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A general mass spectrometric method is described for the absolute assignment of �- or �-acyl
naphthalenes, via which the gaseous �- and �-naphthoyl cations of m/z 155 are used as
structurally diagnostic fragment ions (SDFI). These stable acylium ions are common and
normally abundant fragment ions of acylnaphthalenes in general. Using a pentaquadrupole
mass spectrometer, CID experiments with argon and ion/molecule reactions with 2-methyl-
1,3-dioxolane, isoprene, acetonitrile and propionitrile were performed but failed to distinguish
the two SDFI. Reactions with ethyl vinyl ether and several homologues as well as ethyl vinyl
thioether were, however, successful. In reactions with ethyl vinyl ether, the �-SDFI form a pair
of diagnostic product ions of m/z 165 and m/z 181, which are absent in the corresponding
spectrum of the �-SDFI. Methyl 4-(1-naphthyl)-2,4-dioxobutanoate was used as a test molecule
for this class of constitutional isomers and absolute structural assignment as an �-acyl
naphthalene was correctly performed via the characterization of its �-SDFI. (J Am Soc Mass
Spectrom 2010, 21, 2041–2050) © 2010 American Society for Mass Spectrometry
The absolute assignment of configuration for a
molecule that belongs to a class of constitutional
isomers with similar chemical properties such as

cis/trans and ortho/meta/para isomers is often a challeng-
ing task. To elucidate its correct connectivity or spatial
distribution, instrumental techniques able to provide
fine structural details are required, and for this task,
nuclear magnetic resonance spectroscopy (NMR) [1]
has been often mandatory. NMR can perform absolute
assignment of configuration and distinguish most
types of constitutional isomers but its sensitivity is
several orders of magnitude less than mass spectrom-
etry (MS), whereas coupling of NMR to separation
techniques such as GC, LC, and CE has been not
straightforward [2, 3].

MS analysis is usually much faster than NMR and
applicable to considerably much smaller amounts of
sample. MS is also efficiently coupled to most separa-
tion techniques. MS is, however, intrinsically unable to
perform absolute structural assignment of constitu-
tional isomers. For this task, MS normally relies on
comparisons of mass or tandem mass spectra data
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obtained from isomeric sets of pre-characterized mole-
cules. The whole set of isomers must therefore be
available and a case-by-case comprehensive set of ref-
erence spectra must be created. But even when this set
is available, mass spectra are sometimes too similar
failing to assist configuration assignments. A general
rule or strategy applicable to the MS assignment of
configurations via a noncomparative fashion for all
members of a given class of isomers is even more
challenging to establish. When dealing with a single
and novel molecule for which no reference spectra is
available, MS data itself is therefore of limited use for
the absolute assignment of a constitutional isomer.

Recently, however, we have proposed [4–10] a strat-
egy to deal with this MS limitation. We argue that
molecules within a given class tend to dissociate to a
common fragment ion, and that if such ions could be
distinguished, they would function as reference ions for
the general and absolute structural assignment of any
parent molecule within the class. This strategy is based
therefore on the expectation that most (ideally all)
molecules within the isomeric class would form the
selected and structurally diagnostic fragment ion (SDFI)
upon ionization and dissociation. Ideally, the SDFI need
to be stable gas-phase ions to increase the probability of
their formation as common and abundant fragment
ions within the class. The SDFI may isomerize to a more
stable structure but SDFI should not interconvert. Ions

with such properties would serve as reference for the
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entire isomeric class if they could be differentiated; thus
revealing the configuration of the parent molecule. To
be differentiated, these SDFI should display character-
istic unimolecular dissociation and/or bimolecular
chemistry. Proper SDFI are therefore the “holy grail”
for this strategy. We have devoted our efforts in finding
proper SDFI for several classes of constitutional isomers
such as N-alkyl versus ring substituted or isomers
differing on the position of ring substitution for alkyl-
anilines [4], pyridines [7], pyrimidines [7], nitroben-
zenes [9], furanes and thiofuranes [8], acyl and amidyl
anilines [9], acyl benzenes [6] and pyrroles [10]. Begala
et al. [11] have also used the SDFI strategy to differen-
tiate isomers of 6-alkyl and 6-aryldibenzo(d,f) (1,3)
dioxepines by performing CID on 2-substituted benzo-
furan diagnostic ions.

