K. Maden, S. Walker, M. Widmer.
Reliability of veterinary drug residue confirmation: High
resolution mass spectrometry versus tandem mass
spectrometry. Anal. Chim. Acta 2015, 856, 54.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Copyright © 2016 John Wiley & Sons, Ltd.

Letter to the Editor

G. Raju, C. Purna Chander, K. Srinivas Reddy, R. Srinivas,
G. V. Sharma. Electrospray ionization tandem mass
spectrometry of protonated and alkali-cationized
Boc-N-protected hybrid peptides containing
repeats of D-Ala-APyC and APyC-D-Ala: formation of
[b(n-1) + OCH; + Na]* and [b(n-1) + OH + Na]" ions.
Rapid Commun. Mass Spectrom. 2012, 26, 2591.

F.Pepi, A. Ricci, M. Rosi, M. Di Stefano. Effect of alkali metal
coordination on gas phase of diphosphate ion: the MH,P,O7
ions. Chemistry 2006, 12, 2787.

L. Boutegrabet, B. Kanawati, I. Gebefiigi, D. Peyron,
P. Cayot, R. D. Gougeon, P. Schmitt-Kopplin. Attachment
of chloride anion to sugars: Mechanistic investigation and
discovery of a new dopant for efficient sugar
ionization/detection in mass spectrometers. Chem. Eur. .
2012, 18, 13059.

S. Malekniat, ]J. Brodbelt. High energy collision-induced
dissociation of alkali-metal ion adducts of crown ethers and
acyclic analogs. Rapid Commun. Mass Spectrom. 1992, 6, 376.
F. Pepi, V. Barone, P. Cimino, A. Ricci. Gas-phase chemistry
of diphosphate anions as a tool to investigate the intrinsic
requirements of phosphate ester enzymatic reactions: The
[M1IM2HP207]" ions. Chem. Eur. . 2007, 13, 2096.

J. A. Taraszka, J. Li, D. Clammer. Metal-mediated peptide
ion conformations in the gas phase. J. Phys. Chem. B 2000,
104, 4545.

G. A. Bataglion, G. H. M. F. Souza, G. Heerdt, N. H. Morgon,
J. D. L. Dutra, R. O. Freire, M. N. Eberlin, A. Tata. Separation
of glycosidic catiomers by TWIM-MS using CO; as a drift
gas. |. Mass Spectrom. 2015, 50, 336.

D. Schroder, M. Budésinsky, J. Roithova. Deprotonation of
p-hydroxybenzoic acid: Does electrospray ionization
sample solution or gas-phase structures? J. Am. Chem. Soc.
2012, 134, 15897.

N. A. Pierson, L. Chen, S. J. Valentine, D. H. Russell,
D. E. Clemmer. Number of solution states of bradykinin
from ion mobility and mass spectrometry measurements.
J. Am. Chem. Soc. 2011, 133, 13810.

J. L. Campbell, J. C. Y. Le Blanc, B. B. Schneider. Probing
electrospray ionization dynamics using differential mobility
spectrometry: the curious case of 4-aminobenzoic acid. Anal.
Chem. 2012, 84, 7857.

W. J. Bouma, J. M. Dawes, L. Radom. The methylamine
radical cation [CH3NH,]" and its stable isomer the
methylenammonium radical cation [CH,NH;]". Org. Mass
Spectrom. 1983, 18, 12.

Rapid Commun. Mass Spectrom. 2016, 30, 1249-1252

A ‘01 *910T ‘T€T0L60T

sdny wouy

sdiy) SUORIpUOY pue SuiIAL, 341 93§ “[€20¢/S0/S0] U0 Kxeiqry autfuQ Ko[iA “euidwie)) a1 [enpuise ANSIOAIUN £Q §76LWO1/Z001 01 /10P/WOd K31

119)/W0d" K[ 1A

AsuaoI suowwio)) aanear) a[qearfdde ayy £q pauraA0T a1e sa[dNIE YO asn Jo sa[nI 10§ AIRIQI] dUIUQ A3[IA UO (SUONT



