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Ionic transacetalization of cyclic acetals with the gaseous
(CH3)2NCO+ acylium ion has been performed under
unique in-source ion-molecule reaction (in-source IMR)
conditions of electrospray (ESI) and atmospheric pressure
chemical ionization (APCI). In-source IMR under ESI and
APCI greatly expands the range of neutral molecules that
can be brought to the gas phase to react by ionic transacetalization, a general, class-selective and structurally
diagnostic reaction for cyclic acetals (Moraes, L. A. B.;
Gozzo, F. C.; Vainiotalo, P.; Eberlin, M. N. J. Org. Chem.
1997, 62, 5096). Heavier, more polar, and less volatile
cyclic acetals than those previously employed in quadrupole collision cells are shown to react efficiently by ionic
transacetalization under the ESI and APCI in-source IMR
conditions. Tetramethylurea (TMU) acts as an efficient
dopant, being co-injected with the acetal in either benzene,
toluene, methanol, or water/methanol solutions. Under
APCI or ESI, the basic TMU dopant is protonated preferentially, and the labile protonated TMU then undergoes
dissociation to (CH3)2NCO+, the least acidic and the most
transacetalization-reactive acylium ion so far tested. Under
the relatively high-pressure, low-energy collision conditions set to favor associative reactions, (CH3)2NCO+ reacts
competitively both with TMU to form acylated TMU and
with the acetal via ionic transacetalization to form the
respective cyclic ionic acetals. Spectrum subtraction
removes the ionic products of the dopant (TMU) selfreactions, thus providing clean ion-molecule reaction
product ion mass spectra, which are used for the selective, structurally diagnostic detection of cyclic acetals.
Information on ring substituents comes from characteristic mass shifts resulting from aldehyde/ketone by acylium ion replacement. Enhanced selectivity in structural
characterization or chemical recognition for cyclic acetal
monitoring is gained by performing on-line collisioninduced dissociation via tandem mass spectrometric
experiments. Most cyclic ionic acetals dissociate exclu* Corresponding author. E-mail: eberlin@iqm.unicamp.br.
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sively or nearly exclusively to re-form the reactant (CH3)2NCO+ acylium ion whereas the presence of additional
functional groups with increased structural complexity
tends to favor other specific but likewise selective dissociation channels.
Ionization techniques performed under atmospheric pressure: atmospheric pressure chemical ionization (APCI),1 atmospheric pressure photon ionization,2 and atmospheric pressure
electrospray ionization (ESI)3 along with matrix-assisted laser
desorption ionization4 have revolutionized the way molecules are
ionized and transferred to the gas-phase environment of mass
spectrometers for mass analysis, structural characterization, and
physicochemical property measurements.5 API techniques have
greatly expanded the range of molecules that can be ionized for
MS analysis by including those of much greater polarity,6 molecular complexity,7 and higher mass, now up to millions of mass
units,8 so much so that exceptions of condensed matter constitu(1) Carol, D. I.; Dzidic, I.; Stillwell, R. N.; Haegele, K. D.; Horning, M. G. Anal.
Chem. 1975, 47, 2369.
