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a b s t r a c t

Beta-2 agonists are widely used for the treatment of asthma and other respiratory conditions. These
same drugs, however, may also be taken with the aim of gaining an unfair advantage in sports
competition, thus they are controlled under anti-doping initiatives. While there are several analytical
protocols relying on MS/MS to identify various molecules in this class, relatively little work has been
done on unraveling the underlying gas-phase dissociation chemistry for this class of molecules. Here, we
apply collision-induced dissociation mass spectrometry (CID-MS) to a group of beta-2 agonists to explore
characteristic dissociation pathways and we perform complementary density functional theory calcu-
lations to better understand the underlying chemistry and the associated theoretical thermodynamics.
Common dissociation pathways include one or more losses of water, and cleavage at the amine nitrogen
is common, sometimes with the observance of complementary charge-retention pairs. In the case of
more complex molecules, additional losses are observed, which lend insights into their specific struc-
tures. These various pathways are discussed in detail for protonated isoetharine, salbutamol, formoterol,
and salmeterol. The goal of this work is to contribute to a foundation of knowledge on the dissociation
pathways of pharmaceuticals, especially those regulated as performance enhancing drugs.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Beta-2 agonists are a class of drugs commonly used to treat
respiratory conditions, including asthma [1e3]. In addition to their
well-established role in themedical realm, this class of drugs is also
banned and/or regulated under sports anti-doping initiatives, due
to their potential for abuse as performance-enhancing drugs [4e6].
As such, they make an appearance on the list of banned and
controlled substances published by the World Anti-Doping Agency
(WADA) [7]. Given the history and importance of beta-2 agonists,
many studies including those implementing LC-MS/MS detection
have been undertaken, with several focused on human sample
(urine, plasma, etc.) analysis [8e13]. While the specific motivations
of each study differs, in general these results and methods are
useful for areas as diverse as understanding drug metabolism,
monitoring clinical use of the pharmaceutical, and screening for
sports doping violations. Various other studies have focused on
analysis of beta-2 agonists in animals, food, and feed [14e16] and
environmental and wastewater monitoring of pharmaceuticals,
A.L. Patrick).
drugs of abuse, and lifestyle drugs (often including beta-2 agonists)
is an emerging field [17e21]. Such studies can be useful both for
determining the extent to which specific pharmaceuticals serve as
environmental contaminants and for monitoring population-scale
drug use and/or abuse.

Within MS/MS analyses, diagnostic ions are typically used for
characterization and quantitation of the analyte(s) of interest, here
beta-2 agonists. However, a cursory report of tentative neutral loss
assignments are, at most, the only information reported [11,15,16].
In one study the authors proposed a structure for a diagnostic
product ion (m/z 148); however, complementary calculations or
confirmatory structural experiments were not reported therein
[12]. And yet, it is clear that fundamental understandings of gas-
phase dissociation pathways is useful toward improved screening
methodologies [22,23] and such investigations serve basic science
well.

While beta-2 agonists specifically have not yet been the subject
of in-depth mapping of gas-phase unimolecular dissociation
pathways, of course, a vast literature exists examining mechanisms
associated with various structural motifs. Given that water loss,
potentially from any one of several hydroxyl groups, is known to be
a typical dissociation path and that there is a substituted benzyl
group in all of the analyte structures, the historical literature on
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alcohol dissociation pathways [24,25] and tropylium ion formation
[26e28] was especially influential to the current study. Of specific
relevance, a study including deuterium labeling of 3-hydroxy ste-
roids suggests that the axial 3a-hydroxyl functional group loses
water solely through 1,3 elimination, whereas the 3b-hydroxyl
functional group seems to dissociate via more diverse mechanisms
[25]. These studies inform our initial considerations of the water
loss mechanisms throughout the current study.

