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Gas-phase Chemistry of Acylium Ions.
Seven-to-Five Ring Contraction of 1,3-Dioxepane
and 1,3-Dioxep-5-ene
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As shown by pentaquadrupole triple-stage mass spectrometric and 18 O-labeling experiments, two sevenmembered cyclic acetals, 1,3-dioxepane and 1,3-dioxep-5-ene, fail to react by transacetalization with the gaseous
acylium ions CH3 CY O and (CH3 )2 NCY O. Instead, a novel and less exothermic but more kinetically favored
reaction, seven-to-five ring contraction, occurs predominantly, and to great extents with the most reactive
acylium ion, (CH3 )2 NCY O. 1,3-Dioxepane yields O-acylated tetrahydrofurans; 1,3-dioxep-5-ene yields Oacylated 2,5-dihydrofurans. Copyright  1999 John Wiley & Sons, Ltd.
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INTRODUCTION
In the gas phase, acylium ions .RCC O/1 and their
sulfur analogues, the thioacylium ions .RCC S/, and the
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structurally related sulfinyl cations .RSC O/,2 display
a rich, unique and general reactivity.2 – 7 With conjugated dienes, acylium and thioacylium ions undergo
[4 C 2C ] polar cycloaddition;4 with cyclic acetals and
ketals, transacetalization;2b,5 with diols and analogues,
ketalization;5g,6 and with epoxides, a three-to-five ring
expansion reaction,5g,7 that is, the gas-phase analogue
of the condensed-phase Meerwein reaction8 (Scheme 1).
Such unique and general reactivity easily characterizes
and distinguishes acylium ions from both isomeric and
isobaric species.4,5

Scheme 1
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SEVEN-TO-FIVE RING CONTRACTION OF CYCLIC ACETALS

The novel ketalization and transacetalization reactions
of acylium ions occur in the gas phase by pathways that
are very similar to the respective condensed-phase acetalization and transacetalization. Both gas-phase reactions
form cyclic ‘ionic ketals’ (Scheme 1), that is, resonancestabilized cyclic 1,3-dioxonium ions,5,6 and as for the
carbonyl compounds in the ‘neutral’ reactions, the acylium
ions become protected against their most characteristic
reactions.5 When collisionally activated, the cyclic ionic
ketals re-form the acylium ions in high yields, a step
that is therefore equivalent to the re-forming hydrolysis of neutral acetals and ketals in the condensed phase.
Just as condensed-phase hydrolysis of acetals and ketals
frees the protected aldehydes or ketones, so gas-phase
collision-induced dissociation (CID) of the ionic ketals
frees the protected acylium ions.
Recently, gaseous acylium ions were shown to react
extensively via transacetalization with many cyclic acetals
and ketals and their sulfur and nitrogen analogues.5b
Transacetalization with gaseous acylium ions was then
proposed as a general and structurally diagnostic
reaction to characterize cyclic acetals and ketals.
Transacetalization occurs via initial O-acylation, followed
by ring opening/ring re-forming pathways in which a
neutral carbonyl compound is eliminated and cyclic ‘ionic
ketals’ are formed (Scheme 1).
That the product ions of transacetalization display
cyclic ionic ketal structures was proved by dissociating the
18
O-labeled ionic ketals formed by reacting CH3 CC 18 O
with 2-pentamethylene-1,3-dioxolane, a five-membered
cyclic acetal,5b and with 1,3-dioxane, a six-membered
cyclic acetal.2b As a result of the ‘oxygen-scrambling’
mechanism of transacetalization, both product ions
dissociate, to the same extent, to both the labeled
.CH3 CC 18 O/ and unlabeled acylium ion .CH3 CC O/.
Reactions of acylium ions with several five-, six- and
a seven-membered cyclic ketal (1,3-dioxep-5-ene) also
yielded abundant products that were all assumed to be
formed by transacetalization, and hence to display the
cyclic ionic ketal structures.
We now show, however, via triple-stage mass spectrometric and 18 O-labeling experiments, that seven-membered cyclic acetals fail to react with acylium ions
predominantly by transacetalization. Instead, a novel, less
exothermic but more kinetically favored reaction, sevento-five ring contraction, occurs predominantly or exclusively, yielding O-acylated hydrofurans.
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used to mass select the ion of interest for further reactions in q2 with a selected neutral reagent. Ion translational energies were set to near 1 eV as calibrated by
the m/z 39 : 41 ratio in neutral ethylene–ionized ethylene
reactions.11 Product ion spectra were acquired by scanning
Q5 , while operating Q3 in the broad-band r.f.-only mode.
The target gas pressures in q2 caused typical beam attenuations of 50–70%, i.e. multiple collision conditions were
used, which increases reaction yields and promotes collisional quenching of both the reactant and product ions.10
For the MS3 experiments,12 Q3 is used to mass select
a q2 product ion of interest for further 15 eV collision
dissociation with argon in q4 , while scanning Q5 for
spectral acquisition. The 15 eV collision energies were
taken as the voltage difference between the ion source
and the collision quadrupoles. The indicated pressures
in each differentially pumped region were typically 2 ð
10 6 (ion source), 8 ð 10 6 (q2 ) and 8 ð 10 5 (q4 ) Torr,
respectively (1 Torr D 133.3 Pa).
Energies and optimized geometries were obtained by
molecular orbital calculations using Gaussian 94 (Gaussian, Inc., Pittsburgh, PA, USA). Density functional theory
(DFT) at the Becke3LYP/6–31G(d) level of theory was
applied.13