(2) (a) Robb, D. B.; Covey, T. R.; Bruins, A. P. Anal. Chem. 2000, 72, 3653.
(b) Kauppila, T. J.; Kuuranne, T.; Meurer, E. C.; Eberlin, M. N.; Kotiaho,
T.; Kostiainen, R. Anal. Chem. 2002, 74, 5470.
(3) (a) Whitehouse, C. M.; Dreyer, R. N.; Yamashita, M.; Fenn, J. B. Anal.
Chem. 1985, 57, 675. (b) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S.
F.; Whitehouse, C. M. Science 1989, 246, 64. (c) Cole, R. B. Electrospray
Ionization Mass Spectroscopy; John Wiley & Sons Inc.: New York, 1997.
(4) Karas, M.; Hillenkamp, F. Anal. Chem. 1988, 60, 2299.
(5) For some examples, see: (a) Aramendı́a, M. A.; Boraú, V.; Garcı́a, I.;
Jimenéz, C.; Lafont, F.; Marinas, J. M.; Porras, A.; Urbano, F. J. J. Mass
Spectrom. 1995, S153. (b) Kerwin, J. L.; Wiens, A. M.; Ericsson, L. H. J.
Mass Spectrom. 1996, 31, 184. (c) Kotiaho, T.; Eberlin, M. N.; Vainiotalo,
P.; Kostiainen, R. J. Am. Soc. Mass Spectrom. 2000, 11, 526. (d) Wolfender,
J. L.; Waridel, P.; Ndjoko, K.; Hobby, K. R.; Major, H. J.; Hostettmann, K.
Analusis 2000, 28, 895. (e) Potterat, O.; Wagner, K.; Haag, H. J.
Chromatogr., A 2000, 872, 85. (f) Cooks, R. G.; Zhang, D.; Koch, K. J.;
Gozzo, F. C.; Eberlin, M. N. Anal. Chem. 2001, 73, 3646. (g) Rioli, V.;
Gozzo, F. C.; Shida, C. S.; Krieger, J. E.; Heimann, A. S.; Linardi, A.; Almeida,
P. C.; Hyslop, S.; Eberlin, M. N.; Ferro, E. S. J. Biol. Chem. 2003, 278,
8547. (h) Koch, K. J.; Gozzo, F. C.; Nanita, S.; Eberlin, M. N.; Cooks, R. G.
Angew. Chem., Int. Ed. 2002, 41, 1721.
(6) Colton, R.; D’Agostinho, A.; Traeger, J. C. Mass Spectrom. Rev. 1995, 14,
79.
(7) Eberlin, M. N.; Tomazela, D. M.; Gozzo, F. C.; Mayer, I.; Engelmann, F.
M.; Araki, K.; Toma, H. E. Inorg. Chem., in press.
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ents that cannot be brought to the gas phase in an ionized form
for MS investigation are becoming rare.
API techniques are soft as they produce “room-temperature”,
relatively cold molecules in either their protonated, MH+, cationized, MX+ (X ) metal), or deprotonated, [M - H]+, forms.
Exclusively or nearly exclusively formation of these “intact” (or
nearly intact) and stable ionized molecules is a great advantage
for molecular mass measurements and mixture analysis. But the
lack of dissociation eliminates the structural information provided
by the lighter, subunit ionic fragments. Such a limitation can be
conveniently solved, however, by on-line collision-induced dissociation (CID) performed via tandem mass spectrometric experiments. Interestingly, the high atmospheric pressure environment
of API techniques also opens the unique opportunity to perform
efficient in-source dissociation of the intact MH+, MX+, or [M H]- ions. In-source CID9 is a less refined technique than tandem
CID as no mass selection of the parent ion occurs but the insource alternative has the advantage of being available in “MSonly” mass spectrometers by simply increasing the kinetic energy
of the parent ions during their in-source trajectory.
Although both ionization-induced dissociation and CID are very
powerful in revealing structural characteristics (atom connectivities) of gaseous ions, and are used as the standard MS method
of structural molecular analysis,10 class-selective and structurally
diagnostic ion-molecule reactions performed either under chemical ionization conditions or via more refined well-controlled tandem
