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Upon CA, ESI generated [M � H]� ions of chalcone (benzalacetophenone) and 3-phenyl-
indanone both undergo losses of H2O, CO, and the elements of benzene. CA of the [M � H]�

ions of 2-methoxy and 2-hydroxychalcone, however, prompts instead a dominant loss of
ketene. In addition, CA of the [M � H]� ions of 2-methoxy-�-methylchalcone produces an�
analogous loss of methylketene instead. Furthermore, the [M � D]� ion of 2-methoxychalcone
upon CA eliminates only unlabeled ketene, and the resultant product, the [M�D� ketene]� ion,
yields only the benzyl-d1 cation upon CA. We propose that the 2-methoxy and 2-hydroxy
(ortho) substituents facilitate a Nazarov cyclization to the corresponding protonated 3-aryl-
indanones by mediating a critical proton transfer. The resultant protonated indanones then
undergo a second proton transport catalysis facilitated by the same ortho substituents
producing intermediates that eliminate ketene to yield 2-methoxy- or 2-hydroxyphenyl-
phenyl-methylcarbocations, respectively. The basicity of the ortho substituent is important; for
example, replacement of the ortho function with a chloro substituent does not provide an
efficient catalyst for the proton transports. The Nazarov cyclization must compete with an
alternate cyclization, driven by the protonated carbonyl group of the chalcone that results in
losses of H2O and CO. The assisted proton transfer mediated by the ortho substituent shifts
the competition in favor of the Nazarov cyclization. The proposed mechanisms for
cyclization and fragmentation are supported by high-mass resolving power data, tandem
mass spectra, deuterium labeling, and molecular orbital calculations. (J Am Soc Mass
Spectrom 2009, 20, 805–818) © 2009 American Society for Mass Spectrometry

The acid-catalyzed cyclization of divinyl ketones
to yield cyclopentenones is known as Nazarov
cyclization, a reaction that was recently reviewed

[1, 2]. Bronsted acids, superacids, and Lewis acids are
usually needed to promote the cyclizations in solution.
The mechanism involves conrotatory electrocyclic ring
closure of a protonated divinyl ketone followed by
deprotonation and double-bond reorganization [2]. A
general and efficient method for the synthesis of
biologically active 3-aryl-indanones is the Nazarov
cyclization of substituted chalcones [3–6]. A variety
of indanone derivatives can be synthesized by the
microwave-assisted Nazarov cyclization of chalcones
in trifluoroacetic acid (TFA) solution [5]. In addition,
further motivation comes from the antimicrobial ac-
tivity of substituted chalcones, which was evaluated
recently [7].

Characterization of these materials has attracted the
attention of mass spectrometrists since the early 1960s
[8]. The formation and structures of the [M � H]� ion
and [M � H � CO]� ions from the M�·, were one focus
[9–14], including an ion-structure study with an ion-
trap mass spectrometer [15]. Recently, the mechanisms for
elimination of C6H6 and CO from the atmospheric pres-
sure chemical ionization (APCI)-generated [M�H]� ions
of chalcones were established [16]. Three important prod-
uct ions observed in the CAD mass spectrum of proton-
ated chalcone arise from losses of H2O, CO, and C6H6.
Studies of the substituted chalcones show that both of the
phenyl rings are eliminated as the neutral arenes.
We took a different tack and describe here the

possibility of conducting the Nazarov cyclization of
chalcones in the gas phase by using a mass spectrome-
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ter as both reactor and detector. Investigations of gas-
phase reactions conducted using advanced experimen-
tal techniques in mass spectrometry and supported by
theoretical calculations provide a means for under-
standing energetics and intrinsic mechanisms of reac-
tions at the molecular level [17, 18]. Ionization methods
such as CI and ESI are effective for protonating organic
molecules while MS/MS and molecular modeling are
widely used for the elucidation of gas-phase structures
and fragmentation mechanisms. Proton-induced, gas-
phase rearrangements may closely parallel those in
solution as demonstrated by mass spectrometric stud-
ies; the acid-catalyzed Claisen rearrangement being a
classic example [19]. A more recent example is the
rearrangement of protonated 2-[N-benzoyloxyphenyl]NN
benzamide both in the gas phase and in solution [20].
Another motivation for our study relies on evidence
from both experiment and theory that high-energy
1,3-H shifts take place in the gas phase when cata-
lyzed by a base, a process called proton transport
catalysis [21–24]. The catalysis of the gaseous acetone
radical cation enolization by benzonitrile [25, 26] and
methanol [27] as well as the isomerizations of
isoformyl/formyl cations by various neutrals [22] of
ionized acetaldehyde by methanol are such examples
[28].
We expected that ESI or CI methods protonate chal-

cones at the carbonyl oxygen, affording species that
could potentially undergo Nazarov type cyclizations in
the gas phase. An important step in the solution Naz-
arov cyclization is deprotonation. A substituent such as
OCH3 or OH at the ortho position may be sufficiently
basic to cause deprotonation or otherwise assist in
proton transport. Given that the OCH3 and OH groups
are capable of catalyzing proton migrations in the gas
phase [27, 28], we chose to synthesize the following
chalcones (substituted benzalacetophenones): chalcone
(1), isomeric methoxy chalcones (2 and 5), isomeric hy-
droxy chalcones (4 and 6), 2-methoxy-�-methyl-chalcone�
(2-methoxybenzal-propiophenone) (3), and 2-chloro-
chalcone (7) for this investigation. In addition, benzhy-
drols 8, 9, and 10 were synthesized and used to generate
reference ions.