CID is often the technique of choice for structural
investigation, but chemistry has also demonstrated the
existence of a direct, rational, and often elegant relation-
ship between molecular structure and biomolecular
reactivity. Ion/molecule reactions performed in the
gas-phase environment of mass spectrometers have
therefore been shown to be an effective approach to
probe the reactivity and structure of gaseous ions and
molecules [12–15]. CI is a classic example of the use of
ion/molecule reactions for structural investigations in
MS [16], but reactions of pre-isolated ions performed
under more controlled conditions have also been stud-
ied widely. For instance, Drewery and Jennings have
studied the intrinsic reactivity of methyl vinyl ether [17]
and [2 � 4] cylcloadditions of ethyl and methyl vinyl
ether with ionized 1,3-butadiene [18]. Greenwold and
Gross also investigated cycloadditons of ionized vinyl
methyl ether with 1,3-butadiene [19], and the analytical
applications of such reactions to differentiate C5H10

isomers [20], whereas Brodbelt and coworkers [21] and
Kenttämaa and Cooks [22] have also used ion/molecule
reactions with methyl vinyl ether to probe the structure
of protonated forms of isomeric organic molecules and
drugs [23]. For potential SDFI therefore, one should
broadly scrutinize both their CID and bimolecular ion/
molecule reactivity in trying to achieve unambiguous
differentiation.

Acyl naphthalenes form an important class of chem-
icals with many applications such as substrates for the
syntheses of peroxy-containing acetylenic alcohols and
ethers [24], radicals initiator for polymerization [25],
phototrigger inhibitors of termite survival [26], precur-
sors for the preparation of some thiocarbonyl com-
pounds that are important in chlorophyll a synthesis
[27], and precursors for photocycloaddition studies of
intramolecular rearrangements [28]. In this study, we
have tested the SDFI strategy for �- and �-acyl naph-
thalenes, an important class of constitutional isomers.

Experimental

MS2 and MS3 experiments were performed on an Extrel

(Pittsburgh, PA, USA) mass spectrometer, denoted as
Q1q2Q3q4Q5, which is described in detail elsewhere [29].
The instrument is composed of a sequential arrange-
ment of three mass analyzing quadrupoles (Q1, Q3, Q5)
and two “rf-only” ion focusing reaction quadrupoles
(q2, q4). The qs can perform ion/molecule reactions as
well as collision induced dissociation (CID) [30]. The
structurally diagnostic fragment ions (SDFI) tested
were generated by dissociative 70 eV EI from the pre-
cursors �-acetonaphthone (98%) and �-acetonaphthone
(99%) purchased from Sigma-Aldrich (St. Louis, MO,
USA).

CID experiments (MS2 were performed with the
SDFI using argon as collision gas. The ions were se-
lected by Q1 and directed towards q4 filled with argon.
The ion translation energy was set at 15 eV. The ionic
fragments are detected by scanning Q5 whereas q2 and
Q3 were operated in the broad band rf-only mode.
The ion/molecule reactions were performed via MS2

experiments. For such experiments, q2 was filled with
neutral molecules of interest and the ion translational
energy was set to near 0 eV. The product ions
generated in q2 were directed to Q5 for spectra
acquisition. The CID behavior of the product ions
were also evaluated by MS3 experiments. Q3 was then
used to select a product ion of interest and q4, filled
with argon, caused its CID whereas Q5 was scanned
to acquire the spectrum.