mass spectrometric experiments with mass-selected ions11 are also
powerful for structural elucidation as chemical reactions rather
than bonding breaking processes are used to reveal the structural
characteristics of the reactant ion. Such reactions can be designed
to reveal fine structural details as they are sensitive to electronic
and steric effects and to geometric details such as presence and
relative position of functional groups, molecular configuration and
conformation.12
Additionally, the gas-phase environment of the mass spectrometer with the diversity of MS ionization techniques opens
straightforward access to a great variety of ions of many classes.
For instance, acylium ions (RsC+dO) are very common and
highly stable gaseous ions, and as their neutral counterparts, the
carbonyl compounds (RR1CdO), they have been found by MS
techniques to display a rich, very diverse gas-phase reactivity.13
Among the many gas-phase acylium ion reactions, ionic transac(8) Fuerstenau S. D.; Benner W. H.; Thomas J. J.; Brugidou C.; Bothner B.;
Siuzdak G. Angew. Chem. 2001, 40, 542.
(9) Bristow, A. W. T.; Nichols, W. F.; Webb, K. S.; Conway, B. Rapid Commun.
Mass Spectrom. 2002, 16, 2374.
(10) (a) Holmes, J. L. Org. Mass Spectrom. 1985, 20, 169. (b) Levsen, K.;
Schwarz, H. Mass Spectrom. Rev. 1983, 2, 77.
(11) For recent examples, see: (a) Brodbelt, J. S. Mass Spectrom. Rev. 1997,
16, 91. (b) Eberlin, M. N. Mass Spectrom. Rev. 1997, 16, 113. (c)
Williamson, B. L.; Creaser, C. S. Eur. Mass Spectrom. 1998, 4, 103. (d)
Gerbaux, P.; Haverbeke, Y. V.; Flammang, R. Int. J. Mass Spectrom. 1998,
184, 39. (e) Wang, F.; Tao, W. A.; Gozzo, F. C.; Eberlin, M. N.; Cooks, R.
G. J. Org. Chem. 1999, 64, 3213. (f) Cacace, F.; de Petris, G.; Pepi, F.;
Rosi, M.; Sgamellotti, A. Angew. Chem., Int. Ed. 1999, 38, 2408. (g) Frank,
A. J.; Turecek, F. J. Phys. Chem. A 1999, 103, 5348. (h) Brönstrup, M.;
Schröder, D.; Schwarz, H. Organometallics 1999, 18, 1939. (i) O’Hair, R.
A. J.; Andrautsopoulos, N. K. Org. Lett. 2000, 2, 2567. (j) Moraes, L. A.
B.; Gozzo, F. C.; Laali, K. K.; Eberlin, M. N. J. Am. Chem. Soc. 2000, 122,
7776. (k) D’Oca, M. G. M.; Moares, L. A. B.; Pilli, R. A.; Eberlin, M. N. J.
Org. Chem. 2001, 35, 2088. (l) Ramirez-Arizmendi, L. E.; Yu, Y. Q.;
Kenttämaa, H. I. J. Am. Soc. Mass Spectrom. 1999, 10, 379. (m) Steiner,
V.; Daoust-Maleval, I.; Tabet, J. C. Int. J. Mass Spectrom. 2000, 196, 121.
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etalization with neutral cyclic acetals (the Eberlin reaction)14 is
quite general and has found a variety of applications for functional
group screening and fine structural characterization of ions and
neutrals.15 To perform such reactions under well-controlled,
refined tandem mass spectrometric conditions using mass-selected
acylium ions, the neutral acetals must, however, be sufficiently
volatile so as to fulfill properly the collision cell region.14,15 Failure
to display the proper volatility for many neutral acetals has been
a major limitation for a more general application of this classselective and structurally diagnostic ion-molecule reaction.
Herein we describe the use of unique MS in-source ionmolecule reaction (in-source IMR) conditions for ESI and APCI
using tetramethylurea (TMU) as an efficient dopant to perform
class-selective and structurally diagnostic ionic transacetalization