Experimental

Materials

Chalcones 1 to 7 were synthesized by standard
procedures [9, 29, 30] with focus on various substitu-
ents at the 2- and 4-position of the ‘a’ ring. The
benzhydrols used for generating product ions for
comparison were synthesized by procedures already
reported [31]. Purity of the samples was checked by
TLC, and the structures confirmed by NMR, IR and
mass spectra (Supplemental Materials, which can be
found in the electronic version of this article). 3-Phenyl-
indanone was purchased form Aldrich Chemical Co.
(Milwaukee, WI).

Mass Spectrometry

Instrumental methods. Formation of [M�H]� ions was
achieved by protonation of the chalcones by CI (chem-
ical ionization) and ESI (electrospray ionization) meth-
ods. The [M � H]� ions were analyzed by MS and
tandem MS/MS and MS3 methods by using MI (meta-
stable ion) or CA (collisional activation) under either
low-energy (�100 eV, laboratory) or high-energy (4
keV, laboratory) conditions.
The CI experiments, both MS and high-energy CA

MS/MS, were conducted on a VG ZAB-T four-sector
mass spectrometer (Manchester, UK) of BEBE design
[32]. MS1 was a standard high-resolving power, double-
focusing mass spectrometer (ZAB) of reverse geometry.
MS2 possessed a prototype Mattauch-Herzog-type de-
sign, incorporating a standard magnet and a planar
electrostatic analyzer having an inhomogeneous electric
field, a single-point, and an array detector. Samples
were introduced by evaporation from a direct-insertion
probe; and ions formed were accelerated to 8 keV. The
dissociation of the precursor ion (MI or CAD) was
studied in the third field-free region. For CA, sufficient
helium gas was added to the collision cell, which was
floated at 4 kV, to decrease the main beam intensity by
30% for CAD experiments. Both MS1 and MS2 were
operated at a mass resolving power of 1000. Typically
10 to 20 scans were signal averaged for each spectrum.
Data acquisition and workup were accomplished by
using a VAX 3100 workstation working with OPUS
software (VG, Manchester, UK).
The ESI-generated ions were produced from samples

dissolved in 1:1 mixture of acetonitrile and water (10–20
�g/mL) and introduced by direct infusion at a flow rate of�
10 �L/min for both MS and low-energy tandem MS�
analyses.
Some ESI and MS/MS experiments were conduc-

ted by using a Micromass Q-TOF-Ultima GLOBAL
mass spectrometer (Manchester, UK) operated in the
positive-ion mode. The needle voltage was 3 kV, and the
cone voltage was 90 V. The temperatures of the source
block and desolvation region were 90 and 150 °C,
respectively. All parameters (i.e., aperture to the TOF,
transport voltage, offset voltages) were optimized to
achieve maximum sensitivity and a mass resolving
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power of 15,000 (full width at half maximum). The CAD
experiments were carried out by mass selecting the
precursor ion by using the quadruple analyzer, and the
product ions were obtained by using the time-of-flight
analyzer operated at a mass resolving power of 15,000
(‘w’ mode). Collision voltages for fragmenting the ions
were in the range of 7 to 10 V with Ar as collision gas.
Accurate masses of the product ions were determined
by using the precursor ion as the internal standard.
Some ESI MS and low-energy MS/MS and tandem

MS3 experiments were performed by using a Thermo
Finnigan LCQ Advantage or a Thermo Finnigan LCQ
Classic 3D ion-trap mass spectrometers (San Jose, CA).

Isotopic labeling. To track fragmentation pathways, [M�
D]� ions were generated by using CD4 CI and were
analyzed by high-energy CA and MI methods. In addi-
tion, [M � D]� ions were generated by ESI from 1:1
D2O/acetonitrile mixture, introduced by direct infusion
(10 �L/min) and analyzed by CA MS/MS and MS� 3 on
the LCQ Classic ion trap.

Theoretical Calculations

Owing to the large size of chalcones, many of the initial
scans of the potential energy surfaces were performed
by using the PM3 [33, 34] semi-empirical algorithm,
where PM3 was part of the Spartan ’02 for Linux
package (Wave Function, Inc. Irvine, CA). Further char-
acterization was by density functional theory (DFT),
which requires less computational overhead than do
formal ab initio methods and yet incorporates dynamic
correlation, has little spin contamination [35–37], and
usually performs adequately giving proper geometries,
energies, and frequencies [38]. DFT was part of the
Gaussian 98/03 suite (Gaussian, Inc. Wallingford, CT)
[39, 40]. Minima and transition states were optimized at
the level B3LYP/6-31G(d, p) and confirmed by vibra-
tion frequency analysis. Connections of transition states
to minima were analyzed by combination of inspection,
projection along normal reaction coordinates, or reaction-
paths calculations as needed; also discovered by the latter
method were complexes (e.g., ion-dipole). Single-point
energies were calculated at B3LYP/6-311�G(2d,p)//
B3LYP-6-31G(d,p) level and scaled thermal-energy cor-

rections for standard conditions were applied [41]. All
calculated enthalpies are reported as relative to the
initial protonated chalcone in kJ/mol.

