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In mass spectrometry of the R,�-unsaturated aromatic ketones, Ph-CO-CHdCH-Ph′, losses of a benzene
from the two ends and elimination of a styrene are the three major fragmentation reactions of the protonated
molecules. When the ketones are substituted on the right phenyl ring, the electron-donating groups are
in favor of losing a styrene to form the benzoyl cation, PhCO+, whereas the electron-withdrawing groups
strongly favor loss of benzene of the left side to form a cinnamoyl cation, Ph′CHdCHCO+. When the
ketones are substituted on the left phenyl ring, the substituent effects on the reactions are reversed. In
both cases, the ratios of the two competitive product ions are well-correlated with the σp

+ substituent
constants. Theoretical calculations indicate that the carbonyl oxygen is the most favorable site for
protonation, and the olefinic carbon adjacent to the carbonyl is also favorable especially when a strong
electron-releasing group is present on the right phenyl ring. The energy barrier to the interconversion
between the ions formed from protonation at these two sites regulates the overall reactions. Transfer of
a proton from the carbonyl oxygen to the ipso position on either phenyl ring, which is dissociative,
triggers loss of benzene.

Introduction

Protonation plays an important role in many chemical and
enzymatic reactions. From the classic acid-catalyzed hydrolysis1

of various small molecules to the enzyme–substrate interactions2

in different biological systems, protonation of the small
molecules or the enzymes is usually a critical step, and the

determination of the site of protonation is sometimes the key
to understanding the reaction mechanism. A molecule, including
very small ones such as carbon monoxide,3 may be capable of
accepting a proton at different positions. The thermodynamically
favored site of protonation is primarily dependent upon the
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proton affinity (PA)4 at each local functionality of the molecule.
However, it has been shown that the chemical environment,
for example, the effect of the solvent5 or the influence of a
neighboring group,6 also changes the pathway of protonation
and the subsequent fragmentation.

Mass spectrometry has been a major tool among various
experimental approaches for the measurement of the PA
values4,7 and for the determination of the site of protonation.8

In the meantime, from the applicational perspective, information
on how a molecule is protonated is valuable in structural
determination, such as in the identification of drug metabolites,9

using typically the electrospray ionization (ESI) mass spec-
trometry where the molecules of interest are protonated.
Fragmentation reactions of the protonated molecules (MH+) are
usually triggered by the positive charge formed upon protona-
tion.10 However, it is often found that when a molecule is
protonated at the thermodynamically favored site, a “stable”
molecular ion is formed leading to no fragmentations; in
contrast, the MH+ ion from which fragmentation takes place is
often formed with the external proton added to an unfaVorable
position. The carboxylic acids, for example, are preferably
protonated at the carbonyl oxygen, but water loss from the MH+

ion occurs only when the proton migrates to the hydroxyl
oxygen, which is the disadvantageous site for protonation.11

Likewise, for the esters, loss of the alcohol proceeds from the
MH+ ion where the proton is located on the alkoxyl oxygen
even though protonation at the carbonyl oxygen is energetically
prefered.12 As the essential functional group of peptides, the
amide linkage has been studied extensively for its protonation
and the subsequent fragmentation. Both theoretical and experi-
mental investigations13,14 have unanimously testified that pro-
tonation of the amides at the carbonyl oxygen is favorable in
energy, whereas the decomposing configuration of the MH+ ion,
which has the proton at the nitrogen, is produced after
surmounting a high energy barrier that exists between the two
isomeric forms.13 From the stable initial structure to the unstable

dissociative structure, proton migration required for the frag-
mentation reaction has been witnessed in many cases as in
carboxylic acids and their derivatives. This has led to the
discovery of the mobile proton model15 that is now routinely
applied to the mass spectrometry of peptides and proteins.

Migration of the proton (and other small cations),16 as a
prelude of the mobile proton theory, was observed earlier in
many rigid aromatic molecules by Grutzmacher and co-
workers.17 On the benzene, naphthalene, phenanthrene, biphenyl,
or terphenyl rings, the ionizing proton, which is specifically
attached to the oxygen of a carbonyl group on one end of the
molecules, migrates across the rings to the other end where it
hits a methoxymethyl group (at the oxygen) to eliminate a
neutral methanol. From these same precursor ions, another
reaction to the formation of the methoxylmethyl cation indicates
migration of the proton to the ipso position.17 These footprints
have exposed the mobile characteristic of the proton. However,
what is important behind these observations and the mobile proton
model is the fact that a dissociation reaction occurs only when the
proton is attached to a specific position of the molecule.