of the gaseous acylium ion, (CH3)2NCO+, with a variety of
relatively polar, heavy, and structurally complex cyclic acetals.
EXPERIMENTAL SECTION
The gaseous acylium ion (CH3)2NCO+ was produced from selfdissociation of the highly labile protonated TMU under both ESI
and APCI conditions. The ion reacts with the neutral acetal in
the API source, and the products of the reaction were analyzed
with either single- (MS) or double-stage (MS2) mass spectrometric
experiments performed with a tandem QTof (Manchester, U.K.)
hybrid (quadrupole (Q), hexapole collision cell, time-of-flight
(TOF)) mass spectrometer. Acetal solutions doped with TMU (1
mg of the acetal and 1 µL of TMU dissolved into 1.5 mL of solvent)
were prepared in different solvents: benzene, toluene, water, and
1:1 water/methanol solutions. Care should be taken, however, to
select solvents as they must be inert toward reaction with the
acylium ion.13-15 For instance, acetonitrile (a common ESI and
APCI solvent) should be avoided because acetonitrile (and other
nitriles) reacts efficiently with (CH3)2NCO+ by cyclization via
double addition to form 1,3,5-oxadiazinium ions.13i To form the
(12) For selected examples of selective ion-molecule reactions, see: (a)
Colorado, A.; Barket, D. J.; Hurst, J. M.; Shepson, P. B. Anal. Chem. 1998,
70, 5129. (b) Sharifi, M.; Einhorn, J. Int. J. Mass Spectrom. 1999, 191,
253. (c) Sparrapan, R.; Mendes, M. A.; Carvalho, M.; Eberlin, M. N. Chem.
Eur. J. 2000, 6, 321. (d) Carvalho, M.; Gozzo, F. C.; Mendes, M. A.;
Sparrapan, R.; Kascheres, C.; Eberlin, M. N. Chem. Eur. J. 1998, 4, 1161.
(e) Augusti, R.; Gozzo, F. C.; Moraes, L. A. B.; Sparrapan, R.; Eberlin, M.
N. J. Org. Chem. 1998, 63, 4889. (f) Meurer, E. C.; Eberlin, M. N. Int. J.
Mass Spectrom. 2001, 210, 469. (g) Gozzo, F. C.; Ifa, D. R.; Eberlin, M. N.
J. Org. Chem. 2000, 65, 3920.
(13) (a) Chatfield, D. A.; Bursey, M. M. J. Am. Chem. Soc. 1976, 98, 6492. (b)
Staley, R. H.; Wieting, R. D.; Beauchamp, J. L. J. Am. Chem. Soc. 1977,
99, 5964. (c) Kim, J. K.; Caserio, M. C. J. Am. Chem. Soc. 1982, 104, 4624.
(d) Paradisi, C.; Kenttämaa, H. I.; Le, Q. T.; Caserio, M. C. Org. Mass
Spectrom. 1988, 23, 521. (e) Creaser, C. S.; Williamson, B. L. J. Chem.
Soc., Perkin Trans. 2 1996, 427. (f) Eberlin, M. N.; Cooks, R. G. J. Am.
Chem. Soc. 1993, 115, 9226. (g) Meurer, E. C.; Eberlin, M. N. J. Mass
Spectrom. 2002, 37, 146. (h) Lemos, A. A.; Sparrapan, R.; Eberlin, M. N.
J. Mass Spectrom. 2003, 38, 305. (i) Meurer, E. C.; Moraes, L. A. B.; Eberlin,
M. N. Int. J. Mass Spectrom. 2001, 212, 445. (j) Moraes, L. A. B.; Eberlin,
M. N. J. Am. Chem. Soc. 1998, 120, 11136.
(14) Eberlin, M. N.; Cooks, R. G.; Zheng, X.; Chen, H.; Tao, A. Chem. Rev., in
press.
(15) (a) Eberlin, M. N.; Cooks, R. G. Org. Mass Spectrom. 1993, 28, 679. (b)
Juliano, V. F.; Gozzo, F. C.; Eberlin, M. N.; Kascheres, C.; Lago, C. L. Anal.
Chem. 1996, 68, 1328. (c) Moraes, L. A. B.; Eberlin, M. N. J. Am. Soc.
Mass Spectrom. 2000, 11, 697. (d) Moraes, L. A. B.; Gozzo, F. C.; Eberlin,
M. N., Vainiotalo, P. J. Org. Chem. 1997, 62, 5096. (e) Sparrapan, R.;
Mendes, M. A.; Eberlin, M. N. J. Mass Spectrom. 2000, 35, 189. (f) Moraes,
L. A. B.; Mendes, M. A.; Sparrapan, R.; Eberlin, M. N. J. Am. Soc. Mass
Spectrom. 2001, 12, 14. (g) Wang, F.; Tao, W. A.; Gozzo, F. C.; Eberlin,
M. N.; Cooks, R. G. J. Org. Chem. 1999, 64, 3213.