Experimental Results and Discussion

Chalcone (1)

There are three major fragment ions in the CAD mass
spectrum of the ESI-generated [M � H]� (m/z 209) of
chalcone. The fragments form via elimination of H2O,
CO, and C6H6 (presumably benzene) as reported earlier
[19] along with minor fragments of m/z 103, m/z 105,
presumably benzoyl cation, and m/z 194, from loss of
the CH3 radical. A comparison of the CADmass spectra
of protonated chalcone and 3-phenylindanone (Table 1)
reveals that both compounds give the same fragment
ions (of m/z 194, 191, 181, 131, and 103). For the
3-phenylindanone case, however, the abundances of
ions at m/z 191 and 181 are greatly reduced, indicating
that these fragments originate from another ionic spe-
cies. In addition, the absence of the m/z 105 ion suggests
that the benzoyl cation seen in the CAD mass spectrum
of protonated chalcone represents that fraction of [M �
H]� ions that does not cyclize. Nevertheless, the overall
commonality of fragmentation suggests that some frac-
tion of protonated chalcone isomerizes via Nazarov
cyclization to afford protonated 3-phenylindanone.
CA of the collision-generated m/z 181 ions [M � H �

CO]� via MS3 experiments (Table 2) affords three
important fragment ions of m/z 166, 153, and 103, which
arise by elimination of CH3, C2H4, and C6H6, respec-
tively. The CAD mass spectra of the m/z 181 fragment
ions from protonated chalcone and 3-phenylindanone
are similar, consistent with the proposed cyclization. In
addition, CA of the m/z 181 ion obtained as [M � H �

Table 1. CAD mass spectra of ESI-produced [M � H]� ions (quadrupole ion trap)

Compound

Fragment ions: m/z (abundance)

�H2O �CO �C6H6 �C6H5R
�Ketene

(�Methyl Ketene*) Benzoyl m/z 105 m/z 103

Chalcone (1) 191 (13) 181 (14) 131 (100) ND (10) (4)
3-Pphenylindanone 191 (2) 181 (1) 131 (100) ND ND (6)
2-Methoxychacone (2) ND ND ND ND 197 (100) (2) ND
2-Methoxy-�-methylchalcone (� 3) 235 (32) ND ND ND *197 (100) ND ND
2-Hydroxychalcone (4) ND ND ND ND 183 (100) (80) ND
4-Methoxychalcone (5) 221 (28) 211 (24) 161 (100) 131 (33) ND (55) (3)
4-Hydroxychalcone (6) 207 (28) 197 (25) 147 (100) 131 (22) ND (41) (2)
2-Chlorochalcone (7) 225 (14) 215 (9) 165 (100) 131 (26) 201 (2) (4) (8)

Table 2. CAD mass spectra of the fragment ions of m/z 181

Precursor of m/z 181

Fragment ions: relative abundance

m/z 179 m/z 166// m/z 153 m/z 103

Chalcone 25 100 10 20
3-Phenyl-1-indanone 54 100 18 30
1,1-Diphenylethanol 8 100 14 16
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H2O]
� from protonated 1,1-diphenyl ethanol (10), se-

lected as a suitable reference, exhibits the same frag-
ments. The similarities indicate that the [M�H� CO]�

fragment ions from both protonated chalcone and
3-phenylindanone possess the 1,1-diphenylethylcation
structure, Table 2.

2-Methoxychalcone (2)

The ESI-generated [M�H]� ion of 2-methoxy chalcone
(m/z 239) (2) fragments upon collisional activation to
yield a dominant m/z 197 ion formed by elimination of
42 u (Table 1). The accurate mass of the fragment ion,
197.0965, corresponds to C14H13O (calculated mass �
197.0966), indicating that the expelled neutral is C2H2O,
likely ketene. The dominant loss of ketene contrasts
significantly with the fragmentations observed for pro-
tonated chalcone.
The metastable-ion (MI) decompositions of the CI-

generated [M � H]� of 2 (m/z 239) (Table 3) yield m/z
207, 197, 161, and 131 fragments formed by losses of
methanol, ketene, and the elements of benzene and
anisole, respectively. (Similar results were obtained for
high-energy CAD of CI-generated [M � H]� of 2.) We
note that CI produces ions with greater internal energy
than ESI, explaining the lack of m/z 207, 161, and 131
fragments in the ESI low-energy CAD mass spectrum
(Table 1) and indicating that these latter ions are formed
by higher energy processes than that giving the m/z 197
ion, which is likely produced by a low-energy rear-
rangement. High-energy CAD of the m/z 197 fragment
ion affords fragments ions at m/z 181, 165, 152, and 91
(Figure 1a). Given that the m/z 91 ion (benzyl or
tropylium) corresponds to the base peak, the m/z 197
fragment must have a structure from which the C7H7

�

cation can be readily generated.
Furthermore, high-energy CAD of the [M � D]� ion

(m/z 240) of Compound 2 generated by CD4 CI shows
that [M � D]� dissociates by eliminating ketene rather
than ketene-d1, (m/z 198) indicating that the deuterium
remains solely part of the product ion in the elimination of
ketene. High-energy CA of the m/z 197 ion (Figure 1b)
yields major fragments ofm/z 181 (due to loss of CH4), 165
(loss of CH3OH), and 91 (formation of C7H7

�), which are
all shifted upward by one m/z upon CA of the m/z 198 ion
(Figure 1c). These results suggest that the initial D of m/z

240 has become one of the aromatic protons of them/z 198
ion, specifically on the unsubstituted phenyl ring. We
postulate that the likely structure of the m/z 197 ion is that
of the 2-methoxyphenyl-phenyl-methyl cation and the
C7H7

� is consequently the benzyl cation.