Here, we report energy-resolved collision-induced dissociation
(CID) mass spectra of four beta-2 agonists, (isoetharine, salbutamol,
formoterol, and salmeterol), proposed dissociation pathways
(including evaluation of competing pathways/mechanisms where
appropriate), and theoretical thermodynamics obtained through
DFT calculations. We specifically focus on finding common patterns
between the different analyte species, better understanding the
relationship between (e.g., competitive vs sequential) observed
product ions, and gaining insights into thermodynamically
preferred ion structures when multiple potential mechanisms for a
given neutral loss can be hypothesized. As an aside, we comment
on the utility of MS/MS in differentiating between structural iso-
mers (isoetharine and salbutamol).

2. Materials and methods

2.1. Sample preparation

Salbutamol, formoterol fumarate, and salmeterol were pur-
chased from Santa Cruz Biotechnology (Dallas, TX) and isoetharine
mesylate was purchased from Sigma-Aldrich (St Louis, MO). HPLC-
grade methanol and glacial acetic acid were purchased from Fisher
Scientific (Waltham, MA). All chemicals were used as purchased.
Typically, solutions were prepared of each individual analyte, with
concentrations of ~5 ppm in each final spray solution diluted in a
solvent of 99.5% methanol and 0.5% acetic acid added.

2.2. Mass spectrometry

MS/MS spectra were collected using a Bruker microTOF-Q II
mass spectrometer equipped with an electrospray ionization
source (Billerica, MA). Spray solutions were introduced into the
electrospray source at a rate of 5 mL/min using a KD Scientific sy-
ringe pump (Holliston, MA). All experiments were performed in the
positive mode. Typical source conditions include transfer capillary
temperature of 180 �C, capillary voltage of 4500 V, offset of�500 V,
nitrogen gas flowof 1.6 L/min, collision cell RF amplitude of 100 Vpp,
and transfer time of 85.0 ms. Other parameters were tuned appro-
priately for ion transmission. Note that transmission of low mass
fragment ions is reliant upon a low(er) setting of the RF amplitude
applied to the collision cell.

Energy-resolved CID-MS were collected for the protonated
precursor of each analyte. Briefly, the precursor ion was mass
selected with an isolation width typically set to 3.0 u using the
quadrupole mass filter, the ions were then subjected to CID (with
variable collision energy starting at 0 eV and progressing in 1 eV
steps), and the resulting product ions and remaining precursor ions
were measured at each energy step using the ToF mass analyzer.
Each data point corresponds to 120 spectra collected at a rate of 2
scans per second, averaged, and analyzed using Equation (1).
Energy-resolved CID curves are plotted as percent yield versus
collision energy, where percent yield is given by Equation (1),

% Yield ¼ð IF1
IP þ

P
IF
Þ � 100 Equation 1

where IF1 is the integral intensity of the product ion of interest, IP is
2

the integral intensity of the remaining precursor ion, and
P

IF is the
sum of integral intensities of all of the fragment ions. In each case,
the precursor ion depletion is also plotted for reference, in which
case IF1 is replaced with IP in Equation (1). Representative anno-
tated mass spectra at specific collision energies are available in the
accompanying Supporting Information.

MSn spectra were collected using a Thermo LTQ-XL ion trap
mass spectrometer (San Jose, CA). Samples were introduced to the
mass spectrometer via an Excellims MA-3100 ion mobility spec-
trometer (Acton, MA) operated in the open mode, with an elec-
trospray ionization source. Typical source conditions include a
source voltage of 1.8 kV, drift tube voltage of 10 kV, and drift tube
temperature of 180 �C. Other parameters were tuned as needed.
Mass selection and collision energy details are provided with the
data (see Figures S3, S6, S7, S9, S10, S11, S12).

2.3. Computational chemistry

Starting structures of protonated precursor ions, fragment ions,
and neutral losses were drawn using Avogadro 1.2.0 [29] and
Gabedit [30] was used to generate a large number of candidate
conformations for each ion. Each produced conformer was then
submitted to Gaussian 16 [31] for geometry optimization, fre-
quency calculations, and thermodynamic calculations at the B3LYP/
6e311þþG** level of theory. Each output file was checked to insure
therewere no imaginary frequencies. For each unique structure, the
lowest energy conformer was selected for further use in thermo-
dynamic calculations for the relevant reaction pathways. Co-
ordinates for the lowest-energy conformer of each species are
available in the Supporting Information.