We are interested in identifying the positions of a molecule
where the arrival of a proton triggers fragmentation of the MH+

ions and believe that this is an important initial step in the
interpretation of the mass spectra. These positions are not
necessarily the most basic site (i.e., their local proton affinity
may be even lower than that at other positions). However, upon
capture of a proton at these sites, fragmentation takes place
immediately with no more further hydrogen shift. Therefore,
they are truly the “hot spots” of the protonated molecules.
Benzamides are preferably protonated at the carbonyl oxy-
gen.18 However, a major reaction to eliminate an isocyanate
(OdCdNR) requires protonation on the phenyl ring at the C1-
position to which the carbonyl group is attached.19 Similarly,
benzophenones, acetophenones, and dibenzyl ethers are all
preferentially protonated at the oxygen, but the retro-Friedel–
Crafts deacylation or dealkylation reaction, which is the
dominant pathway, requires that the C1-position of the phenyl
ring be protonated.20 The C1-positions in these molecules are
described previously by one of us20 as the dissociative proto-
nation sites.

To continue these efforts, we recently studied the reactions
of R,�-unsaturated aromatic ketones, the chalcones, in mass
spectrometry, and the results are presented in this paper. With
a vinyl unit between the carbonyl and the phenyl groups, which
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is an additional site with high PA, protonation at unfavorable
sites that induces fragmentation was observed. In addition, the
MH+ ions of selected chalcones with the proton unambiguously
attached to a specific position were prepared by in situ
fragmentation of larger precursor molecules; in the reactions
of these species and the deuterated counterparts, it was clearly
observed that the proton was floating in the molecular ions.

Results and Discussion

In the collision-induced dissociation (CID) mass spectra of
the MH+ ions of all the chalcone compounds studied (Chart
1), losses of benzene from the two ends and loss of styrene
(containing the B-ring) were observed, along with other minor
reactions. As an example, Figure 1 shows the spectrum for
compound 7 that bears a methyl substituent on the B-ring. The
major product ions, m/z 145, 131, and 105, are formed as a
result of the elimination of benzene (A-ring), methylbenzene
(B-ring), and p-methylstyrene, respectively. For chalcone 1 that
is unsubstituted, the two losses of benzene (A- or B-ring) are
indistinguishable and not discussed. Data for all compounds
studied are summarized in Table S1 in the Supporting Informa-
tion.

Protonation-Induced Fragmentation. The chalcone mol-
ecules may be protonated at multiple positions, including the
carbonyl oxygen, either carbon of the vinyl unit, the phenyl
rings, and the substituent when it has a heteroatom. The
preferred site for protonation of these molecules has not been

determined yet. However, based on the proton affinities of
related molecules given in Table 1 (the first 4 entries), we
believe that the carbonyl oxygen is the most favorable site for
protonation giving rise to the MH-1 ion, as shown in Scheme
1. The vinyl carbon adjacent to the carbonyl group is rather
competitive, whereas the C1-position of ring A to which the
carbonyl is attached would be difficult to be protonated directly.
Proton transfers from the oxygen to these two less favorable
sites leading to MH-2 and MH-3, respectively, would have
certain energy barriers but are necessary for the subsequent
fragmentation reactions to proceed. Direct cleavage induced by
the formal positive charge in MH-2 gives rise to a neutral styrene
and the C6H5CO+ ion a and elimination of benzene from MH-3
results in the cinnamoyl cation b.

In the chalcones, the PA at the C1-position (ring A) should
be similar to that of benzene (or slightly lower due to the
destabilizing effects of the carbonyl). In contrast, the PA at the
carbonyl oxygen is expected to be close to that of acetophenone,
that is, 20–25 kcal/mol higher than that at the C1-position (Table
1). Therefore, the 1,3-proton transfer from MH-1 to MH-3 is a
considerably endothermic process. Interestingly, ion b formed
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CHART 1

FIGURE 1. CID mass spectrum of the MH+ ion (m/z 223) of
chalcone 7.

TABLE 1. PA Values and Possible Site of Protonation of Selected
Compounds

compound
PA

(kcal/mol)4
site of

protonation

C6H6 179.3 C21

C6H5-CHO 199.3 O22

C6H5-C(dO)CH3 205.8 O23

C6H5-CHdCH2 200.6 C(H2)24

C6H5-C(CH3)dCH2 206.5 C(H2)25

4-CF3-C6H4-C(CH3)dCH2 197.3 C(H2)
4-O2N-C6H4-C(CH3)dCH2 194.9 C(H2)
4-CH3O-C6H4-C(CH3)dCH2 217.7 C(H2)
4-(CH3)2N-C6H4-C(CH3)dCH2 230.5 C(H2)

SCHEME 1

DissociatiVe Protonation and Proton Transfers
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via this proton transfer is still the dominant product, as seen at
m/z 145 in Figure 1 for compound 7, despite the pronounced
endothermicity and a possible high energy barrier to the 1,3-H
shift.13

To quantitatively describe the energy requirements of the
reactions, theoretical calculations were carried out using the
density functional theory (DFT) at the RB3LYP/6–31G(d) level
of theory, and a potential energy surface was obtained for the
unsubstituted chalcone. As shown in Figure 2, MH-1 is the most
stable species, and MH-2 and MH-3 are higher in energy by 18
and 25 kcal/mol, respectively, as expected. MH-3 exists as an
ion-neutral complex in a shallow energy well (to be discussed
afterward). Transition state TS-12 is 6 kcal/mol lower in energy
than TS-13, and TS-23 is 10 kcal/mol above TS-13. The total
energy of products for the reaction to form ion a is 13 kcal/
mol higher than that for the reaction to give ion b.

