
Fast stereoselective reactions in electrosprayed Co(II)/neurotransmitter

nanodropletsw

Caterina Fraschetti,a Massimiliano Aschi,b Antonello Filippi,a Anna Giardinic and

Maurizio Speranza*
a

Received (in Cambridge, UK) 22nd January 2008, Accepted 5th March 2008

First published as an Advance Article on the web 4th April 2008

DOI: 10.1039/b801201f

Collision induced dissociation (CID) of the m/z 479 ion, formed

by ESI of Co(NO3)2–CH3OH solutions with either pure

(1S,2S)-(+)-N-methylpseudoephedrine or its mixtures with

(1S,2R)-(+)- or (1R,2S)-(�)-ephedrine, provides compelling

evidence for fast, stereoselective reactions in Co(II)/neurotras-

mitter(s) aggregates during solvent evaporation of the ESI

droplets.

Electrospray ionization (ESI) has become a well integrated

tool for mass spectrometry (MS) because of its capability to

put in the gas phase a variety of non-volatile analytes, such as

peptides,1,2 proteins,3–6 drugs,7 polymers,8 organometallics,9,10

inorganics,9,11 and even viruses12,13 and bacteria,14 as well as

noncovalent supramolecular aggregates.15–18 However, the

processes and mechanisms that must occur for production of

these gas-phase species from bulk solutions are inadequately

understood.19,20 The problem arises from the intrinsic difficul-

ties in observing the formation and the behaviour of submi-

cron charged droplets from solution and, more importantly,

how the concentration and the distribution of the analytes in

these droplets change during the time evolution of the electro-

spray plume.

In ESI, the charge on the analyte is either already present,

such as for inorganic salts, or induced by charge deposition to

the droplet containing a neutral analyte, e.g. an organic

compound. Therefore, it is not surprising that the ionization

efficiency and the ESI-MS spectrum of a solution are strongly

influenced by the nature and the concentration of the solutes.

Indeed, it may happen that the relative abundance of the ionic

species from ESI does not reproduce at all the distribution of

the analytes at equilibrium in solutions.20–23 However, it

would be quite surprising to verify that the chemical nature

itself of the ionic species from ESI is different from that of

their stable precursors in solutions. In other words, the ques-

tion arises as to whether and to what extent stable analytes at

equilibrium in solutions do undergo chemical transformations

during the time evolution of the electrospray nanodroplet.

Since ESI-MS is commonly qualified as a reliable analytical

tool, answering this question would be right and proper.

In the course of a comprehensive ESI-MS investigation on

the structure and the relative stability of noncovalent diaster-

eomeric Co(II) complexes with the neurotransmitters of

Table 1, we noticed that their collision induced fragmentation

(CID) not only reflected the expected connectivity of the

relevant noncovalent complexes, but also that of other

isomeric structures. More importantly, their relative abun-

dance was found to be strongly dependent on the presence, the

nature, the configuration, and the concentration of other

components present in the electrosprayed solution. On the

grounds of these observations, we will provide in this paper

clear-cut evidence in favor of the party supporting ESI

droplets as potential nanoreactors.

The ESI-MS-CID experiments were performed on a

Applied Biosystems Linear Ion Trap API 2000 mass spectro-

meter equipped with an electrospray ionization (ESI) source

and a syringe pump.z Either pure (1S,2S)-(+)-N-methylpseu-

doephedrine ((+)M) or its mixtures with either (1S,2R)-(+)-

ephedrine ((+)E) or (1R,2S)-(�)-ephedrine ((�)E), or their

hydrochlorides ((+)E�HCl or (�)E�HCl), were added to metha-

nolic solutions of Co(NO3)2 (1 � 10�4 M). The overall

concentration of the neurotrasmitter(s) was 4 � 10�4 M. ESI

of these mixtures leads to complex ion patterns wherefrom a

sufficiently intense m/z 479 peak can be detected which would

nominally correspond to the [((+)
M)2CoNO3]

+ aggregate.

