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Introduction

The pioneering studies developed initially by Fisher' and lately
by Woodward? and other groups on porphyrins and by Johnson
and Kay>* on corroles were responsible by the exciting
chemistry associated to these two types of macrocycles.

Today, the importance of porphyrin derivatives is not only
limited to their central role in vital functions, like respiration
and photosynthesis, but also to their applications in several
fields such as medicine,’ catalysis® and new electronic
materials.’

Although corrole chemistry is still far from being as well
explored as porphyrin chemistry, corroles are now considered
an independent group of macrocycles within the larger family
of tetrapyrrolic compounds. This is mainly due to the advances
made on the synthetic methodologies of these macrocycles,® "
in special to the huge effort devoted to their functionalization,"*
to obtain high value corroles with potential applications in
several fields.

In fact, the interest on these compounds has increased
significantly over the past decade, and currently, the popularity
2oﬁf corroles is, in some cases, approaching that of porphyrins.'>

Corroles have properties which are different from those of
their porphyrin counterparts. These properties are due to their
corrin-like structural carbon skeleton, which is the cause of
their lower symmetry,?’ increased ring tension, due to the direct
B-B pyrrole connection, tautomeric isomerism of the core?® and
coordination with trivalent metal cations.”’ In terms of
electronic structure, corroles are aromatic macrocycles with an
187-electron conjugated system similar to that of porphyrins,*
which is able to coordinate effectively metal ions in high
oxidation states. Thus the smaller trianionic corrolato ligand
has a greater ability to stabilize metal centres in higher
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corrole isomers via ESI-MS/MS and/or TWIM-MS were chosen as two focal points.

oxidation states and open-shell electron configurations, than the
larger dianionic porphyrinato ligand.*'

The establishment of efficient synthetic routes for
tetrapyrrolic macrocycles has been an important objective over
the years. Since the first synthesis reported by Rothemund in
1935% concerning the non-natural meso-substituted B-free
porphyrin 1 (Fig. 1), a large number of synthetic methodologies
have been reported. This progress in porphyrin chemistry had
not a parallel situation in the case of corroles until recently. The
real boost in the chemistry of these compounds started in 1999
with the development, by Gross® and Paolesse,'® of simple and
efficient synthetic methodologies leading to meso-substituted
corroles 2 (Fig. 1). Based on these synthetic approaches, new
progresses were made by other research groups. In particular,
Gryko’s group was able to refine the experimental conditions
giving access to meso-substituted Aj;- and frans-A,B-
corroles.!'!® Other synthetic methodologies have been reported
introducing different approaches such as microwave
irradiation,*® heterogeneous acid catalysts** and ionic liquid as
solvent.*®

Ar
Ar Ar Ar Ar
Ar
Ar
1 2

Fig. 1 General structures of meso-tetra(aryl)porphyrins 1 and meso-
tri(aryl)corroles 2.

The development of synthetic pathways leading to meso-

tri(aryl)corroles has been accompanied by a considerable effort
in the establishment of strategies for their functionalization and
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several conventional procedures are now well established.

These involve, for example, halogenation,%’42 sulfonation/
chlorosulfonation,****® nitration/amination,*%*7->3 nucleophilic
aromatic  substitution,'>*3*  cycloaddition®>® and metal

catalysed reactions.®’”’? Concerning porphyrins it can be said,
with some certainty, that virtually any kind of substituted
porphyrin can now be synthesized, just by “one-pot” reactions,
or by multiple synthetic steps depending on the substituent.

Several techniques contributed to the structural
characterization of these macrocycles, namely NMR, XRD,
absorption and emission spectroscopy, cyclic voltammetry and
mass spectrometry. In particular, mass spectrometry has played
an important role as a versatile tool in the characterization of
such compounds.

Tetrapyrrolic macrocycles, in special the porphyrins, have
been studied by mass spectrometry using different ionization
techniques. Initially, electron ionization (EI) was used, but
unwanted gas-phase decompositions”” led to the use of
alternative ionization techniques. Nevertheless an important
diagnostic cleavage of the porphyrin macrocycle was reported
under electron impact.”* Chemical ionization (CI) was also
used, and for some porphyrins and metalloporphyrins,
formation of the corresponding porphyrinogens was
observed.”””’® This feature led to the development of a method
for pyrrole sequencing, by CI.” Field desorption (FD) was used
to characterize porphyrins from mixtures of natural sources as
early as 19757%; a similar procedure was applied for the
characterization of metallophthalocyanins.”” FD and other
ionization techniques were also used to analyse the oxidation
products of corroles.®® Desorption ionization techniques, using
a liquid matrix, such as fast atom bombardment (FAB) and
liquid secondary ion mass spectrometry (LSIMS) were also
used, for instance to characterize metallated phthalocyanines,®'
and porphyrins,**® and also free base chlorins and
bacterichlorins.?*  More recently, matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization
(ESI) have been increasingly used in the characterization of
tetrapyrrolic macrocycles. MALDI has been applied to study
porphyrins, azaporphyins, phthalocyanines, multiporphyrin
arrays,*® products from the photolysis of chlorins and
bacteriochlorins,?”*® and corrole derivatives.** ESI has been
used in the case of free base and metallated, neutral and
cationic, porphyrins90-99 and also in the study of the
interactions of cationic porphyrins with nucleotides.'*%-'*

Besides ESI, other less common atmospheric pressure
ionization techniques, such as atmospheric pressure
photoionization (APPI) and atmospheric pressure chemical
ionization  (APCI), have been used, namely for
metallochlorins,® metalloporphyrins'® and corrole
derivatives 3%