Results and Discussion

As a reference pair of isomers, �- acetonaphthone and
�-acetonaphthone (Scheme 1) were used in the search
for proper SDFI for this isomeric class. Note that the
choice of a pair of isomers, and the acetonaphthone pair
specifically, is just fortuitous (guided by commercial
availability) since any set of �-acyl and �-acyl naphtha-
lenes (not necessarily an isomeric pair) forming both the
selected SDFI would function as well. As Figure 1
shows, the 70 eV EI-MS for both � and �-isomers 1 and
2 are nearly identical, with three major ions of m/z 127,
155, m/z 170. Both the molecular ions of m/z 170 lose a
methyl radical to form the respective acylium ions 1a
and 2a of m/z 155 (Scheme 1), whereas further dissoci-
ation by loss of CO (28 Da) produces the isomeric
naphthyl cations 1b and 2b of m/z 127. Ionized 1 and 2
show very similar dissociation chemistry and this sim-
ilarity illustrates the difficulties in performing configu-
ration assignment and to distinguish isomeric sets of
acyl naphthalenes by mass spectrometry, even when
working with pre-characterized molecules.

The isomeric �- and �-naphthoyl cations 1a and 2a of
m/z 155 (aromatic acylium ions) are abundant and seem
to display the attributes for proper SDFI in regard to
high stability and probability to be formed as abundant
fragments. The �- and �-naphthyl cation ions 1b and 2b
of m/z 127 (Scheme 1) are also abundant but they might

interconvert by hydride migration. Ions 1b and 2b were
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extensively investigated in regard to their CID and
ion/molecule chemistry, but found to display limited
and very similar reactivities (data not shown).

CID Behavior of the Potential SDFI

Due to their acylium ion nature and hence potentially
high (and diverse) reactivity, the abundant naphthoyl
cations 1a and 2a of m/z 155 were comprehensively
investigated. The CID spectra of both isomers (Figure 2)
displayed similar dissociative behavior dominated by
the loss of CO and a minor fragmentation leading to the
phenyl cation of m/z 77. Although the intensity ratios
may appear slightly different, these ratios are not re-
producible enough to allow secure differentiation. The
CID chemistry is useful however to confirm the forma-
tion of 1a and 2a for further investigation of their
ion/molecule chemistry, see below.

Sc
Figure 1. EI-MS at 70 eV of the isomer
Reactivity Towards Transacetalization with
2-Methyl-1,3-Dioxolane

Acylium ions are known to react readily with acetals by
transacetalization [31–34] yielding resonance stabilized
cyclic ionic acetals. In an effort to distinguish the isomeric
1a and 2a, reactions with 2-methyl-1,3-dioxolane were
performed (Figure 3). Unfortunately, although both the
�- and �-isomeric ions reacted similarly and to great
extents to form the resonance stabilized cyclic 1,3-
dioxolanylium of m/z 199 (Scheme 2), their product ion
mass spectra were nearly identical and therefore undis-
tinguishable. Despite of the use of very low collision
energy (near 0 eV), fragmentation also occurred yield-
ing the respective �- and �-naphthyl cations 1b and 2b
of m/z 127. In a further attempt to distinguish the
isomers, the isomeric products of m/z 199 were selected
and dissociated via MS3 experiments (Figure S1, which

1

ic (a) �- and (b) �-acetonaphtones.



� isom

2044 BENASSI AND EBERLIN J Am Soc Mass Spectrom 2010, 21, 2041–2050
can be found in the electronic version of this article) but
very similar ion chemistry was also observed. Both ions
of m/z 199 dissociated by CID mainly by the loss of a
neutral acetaldehyde molecule (44 Da) likely regenerat-
ing the parent acylium ion of m/z 155.

[4 � 2�] Polar Cycloaddition Reactivity
Towards Isoprene

Many types of acylium ions have been found to also
react promptly through [4 � 2�] cycloadditions with
dienes [35–38] and O-heterodienes [39]. Reactions of 1a
and 2a with isoprene were therefore tested. Figure 4
shows that both isomers do react to form the expected
[4 � 2�] cycloadducts of m/z 223 (Scheme 3), but
unfortunately the set and abundances of product ions
and sequential product ions (Figure S2) were again very
similar for both isomers.