Figure 1. APCI blank mass spectrum for a toluene solution doped with TMU acquired using low cone voltage. Under these low-energy collision
conditions, both in-source IMR and in-source dissociation of protonated TMU of m/z 117 to the (CH3)2NCO+ acylium ion (Ac+) occur. The
acylium ion of m/z 72 reacts further with TMU to form acylated TMU of m/z 188. Protonated TMU also reacts with neutral TMU to form its
proton-bound dimer of m/z 233. A similar spectrum was obtained under ESI in-source IMR conditions.

Figure 2. APCI in-source IMR mass spectrum in water/methanol solutions of the acetal (a) 1, (b) 2, and (c) 3 with the addition of TMU for
in-source generation of the acylium ion (CH3)2NCO+ (Ac+). Note that the TMU background ions were not subtracted.

acylium ion with the highest yield, increase its residential time
within the ion source region, and favor its low-energy collisions
with the neutral acetal, cone and extractor voltages were set to 1
and 40 V, respectively, whereas capillary (ESI) or needle (APCI)

voltages were both set at 4000 V. For the MS2 experiments, the
product ion of interest formed by the in-source IMR was massselected by the first quadrupole mass filter for further 15-eV CID
with nitrogen in the hexapole collision cell, whereas highAnalytical Chemistry, Vol. 75, No. 17, September 1, 2003
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Scheme 1

resolution mass analysis (5000) for spectrum acquisition was
performed by the orthogonal-reflector TOF analyzer.
RESULTS AND DISCUSSION
Proof-of-Principle Reactions. To perform efficient in-source
IMR under both APCI and ESI conditions, a neutral dopant needs
to function as the precursor of the reactant acylium ion and should
meet two crucial criteria: (i) to simplify ion composition in the
ionization-plus-reaction region and to maximize the yield of the
desired in-source IMR products, the protonated dopant should
be sufficiently labile to dissociate easily, and preferentially by a
single route, to the desired acylium ion either by metastable
decomposition or by the very low, near-zero energy in-source
collisions that would be used to simultaneously promote both

efficient and in-source CID of the protonated dopant and the insource IMR; (ii) to minimize the undesirable and competitive
proton-transfer reaction (which would otherwise promote structurally unspecific protonation of the cyclic acetal), the acylium ion
so formed should be both of low acidity and of considerable reactivity toward the desired ionic transacetalization reaction. Fortunately, TMU meets perfectly both of these two criteria: as Figure 1 shows for a TMU solution in benzene (a similar spectrum is obtained for TMU solutions in toluene, water, and 1:1
water/methanol), APCI (as well as ESI) of TMU yields both the
protonated molecule of m/z 117 and, most abundantly, the acylium
ion (CH3)2NCO+ of m/z 72 owing to the high lability of protonated TMU and its ready dissociation by loss of a neutral
dimethylamine molecule via metastable decomposition or lowenergy in-source CID. (CH3)2NCO+ is the least acidic and the most
reactive acylium ion so far tested in gas-phase ionic transacetalization reactions.14,15 In the ESI environment and under the
conditions meant to maximize ion-molecule reactions, a product
ion of m/z 188 (the TMU-(CH3)2NCO+ adduct) and the TMU
proton-bound dimer [TMU- - -H+- - -TMU] of m/z 233 are both
formed to great extent. An appropriate chemical environment for
ion-molecule reactions, in which both ready dissociation of
protonated TMU to the (CH3)2NCO+ acylium ion and efficient lowenergy in-source IMR occur, has therefore been established
during both ESI and APCI.
Having established an appropriate environment for in-source
IMR under both ESI or APCI, we used the same optimized

Figure 3. APCI background-subtracted in-source IMR mass spectra from reactions of the acylium ion of m/z 72 with the acetals (a) 6 and (b)
9. TMU-doped benzene solutions of the acetals were used. Mass spectra for acetals 5, 7, and 8 (not shown) also display, as that of (a), the
corresponding cyclic ionic acetals as the nearly exclusive product ions owing to favored ionic transacetalization. For product ion assignments
in (b), see Scheme 2.
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conditions to perform proof-of-principle reactions with reference
cyclic acetals,15 that is, the structurally simple, low molecular
weight, and volatile acetals 1-3. As seen in Figure 2a, by adding