Notwithstanding its advantages and in contrast with the
extensive use of MS techniques in porphyrin chemistry, the role
of MS in corrole characterization is still very limited. Most of
the reported papers on this topic describe the use of ESI-MS in
the characterization of corroles, especially via accurate mass

measurements,”>*1115 although a few studies of their gas-
phase chemistry, wusing this technique, have been
published. 80104116121 Thege  included the  structural

differentiation of corrole isomers by techniques such as TWIM-
MS (travelling wave ion mobility mass spectrometry)''®'?° and
the investigation of their gas-phase coordination chemistry.'"’
MALDI has been less used, as for instance in the radical
induced fragmentation of amino acid ester corroles,® along
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with ESI, and in the corrole titrations with fluoride and cyanide
anions.?>*

In this review the use of ESI-MS in the analysis of corrole
derivatives will be highlighted, mainly their gas-phase
coordination chemistry and the differentiation of isomers via
ESI-MS" (n>2) and ESI-TWIM-MS. Relevant related studies
with porphyrins will be also reported on a comparison basis.

Mass spectrometry techniques used to study tetrapyrrolic
macrocycles

The first studies on tetrapyrrolic macrocycles by mass spectrometry
used ionization techniques such as electron ionization (EI) and
chemical ionization (CI). Although both techniques are still used,
they can only be applied to the analysis of volatile, thermally stable
compounds, because the first step of these ionization processes is the
vaporization of the analyte achieved by heating. In the case of EI,
once in the gas-phase, the neutral analyte, M, interacts with a
homogeneous beam of electrons (typically at 70 electron volts
energy), causing its ionization, usually as radical cations M™", and
fragmentation. The later usually follows predictable pathways giving
rise to fragment ions which convey structural information about the
analyte. In the case of CI, a reagent gas (for instance, ammonia or
methane) is partially ionized by an electron beam and then reacts
with the unionized reagent gas, usually, to form protonated reagent
gas molecules. The ionization of the vaporized analyte is due to
proton transfer from the reagent, with formation of the protonated
analyte molecules, [M+H]", and is therefore a much lower energy
process than EI, so that fragmentation is greatly reduced. As both EI
and CI require volatilization of the analyte, these techniques can
only be used for compounds with molecular masses up to, and
around, 500 Da.

The analysis of polar and non-volatile analytes was initially
achieved by FD. In this technique, a high-potential electric field is
applied to an emitter (generally a filament), to which the analyte is
directly applied, as a thin film or as small crystals, leading to the
formation of ionized molecules of the analyte. The process produces
radical cations M" and less often, protonated molecules [M+H]",
both with low internal energies , thus the mass spectra produced by
FD show few fragment ions or no fragment ions at all. FD has
largely been supplanted by newer ionization techniques, namely,
FAB, LSIMS, ESI, MALDI and others.

In the case of FAB and LSIMS, the analyte is mixed with a non-
volatile matrix and then is bombarded, under vacuum, in the case of
FAB with a high energy beam of atoms (Ar, Xe) and in the case of
LSIMS by accelerated primary ions (Ar’, Xe®, Cs"). Common
matrices include glycerol, thioglycerol and 3-nitrobenzyl alcohol.
With the introduction of FAB and LSIMS less volatile and more
labile tetrapyrrolic compounds could be analysed, which include
compounds with molecular masses up to 6000 Da. Depending on the
matrix and on the analyte either M™ or [M+H]" ions, or both, can be
formed by FAB and LSIMS.

MALDI is a two-step ionization process, in which a laser beam
is used to desorb the analyte, co-crystalized with a matrix. The
matrix absorbs radiation at the laser wavelength, but not the analyte.
The first step is the ablation of the upper layer of the matrix,
producing a hot plume containing several species, such as neutral
and ionized matrix molecules, including protonated species, matrix
clusters and others. In the second step, the analyte molecules are
ionized, usually by protonation, forming the [M+H] ions. The
increase in molecular mass range when MALDI is used is significant
when compared with FAB and LSIMS: 10 000 to 300 000 Da
depending on the analyzer used. In all the above mentioned methods,

This journal is © The Royal Society of Chemistry 2014
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the ionization of the analyte usually gives rise to mono-charged ionic
species.

In the case of ESI, a solution of the analyte is introduced through
a capillary, at atmospheric pressure, into a small-diameter tip held at
potential of approximately 3000V, and is dispersed into a fine
aerosol of charged droplets. These droplets pass down potential and
pressure gradients towards the analyzer. The evaporation of the
solvent from the charged droplets is usually assisted by a nebulizer
gas. The size of charged droplets decreases until they become
unstable, and form more stable droplets by Coulombic fission. This
process of desolvation and fission is repeated until desolvated ions
are produced. The typical solvents used in electrospray ionization are
prepared by mixing water with volatile organic compounds
(methanol or acetonitrile). ESI can produce ions from
macromolecules with low internal energy overcoming their
propensity to fragment when ionized. ESI is advantageous over other
ionization processes (for instance MALDI) since it may produce
multiple charged ions, usually [M+nH]™ effectively extending the
mass range of the analyzer up to the MDa range. The development
of ESI also allowed the effective coupling of mass spectrometry with
flow separation techniques such as HPLC (high pressure liquid
chromatography).