3. Results and discussion

3.1. CID-MS based differentiation of the structural isomers
salbutamol and isoetharine

Before delving into the specifics of dissociation pathways, it is
worth first looking at the dissociation patterns of the two structural
isomers of the set, salbutamol and isoetharine. The structures of
these two molecules are provided in Fig. 1. Isoetharine terminates
in a propyl-substituted amine, has an ethyl side-group, and has two
phenolic OH groups. Salbutamol, on the other hand, terminates in a
tert-butyl-substituted amine, has no additional alkyl groups, and
has one phenolic OH and one hydroxymethyl group on the aromatic
ring. Given that the two compounds are isomeric, electrospray
mass spectrometry alone fails to distinguish between them, with
each having a protonated pseudo-molecular ion at m/z 240.

Upon CID (Fig. 1), differentiation is straightforward. While both
salbutamol and isoetharine first lose 18 u to produce a first product
ion atm/z 222, the similarities in the CID-MS spectra stop there. The
next loss, with product ions appearing at m/z 166 And m/z 180 for
salbutamol and isoetharine, respectively. This set of product ions
can tentatively be assigned to the loss of the terminating alkyl
group (circled for each structure), providing structural insights into
the individual isomers. From there, salbutamol has a third promi-
nent product ion, at m/z 148, whereas isoetharine does not.
Together, these two differences in MS/MS pattern are sufficient for
confident differentiation of the two isomers. The proceeding sec-
tions will discuss why the dissociation patterns appear as they do
for each molecule.

3.2. Mapping dissociation pathways

3.2.1. Isoetharine
Isoetharine is a typical beta-2 agonist, with a relatively simple



Fig. 1. CID-MS of (top) protonated isoetharine (10 eV collision energy) and (bottom)
protonated salbutamol (10 eV collision energy). A key difference in the spectra, the
nature of the hydrocarbon loss, is highlighted both in the neutral loss assignments and
on the molecular structures.

Fig. 2. Energy-resolved CID of protonated isoetharine. Black squares represent the
precursor ion (m/z 240), red stars represent the m/z 222 product ion, and blue circles
represent the m/z 180 product ion.
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structure. The energy-resolved CID data for protonated isoetharine
is provided in Fig. 2 and a summary of proposed dissociation
pathways, with structures and theoretical enthalpies, is illustrated
in Fig. 3.

As illustrated in Fig. 2, there are only two significant dissociation
pathways. The first, producing a product ion at m/z 222 (red stars),
corresponds to a nominal neutral loss of 18 u, which can be
assigned to water loss. The other observed product ion appears at
m/z 180 (blue circles), representing a neutral loss of 60 u (or
consecutive loss of 42 u from the m/z 222 fragment ion). This
pathway can be assigned to the loss of water followed by the
consecutive loss of the terminal propyl group. The shapes of the
energy-resolved curves appear to be consistent with a sequential
mechanism of formation of the m/z 180 ion, as the intensity of the
m/z 222 ion begins to deplete in the same energy region as the m/z
180 ion begins to increase. The assignment as sequential is
corroborated by MS2 and MS3 spectra collected using an ion trap
mass spectrometer (Figure S3).

It has been shown in the literature that beta-2 agonists con-
taining the characteristic ethanolamine side chain and terminating
with a tert-butyl or isopentyl groupwill yield product ions atm/z 57
and 71 respectively [13]. In the case of isoetharine, the corre-
sponding product ionwould hypothetically appear atm/z 43. While
we did not detect this ion in the current study, that may be due to
the instrument rather than the chemistry.