Table 3. Partial metastable-ion (MI) mass spectra of CI produced [M � H]� ions

Compound number

Fragment ions: relative abundance

�H2O �C6H6

�Anisole
(�Phenol†)

�Ketene
(�Methyl Ketene*) Benzoyl m/z 105

2 2 12 10 100 63
3 100 ND 10 *26 ND
4 8 8 10 16 100
5 4 50 22 ND 100
6 58 58 †30 ND 100

Figure 1. CAD mass spectra of (a) ion m/z 197 from 2 (b) m/z 197
ion from 3, (c) ion m/z 198 from [M � D]� of 2. Instrument: BEBE
tandem sector.
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We generated a suitable reference for the m/z 197 ion
having the 2-methoxyphenyl-phenyl-methyl cation
structure by low-energy CA of the ESI-generated [M �
Na]� ion of 2-methoxybenzhydrol (8). Others have
reported generating 2-methoxyphenyl-phenyl-methyl
cation by loss of H2O from the CI-generated [M � H]�

ion of 8 and producing its CAD mass spectrum via an
ion trap instrument, which shows an abundant frag-
ment of m/z 91 (benzyl cation) [42]. Furthermore, they
reported an C7H5D2

� ion as a CAD fragment of the
OCD3 analog (m/z 200), derived by the loss of H2O from
protonated 2-d3-methoxybenzhydrol, thus indicating
that the methylene moiety of the benzyl cation is
derived from the OCH3 group.
Low-energy CA (Figure 2a) of the collision-generated

m/z 197 fragment via an MS3 experiment involving
2-methoxychalcone (2) compares well with that of the
m/z 197 ion (MS3 experiment) from Compound 8 (Fig-
ure 2b). The strong similarity indicates that the [M �
H � CH2CO]

� ion from Compound 2 is the 2-methoxy-
phenyl-phenyl-methyl cation (eq 1). Low-energy CA in
an MS3 experiment involving them/z 197 ion (Figure 2a)

causes losses of H2O and CO (forming m/z 179 and 169
ions, respectively) and formation of the m/z 91 ion. The
m/z of these fragments increases by one for the m/z 198
intermediate [M � D � CH2CO]

� (Figure 2c). Similar
product-ion m/z shifts occur upon high-energy CA of
the CI-produced m/z 198 ion (Figure 1c). The facile
losses of H2O and CO likely indicate substantial but
low-energy rearrangement processes, whereas the
losses of CH4 and CH3OH (Figure 1a) induced by
high-energy MS/MS experiments are more direct,
higher energy processes. In either case, the production
of the m/z 91 ion is a dominant process exhibiting
identical deuterium-labeling results.

Figure 2. CAD mass spectra of (a) m/z 197 from 2-methoxy chalcone (2), (b) m/z 197 from 2-methoxy-
benzhydrol (8), (c) m/z 198 from [M � D]� of 2. (All are MS3 experiments). Instrument: 3D ion trap.
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2-Methoxy-�-Methyl-Chalcone (� 3)

We chose to examine the CAD mass spectrum of the
ESI-produced [M � H]� ion of �-methyl analogue,�
2-methoxy-�-methyl-chalcone (� 3) to determine the ori-
gin of the ketene. The [M � H]� expectedly dissociates
via elimination of methyl ketene to afford the m/z 197
ion (Table 1). Its accurate mass is 197.0964, in good
agreement with the calculated mass of [M � H �
CH3CH�C�O]�. The other major fragment ion is
[M � H � H2O]

� (measured mass, 235.1129; calculated
for C17H15O, 235.1123), which is likely facilitated by the
protons on the �-methyl group.�
The MI and high-energy CAD mass spectra of the

CI-generated [M � H]� of 3 (Table 3) exhibit peaks
corresponding to m/z 235, 197, and 145 ions, formed by
expulsions of H2O, methyl ketene (56 u) and CH3OC6H5
(108 u), respectively. Moreover, CA of the m/z 197 ion
obtained by CI protonation of Compounds 2 and 3
(Figure 1a, b) gives similar results, indicating that the
m/z 197 fragments from both compounds have the same
structure, namely, the 2-methoxyphenyl(phenyl)methyl
cation formed by similar reaction (eq 2). These obser-
vations indicate that the [M � H]� of Compound 3
eliminates methylketene by a mechanism analogous to
that for loss of ketene from protonated 2 and that the �
carbon along with the adjacent carbonyl group form the
ketene core.