Following the implementation of electrospray as an ionization
technique, other atmospheric pressure ionization methods have been
developed, such as APCI and APPL

APCI is an ionization method analogous to chemical ionization
(CI), although it occurs at atmospheric pressure. Similarly to CI, it is
not suitable for the analysis of thermally labile compounds. It shares
a strong resemblance to electrospray ionization (ESI) and as such is
also commonly used in conjunction with HPLC. Unlike ESI, for
which the ionization is brought about through the potential
difference between a spray capillary (needle) and sampling cone,
along with rapid desolvation, in APCI the analyte solution is
introduced into a pneumatic nebulizer and desolvated in a heated
quartz tube, before being submitted to electrical discharge (corona
discharge), creating ions. The corona discharge replaces the electron
filament in CI, producing primary ions by electron ionization. The
primary ions collide with the vaporized solvent molecules to form
secondary reactant gas ions. The later undergo repeated collisions
with the analyte molecules, leading to the formation of thermalysed
analyte ions, with high ionization efficiency. Very few fragment ions
are formed and the mass spectra show predominantly the protonated
analyte molecules, [M+H]", although other adduct ions can be also
observed.

Another atmospheric pressure technique is APPI. Similarly to
ESI, the liquid solution is vaporized with the help of a nebulizing
gas, such as nitrogen, but then it enters in an ionization chamber at
atmospheric pressure. There, the mixture of solvent and sample
molecules is exposed to photons of ultraviolet light, usually from a
krypton lamp (10 eV). This specific energy is enough to ionize the
analyte molecules, but not high enough to ionize air components and
other surrounding molecules. The photons also excite the solvent
molecules and, as the process occurs at atmospheric pressure, these
solvent molecules collide with molecules of the analyte. A small
fraction of these collisions result in the ionization of the analyte and
both the radical cations, M™ and the protonated analyte molecules
[M+H]" can be formed.

To increase the ionization yield of the analyte molecules,
dopant-assisted APPI (APPI-d) can be also used. The dopant
molecules (usually toluene) are in a large excess relative to the
analyte molecules and are directly ionized by the UV photons. The
ionized dopant molecules collide with the neutral analyte molecules
giving rise to the radical cations, M" and the protonated analyte
molecules [M+H]".

This journal is © The Royal Society of Chemistry 2014
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Mass spectrometry analysis of corroles by ESI-MS

The first report of ESI-MS/MS applied to corroles was the study of
5,10,15-tris(pentafluorophenyl)corrole (T'PC) 3, Fig. 2, present as
an impurity of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin
(TFPP).MS

CgFs CeFs

CeFs

3M=3H;
3A M = Cu(lll);
3B M = Mn(lll);
3C M = Co(lll);
Fig. 2 Representative structure of 5,10,15-tris(pentafluorophenyl)corrole
(TFPC) 3 and their respective metal complexes 3A, 3B and 3C.

The product ion spectra of the protonated [M+H]" (positive ion
mode) and deprotonated [M-H]  (negative ion mode) of T'PC
showed consecutive losses of hydrogen fluoride molecules with
formation of direct o-phenyl-to-f-linkages, generating fused five-
membered fragment ions, similar to those already observed for other
porphyrins and porphyrinoids, namely T'PP, its neutral and cationic
pyrrolidine-fused chlorin and isobacteriochlorin derivatives®™ and
meso-tetra(heptafluoropropyl)porphyrin (T*HP).*

Compared to some of the above mentioned compounds, T'PC
and T'PP possess simpler structures that enable HF molecule
elimination to occur as the only significant loss. The mechanism of
this elimination was proposed to be that of a nucleophilic aromatic
substitution, common for the pentafluorophenyl group. Computer
studies of the relative energies of the ions formed by HF molecule
eliminations indicated the occurrence of cooperative interactions
between o-phenyl-to-B-linkages that occurred in a regioselective
unidirectional mode. A good correlation could also be established
between the calculated relative energies for each species resulting
from HF molecule losses and the relative abundances of its product
ions, obtained in the negative ion mode. Thus, the number of HF
molecule eliminations observable in the negative ion mode spectra
was recognized as a reliable tool for the identification of the number
of pentafluorophenyl groups attached to a macrocycle.

Although the HF molecule eliminations were observed both in
the positive and in the negative ion modes, the authors found that the
fragmentation patterns of deprotonated T"PC and T'PP were richer
and better defined when using ESI in the negative ion mode.'"”

In the specific case of TFPC 3, three consecutive HF molecule
eliminations, one from each pentafluorophenyl substituent, lead to
species 4A shown in Fig. 3. Similarly, for T'PP, four consecutive
HF eliminations lead to species 4B presented in the same Figure.
The authors proposed that similar HF eliminations with formation of
o-phenyl-to-p-linkages were expected to occur for meso-
pentafluorophenyl substituted porphyrinic and porphyrinoid
compounds. They also suggested that ESI-MS/MS could act as a
strategic pointer for the bulk synthesis of novel porphyrinoid
structures.'>

J. Name., 2014, 00, 1-3 | 3
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Fig. 3 Structures of fused fragment ions for T'PC (4A) and T'PP (4B).'"®

ESI is an ionization technique for which solution-phase
information is retained into the gas-phase, to the point that very
weak non-covalent interactions can be observed. It is thus interesting
to compare the reported gas-phase behavior of the [M+H]" ions of
TFPC and T"PP and of their [M-H] counterparts, with their solution
acid-base properties. Like porphyrins, corrole inner-core nitrogen
atoms can be both protonated and deprotonated, but neutral corroles
have an unusually high N-H acidity when compared to neutral
porphyrins.'?? Moreover, solution formation of ~mono-protonated
porphyrins [M+H]" is not a dominant process, as the doubly-
protonated species are formed very rapidly.