Reactivity Towards Nitriles

Acylium ions have also been found to react extensively
with nitriles by double addition to form cyclic 1,3,5-
oxidiazinium ions [40] (Scheme S1). Figures S3 and S4
show the mass spectra obtained when 1a and 2a were
reacted with acetonitrile and propionitrile, respectively.
We first performed ion/molecule reactions with aceto-
nitrile but due to the lack of conclusive results, propi-

Figure 2. MS2 for CID of the �/
onitrile was also tested. Unfortunately, both isomeric
ions were found to be relatively inert towards the two
nitriles and to produce similar MS2 data. The main
process, despite the near 0 eV collision energy used,
was CID via the loss of CO leading to the respective
fragment ions 1b and 2b of m/z 127 and their subse-
quent reaction by single addition to a nitrile molecule.
For acetonitrile, the main product was that of m/z 168
(Figure S3). For proprionitrile, the main products were
that of m/z 182 from single addition and an abundant
ion of m/z 167 formed by further loss of a methyl radical
(Figure S4). Again, in a further attempt to achieve
differentiation of 1a and 2a, the MS3 for CID of their
secondary and isomeric product ions from single nitrile
addition were also collected (Figures S5 and S7). Unfor-
tunately again, very similar spectra were collected with
the naphthyl cations 1b or 2b of m/z 127 as the major
fragments.

The results presented so far show that the potential
SDFI 1a and 2a represents a very challenging isomeric
pair for distinction based on unimolecular and bimolec-
ular ion chemistry. Ethyl vinyl ether was then tested.
This molecule has been used extensively in diagnostic
ion/molecule reactions and found able to distinguish
several classes of isomers [41, 42]. For instance, proton-
ated cyclohexene epoxides were distinguished from
protonated ketones, esters, ethers and alcohols by reac-
tion with ethyl vinyl ether, which added promptly and
selectively to the protonated cyclohexene epoxide [43].

ers (a) 1a and (b) 2a of m/z 155.
Protonated �-hydroxy ketones were also found to react
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selectively with ethyl vinyl ether to form cyclic prod-
ucts [11]. Structurally diagnostic ion/molecule reac-
tions of ethyl vinyl ether with specific fragment ions
generated from explosives such as trinitrotoluene
(TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)
were also used for selective detection [44]. Reactions of
ethyl vinyl ethers have also been used to characterize
azabutadiene cations via [4� � 2] cycloaddtions [45].

Reactivity Towards Vinyl Ethers

Fortunately, as Figure 5 shows, structurally diagnostic
product ions were formed for the �-isomer 1a via a
cascade of ion/molecule reactions with ethyl vinyl
ether intercalated with dissociations (Scheme 4). The
MS2 for the �-isomer 1a (Figure 5a) shows two unique

Figure 3. MS2 for the reaction of the �/� isom
dioxolane (88 Da).
Scheme
product ions of m/z 165 and 181, which are not observed
for the �-isomer 2a (Figure 5b). A common product ion
of m/z 253 is formed by both isomers, and Scheme 4
rationalizes the mechanisms of its formation. Ethyl
vinyl ether adds to 1a of m/z 155 to form an unstable
(undetected) adduct of m/z 227 which, as facilitated by
its �-configuration, undergoes fast cyclization via ring
addition and loss of ethanol to form the very stable and
fully delocalized hydroxyl phenalenium ion of m/z 181.
A second addition of ethyl vinyl ether followed by the
loss of ethanol could then be envisaged to form the
product ion of m/z 253, which dissociates by the neutral
loss of 2-ethoxyacetaldehyde (88 Da) to form the second
unique product ion of m/z 165.

In accordance with the proposed reactivity, the CID
behavior of the isomeric product ions of m/z 253 (Figure

(a) 1a and (b) 2a of m/z 155 with 2-methyl-1,3-
ers
2
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6) were also distinctive. That from 1a (Figure 6a)
dissociates as proposed (Scheme 4) to form the two
unique ions of m/z 181 and 165, whereas the isomeric
product ion of m/z 253 from 2a dissociates solely to the
parent ion 2a of m/z 155 (Figure 6b). As also expected
due to their very stable resonance stabilized structures,
both ions of m/z 181 and 165 show great resistance
towards dissociation when subjected to CID via MS3

experiments (Figures S8 and S9).
To gain further evidence about the mechanism of the

structurally diagnostic reaction with ethyl vinyl ether,
several homologue vinyl ethers were also tested. Figure
S10 shows the MS2 for the reaction of 1a and 2a with
propyl vinyl ether (86 Da). As expected, the �-isomer 1a
displayed the unique set of product ions of m/z 181 and
165, the same set formed with ethyl vinyl ether (Figure
5a), whereas the common product ion was shifted
corresponding from m/z 253 to m/z 267 (Scheme S4). The

Figure 4. MS2 for the reaction with isoprene (6
Scheme 3
product ion of m/z 267 from 1a also uniquely dissociates
to the ions of m/z 155, 165, and 181 (Figure S11).