Notably, loss of multiple water molecules is not observed from
isoetharine, so phenolic groups can be ruled out as likely sites of
water loss, leaving only the aliphatic alcohol as an active site for
water loss, leading to them/z 222 product ion.Water loss at this site
Fig. 3. Proposed lowest energy fragmentation pathway of isoetharine, with corre-
sponding mass-to-charge ratios and theoretical thermodynamics.
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could proceed via 1,2-elimination or 1,3-elimination (see Fig. 3 and
Figure S18). For the 1,3- case, the resulting 3-membered ring could
contain only carbon or could include a nitrogen. It was found that
1,3 elimination to form a nitrogen-containing ring was approxi-
mately 70 kJ/mol higher in energy than the 1,2-elimination case,
and the path to form a carbon-only 3-membered ring was higher
still. Thus, the 1,2-elimination pathway was assigned as the ther-
modynamically favorable pathway and was used as the starting
point for consideration of sequential dissociation pathways. The
sequential loss of the propyl group from them/z 222 product ion, to
form the m/z 180 product ion, is then calculated to have an asso-
ciated enthalpy change of 83.83 kJ/mol (Fig. 3).

Direct formation of the propyl cation from the precursor ion
(without associated water loss) was considered for theoretical en-
ergetic calculations, as illustrated in Figure S15. While we did not
observe this product ion experimentally, similar pathways have
been noted for other beta-2 agonists in the literature, so we per-
formed theoretical calculations for completeness’ sake. This
pathway is calculated to have an associated enthalpy change of
272.35 kJ/mol, which is much less favorable than the observed
successive losses of water and the isopropyl group and, thus,
consistent with the experimental observations. The hypothetical
product ion corresponding to charge-retention by the isopropyl
group formed as a sequential dissociation product from the initial
water loss ion, discussed above, was also considered as an alter-
native route to the hypothetical m/z 43 ion. Figure S16 illustrates
this pathway; the associated enthalpy changewas determined to be
229.33 kJ/mol. Thus, this pathway is not very favorable and, if it
ever is active, it would only be expected at quite high collision
energies and would, likely, produce a rather small intensity.

Finally, direct neutral loss of the propyl group (lost as propene)
from the precursor ion, also not observed experimentally, was
considered for theoretical energetic calculations. The hypothetical
pathway is illustrated in Figure S17. The associated enthalpy change
was determined to be 76.22 kJ/mol, which is considerably less
favorable than initial water loss, which is consistent with the lack of
experimental observance of this hypothetical fragmentation
pathway.
3.2.2. Salbutamol
Salbutamol (also known as albuterol) is a very common beta-2

agonist and is a structural isomer of isoetharine (as discussed in
Fig. 4. Energy-resolved CID of protonated salbutamol. Black squares represent the
precursor ion (m/z 240), red circles represent the m/z 222 product ion, blue stars
represent the m/z 166 product ion, and green stars represent the m/z 148 product ion.
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Section 3.1). The energy-resolved CID curve for protonated salbu-
tamol is shown in Fig. 4 and the proposed dissociation pathways are
provided in Fig. 5.

Considering Fig. 4, an initial product ion observed at m/z 222
(red circles), corresponding to loss of waterdthe same initial
pathway as was observed for protonated isoetharine. The next
highest mass product ion is observed at m/z 166 (blue stars), cor-
responding to a nominal neutral loss of 74 u from the precursor, or a
56 u sequential neutral loss from the m/z 222 product ion; this can
be assigned as CeN bond cleavage at the terminal tert-butyl group,
again in agreement with observations from isoetharine. Obser-
vance of the loss of the isobutene group is also in agreement with
studies performed on non-deuterated and deuterated clenbuterol,
a beta- 2 agonist also containing a terminal tert-butyl group [13]. A
loss of 56 u for non-deuterated clenbuterol and losses of either 62 u
or 63 u for deuterated clenbuterol are observed, which is consistent
with our assignment of the 56 u loss here for salbutamol. The final
major product ion is observed at m/z 148 (green stars), with a
nominal neutral loss of 92 u from the precursor ion, or neutral loss
of 18 u from the m/z 166 product ion, which can be assigned as
additional water loss from that product ion.