The reported advantages of the use of ESI in the negative ion
mode'”® may be explained in the case of T'PC by its easy
deprotonation. On the other hand, when the positive ion mode is
used, protonated T"PP is expected to be less stable than protonated
TFPC. Therefore, T"PC ions are expected to be more stable than their
analogous T'PP species both in the positive and negative ion modes.

The observed similarity of the gas-phase behavior of protonated
TFPC and T'PP in the positive ion mode and of their deprotonated
counterparts in the negative ion mode, is apparently at odds with
their solution properties. A probable explanation is that, although
solution stability can be directly related to the gas-phase abundance
of the [M+H]" and [M-H] ions of TFPC and TFPP, their structural
similarity may be the cause of their analogous behavior after mass
selection and collisional activation.

Danikiewicz, Gryko and collaborators® used electrospray and
three other ionization techniques, field desorption (FD), atmospheric
pressure ionization (APPI) and atmospheric pressure chemical
ionization (APCI), to monitor the chemical processes occurring in
solutions containing the meso-substituted free base corroles 5-10
with electron withdrawing, electron donating and sterically hindered
groups (Fig. 4).

4| J. Name., 2014, 00, 1-3

Fig. 4 Structures of different corroles studied by Danikiewicz, Gryko and co-
workers.*

The authors were especially interested in assessing the purity of
the compounds but they also wished to determine the structure of
their light- and oxygen-induced oxidation products. The stability of
the corroles in a range of solvents (methanol, acetonitrile, ethyl
acetate, dichloromethane and hexane) was tested by acquiring their
mass spectra immediately after the dilution, 30 minutes and 1 hour
later. The solutions were kept at ambient light in contact with air.
Contrary to what was expected, it was found that the stability of
corroles 5-10 in solvents which contained the highest amount of
dissolved oxygen was rather high, whereas for acetonitrile solutions,
the ions corresponding to oxidation products were formed with the
highest relative abundances. Using the acetonitrile solutions, corrole
10 was found to be the most stable due to the electron withdrawing
effect of the pentafluorophenyl groups in the meso positions (Fig. 4).
Corroles 5 and 8 bearing respectively the sterically hindered
substituents bis-mesityl and tris-trimethoxyphenyl were found to
lead to the most abundant oxidation products.

The oxidized species of corrole 5,15-bis(mesityl)-10-(4-
cyanophenyl)corrole 5 were isolated and characterized by NMR, IR,
and identified by their product ion spectra and accurate mass
measurements. Based on these data, the authors suggested the
following structures for the oxidation products: the isocorrole 11A
and the two biliverdin-like isomers 11B (major) and 11C (Fig. 5).

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Structures of oxidized species identified by Danikiewicz, Gryko and
co-workers.®

Field desorption (FD) was found to be the most suitable
ionization method to evaluate the purity degree of corroles whereas
oxidation was always induced by electrospray ionization even when
the corrole samples were pure.

Danikiewicz, Gryko, Lewtak and Swider'® selected porphyrins
12-17, corroles 5, 8, 18-22 and the cyanocobalamins 23 and 24 (see
structures in Figs. 4 and 6) to evaluate the ionization efficiency of
three atmospheric pressure ionization techniques, ESI, APCI and
APPI using toluene as a dopant (APPI-d) in order to acquire useful
information for the design of future MS or liquid chromatography-
MS experiments. The relative sensitivity of the above mentioned
ionization techniques was assessed both in the negative and positive
ion modes by evaluating the relation between the instrumental
response (represented by peak area) and the analyte concentration.

This journal is © The Royal Society of Chemistry 2014
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12 M = 2H; 16 M = 2H;
13 M =Zn; 17 M= Zn;
14 M = Ni;
15M =Cu;

omMe 19 M=3H;
20 M=Cu;
21 M=Ag;
22 M =CrO;

Fig. 6 Structures
Danikiewicz, Gryko and co-workers.

of different tetrapyrrolic macrocycles
104

studied by

In the positive ion mode, the highest sensitivity was achieved for
the free-base porphyrins (12 and 16) and corroles (5, 8, 18 and 19)
when using ESI, as well as for the cyanocobalamin 23 and its
derivative 24. For the same free-base compounds APCI and APPI-d
gave similar results although a slightly better sensitivity was
achieved for the free-base porphyrins when using APPI-d. A
different situation was observed for cyanocobalamin 23 and its
derivative 24 where higher sensitivity was observed for APCI than
for APPI-d. For metalloporphyrins 13-15 and 17, APCI and APPI-d
provided better sensitivity than ESI. For metallocorroles 20-22 no
common pattern concerning the sensitivity of the API methods was
found.'**

When compared with the positive ion mode, a higher sensitivity
was observed for all corroles, in the negative ion mode, for all the
ionization techniques. In the case of the free base corroles, 18 and
19, this feature is explained by their higher acidity'** when
compared, for instance, with the free base porphyrins 12 and 16. The
higher ability of metallocorroles to form anions, which has led to
their trial as anion sensors®'?* may explain the higher sensitivity
observed.

In the negative mode ESI proved to be much more sensitive than
APCI and APPI-d techniques. For the metalloporphyrins, with
exception of zinc complexes 13 and 17, APPI-d was the most
sensitive ionization method, in the negative ion mode, although for
all the studied porphyrins, sensitivity in this mode was lower than in
the positive ion mode.

For both ion modes, ESI was shown to be the best ionization
technique for cyanocobalamins, free-base corroles and porphyrins,

J. Name., 2014, 00, 1-3 | 5
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whereas for metallocorroles and metalloporphyrins, APPI-d proved
to be the best one.