RESULTS AND DISCUSSION
Figure 1 compares product spectra for reactions of the
acylium ion .CH3 /2 NCOC with the two seven-membered
cyclic acetals 1,3-dioxepane and its unsaturated analogue
1,3-dioxep-5-ene. With .CH3 /2 NCOC , the reactivity of
both acetals is notable, and just a single product ion (of
m/z 144 and 142, respectively) is formed in both reactions.
These products correspond to neutral loss of formaldehyde
from the adducts; hence they were initially (but incorrectly) assumed to be formed exclusively by transacetalization (Scheme 2) and to display seven-membered cyclic
ionic ketal structures.

METHODS
The gaseous ions were produced, reacted and their
products analyzed via double-stage (MS2 ) and triple-stage
(MS3 ) mass spectrometric experiments performed with
an Extrel (Pittsburgh, PA, USA) pentaquadrupole mass
spectrometer.9,10 The instrument, denoted Q1 q2 Q3 q4 Q5 ,
is composed of a sequential arrangement of three
mass-analyzing .Q1 , Q3 , Q5 / and two ‘r.f.-only’ ionfocusing reaction quadrupoles .q2 , q4 /. By 70 eV electron ionization, appropriate precursors form the reactant
acylium ions: tetramethylurea forms .CH3 /2 NCOC , acetone CH3 COC and [18 O]acetone (ISOTEC), CH3 C18 OC .
When performing MS2 ion–molecule reactions, Q1 was
Copyright  1999 John Wiley & Sons, Ltd.

Figure 1. Double-stage .MS2 / product ion spectrum for reactions
C
of the acylium ion .CH3 /2 NCO with (a) 1,3-dioxepane and (b)
1,3-dioxep-5-ene.
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Scheme 2

Figure 2 compares the triple-stage collision-induced
dissociation (CID) mass spectra of the two reaction products. That of m/z 144 from 1,3-dioxep-5-ene (Fig. 2(b))
dissociates exclusively and to a great extent to re-form the
reactant acylium ion of m/z 72; this dissociation behavior
is typical of cyclic ionic ketals.5 However, the product ion
of m/z 142 from 1,5-dioxepane (Fig. 2(a)) fails to show
such typical dissociation behavior. It does dissociate to
re-form the reactant ion of m/z 72, but two other major
dissociation pathways also operate, yielding the fragment
ions of m/z 90 and 55.
18

O labeling

To verify whether the oxygen-scrambling mechanism of
transacetalization (Scheme 1) operates for the two sevenmembered cyclic acetals, they were reacted with both
CH3 COC and its 18 O-isotopomer CH3 C18 OC . Figure 3
exemplifies product ion spectra for 1,3-dioxep-5-ene.
Reactions with the more acidic CH3 COC (CH3 COC can be
viewed as protonated ketene) forms the expected product
ion of m/z 113 (Figure 1(a)), but proton transfer (m/z 101)
competes to a large extent; the protonated molecule
also loses formaldehyde to some extent yielding m/z 71
(Fig. 2(b)). In reactions with CH3 C18 OC (Fig. 3(b)), the
product thought to be the cyclic ionic ketal is shifted, as

Figure 2. Triple-stage (MS3 ) sequential product ion spectrum of
products from reactions of (CH3 )2 NCOC with (a) 1,3-dioxepane
and (b) 1,3-dioxep-5-ene.