Upon comparing the structures of isoetharine with salbutamol,
the ability of salbutamol to undergo abundant loss of a second
water molecule is likely due to the fact that isoetharine contains
two phenolic OH groups, whereas salbutamol contains one
phenolic OH group and one hydroxymethyl OH group, which is
postulated to be the site of the second water loss. Strikingly, the
curves form/z 148 andm/z 166 turn on at nearly the same energies
and appear to be either competitive or, if sequential, the m/z 148
product ion formation would be expected to be very energetically
favorable. Complementary MSn spectra (Figure S7) support the
assignment of these pathways as sequential.

Given that salbutamol eventually loses two water molecules, it
is not immediately clear inwhich order the hydroxyl groups will be
lost, nor what mechanisms will be thermodynamically favorable.
Fig. 5A shows the considered primary water loss mechanisms. In
Pathway i, a tropylium ion is formed after loss of water from a
methylhydroxyl group substituted on the aromatic ring. The
enthalpy change associated with this reaction is 112.47 kJ/mol.
Pathway ii considers loss of water from the backbone hydroxyl
group, where water loss proceeds through b-elimination to form a
double bond. The associated enthalpy change is 36.13 kJ/mol.
Pathway iii is based on a product ion structure previously reported
in the literature, resulting in the formation of an oxetane group
after loss of water from the methylhydroxyl group, as the proton
from the phenolic OH facilitates the water loss in this pathway and
a CeO bond is formed. The enthalpy change associated with this
reaction is 140.04 kJ/mol. Finally, pathway iv illustrates 1,3 elimi-
nation of water from the backbone hydroxyl group, with the for-
mation of an aziridine moiety. This pathway was found to have a
theoretical reaction enthalpy of 81.12 kJ/mol. Of the considered
pathways, pathway ii is the most thermodynamically favorable
pathway for primary neutral loss of water from protonated salbu-
tamol. Thus, the product ion resulting from this pathway was the
starting for further calculations of sequential neutral losses.

Fig. 5B shows the full proposed sequential fragmentation
pathways of salbutamol, with calculated theoretical enthalpies for
the most favorable product ion structures considered. The pathway
initiates by b-elimination of water, resulting in CeC double bond
formation. Then, cleavage of the CeNbond at the tert-butyl group is
postulated, with abstraction of a hydrogen, retaining the charge on
the amine group. This fragmentation step was found to have a
theoretical reaction enthalpy of 91.90 kJ/mol. Finally, the pathway
terminates with loss of a second water molecule, hypothetically
through protonation of the methylhydroxyl OH followed by



Fig. 5. (A) Illustration of potential fragmentation pathways of water loss for salbutamol and (B) proposed lowest energy fragmentation pathway, with calculated theoretical
thermodynamics.

Fig. 6. Energy-resolved CID of protonated formoterol. Black squares represent the
precursor ion (m/z 345), green triangles represent the m/z 327 product ion, pink di-
amonds represent the m/z 179 product ion, red circles represent the m/z 149 product
ion, and blue stars represent the m/z 121 product ion.
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cleavage of the CeO bond and rearrangement to the shown tro-
pylium structure. Like with the initial water loss, different mecha-
nisms can be considered for the subsequent water loss. The
structure postulated for the product ion at m/z 148 in the literature
was considered [12]; this alternative pathway is shown in
Figure S20 but was determined to be less thermodynamically
favorable path. The preferred pathway, combined water loss and
rearrangement to the tropylium cation was found to be an
exothermic process (�32.90 kJ/mol). This exothermicity of the
preferred pathway can be used to explainwhy them/z 148 pathway
is experimentally observed (Fig. 4) to initiate at only slightly higher
energy than the product ion of the previous step of the dissociation
process.