When compared with porphyrins, corroles have a higher
tendency to generate anions by electron capture in mass
spectrometry sources. On the other hand, electron capture is a
practical technique for the generation of peptide radicals. The
special redox properties of corroles, namely their high tendency to
generate anions by electron capture in electrospray sources, were
used by Denekamp and Rabkin® for the gas-phase generation of
anion radicals in amino acid esters corroles 25-36 (Fig. 7), in order
to induce the initiation of homolytic cleavages at the a-carbon of the
amino acid ester chain.

In a first approach, complexes of 5,10,15-tris(phenyl)corrole
(TPC) with Fe, Mn, Co, Ni, Cr, Pd, Ag and Cu were mass analysed,
by MALDI and ESI, and cation and anion radical formation was
observed for all of them, with both techniques.®® A charge
derivatization reagent must be stable upon collisional activation, thus
MS/MS experiments were conducted for all of the above mentioned
metallocorroles. The most stable ions were, as expected, the
negatively charged copper and nickel complexes. Due to synthetic
limitations, only the copper complex was used. Moreover the later is
a d® complex that upon electron capture becomes an open shell @’
species required to initiate homolytic processes. Derivatization was
applied on a variety of amino acid esters, affording complexes that
were easily ionized into stable radical anions. The derivatized amino
acids were collisionally induced to dissociate, forming a series of
fragments, some of which indicating cleavages at the a-carbon with
the involvement of the alkyl side chain as desired.

Alanine Histidine Leucine Isoleucine
OO~ “.N N 0O 04O
> Qo LT
4 N ¢ ¥ ¥
5 2 27 28
R=
Phenylalanine Methionine Tyrosine Valine

QX

29

O%°~ HO [N RN
s ¥ N3 ¥
30 3 32

Serine Threonine Glutamic Acid

\OIO\ 0O RN

HO % [3 2

f HOWIF\A JI;
34 35 36

Fig. 7 Structures of substituted Cu(lIll)-corrolates with amino acid esters
studied by Denekamp and co-workers."

Tryptophan

R= Qj\oIO\
|
N Y

HOOC
33

The various anion radicals can be formed from two main groups
of compounds: the first group, which includes the esters of alanine,
histidine, leucine, and isoleucine, phenylalanine, methionine,
tyrosine and valine, can lose a radical moiety, giving rise to a closed-
shell product ion; the second group, that includes the esters of
tryptophan, serine, threonine and glutamic acid can eliminate a
closed-shell neutral species, giving radical product ions. The
exception was lysine that did not afford informative side chain
fragmentations.

Almost all the product ion spectra of the M™ ions of the
derivatized amino acids showed fragments corresponding to the
cleavage at the a-carbon either with, or without, the loss of the

6 | J. Name., 2014, 00, 1-3

alkoxy ester moiety. The cleavages of N-Ca bonds occurred after
carbonyl hydrogen abstraction and the active species for radical
induced fragmentation were proposed to be located at the carbonyl
that leaves off the R-Ca. alkyl chain or at the corrole backbone.

Gas-phase coordination chemistry of metalloporphyrinoids

The formation metalloporphyrinoids in the source was studied by
FAB mass spectrometry for meso-tetra(aryl)porphyrins 37-40 and
for the meso-tetra(phenyl)chlorin 41 (Fig. 8).**™ In this study the
authors used divalent salts of Mg, Fe, Co, Ni, Cu, Zn, Cd and Pb and
a trivalent salt of Fe(IIl). The formation of metalloporphyrin and
metallochlorin ions was observed for all the compounds tested,
except for the Mg(II), Fe(Il), Fe(III) and Ni(II) salts. The analysis of
the relative abundances of the PH;" and MetP"" ions formed from
mixtures of the free bases, PH,, and of the corresponding metallated
compounds, MetP, indicated that metalloporphyrin formation under
FAB was predominantly a solution process, as the PH;" ions were
formed with higher relative abundances than the corresponding
MetP"" ions, indicating that desorption of the former was easier.

Ary CgHs
Ar, Ar, CgHs CeHs
Arg CeHs
a1

37 Ary=Ary =Ar; =Ary,=H;

38 Ary =NO,; Ary = Arz = Ary =H;

39 Ar; = COOCHj3; Ar, = Ar; = Arg, =H;

40 Ar;=Ary, = AI"3 =Ar,= OCH3;
Fig. 8 Structures of meso-tetra(aryl)porphyrins 37-40 and of meso-
tetra(phenyl)chlorin 41.%3%

UV-visible absorption spectroscopy was also used to study their
formation in solution and similar results to those obtained by FAB
were attained, showing that the interactions with the matrix did not
play a predominant role in metalloporphyrin formation under FAB.
Differences in the metal counter ion were also found to influence the
overall metalloporphyrin formation. A comparison with solution
chemistry behaviour through the use of static solution coordination
parameters did not lead to a complete explanation of the observed
results, showing that kinetic parameters had to be considered.

In the case of metallocorroles their formation by electrospraying
solutions of TFPC 3 (Fig. 2) and divalent and trivalent metal cations,
in their acetate salt form, and also by desorption of these solutions
from liquid matrices was investigated."'” The isotopic patterns of the
metallocorrole ions formed by these processes were compared to
those of the corresponding metallocorrole ions formed from
previously synthesized metallocorroles. The authors selected
divalent metal acetates such as Mn(II), Co(II), Cu(Il), Zn(II) and
also the trivalent Mn(III) acetate, in order to investigate the influence
of the oxidation state of the metal ion on metallocorrole formation in
the source, and, concurrently, if oxidation of the divalent ions could
occur during the ionization process.