2-Hydroxy-Chalcone (4)

To delineate the role of methoxy in the elimination of
ketene, we replaced the ortho OCH3 by OH and proton-
ated the 2-hydroxy-chalcone by CI and ESI. The MI
dissociations of the CI-generated [M � H]� (m/z 225)
are losses of H2O, ketene, and C6H6 (givingm/z 207, 183,
and 147 ions, respectively) (Table 3). CA of the ESI-
generated [M�H]� (Table 1) causes ketene elimination
and formation of the benzoyl cation at m/z 105; the
presence of the highly abundant m/z 183 ion and the
absence of the m/z 207 and 147 ions suggest that loss of
ketene is a lower energy process than losses of H2O and
C6H6, as is also the case for 2-methoxy-chalcone (2).
By analogy to the structure of the [M � H �

CH2CO]
� fragment from 2-methoxy chalcone, we pro-

pose that the m/z 183 fragment is the 2-hydroxyphenyl-
phenyl-methyl cation (eq 3). As a reference, we synthe-
sized 2-hydroxybenzhydrol (9) that, upon protonation
by ESI followed by CA, loses water to give the desired
m/z 183 fragment. Low-energy CA of the ion from 6
(Figure 3a) and from its reference 9 (Figure 3b, Table 4)

MS3 gives similar spectra, indicating that the two m/z
183 ions have the 2-hydroxyphenyl-phenyl-methyl cat-
ion structure [43]. Hence, the elimination of ketene from
4 follows a mechanism analogous to that for its elimi-
nation from 2, indicating that the OH group plays a
nearly identical role as OCH3 in elimination of ketene.

The [M � H]� of 4 has two OH groups (assuming
protonation on the carbonyl oxygen), and hence H/D
exchange/scrambling is possible in the corresponding
[M � D]� ion so that the D may be present as phenolic
OD for some fraction of the [M � D]�. Given that
H�-shifts can be mediated by the oxygen atom of the
phenolic group, both retention and loss of deuterium
accompanying formation of the product ions are ex-
pected. High-energy CA of CI-generated [M � D]� of
m/z 226 from 4 does indeed produce m/z 183 and 184
ions in the abundance ratio of �1:2, confirming that
H/D exchange occurs and that both ketene and
ketene-d1 are eliminated. CA of ESI-generated [M�H�
2D]� ion of m/z 227 from 4 (Figure 4) gives m/z 183, 184,
and 185 ions owing to eliminations of ketene-d2,
ketene-d, and ketene in ratio of �1:3:1, indicating H/D
scrambling before ketene elimination. The formation of
ketene-d2 along with the ratios of deuteria in the ketene
elimination products indicate that, in addition to the
two hydroxyl hydrogens, two other hydrogen are in-
volved in scrambling. The proton of the ortho OH group
must somehow initiate H/D scrambling, something
that the otherwise similar ortho OCH3 (from 2) cannot.
In summary, protonated 2-methoxy (2) or 2-

hydroxychalcone (4) precursors decompose predomi-
nantly upon CA by ketene elimination to give 2-methoxy
or 2-hydroxyphenyl-phenyl-methyl cations, respectively.
This process requires a 1,3-migration or equivalent of the
unsubstituted phenyl from the carbonyl carbon to the �
carbon. Furthermore, the loss of methylketene from
protonated 2-methoxy-�-chalcone (� 3) implies that the
�-olefinic carbon, adjacent to the carbonyl group, is�
eliminated as part of the ketene in these systems.
Finally, fragmentation of the [M � D]� of (2) via ketene
loss proceeds with complete retention of the D on the
product m/z 198 ion, which fragments to yield benzyl
ion (m/z 92) also with D retention, implying that the
initial D is transferred from the presumptive site of
charging, the carbonyl oxygen, to an aryl site on the
unsubstituted phenyl ‘b’ ring. To accommodate these
three mechanistic criteria, we propose that the proton-
ated 2-methoxy and 2-hydroxy-chalcones undergo,
upon activation, Nazarov cyclizations to give proton-
ated 3-aryl-indanones from which ketene is eliminated
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(eq 4). In addition, the 2-methoxy/2-hydroxy groups
must play a crucial role for both the Nazarov cyclization
and ketene loss because the unsubstituted chalcone,
when protonated, gives only partial cyclization with no
observable ketene loss.

2-Chlorochalcone (7)7

We designed a test for the hypothesis by investigating a
chalcone with a less basic ortho substituent to delineate
better the requirements for the cyclization and loss of
ketene. CA of the [M � H]� of 2-chlorochalcone shows
that it fragments to yield m/z 225, 215, 165, and 131 ions
by eliminations of H2O, CO, C6H6, and C6H5Cl, respec-
tively, analogous to the fragmentations of chalcone
(Table 1). The m/z 201 fragment produced by ketene
elimination, however, is only 2%, indicating that the
poorly basic Cl group is less capable than OCH3 and
OH in catalyzing cyclization and ketene elimination.

Figure 3. (a) The CAD MS of fragment ion of m/z 183 obtained by MS3 experiment on the ESI
produced [M � H]� of Compound 5. (b) The CAD MS of fragment ion of m/z 183 obtained by MS3

experiment on the ESI produced [M � H]� of Compound 11.