2,2-dimethyl-1,3-dioxolane (1) to a TMU-doped toluene solution,
an additional (compare to Figure 1), single, and intense product
ion of m/z 116 is formed. This ion is the cyclic ionic acetal formed
by ionic transacetalization of the neutral acetal with the acylium
ion (Scheme 1).15a Note the relatively high, nearly 100% reaction
yield as the acetal 1 of 102 u is detected exclusively by its ionic
transacetalization product of m/z 116: acetone (58 u) by acylium
ion (m/z 72) replacement whereas none of the protonated acetal
1H+ of m/z 105 is formed by the competitive (and herein
undesirable) proton-transfer reaction (the highly basic TMU is

protonated preferentially). Under mass-selected, more well-defined
and controlled tandem mass spectrometry ion-molecule reaction
conditions of collision quadrupole cells, protonated acetals (as well
as hydride abstraction products) are quite often observed as
competitive products.14,15 Likely under the present ESI and APCI
in-source IMR conditions, however, the much more basic neutral
TMU competes highly favorably for the proton; hence, protonated
acetals are either not formed or do not survive in the high
(atmospheric)-pressure TMU-containing gas-phase environment.
On the contrary, the competitive acylated TMU product of m/z
188 is considerably labile reverting upon collisions to the acylium
ion, which reacts otherwise irreversibly (owing to the release of
the neutral carbonyl product: acetone in Scheme 1) with the acetal
by ionic transacetalization, thus forming, for 1, the major, nearly
exclusive cyclic ionic acetal of m/z 116.15a
Figure 2a,b exemplifies a case in which ionic transacetalization
functions not only as a class-selective but also as a structurally
diagnostic reaction (for acetals in general) with additional isomer
distinction. Whereas the acetal 1 is characterized under ESI(TMU) or APCI(TMU) in-source IMR conditions by its acetoneAnalytical Chemistry, Vol. 75, No. 17, September 1, 2003
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replacement transacetalization product ion of m/z 116 (Figure 2a),
the isomeric acetal 2 is characterized by its formaldehydedisplacement ionic transacetalization product ion of m/z 144
(Figure 2b). A direct relationship between the acetal structure and product ion is observed because cyclic acetal substituents
at C2 are lost in the course of ionic transacetalization as part of
the neutral carbonyl product, whereas ring substituents not placed
at C2 remain, thus causing the corresponding mass shift for the
cyclic ionic acetal product (Scheme 1). Figure 2c shows another
proof-of-principle case in which an 1,3-acetal, 1,3-dioxane (3), is
distinguished from a nonacetal isomer, its 1,4-dioxo analogue 1,4dioxane (4). Whereas 3 is characterized by its ionic transacetalization product of m/z 130 (Figure 2c) (note that these are nonbackground-subtracted spectra), its nonacetal isomer 4 (spectrum
not shown) yields a mass spectrum with only the TMU characteristic product ions; that is, 4 provides a blank mass spectrum
after TMU background subtraction. This is so because 4 is neither
basic enough to compete with TMU for the proton, thus none of
protonated 4 of m/z 105 is formed, nor a cyclic 1,3-acetal; hence
it is also inert toward ionic transacetalization.
TMU Background Subtraction. Because the abundance of
the cyclic ionic acetals relative to the ions arising from ESI or
APCI in-source IMR of TMU alone (Figure 1) depends on the
relative concentrations of the dopant (TMU) and the cyclic acetal,
spectrum subtraction is highly desirable as it eliminates the
background common product ions arising from TMU reactions
(Figure 1). For instance, such a subtraction performed for the
spectrum of Figure 2c yields a product ion mass spectrum (not
shown) in which the cyclic ionic acetal of m/z 130, the ionic
transacetalization product of 3, fully dominates.
More Structurally Complex, Less Volatile, and Heavier
Cyclic Acetals. After we confirmed that ionic transacetalization
occurs with the reference cyclic acetals used as proof-of-principle
cases, it was important to test the APCI and ESI in-source IMR
method for more volatile and heavier cyclic acetals with more
complex, multifunctional structures. Five of such acetals 5-9 of
synthetic importance16 were selected.