This allowed not only a comparison of solution and gas-phase
coordination chemistry, but also the acquisition of information on
the ionization processes either in the case of liquid secondary ion
mass spectrometry (LSIMS) or electrospray mass spectrometry (ESI-
MS).

When using LSIMS the molecular ion peaks corresponding to
the metallocorrole ions MC", of the tested metal salts were
obtained. From the analysis of the experimental and calculated
isotopic patterns it was established that M(III)C** were formed for
all salts except when using Zn(II) acetate. The isotopic patterns, both

This journal is © The Royal Society of Chemistry 2014
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experimental and calculated for the synthesized metallocorrole 3A,
3B and 3C ions (Fig. 2) were also obtained and were identical with
those of the corresponding ions formed in the source.

When using ESI spectra in the positive ion mode the formation

of the M(IINC** ions, when Mn(II), Co(II) and Cu(II) acetates were
used, was predominant. However, in the presence of Zn(II) acetate,
the ion corresponding to M(I)C" was formed with low relative
abundance, whereas the M(I)CH*" ion was much more abundant.
When using Mn(III) acetate the formation of metallocorrole ions was
not detected. The acquired data pointed to oxidation of the metal
centre, in the source, during the formation of metallocorrole positive
ions, in the case of divalent metal cations.
When the studies were performed by ESI in the negative ion mode,
the M(I))C™ ions were observed for T'PC 3 with Mn(II), Co(Il),
Cu(Il) and Zn(II) acetates. In the ESI spectra of the metallocorroles
3A, 3B and 3C synthesized by classical procedures, ions with the
same m/z values as the ions formed in the source were observed (Fig.
2).

Based on the obtained data a mechanism for the formation of the
metallocorrole ions M(IIN)C** either by LSIMS or electrospray in the
positive ion mode was proposed. It involved a stepwise proton-to
metal substitution (eq. a, b, ¢, d), assisted by the acetate ions,
followed by oxidation (eq. e, f, g). In the case of ESI in the negative
ion mode only the M(II)C™ ions were detected, as further oxidation
was prevented by the negative needle potential.'"”

HyC + M2+ N M(1l)CH,2* (a)
M(Il)CH 2+ — > M(ICHZ* +H* (b)
M(Il)CH2* o M(I)CH* +H* (c)
M{Il)CH* - M(Il)C- + H* (d)
M{ll)CH* - M(IC* + e (e)
m(c- - M(IIC + e )
m(me - M(IIC* + e (@)

Where H;C = Corrole 3 and M = Mn(ll); Co(ll); Cu(ll) or Zn(ll);

For the metallocorroles 3A, 3B and 3C synthesized under
classical conditions, the formation of the M(IINC"* and M(IIH)CH"
ions, in the positive ion mode, must occur by electron removal and
protonation of the neutral corroles, respectively. In the negative ion
mode, electron attachment with formation of the M(III)C™ radical
anions was observed.

The complex ionization mechanism proposed can be further
justified if the electrolytic nature of electrospray processes, put
forward two decades ago'**'? and generally accepted, despite some
controversy,'”’ is taken into account. A study on the
electrochemistry of meso-substituted free-base corroles, including
TFPC,'*® has shown that the prevailing mechanisms for the oxidation
and reduction of free base H3C corroles are the formation of species
such as H,C", [H,C'1*, H,C", H,C*, [H,C]* [H;C'T, [H5C'T, HoC™,
H,C" and [H,C']*" depending on the solvents used, portraying a
multistep process involving protonation, deprotonation and one
electron transfer.

The product ion spectra of the metallocorrolle ions formed in the
source and from previously synthesized metallocorroles were
identical, for each metal centre. The main fragmentation pathway for
the metallocorrole ions was via elimination of one to three HF
molecules.

Corrole isomer differentiation by ESI-MS
Isomer differentiation using ESI-MS/MS can be accomplished if the

product ions of the isomers, positional, diastereoisomers and others,
have different m/z values or if they have the same m/z values, but

This journal is © The Royal Society of Chemistry 2014

RSC Advances

different relative abundances.”>'?! In general, isomer differentiation
by ESI-MS/MS is not straightforward and it is often based on the
formation of adducts, complexes or derivatized species, either in the
source'>!*% or before the introduction into the mass spectrometer
and in many instances, multiple stage mass analysis MS" (n>2) is
required. 1%

Two pB-(aminomethyl)gallium(Ill) TPC isomeric derivatives
42A and 42B (Fig. 9) were successfully differentiated, using ESI in
the positive and in the negative ion modes."'®

Py = pyridine

42A
Fig. 9 Structures of studied p-(aminomethyl)gallium(IIT) derivatives.'®

42B

This was accomplished, in the positive ion mode, through two
types of diagnostic ions, the first formed by loss of a neutral
dimethylamine molecule [(M-py) - NH(CH;),]", corresponding to
the base peak in the mass spectra, and the second, the [(M-py) -
NH(CHj3), + H,0]" ion resulting from an unusual addition of one
water molecule to the former. Accurate mass measurements,
multistage mass spectrometry ESI-MS" (n>2) and energy-resolved
MS, were also used to investigate the formation and structure of the
above mentioned diagnostic ions. In the negative ion mode, isomer
discrimination was achieved through the fragmentation of the
methoxide adduct ions [(M-py) + CH;0]".