Table 4. CAD mass spectra of collisionally generated ions of m/z 183

Precursor

Relative abundances of the fragment ions

m/z 165 m/z 155 m/z 153 m/z 141

2-Hydroxychalcone (4) 100 52 16 12
2-Hydroxybenzhydrol (9) 100 51 16 13
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Hence, there seems to be a minimum basicity require-
ment for the promotion of cyclization and the elimi-
nation of ketene. In addition, the low abundances of
benzoyl cation (4%) and of fragments arising from
elimination of H2O or CO suggest that some fraction
of the protonated 7 cyclizes by analogy to protonated
chalcone.

4-Methoxychalcone (5) and 4-Hydroxychalcone (6)
To explore other criteria for cyclization, we examined
4-methoxychalcone (5) and 4-hydroxychalcone (6)
using CI and ESI to protonate the neutral molecules.
The MI dissociations of the CI-generated [M � H]�

from 5 and 6 give rise to not only the benzoyl cation
but also other fragments formed by eliminations of
H2O, C6H6, and substituted C6H6 analogous to elim-
inations from protonated unsubstituted chalcone; no
detectable elimination of ketene occurs. CA of the
ESI-produced [M � H]� ions also produces benzoyl
cations and other fragment ions formed by the elim-
inations of H2O, CO, and C6H6, and substituted C6H6
as established by accurate mass measurements (Table 5),
but again no detectable elimination of ketene. By
analogy to unsubstituted chalcone, a small fraction of
protonated 5 and 6 may also cyclize to substituted

indanones; the lower abundance of the benzoyl cation
generated when ESI was used for protonation com-
pared with when CI was used, and MI spectra taken
(Table 1 and 3) indicates that cyclization takes place
to a greater extent upon protonation by ESI. Overall,
the results for protonated 5 and 6 relative to 2 and 4
clearly demonstrate the necessity of the ortho substi-
tution for the promotion of Nazarov cyclization and
subsequent elimination of ketene.

Proposed Mechanisms and Theoretical
Calculations

Theory: Protonated Chalcone

We undertook theoretical calculations to aid in the
elucidation of fragmentation mechanisms and the role
of cyclization. Specific subjects are protonation, feasi-
bility of cyclization, and subsequent fragmentation of
protonated chalcone (1), 2-methoxy-chalcone (2), and
2-hydroxy-chalcone (9). Calculations reveal that the
lowest-energy protonation of [M � H]� ions occurs
on carbonyl oxygen in all three cases. We chose these
initial forms, A1, as the reference points for calculat-

Table 5. Accurate masses of the fragment ions of Compounds 5 and 6

Compound Nominal mass Measured mass Molecular formula Calculated mass Neutral lost

4-Methoxy chalcone (5) 221 221.0969 C16H13O 221.0966 H2O
211 211.1141 C15H15O 211.1123 CO
161 161.0601 C10H9O2 161.0602 C6H6

4-Hydroxy chalcone (6) 207 207.0801 C15H11O 207.0809 H2O
197 197.0971 C14H13O 197.0966 CO
147 147.0440 C9H7O2 147.0445 C6H6

Figure 4. CAD mass spectrum of [2-hydroxychalcone � OH � 2D]�. Instrument: 3D ion
trap.
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ing relative enthalpies of formation and reaction in
Tables 6, and 7.
In addition to A1, there is an ensemble of other

uncyclized forms related by rotations about various
bonds between the two phenyl rings and by proton
transfers (Ai of the Schemes). The formation of proton-
ated 3-aryl-1-indanones from these precursors via Naz-
arov cyclization in the gas phase would require the
equivalent of a 1,3-H� transfer after the conrotatory
cyclization. We could not find this transition state and,
even if it did exist, it probably would require substan-
tial energy to cross such that other processes would
predominate. As shown on Scheme 1, there are three
other routes (Figure 5) to accomplish that equivalent of
this H-transfer. Route 1, A1 ¡ A2 ¡ A3 ¡ B1 ¡ B2 ¡
C3 ¡ C6, involves a pair of 1,2-H

� transfers, however,
the transition-state TS(B1-B2) still requires�250 kJ/mol
additional energy to surmount (Table 6). On Route 2,
A1 ¡ A4 ¡ C1 ¡ C2 ¡ C3 ¡ C6, which requires a pair

of 1,4-H� transfers, the greatest barrier is transition-
state TS(C1-C2), which requires 200 to 220 kJ/mol
additional energy. Route 3, A1 ¡ A4 ¡ A5 ¡ C4 ¡
C5 ¡ C6, requires a pair of favorable 1,5-H

� transfers
involving the ortho substituent and, in contrast, presents
maximum barriers on trajectory from A5 to C6 that
require �160 kJ/mol additional energy. In addition,
calculations reveal that the protonated 3-aryl-1-
indanones are the most stable structures on the
potential energy surface from protonated chalcones
to the elimination of ketene.
Route 3, the most favorable route through cyclization

to the protonated 3-aryl-1-indanones (Figure 5 illustrat-
ing 2-methyoxychalcone case), constitutes an example
of intramolecular proton-catalyzed transport [21–24]
where the transport mediator is the oxygen of the
2-hydroxy or 2-methoxy groups. Since Route 3 in not
available for the unsubstituted chalcone case, conver-
sion to protonated 3-aryl-1-indanone then would be by