An additional fragment ion at m/z 57 could be observed in very
low abundance after tuning the instrument specifically for trans-
mission of lower mass product ions (Figure S5). Observance of this
diagnostic product ion for beta-2 agonists terminating in a tert-
butyl group is in agreement with previously reported CID-MS for
clenbuterol, terbutaline, and other similar beta-2 agonists [13,32]. A
proposed reaction pathway is shown in Figure S19. This pathway
assumes direct formation of the m/z 57 ion, though loss from the
water-loss product ion could also be reasonable. The calculated
enthalpy change for this pathway was found to be 209.58 kJ/mol.
The large energy barrier for this pathway is consistent with the low
relative abundance of this product ion and the requirement of
relatively high collision energies to generate it.
3.2.3. Formoterol
Formoterol is another beta-2 agonist, with a more complex

structure and, as a result, a more varied dissociation pattern. The
energy-resolved CID curves for protonated formoterol are provided
5

in Fig. 6 and the proposed dissociation pathways are illustrated in
Fig. 7. Figure S14 in the Supporting Information shows an expanded
view of Fig. 6 to better illustrate the lower yield product ion m/z
179.

Looking at Fig. 6, there are four major dissociation products
observed. Consistent with results from salbutamol and isoetharine,
initial dissociation proceeds via loss of water, producing an ion at
m/z 327 (green triangles). The water loss product ion can then
dissociate by way of one of two competitive pathways. In the first,



Fig. 7. Proposed lowest energy competitive fragmentation pathways (A and B) for protonated formoterol.
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less intense pathway, sequential dissociation via neutral loss of 148
u, tentatively assigned as loss of C10H12O, produces the m/z 179 ion
(pink diamonds). In the second, more prominent competitive
pathway, m/z 327 ions dissociate further via neutral loss of 178 u,
tentatively assigned as loss of C9H10N2O2 to form the m/z 149 (red
circles) product ion. The m/z 149 product ion can then further
dissociate via neutral loss of 28 u, assigned as loss of C2H4, to form
the m/z 121 product ion (blue stars). Notably, m/z 179 and 149 are
charge-retention pairs, representing cleavage at the same bond but
with alternative product ions and neutral losses based only on
which fragment retains the charge. Observance of this pair is
consistent with the observance of the m/z 57 product ion charac-
teristic of salbutamol, as well. MSn data are provided in Figure S10,
which are consistent with these assignments.

Fig. 7 summarizes the full proposed fragmentation schemes for
both competitive pathways with theoretical enthalpies for themost
favorable product ion structures considered.Water loss is the initial
step in both cases. Given the structure of formoterol, 1,2 and 1,3
eliminationwere considered, but (consistent with the previous two
molecules), 1,2 elimination was found to be thermodynamically
preferred (36.89 kJ/mol versus ~94 kJ/mol). From the common
precursor of m/z 327, cleavage of the CeN bond to form either m/z
149 (experimentally more prominent) or m/z 179 occurs. For
Pathway A, forming m/z 149 has an associated theoretical enthalpy
change of 96.11 kJ/mol. An alternative rearranged structure for the
6

m/z 149 ion was considered, in which a tropylium-like structure
was formed, but this pathway was found to be ~13 kJ/mol less
favorable. Pathway B represents the charge-retention partner of m/
z 149 (appearing at m/z 179). This step has an associated enthalpy
change of 114.72 kJ/mol. Thus, the formation of m/z 179 is found to
be less favorable than formation of the m/z 149 ion. This is
consistent with the experimental results (Fig. 6). Pathway A then
terminates with cleavage of the CeC bond at the carbocation,
forming a primary carbocation, likely accompanied by rearrange-
ment to the tropylium cation, to form m/z 121. The calculated
theoretical enthalpy change for this final step is found to be
110.00 kJ/mol.

3.2.4. Salmeterol
Salmeterol is the final beta-2 agonist studied herein. Salmeterol

has a similar scaffold as the others, however it is significantly larger
and has a relatively long chain as part of its structure, making it
muchmore flexible than the other molecules (structure provided in
Figure S1) and introducing additional possible dissociation path-
ways. The energy-resolved CID plot is provided in Fig. 8 and the
proposed dissociation pathways are illustrated in Fig. 9.