Similar results, with the expected �14 m/z units shift
for the two diagnostic ions, were also obtained in
reactions with ethyl 1-propenyl ether (see Figure 7 and
Figure S12). Isobutyl vinyl ether, tert-butyl vinyl ether,
allyl ethyl ether, and ethyl vinyl sulfide were also tested
and the results (Figures S13–S16) nicely confirm the
proposed mechanism and the ability of vinyl ethers to
unambiguously differentiate the two SDFI 1a and 2a.

A Single Test Molecule: Absolute Assignment of
Either �- or �-Acyl Configuration

To test the method proposed herein, methyl 4-(1-naphthyl)-
2,4-dioxobutanoate (see structure below) was selected
so as to “mimic” a single molecule of an acylnaphtha-
lene with an “unknown” configuration. When submit-
ted to 70 eV EI ionization, the molecule formed (as
expected) the desired SDFI of m/z 155 (Figure S17) as an
abundant fragment. The MS2 for CID of this ion (not
shown) was very similar to that of Figure 2, which
confirms that the proper SDFI was indeed formed
(either 1a or 2a supposing unknown configuration).
This ion of m/z 155 was then reacted with the three vinyl
ethers (Figure 7). Note the formation in all cases of the
set of unique product ions expected for 1a. This struc-

of the �/� isomers (a) 1a and (b) 2a of m/z 155.
turally diagnostic reactivity unequivocally assigns, in
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an absolute fashion, the configuration of the single test
molecule as an �-isomer.

Conclusions

The �- (1a) or �-naphthoyl (2a) cations have been found
to function as proper SDFI for the isomeric class of acyl
naphthalenes. These molecules bear a carbonyl group

Figure 5. MS2 for the reaction with ethyl vinyl
m/z 155.
Scheme
directly attached to an aromatic ring and are therefore
prone to form the relatively stable aromatic acylium
ions 1a and 2a as abundant fragments upon ionization
and dissociation. Seventy eV EI has been used in this
study, but other ionization techniques such as ESI,
APCI, APPI, MALDI, or GDI that produce protonated
or ionized molecules should work as well to form the
SDFI ions 1a or 2a due to in-source CID or when
followed, if necessary, by MS2 CID experiments. First,
CID of the ion of m/z 155 should be performed to
confirm its identity as either 1a or 2a. Second, ion/
molecule reactions with ethyl vinyl ether or other
homologues should be performed. With ethyl vinyl
ether, the �-ion 1a will react to form a characteristic
set of three product ions of m/z 165, 181, and 253. The

(72 Da) of the �/� isomers (a) 1a and (b) 2a of
ether
4
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Figure 6. MS3 for CID of the isomeric product ions of m/z 253 formed in reactions with ethyl vinyl

ether (72 Da) of the �/� isomers (a) 1a and (b) 2a of m/z 155.
Figure 7. MS2 for ion/molecule reactions with (a) ethyl vinyl ether, (b) propyl vinyl ether, and (c)
ethyl 1-propenyl ether of the �-SDFI 1a of m/z 155 generated from 70 eV EI of the test molecule [methyl

4-(1-naphthyl)-2,4-dioxobutanoate].
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�-ion 2a will form solely the ion of m/z 253. Further
confirmation can also be attained via MS3 of the ion of
m/z 253 (or its homologues). As Scheme 5 summa-
rizes, an absolute MS-only method for the unambig-
uous assignment of configuration (either �- or �-sub-
stitution) individually applicable to members of the
whole class of acyl naphthalenes has been therefore
established.
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