Copyright  1999 John Wiley & Sons, Ltd.

Figure 3. Double-stage .MS2 / product spectrum for reactions
C
C
of the acylium ions (a) CH3 CO and (c) CH3 C18 O with
1,3-dioxep-5-ene.

expected, to m/z 115. Analogous spectra (not shown) were
obtained for 1,3-dioxepane.
Figure 4 compares triple-stage CID mass spectra of the products thought to be formed by
transacetalization of CH3 C18 OC with 1,3-dioxolane, 1,3dioxane, 1,3-dioxepane and 1,3-dioxep-5-ene. For the
five-membered (Fig. 4(a)) and the six-membered cyclic
acetals (Fig. 4(b)), the product ions re-form, to the
same extent, both the labeled and unlabeled ion. As

Figure 4. Triple-stage .MS3 / sequential product ion spectra of
C
products from reactions of CH3 C18 O with (a) 1,3-dioxolane, (b)
1,3-dioxane, (c) 1,3-dioxepane and (d) 1,3-dioxep-5-ene.
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already discussed, this characteristic dissociation behavior
proves the operation of the oxygen-scrambling ring opening/recyclization mechanism of transacetalization, and that
cyclic ionic ketals are formed exclusively.2b,5
However, the product ions from the seven-membered
cyclic acetals dissociate differently. That from 1,3-dioxep5-ene (Fig. 4(d)) re-forms exclusively the 18 O-labeled
reactant acylium ion of m/z 45, and that from 1,3dioxepane (Fig. 4(c)) mainly the labeled ion of m/z 45
but also, to a small extent, the unlabeled ion of m/z 43;
loss of C4 H6 that yields m/z 55 also operates (Fig. 4(c)).
These dissociation behaviors eliminate major contribution
of the cyclic ionic ketal structure to the product ion from
1,3-dioxep-5-ene; from 1,3-dioxepane, a mixture of structures is formed with a minor contribution of the sevenmembered cyclic ionic ketal.
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Transacetalization versus seven-to-five ring
contraction
Scheme 3 exemplifies, for CH3 C18 OC and cyclic acetals
of different ring sizes, the products of two of their most
likely reactions: (a) transacetalization that yields cyclic
ionic ketals and (b) ring contraction that forms O-acylated
cyclic eters.
Considering the reaction mechanisms decipted in Scheme 3, the kinetic preference of either ring contraction
or transacetalization can be rationalized. For the fivemembered cyclic acetals, transacetalization requires a
five-membered transition state (TS) and ring contraction
a three-membered cyclic TS. The complete oxygen scrambling shown by the ionic product (Fig. 3(a)) proves that
the five-membered cyclic ionic ketal is formed exclusively

Scheme 3

Scheme 4

Copyright  1999 John Wiley & Sons, Ltd.
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Scheme 5

C

Figure 5. Becke3LYP/6 31G(d) DFT potential energy surface diagram for the reaction of CH3 CO
1,3-dioxep-5-ene. Reaction barriers were not estimated.

Copyright  1999 John Wiley & Sons, Ltd.

with (a) 1,3-dioxepane and (b)
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Table 1. Energies from Becke3LYP/6 31G(d) DFT calculations
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(Scheme 4(a)); hence, overall, transacetalization dominates.
For the six-membered cyclic acetals, transacetalization
requires a six-membered TS. Ring contraction requires,
however, a much more constrained and hence more
energetic four-membered TS. Therefore, transacetalization dominates, as it is the kinetically (and thermodynamically)2b favored reaction. Hence, the six-membered
cyclic ionic ketal with ‘scrambled’ oxygens is formed
exclusively (Scheme 4(b)); it then dissociates upon collision activation to both the labeled and unlabeled ion
(Fig. 4(b)).
For the seven-membered cyclic acetals, transacetalization requires a seven-membered TS and ring contraction
a five-membered TS. Therefore, ring contraction is now
the reaction that proceeds via a TS associated with a
more favorable activation entropy, that is, ring contraction
(Scheme 4(c) and (d)) dominates as the more favorable
kinetic reaction, yielding mainly O-acylated hydrofuranes.
Ring contraction promotes no oxygen scrambling; hence
the O-acylated hydrofuran re-forms only CH3 C18 OC upon
collision activation (Fig. 4(c) and 4(d)). In Fig. 4(c), by
taking double the abundance of the fragment of m/z 43 as
an estimate of the contribution of the cyclic ionic ketal,
and those of both the fragments of m/z 45 (excluding that
of the superimposed m/z 45 ion from the cyclic ionic
ketal) and m/z 55 for the acetylated tetrahydrofuran, an
approximate ratio of 3 : 1 is calculated.
Considering now that seven-to-five ring contraction
occurs predominantly for the seven-membered cyclic
acetals, the dissociation behavior of the respective product ions can be adequately rationalized (Scheme 5). For
the product ion from 1,3-dioxepane, the saturated fiveCopyright  1999 John Wiley & Sons, Ltd.