Looking at Fig. 8, protonated salmeterol produces five major
product ions. The initial product ion is observed at m/z 398 (pink
stars), corresponding to a nominal neutral loss of 18 u, assigned as
loss of water, which has consistently been the primary dissociation



Fig. 8. CID of protonated salmeterol. Black squares represent the precursor ion (m/z
416), pink stars represent the m/z 398 product ion, green stars represent the m/z 380
product ion, orange diamonds represent the m/z 248 product ion, blue triangles
represent the m/z 232 product ion, and red circles represent the m/z 230 product ion.

Fig. 9. Proposed lowest energy competitive fragmentation pathways (A and B) of protonat
changes for each reaction.
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pathway across all four of the molecules discussed herein. The next
highest mass product ion is observed at m/z 380 (green stars), a
nominal neutral loss of 36 u, or a successive loss of 18 u from m/z
398, assigned as loss of a second water molecule. This direct loss of
two water molecules prior to any other dissociation is divergent
from the results for other molecules studied herein.

From the m/z 380 ion, two competitive pathways are proposed.
The product ion observed at m/z 248 corresponds to a loss of 132 u
from the m/z 380 product ion, assigned as a loss of C10H12. The
product ion observed at m/z 230 can then be rationalized as suc-
cessive neutral loss of 18 u from the m/z 248 product ion, which is
nominally water but for which further investigation of the struc-
tures of the previous product ions is warranted to explain its ex-
istence (as the original precursor ion structure only has two sites
for predicted water loss). Finally, the product ion observed at m/z
232 can be assigned as loss of 148 u (C10H12O) from them/z 380 ion.
MSn data are provided in Figure S12.

Fig. 9 shows the full proposed sequential fragmentation path-
ways of salmeterol, with calculated theoretical changes in en-
thalpies for the pathways consisting of the most favorable
structures considered. Initial loss of water is postulated to be b-
ed salmeterol, along with mass-to-charge ratios for each ion and theoretical enthalpy
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elimination of the ethanolamine hydroxyl group, consistent with
the proposed pathway for other beta-2 agonists studied, giving rise
to them/z 398 product ion (though other water loss pathways were
considered, see Figure S22A). The enthalpy change for this step was
calculated to be ~34 kJ/mol. This is followed by water loss of the
hydroxymethyl substituent of the aromatic ring, similar to the third
fragmentation step observed for salbutamol, to form the m/z 380
ion (with considered alternative pathways in Figure S22B), with a
theoretical enthalpy of reaction of only ~16 kJ/mol. Formation of
product ion m/z 232 is then postulated to arise from the m/z 380
ion, from cleavage of the CeO bond of the ether, with retention of
the terminal hydroxyl group on the neutral loss. This pathway has
an associated enthalpy of reaction of ~22 kJ/mol. Conversely, OeC
cleavage can occur on the other side of the ether, resulting in a
product ion with a terminal hydroxyl group, giving rise to the
product ion atm/z 248 (~41 kJ/mol). It is worth noting here, that the
more favorable m/z 232 (Pathway B) is also experimentally
observed to be in greater abundance than the competitively formed
m/z 248 (Pathway A). With this newly formed hydroxyl group on
the m/z 248 ion, additional water loss can occur, explaining the
third water loss evidenced by the product ion observed at m/z 230.

4. Conclusion

In this work, the dissociation pathways of four beta-2 agonists
were explored with energy-resolved CID-MS and complementary
DFT thermodynamic calculations. We have observed that loss of
water is a common first step of this selection of compounds, where
several different mechanisms were postulated and analyzed. Using
theoretically calculated thermodynamics, we have proposed
product ion structures for all observed product ions (and some
hypothetical pathways). These theoretical calculations were then
used to rationalize experimental observations (e.g., relative pro-
pensity to follow one over the other competitive pathway).
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