Table 6. Calculated relative enthalpies of formation/reaction (Scheme 1, in kJ/mol)

Minima Chalcone
2-Hydroxy
chalcone

2-Methoxy
chalcone Transition states Chalcone

2-Hydroxy
chalcone

2-Methoxy
chalcone

Label �2Hf �2Hf �2Hf Label �2H‡HH �2H‡HH �2H‡HH

A1 0 0 0 TS (A1-A2) 140 129 120
A2 21 23 22 TS (A2-A3) 55 64 67
A3 39 41 41 TS (A3-B1) 154 154 156
A4 3 4 4 TS (B1-B2) 257 258 260
A5 3 4 TS (B2-C3) 214 198 199
B1 123 131 134 TS (C3-C6) 47 35 42
B2 194 195 191 TS (A1-A4) 124 54 58
C1 116 121 125 TS (A4-C1) 204 127 129
C2 116 133 130 TS (C1-C2) 157 220 220
C3 �10 �3 1 TS (C2-C3) 174 174
C4 115 118 TS (A4-A5) 56 60
C5 139 120 TS (A5-C4) 127 129
C6 �C3 �9 �3 TS (C1-C4) 144 152

TS (C4-C5) 138 128
TS (C5-C6) 146 123
TS (C5-C6)u 147

‡The enthalpies of formation of the various transition structures.

Table 7. Calculated relative enthalpies of formation and reaction (Scheme 2, in kJ/mol)

Minima Chalcone
2-Hydroxy
chalcone

2-Methoxy
chalcone Transition states Chalcone

2-Hydroxy
chalcone

2-Methoxy
chalcone

Label �2Hf �2Hf �2Hf Label �2H‡HH �2H‡HH �2H‡HH

C7 119 98 TS (C6-C7) 122 103
C8 �6 �5 1 TS (C7-G1) 133 126
C9 118 119 124 TS (C6-C8) 41 42 47
G1 124 117 121 TS (C8-C9) 214 213 217
G2 113 115 119 TS (C9-G1) 173 169 175
G3 111 97 TS (G1-G2) 127 126 132
IDCK 102 112 115 TS (G2-G3) 121 126

TS (G3-H1) 141 142
TS (G2-H1) 137 142 144

Label �2Hrx �2Hrx �2Hrx

H1 � K 117 126 124

‡The enthalpies of formation of the various transition structures.
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Route 2 requiring 204 kJ/mol, hence cyclization for the
unsubstituted chalcone would be less competitive and
only partially complete, as observed experimentally.
The most favorable Route 3 would also not be available
for the 4-hydoxy and 4-methoxy isomers for geometric
reasons, explaining why these isomers exhibit similar
fragmentation features as the unsubstituted chalcone.
A critical requirement for intramolecular proton-
catalyzed transport of Route 3 is the presence of an
ortho substituent of sufficient basicity to abstract a
proton from the C9 (former C2’) position for subsequent
transfer to the C2 (former �) position. The calculated��

relative enthalpies of formation for C4, C5, and connect-
ing transition-state TS(C4–C5) show additional invest-
ment �25 kJ/mol to accomplish a feasible proton
transfer to the 2-hydroxy and 2-methoxy moieties (Ta-

ble 6). In contrast, C5 for the 2-chloro substituent is not
stable, and thus would be less efficient as an agent for
proton-catalyzed transport [22].
The elimination of ketene from the protonated 3-

aryl-1-indanones [e.g., from (2) and (4)], requires the
translocation of the proton on the carbonyl oxygen to
somewhere on the phenyl ring (former ‘b’ ring), as
required by the D labeling results, particularly in the
2-methoxy case (2) where no d1-ketene loss occurs. Two
routes are available (Scheme 2, Figure 6). Route A
involves transfer of proton from the carbonyl oxygen to
C7 and then to C8, C6 ¡ C8 ¡ C9 ¡ G1 where
TS(C8-C9) requires �210 kJ/mol additional energy to
surmount. In contrast, route B, C6 ¡ C7 ¡ G1 presents
a maximum barrier of‘�130 kJ/mol to same intermedi-
ate (G1). On route B, the OCH3, and OH groups act as
intramolecular proton transfer catalysts; the ionizing
H� on the carbonyl group is first abstracted to the
2-methoxy or 2-hydroxyl group and then transferred to
the C8 position (former C1’ on the ‘b’ ring), activating
the adjacent C–C bond for cleavage to G2. The basicity
of the ortho OCH3 and OH groups is necessary for
efficient proton transfer catalysis (Table 7), some-
thing that an ortho Cl cannot perform because corre-
sponding intermediate C7 is unstable. From G2 are
two energetically similar paths, one direct and an-
other through a cyclic intermediate G3, resulting in
formation an ion–dipole complex, IDCK, preparatory
to elimination of ketene. The ionizing proton thus is
translocated to the ortho position of the unsubsti-
tuted phenyl group in the product ion H1, in accord
with D� labeling results The ketene loss via proton
transport catalysis is so facile that it suppresses any
other fragmentations routes for the protonated 3-(2-
methoxy) phenyl-1-indanone intermediate, whereas

Proposed mechanism, formation of protonated 3-aryl-indanone from protonated chal-
cone precursor.