membered ring favors a dissociation pathway that is preceded by ring opening and H-shift and forms C4 H7 C of
m/z 55 by loss of RCO2 H. However, the C3 C4 double
bond of the 1,3-dioxep-5-ene product which precludes the
H-shift step, and eliminates the corresponding dissociation pathway of RCO2 H loss; hence, the reactant acylium
ion is reformed exclusively.
Reaction enthalpies: ab initio calculations
Figure 5 shows DFT (Table 1) potential energy surface
diagrams for the transacetalization and ring contraction
reactions (Scheme 4) of CH3 COC with 1,3-dioxepane and
1,3-dioxep-5-ene. For 1,3-dioxep-5-ene, a third alternative
reaction was considered, i.e., that by which an acyclic allyl
cation is formed (Scheme 6).

Scheme 6

Both diagrams show similar trends (Fig. 5). For
1,3-dioxepane, initial O-acylation is exothermic by
35.8 kcal mol 1 (1 kcal D 4.184 kJ), thus providing the driving force for the overall reaction. Ring
opening of the adduct is C12.2 kcal mol 1 endothermic, whereas transacetalization with the concomitant
formaldehyde loss that yields the seven-membered cyclic
ionic ketal is exothermic from the acyclic adduct by
J. Mass Spectrom. 34, 670–676 (1999)
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10.5 kcal mol 1 ; overall, transacetalization constitutes
the most exothermic process (by 34.1 kcal mol 1 ).
Seven-to-five ring contraction is also overall exothermic
by 19.8 kcal mol 1 .
For 1,3-dioxep-5-ene, initial O-acylation is exothermic
by 33.8 kcal mol 1 and ring opening is near isothermic.
Transacetalization that yields the seven-membered
cyclic ionic ketal is endothermic from the acyclic
adduct by C4.1 kcal mol 1 ; overall, it constitutes
the most exothermic reaction (by 29.5 kcal mol 1 ),
whereas seven-to-five ring contraction is the second
most exothermic reaction (by 17.9 kcal mol 1 ). The
acyclic allyl cation is formed from 1,3-dioxep-5ene in an overall endothermic (C4.4 kcal mol 1 ),
thermodynamically unfavorable reaction.
Therefore, for the seven-membered cyclic acetals, that
ring contraction dominates over the more exothermic
transacetalization must result from a strong kinetic
preference for the ring-contracting pathway. As already
discussed, transacetalization proceeds via a seven-membered TS and ring contraction, via a five-membered TS
(Scheme 3). Hence, ring contraction is the kinetically
favored reaction. Although TS energies were not estimated, expected trends in activation energies have been
included in Fig. 5.

CONCLUSION
In contrast to the general and extensive transacetalization reactivity of five- and six-membered cyclic acetals,
seven-membered cyclic acetals fail to react predominantly with acylium ions by transacetalization. Instead,
a novel reaction, seven-to-five ring contraction, dominates. According to DFT calculations, ring contraction is less exothermic than transacetalization; it dominates, however, owing to strong kinetic favoring. The
ring contraction reaction occurs to a great extent with
the most reactive ion .CH3 /2 NCC D O; for the more
acidic CH3 CC D O, it competes with proton transfer. As
shown by MS3 and O18 -labeling experiments, the reaction of CH3 CC 18 O with 1,3-dioxepane yields a near
3 : 1 mixture of the O-acetylated tetrahydrofuran and the
seven-membered ionic ketal; with 1,3-dioxep-3-ene, Oacetylated 2,5-dihydrofuran is formed exclusively.
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