Scheme 3

Scheme 4

As the TMU background-subtracted mass spectrum of acetal
6 of Figure 3a exemplifies, with the formation of the respective
and nearly exclusive cyclic ionic acetal of m/z 404, all these acetals
react readily by ionic transacetalization upon the APCI or ESI insource IMR conditions using TMU as the dopant. The TMU
background-subtracted spectra of acetals 5, 7, and 8 (not shown)
also display the respective cyclic ionic acetals as the nearly
exclusive product ions. Note the structural diagnostic feature of
the mass shift occurring during ionic transacetalization: for
instance, acetal 6 of 438 u forms upon reaction with the acylium
ion of m/z 72 an ionic acetal of m/z 404 because a neutral molecule
4706
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Figure 4. Tandem (MS2) product ion mass spectra for low-energy CID of the cyclic ionic acetals formed by APCI in-source transacetalization
of the acylium ion with (a) 1,3-dioxane, (b) 4-methyl-1,3-dioxane, and (c) 1,3-thioxolane.

of benzaldehyde of 106 u (438 - 106 + 72 ) 404) has been
replaced (Scheme 1); hence, we can identify the neutral cyclic
acetal as likely bearing at C2 a phenyl group.
Acetal 9 is illustrative since its multifunctional cyclic acetal
R-hydroxy ether structure favors not only ionic transacetalization, which forms the cyclic ionic acetal of m/z 174 (Figure 3b),
but also a number of other likewise structurally diagnostic
reactions, and major competitive product ions of m/z 130, 143,
and 214 are formed (Scheme 2). Likely, the product ion of
m/z 214 is formed from the nascent adduct by “reaction-induced”
water loss owing to an excess of internal energy acquired in

the course of reaction; additionally, the product ion of m/z 143 is
formed by hydroxy abstraction whereas that of m/z
130 also appears to be formed from the nascent adduct of m/z
232 by a net “acetone abstraction” reaction. Note that hydroxy
abstraction is a common, structurally diagnostic reaction of
gaseous acylium ions with alcohols, more particularly for R-hydroxy ethers.17
Fundamentals of In-Source IMR under APCI and ESI. Insource IMR under ESI or APCI conditions is a novel way to expand
(16) Sabino, A. A.; Pilli, R. A. Tetrahedron Lett. 2002, 43, 2819.
(17) Moraes, L. A. B.; Eberlin, M. N. J. Mass Spectrom. 2002, 37, 162.
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the range of molecules toward those of higher mass, polarity, and
structural complexity that can be brought to gas phase to react
in class-selective and structurally diagnostic fashions. Before, ionmolecule reactions, and in particular ionic transacetalization,14,15
were limited to more volatile and lighter neutrals as they had to
be brought to the gas phase by volatilization or by (ultrafast)
heating. Now, with API techniques, considerably more polar and
heavier molecules can be transferred to the gas-phase mass
spectrometric environment where in-source IMR occur.
(a) ESI. A mechanism for ESI in-source ionic transacetalization can be rationalized using, for instance, the ESI model of
ion evaporation (IEM).3d Both protonated TMU and the neutral
acetal evaporate simultaneously from the ESI droplet solution to
the gas phase, then gaseous protonated TMU dissociates readily
by dimethylamine loss to form the reactant acylium ion, the
acylium ion-acetal complex is formed, and irreversible ionic
transacetalization occurs within this gaseous ion-molecule complex yielding the observed product ion, the cyclic ionic acetal
(Scheme 3).

(b) APCI. During APCI, both TMU and the cyclic acetal are
transferred as neutrals from solution to the gas phase. Likely,
corona discharge with ionization by proton-transfer reactions
yields mainly protonated TMU, the far more basic neutral.
Dissociation of protonated TMU by dimethylamine loss, induced
mainly by the excess of internal energy acquired during the
exothermic proton-transfer reaction, forms the desirable acylium
ion. The gaseous acylium ion-acetal complex is then formed, and
ionic transacetalization occurs yielding the observed cyclic ionic
acetal product (Scheme 4).
CID Experiments: Product Ion Structural Assignments
and Reaction Mechanisms. Most cyclic ionic acetals formed
by ionic transacetalization, when mass-selected and subject to
low-energy 10-20-eV collisions with argon in the collision cell
of the tandem QTOF of mass spectrometer, dissociate to re-form
the precursor acylium ion of m/z 72, as exemplified by that of
m/z 130 from 1,3-dioxane (Figure 4a). Increased structural
complexity with the presence of other functional groups or
substituents (when placed at positions that favor specific bond
cleavages) tend to favor other competitive dissociations, as
exemplified for the cyclic ionic acetal of m/z 144 from 2 (Figure
4b). This ion dissociates competitively to form an abundant
fragment ion of m/z 90 (protonated dimethylcarbamic acid), a
process that corresponds to a formal, collision-induced water
abstraction reaction.