In the positive ion mode, the product ion spectra of the fragment
ions formed by dimethylamine molecule elimination, [(M-py) + H -
NH(CH3),]", showed losses of HF molecules for the two isomers,
but the relative abundances of the fragment ions formed by the loss
of one HF molecule, [(M-py) + H - NH(CH3), - HF]', are quite
different, indicating the formation of two isomeric ions with
different stabilities.

Two different structures for the ions formed by HF loss were
proposed: a six-membered ring 44 (Scheme 1, above) and a five-
membered ring 46 (Scheme 1, below) similar to previously described

structures 342115
CHj

;
HN-CHy

- (CH3),NH 4 -HF
CgFs CeFs ——————» CgFs Cofs —————»

CeFs CeFs
42A 43 4
m/z 920 m/z 875 m/z 855
-300.9 kcal mol”! -272.5 keal mol! -230.6 keal mol”!

CeFs

LSHy

HsC TN
H +
- (CHz),NH -HF
CeFs Cofs ——> C¢Fs Cefs — = F

CeFs CeFs

42B 45
m/z 920 m/z 875
-303.9 kcal mol! -272.3 keal mol!

Scheme 1

m/z 855
-197.5 keal mol”!

The observed difference in stabilities was found to be consistent
with data obtained from semi-empirical calculations. The calculated
formation enthalpy values for the ions [(M-py) + H]" and [(M-py) +
H - NH(CHs),]" were similar for both isomers, but the calculated
formation enthalpies for the [(M-py) + H - NH(CH3), - HF]" ions,

J. Name., 2014, 00, 1-3 | 7



RSC Advances

shown in Scheme 1, were different: for the [(M-py) + H - NH(CHs),
- HF]"" structure, shown above; the calculated formation enthalpy is
-230.6 kcal mol” for 44, whereas for the isomeric structure below,
46, the formation enthalpy is -197.5 kcal mol'. Isomer
differentiation could also be achieved through the MS® spectra
corresponding to the sequence [(M-py) + H]" - [M-py + H -
NH(CHj3),]" — product ions.

In the negative ion mode, differentiation can be achieved
through the product ion spectra of the [(M-py) + CH,O] ions,
(represented as M) formed from methanol used as the eluent. The
differences between the two spectra are self-evident: the base peak
corresponds to the [M - (CH;),N - HF] " ions, for one of the isomers
and to the [M - (CH,),N] " ions, for the other (Fig. 10).

L]
| |
100+ 855 885 A
*®
® 835 56 87
+ * *
816 866 950
o 4 A
T A e T b L
x
100+ - 906 B
855
F svs . *
835 356 886 950
l,sa? l
O T T T T ; T miz

T T T TrrrTLTTe
780 800 820 840 860 SBD 900 920 940 960 980

Fig. 10 Product ion spectra of the ions [(M-py) + CH30] (A — isomer 42A

and B — isomer 42B). * - precursor ion; X — [M" - (CH;),N]™; » - [M" -
(CH;):N’ —HF]"; 0 = [M" - (CH;),N' = CH;O'; # - [M” - (CHy).N" — 2HF]

;m—[M’" - (CH;3):N" — HF — CH;0°]; * - [M" - (CH;):N" — 2HF — CH;0°T
and 4 - [M" - (CH;),N" — 3HF — CH;0°]. (Reproduced/Adapted from

reference 116).

Besides the HF losses, the main fragment ions are formed by
losses of dimethylamino radicals (CH,),N", by themselves, or as

Joint losses with HF molecules and methoxide radicals, CH,O".
The formation of the [M - (CH,),N - HF] ™ ions can be explained by

a mechanism involving the formation of a six-membered fused ring
for isomer A (corrole 42A), similar to the one proposed for their
positive ion counterpart. As this process is not available in isomer B
(corrole 42B) loss of a (CH,),N" radical is the preferred process.

ESI-MS/MS, in combination with NMR analysis, was also used to
differentiate the two free-base galactopyranose-
tr1s(pentaﬂuorophenyl)corrole positional isomers 47A and 47B (Fig.
11).>*

Fig. 11 Structure of galactopyranose-tris(pentaflurophenyl)corrole positional
isomers.*

The product ion spectra of the [M+H]" ions of the isomeric pair
47A, 47B, formed by electrospray ionization, showed fragment ions
with the same m/z values. However the two most abundant product
ions, [M + H - (Gal-H)]" and [M + H - (Gal-H) - HF]", were formed

8 | J. Name., 2014, 00, 1-3

with different relative abundances for each isomer. The first ion was
formed by cleavage of the C—O bond and migration of one hydrogen
to the oxygen of the ether bond by a mechanism already described
for glyco-tetrakis(pentafluorophenyl)porphyrin derivatives.'**'** The
second ion resulted from a joint loss of the former fragment and a
HF molecule. Loss of HF occurs with formation of direct o-phenyl-
to-B-linkages as discussed above.

Recently, the techniques of ion mobility spectrometry (IMS) and
ion mobility spectrometry coupled to mass spectrometry (IM-MS)
are being used with success in isomer differentiation.''®'* Jon
mobility mass spectrometry, which is becoming increasingly
popular, provides high sensitivity, specificity, and analysis times on
millisecond time range. Besides the usual mass and charge
parameters, the separation in IM-MS is also based on analyte shape
(measured by its collision cross section) which affects its
interactions with gases throughout a drift tube."**'*" More recently
the technique of TWIM-MS was developed. Unlike conventionally
IMS, in which an electric field is, applied continuously, TWIM uses
continuous transient voltage pulses.'