After its isolation from the accompanying ions in the first

quadrupole of the instrument, the m/z 479 ion was allowed to

collide in the second RF-only quadrupole with N2 molecules

and to fragment (CID). A reproducible ion fragmentation

pattern was observed, characterized by fragments at: (i) m/z

416 (by formal loss of HNO3); (ii) m/z 403 (by formal loss of

CH2ONO2); (iii) m/z 402 (by formal loss of CH3ONO2); (iv)

m/z 180 (MH+); and (v) m/z 166 (EH+). Fragments (i)–(iii)

Table 1 Structures and symbols of the employed neurotransmitters

a b c d Symbol

N(CH3)2 CH3 H OH (+)
M

CH3 NHCH3 H OH (+)
E

NHCH3 CH3 OH H (�)E
CH3 NH2CH3

+Cl� H OH (+)E�HCl
NH2CH3

+Cl� CH3 OH H (�)E�HCl
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are accompanied by their dehydrogenated forms, i.e. m/z 414,

401 and 400, respectively, whereas fragments (iv) and (v) by

their dehydrated forms, i.e. m/z 162 and 148, respectively. The

pair of fragments differing for the loss of a hydrogen or a

water molecule will be henceforth denoted by writing in italic

the mass of the parent fragment, e.g. m/z 416 for m/z 416 +

m/z 414 and m/z 180 for m/z 180 + m/z 162. The neutral

species accompanying their formation will also be denoted in

italic (e.g. HNO3 for the loss of HNO3 (to give m/z 416) and of

HNO3 + H2 (to give m/z 414 from m/z 479)).

The combined relative abundances of each pair of fragments

are given in Fig. 1 and 2 together with the composition of the

relevant mixtures. Fig. 1 shows that the ion pattern from CID

of m/z 479 dramatically depends on the presence of ephedrine

E in the M–Co(NO3)2–CH3OH mixtures (cf. e.g. pure (+)M

and [(+)M]/[(+)E] = 1). CID of m/z 479, formed from the pure
(+)M solutions, leads exclusively to m/z 416 (by loss of HNO3)

and to m/z 180 (by formal loss of (M � H)CoNO3). As

evident from Fig. 1, the latter fragmentation is more energy

demanding than the first one. This ion pattern is suggestive

of structures for m/z 479 where M is the only organic

species coordinated to Co(II), i.e. [M2CoNO3]
+ and its

[(M � H)MCoNO3H]+ protomer. The latter ion may be

responsible of the formation of m/z 416 ([(M �
H)MCo]+), while both may account for the formation of

the m/z 180 (MH+). In contrast, CID of m/z 479, formed from

the solutions with variable concentrations of E (Fig. 2)

yields, besides m/z 416 and m/z 180, sizable amounts of m/z

403 (by formal loss of CH2ONO2), m/z 402 (by formal loss

of CH3ONO2), and EH+ (m/z 166; by formal loss of

(M�H)CoCH2ONO2) as well (see Electronic Supplementary

Informationw). Such an unexpected result is indicative of

the occurrence of several isomers of [M2CoNO3]
+ and

[(M � H)MCoNO3H]+ wherein one M ligand has been

replaced by an E molecule, i.e. [MECoCH2ONO2]
+ and

[(M � H)ECoCH3ONO2]
+. Indeed, the latter ion may be

responsible of the formation ofm/z 402 ([(M�H)ECo]+) by

formal loss of CH3ONO2 and the first one of the formation of

the m/z 403 ([MECo]+) by formal loss of CH2ONO2.

Furthermore, both ions may account for the more

energy demanding formation of the of EH+ fragment. Since

careful HPLC-MS analysis of all the ESI-MS analyzed

M–E–Co(NO3)2–CH3OH mixtures did not show any

detectable time-dependent chemical modification even after

ca. 1 month (see Electronic Supplementary Informationw),
the results of Fig. 1 are consistent with fast reactions of

ephedrine with the precursor(s) of the m/z 479 species

occurring by the time of ESI droplets evaporation. This view

is supported by the observation that the ionic patterns from

CID of m/z 479 is strongly sensitive to: (i) the specific form of

ephedrine, whether as a neutral molecule or as the hydro-

chloride salt (cf. e.g. (+)
M/(+)

E and (+)
M/(+)

E�HCl; Fig. 1);

(ii) the [M]/[E] concentration ratio (a–c in Fig. 2); and (iii) the

specific configuration of ephedrine (cf. e.g. (+)M/(+)E and
(+)M/(�)E; Fig. 1).

In particular, formation of the [MECoCH2ONO2]
+ and

[(M � H)ECoCH3ONO2]
+ isomers is depressed when ephe-

drine is in the hydrochloride form (red and black bars of

Fig. 1) and at the lowest ephedrine concentrations (red and

black bars of Fig. 2). This latter effect is particularly pro-

nounced with the (�)E or (�)E�HCl enantiomers, whereas it is

less evident with the (+)
E or (+)

E�HCl ones (Fig. 2).