Figure 5. Comparative enthalpies of formation along reaction
routes to protonated 3-aryl indanone formation (2-methyoxychalcone
case).
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ketene loss is not observed for protonated 3-phenyl-
1-indanone.
The 2-hydroxy analog (4) differs from the 2-methoxy

case in several important ways. First, there is a much
greater abundance of the m/z 105 ion in the ESI CAD
mass spectrum of 4 (Table 1) compared with that of
2-methoxychalcone under identical conditions (same
instrument and collision energy). Second, H/D scram-
bling occurs in both high-energy CAD of the CI-
produced [M � D]� and low-energy CAD of the
ESI-produced [M � H � 2D]� whereas no H/D ex-
change is detectable for the 2-methoxy analogue (2). We
rationalize these differences by a proposed mechanism
(Scheme 3) whereby the protons of the 2-OH groups
and the �-C-H site are interchanged becoming equiva-�
lent with regard to H/D labeling. This interchange is
initiated by the phenol OH, which is not possible for the
2-methoxy analogue. A fourth proton, at C2= of the ‘b’
ring (C9 after cyclization), becomes involved in that
both protons on the R�OH2

� moiety of intermediate C5
(Scheme 1) can be transferred to the C6 site (former �-C)�
by virtually equal barriers, TS(C5-C6) versus TS(C5-
C6)u (Table 6). This process is also unavailable to the
2-methoxy analogue. The resulting H/D distribution
would be 1:2 for d1/d0-ketene elimination from [M �

D]�, as is observed, and 1:4:1 for d2/d22 1/d0-ketene from
[M – H � 2D]�, which is close to the experimental
�1:3:1. Thus, the labeling results provide strong confirma-
tion for the proposed mechanisms. In addition, generation
of m/z 105, the benzoyl cation, is accomplished by direct
cleavage of A8 with no reverse activation barrier.
Another type of cyclization is possible where the proton-

ated carbonyl initiates an electrophilic attackupon the ‘a’ ring
(Scheme 4). The cyclic products thus generated are config-
ured for ready elimination of H2H O. This route of elimination,
however, requires greater energy than that for ketene elimi-
nation and appears to be competitive only for those com-
pounds that do not have an ortho substituent to catalyze
critical proton-catalyzed transports.
From the [M � D]� of 2-methyoxy-chalcone (2), the

quantitative formation of the m/z 92 versus m/z 91
(Figure 2c) product ion from the collision-generated m/z
198 ion [M� D� CH2CO]

� clearly substantiates that D
is present in the phenyl ring of m/z 198. This reaction
belongs to the class of empirically-observed fragmenta-
tions from substituted diphenylcarbinols and diphenylm-
ethyl cations [42, 43]. We have verified the basic postu-
lated mechanism by theoretical calculations; the m/z 197
ion decomposes to give the m/z 91 ion benzyl cation
formed by the mechanism in Scheme 5. An addition to the
original proposed mechanism revealed by theoretical cal-
culations is the formation of an ion-dipole complex, IDCQ,
in the fragmentation exit channel to products. The mech-
anism preserves the location of the charging proton at the
ortho position of the unsubstituted phenyl ring where it is
remote to exchange reactions.
Further information regarding the theoretical calcu-

lations is available in the Supplementary Materials.

Conclusions

Although a Nazarov-type cyclization likely occurs to
some extent for protonated chalcone, this process be-
comes of high yield for the protonated 2-hydroxy and
2-methoxy chalcones (Scheme 1). The intermediate
products are protonated 3-aryl-1-indanones. A key
finding is that OCH3 and OH groups at the ortho
position act as proton-transfer catalysts, in that they

Figure 6. Comparative enthalpies of formation/reaction of ketene
elimination from protonated 3-aryl indanone (2-methoxychalcone
case).

Scheme 2. Proposed mechanism, elimination of ketene from protonated 3-aryl-1-indanone.
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decrease the activation energy for the equivalent 1,3
proton shift, a key step. Subsequently, ketene elimina-
tion occurs by a second, key 1,3 proton-shift (Scheme 2)
similarly catalyzed by the oxygen atom of the ortho
OCH3 or OH groups. When the OCH3 or OH groups,
however, are absent from the ortho position, Nazarov-
type cyclization takes place to a significantly lesser
extent, and must compete with another type of cycliza-
tion. In addition, competitive expulsions of CO, H2O,
and C6H6 (or substituted C6H6) take place instead of
ketene, which are also characteristic of protonated
3-phenyl-1-indanone. The structures of the [M � H �
ketene]� and [M � H � CO]�, as determined by
comparison of their CAD mass spectra with those of
reference ions, are consistent with these hypotheses.
The proposed mechanisms find strong support from
theoretical calculations using density functional theory

and from accurate-mass data, tandem mass spectromet-
ric experiments, and deuterium-labeling.
The gas-phase Nazarov cyclization of protonated

chalcones is analogous to that occurring in solution. Its
extent in the gas phase depends on the method used to
protonate the starting material and on the nature and
position of substituents. Moreover, the study shows
that the cyclization and fragmentation of 2-methoxy
and 2-hydroxy-chalocone are examples of intramolecular
proton-transport catalysis.
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