Eberlin and collaborators'" used this technique in the positive
ion mode to study mixtures containing the isomeric meta/para and
adjlopp ruthenated meso-(pyridyl)porphyrins 48-59 (Fig. 12). The
more compact meta positional isomers were found to display shorter
drift times than the para isomers, and the separation was
substantially increased for the multiply charged species. The isomers
displayed very close drift times both in CO, and N, and TWIM-MS
was unable to differentiate these porphyrin isomers.

- %

48 M = 2H; para Py,

43 M = Zn; para Py;

50 M = 2H; meta Py; # 3 \ f
51 M = Zn; meta Py; =

52 adj; para Py;
53 adj; meta Py;

54 opp; para Py;
55 opp; meta Py,

56 para Py;
57 meta Py;

Fig. 12 Structures of ruthenium(Il)-porphyrinato complexes 48-59.'"

Eberlin and co-workers'? also used the ESI coupled to TWIM
analysis to investigate the protonation and deprotonation sites of
meso-tetra(pyridyl) and meso-tetrakis(carboxyphenyl)porphyrins 60-
62 (Fig. 13), both in the positive and negative ion modes. In the
positive ion mode, for the meso-tetra(pyridyl)porphyrins 60 and 61,
two different protonation sites were identified: the first, in one of the
inner nitrogens and the second, in one of the N-pyridyl substituents.

This journal is © The Royal Society of Chemistry 2014
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A similar behaviour was observed, in the negative ion mode, for
meso-tetrakis(carboxyphenyl)porphyrin 62, where two “de-
protomers” were identified, the first resulting from deprotonation of
an inner nitrogen and the second from a carboxyl substituent.

HOOC’

COOH
62

Fig. 13 Structures of meso-tetra(pyridyl)porphyrins 60-61 and meso-
tetrakis(carboxyphenyl)porphyrin 62, respectively.'*

Corrole 3 and four of its isomers 63-66 (Fig. 14), with subtle
structural changes were also studied by Eberlin and collaborators,''®
using travelling wave ion mobility mass spectrometry (TWIM-MS)

and collision induced dissociation (CID) of electrosprayed ions.
N(4)-Confused Corrole N(2)-Confused Corrole

H
N
\_/
CeFs CeFs CeFs CeFs
=
HN _
CeFs CeFs
63 64
Corroin Norrole

CeFs
65
Fig. 14 Structures of corrole 3 isomers studied by Eberlin and co-workers.""

In this work, the relative gas-phase mobilities of the five
protonated isomers were evaluated by TWIM-MS using two drift
gases, N, and CO,. When N, was used, corroin 65 was the isomer
with the higher mobility followed by norrole 66, N(2)-confused
corrole 64 and N(4)-confused corrole 63, with similar drift times and
finally by corrole 3 (Fig. 16). When CO,, with higher polarizability
and mass, was used as drift gas, corroin 65 presented a much higher
mobility and the mobility of corrole 3 was higher than that of N(4)-
confused corrole 63 (Fig. 15).

As the charge is the same for all the protonated isomers and the
calculation of the collision cross sections using density functional
theory calculation (DFT) led to a tight range of values, ion-induced
dipole interactions were responsible for the different mobilities
observed, especially when CO, was used as drift gas. DFT
calculations showed that corroin 65 possesses the most compact
tridimensional structure, as expected from its shorter drift times (Fig.
15).

Sequential losses of HF molecules were observed in the product
ion spectra of the protonated molecules of these isomers, as observed

This journal is © The Royal Society of Chemistry 2014
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before by Furuta and collaborators.'® N(4)-confused corrole 63
showed a unique and diagnostic extensive loss of a NH; molecule,
which allowed its rapid differentiation from the other isomers.

6663+64
100, 65 3 N
2
™~
o4
65 6664 3
i 263
CO,
»
5 4% = 800 55 600 1T+
65 63 65, 63
1004
»
PR S M R R e+ g

Fig. 15 TWIM drift time graphical plots obtained for the protonated isomers
analysed: N(4)-confused corrole 63, N(2)-confused corrole 64, corroin 65,
norrole 66 and corrole 3, respectively. (Reproduced/Adapted from reference
118).

Conclusions

The importance of electrospray ionization mass spectrometry in the
analysis of corrole derivatives is well illustrated by the range of
examples discussed in this review. Fragmentation and degradation
mechanisms, identification of new compounds and macrocycle
structure characterization were some of the areas where ESI-MS
played an important role. The increase in the number of publications
in this field is also a pointer of the importance of this technique. On
the other hand, the still limited number of publications on specific
aspects of corrole gas-phase chemistry shows that novel applications
of this technique can still be developed.

It is predictable that ESI, specially when used with TWIM
analyzers, will be the technique of choice for the analysis, not only
of corrole isomers, but of corrole based complex structures, such as
corrole-porphyrin dimers, corrole adducts with biomolecules and
other supramolecular structures, either covalently linked or resulting
from solution self-assembly.

Previous studies of the adducts of G-quadruplex DNA and
cationic corrole isomers by circular dichroism (CD) and temperature
melting assays showed that these compounds are G-quadruplex
stabilizers and thus potential candidates for new anticancer drugs. It
is probable that ESI -TWIM-MS will be used in the future, for the
design and development of corrole based anticancer drugs, including
the implementation of screening techniques.

Besides ESI, other recently developed ionization techniques
such as easy ambient sonic spray ionization (EASI-MS) which
can be used directly from layer chromatography (TLC) plates
are extremely promising for the identification of products from
corrole syntheses.

J. Name., 2014, 00, 1-3 | 9
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