In the presence of (�)
E or (�)

E�HCl, the relative abundance

of m/z 416 increases by increasing the [M]/[E] ratio (a - c in

Fig. 2), whereas the reverse is true for the m/z 403 and m/z 402

fragments. This opposite behavior can be accounted for by

fast E ! M ligand exchange in the ESI-formed precursors of

the m/z 479 ion. At the highest [E] (a in Fig. 2), the E - M

displacement is favoured over the reverse E ’ M one. As

illustrated in Scheme 1, this enhances the contribution of the

[MECoCH2ONO2]
+ and [(M � H)ECoCH3ONO2]

+ isomeric

structures to the m/z 479 signal at the expense of the

[M2CoNO3]
+ and [(M � H)MCoNO3H]+ ones. The conse-

quence is a decrease of the m/z 479 - m/z 416; m/z 180

fragmentation channels and a parallel increase of the m/z 479

- m/z 403; m/z 402; m/z 166 ones. At the highest [M] (c in

Fig. 2), the M - E displacement is favoured and the opposite

trend is observed. The fact that these effects are much less

evident in the presence of (+)E or (+)E�HCl components

denotes a marked stereoselectivity of the E ! M ligand

exchange in the precursors of the m/z 479 ion.

Fig. 1 Relative abundance of the fragment ions from CID of m/z 479

from pure M and [M]/[E] = 1 solutions as a function of the collision

energy (Elab).

Fig. 2 Relative abundance of the fragment ions from CID (Elab =

15 eV) of m/z 479 as a function of the relative concentrations of E and

M in the electrosprayed solution ([M]/[E] = 0.5 (a); 1.0 (b); 2.0 (c)).
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On the grounds of the above evidence, it is proposed that

the m/z 479 is generated in the ESI droplets by decomposition

of higher-order aggregates of M and E around the CoNO3
+

center, wherein extensive structural reorganization takes place

before decomposition to the [(M � H)MCoNO3H]+,

[(M � H)ECoCH3ONO2]
+, and [MECoCH2ONO2]

+ iso-

meric structures (Scheme 1). The nature of these higher-order

aggregates and their tendency to undergo isomerization reac-

tions markedly depend on the charge state, the relative con-

centration, and the configuration of the M and E molecules in

the ESI droplets. This conclusion is reinforced by the isolation

of an ion at m/z 493 among the ionic products from ESI of

M–Co(NO3)2–CH3OH solutions (Scheme 2). CID of this ion

is characterized by the predominant formal loss of CH2ONO2

(to givem/z 417) and CH3ONO2 (to givem/z 416). This implies

that both the [M2CoCH2ONO2]
+ and [(M � H)MCoCH3O-

NO2]
+ isomers contribute to the m/z 493 ion. Their formation

necessarily requires respectively the formal methylene and

methyl group transfer from M to the NO3 moiety of higher-

orderM/CoNO3
+ aggregates during the ESI droplet evapora-

tion. Work is in progress to identify and characterize these

higher-order Co(II)/neurotransmitter aggregates involved in

the fast stereoselective reactions of Schemes 1 and 2.

As a final remark, it should be pointed out that the present

results have some connections with the mass spectrometric

observation of different structures for the [Co(III)(acac)2/

diisopropyl-D-tartrate]+ and [Co(III)(acac)2/diisopropyl-L-

tartrate]+ complexes induced by the presence in the relevant

solutions of the (R,R)-(+)- or (S,S)-(�)-hydrobenzoin ‘‘spec-

tator’’ molecules which are actively and selectively involved in

their formation.24 It should be stressed that here, differently

from the present case, the ‘‘spectator’’ molecules do not induce

any reaction in the ESI-formed complexes, but simply influ-

ence the structural landscape of the [Co(III)(acac)2/tartrate]
+

complexes by participating to their formation.

Notes and references

z Operating conditions of the ESI source are as follows: ion spray
voltage = +5.5 kV; sheath gas = 34 psi; nebulizer gas = 15 psi;
focusing rod offset (IS) = +10 V; orifice plate = +35 V; capillary
temperature = 210 1C. Methanolic solutions are infused via a syringe
pump at a flow rate of 10 mLmin�1. CID experiments are performed in
the following way: after isolation in the first quadrupole, precursor
ions are allowed to go through the collision region, where their CID
takes place. The survivor precursor and its product ions were accu-
mulated in the linear trap (LIT) of the instrument (fill time of the trap
= 20 ms; scan rate = 1000 u s�1) to improve the signal-to-noise ratio
and eventually detected. Operating conditions in CID experiments are:
nominal pressure of nitrogen in collision chamber, 1.4 � 10�5 Torr;
the CID collision energy (in eV; lab frame) is calculated from the
difference in volts between IS and collision cell rod offset. The relative
abundance of fragments results from area of peaks of the spectra
acquired in profile mode. In each acquisition the final spectra are the
average of about 70 scans, each consisting of two microscans. Stan-
dard deviation of relative ion abundances: �10%.
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