Figure 5. Tandem (MS2) product ion mass spectrum for low-energy CID of the cyclic ionic acetals formed by transacetalization of the acylium
ion with the cyclic acetal (a) 6 of m/z 404 and (b) 9 of m/z 174.
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Scheme 6

Scheme 7

Figure 4c shows the tandem CID product ion mass spectrum
of the cyclic ionic acetal formed by ionic transacetalization of the
acylium ion with a thioacetal: 1,3-thioxolane (10). This reaction

yields both the expected cyclic ionic thioacetal of m/z 116 and
the cyclic ionic thioacetal of m/z 132, and the CID product ion
mass spectrum of m/z 132 confirms a cyclic structure for the ionic
acetals (Scheme 1) since dissociation to both the acylium ion of
m/z 72 and the analogue thioacylium ion of m/z 88 can only be
rationalized with the intermediacy of a cyclic ion (Scheme 5).
The presence of other functional groups with increased
structural complexity tends to favor other specific and likewise
selective dissociation channels for the cyclic ionic acetals. For
instance, the cyclic ionic acetal of m/z 404 from 6 (Figure 5a)
dissociates mainly to the ion of m/z 315 by N,N-dimethylcarbamate
loss (Scheme 6), whereas that of m/z 174 from 9 dissociates
mainly to the ions of m/z 90 and 85 (Figure 5b) by the pathways
rationalized in Scheme 7 as well as to the more common
dissociation to the reactant acylium ion of m/z 72.
CONCLUSION
Under the unique low kinetic energy in-source ion-molecule
reaction conditions used herein for both ESI and APCI, ionic
transacetalization of cyclic acetals with the gaseous (CH3)2NCO+
acylium ion has been performed with high efficiency. ESI and
APCI expand greatly the range of cyclic acetals that can be
brought to the gas phase to react by ionic transacetalization. Much
heavier, more polar, and less volatile cyclic acetals than those
previously employed in reactions performed in quadrupole collision cells have been shown to react efficiently by ionic transacetalization under the ESI and APCI in-source IMR conditions.
Tetramethylurea acts as an efficient dopant and can be easily coinjected with the acetal either in benzene, toluene, methanol, or
water/methanol solutions. Under the relatively high-pressure, lowenergy collision conditions set to favor ESI and APCI in-source

IMR, (CH3)2NCO+ reacts competitively either with TMU to form
acylated TMU or with the neutral acetal via the desired ionic
transacetalization reaction to form the characteristic class-selective
and structurally diagnostic cyclic ionic acetal product ion. Spectra
subtraction removes the ionic products of the dopant (TMU) selfreactions, thus providing clean product ion mass spectra. Information on ring substituents can be accessed via characteristic mass
shifts resulting from the neutral aldehyde/ketone by acylium ion
replacement that occurs upon ionic transacetalization. It has been
shown that mixed O/S, O/NH, and S/NH acetals yield two
competitive ionic acetal products,14,15d which adds to the structural
diagnostic capability of the reaction. Enhanced selectivity in
structural characterization or chemical recognition for cyclic acetal
monitoring is obtained by on-line collision-induced dissociation
via tandem mass spectrometric experiments. Most cyclic ionic
acetals dissociate exclusively or nearly exclusively to re-form the
reactant (CH3)2NCO+ acylium ion whereas the presence of
additional functional groups with increased structural complexity
tends to favor other specific and likewise selective dissociation
channels.
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