When the MH+ ions are formed in atmospheric pressure
chemical ionization, they are stabilized after many collisions
with the background gas molecules26 and reside in the deep
energy well mostly as MH-1 in the ground state. Upon
collisional activation, their internal energy27 increases to
overcome energy barriers to the fragmentations. In general, when

the transition states for two competing reactions are close in
energy, the stability of the products could be the driving force
for the reactions; when the transition states are much differenti-
ated in energy, the transition states take control of the reactions
regardless of the product thermochemistry.

The stability of all ionic species may vary to some extent
as the substituent changes. When the chalcones are substituted
on the B-ring, the substituent influence on MH-2 in particular
should be remarkable since the conjugating system is
interrupted by the newly formed CH2 group in the middle that
turns MH-2 to a substituted benzyl cation. The difference in
energy between MH-1 and MH-2 for the unsubstituted chalcone
is 18 kcal/mol (Figure 2); however, the energy difference
between these two species is much narrowed to be only 8 kcal/
mol for chalcone 9 that bears an N,N-dimethylamino group on
the B-ring (see Table S4 in the Supporting Information). This
indicates that MH-2 is much more sensitiVe than MH-1 to
structural changes on the B-ring. Likewise, TS-12 is also
expected to be more sensitiVe than TS-13 to these changes. In
fact, the substituent effect on the stability of MH-2 and TS-12
is in parallel to the effect on the proton affinity of the styrenes
(protonated styrenes are benzyl cations as well). For the styrenes
included in Table 1 with a substituent on the para position (note

(24) (a) Mathews, P. J.; Stone, J. A. Can. J. Chem. 1988, 66, 1239–1248.
(b) Kafafi, S. A.; Meot-Ner (Mautner) , M.; Liebman, J. F. Struct. Chem. 1990,
1, 101–105.

(25) (a) Harrison, A. G.; Houriet, R.; Tidwell, T. T. J. Org. Chem. 1984, 49,
1302–1304. (b) Pytela, O.; Trlida, B. Collect. Czech. Chem. Commun. 2007,
72, 1025–1036.

(26) (a) Schneider, B. B.; Chen, D. D. Y. Anal. Chem. 2000, 72, 791–799.
(b) Schneider, B. B.; Douglas, D. J.; Chen, D. D. Y. Rapid Commun. Mass
Spectrum. 2001, 15, 249–257. (c) Tu, Y.-P.; He, L.; Fitch, W.; Lam, M. J. Org.
Chem. 2005, 70, 5111–5118.

(27) Gabelica, V.; De Pauw, E. Mass Spectrom. ReV. 2005, 24, 566–587.

FIGURE 2. Potential energy diagram for the reactions of the MH+ ion of the unsubstituted chalcone calculated using DFT at the RB3LYP/
6–31G(d) level of theory. Relative energies are given in kcal/mol in the parentheses.
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that all data for those without a CH3 on the vinyl are not
available), it is clear that electron-donating groups (CH3O and
(CH3)2N) significantly increase the proton affinity by stabilizing
the MH+ ions of styrenes and electron-withdrawing groups (CF3

and NO2) strongly decrease the proton affinity by destabilizing
the MH+ ions.

To further understand the roles of various MH+ ions and
transition states in the fragmentation reactions, the mass
spectrometry of two series of chalcones with different
substituents on ring A or B (Chart 1) was then characterized.
For series I with an R on the B-ring, it was found that all
the electron-attracting groups favored formation of ion b to
eliminate the A-ring benzene, whereas the electron-releasing
groups were in favor of losing the B-ring styrene to form
ion a, as indicated by the relationship of the intensity ratios28

of these two competitive product ions (b over a) with the
σp

+ substituent constants29 shown in Figure 3. The competi-
tion of the two reactions is in line with the sensitivity of the
two transition states (TS-12 and TS-13) to structural changes.
When an electron-releasing group is present on the B-ring,
the energy barrier (TS-12) to the MH-1 f MH-2 process is
lowered, and direct cleavage resulting in ion a is dominant.
In contrast, when an electron-attracting group is attached,
the same energy barrier is elevated, then the alternative
pathway via TS-13 prevails to form ion b. This clearly
demonstrates that the transition state TS-12 plays a unique
role as a “regulator” in the overall reactions of series I
chalcones.

As for the chalcones in series II, the substituents that are on
the A-ring exhibited different effect than in series I on the

reactions. The MH-1 ion30 and TS-13 are now more sensitive
to structural changes on the A-ring, whereas MH-2 and TS-12
are less sensitive to these changes. This is because the charge
site in the former pair is attached to the A-ring where the
substituent changes, but the charge in the latter pair is shielded
by the CH2 unit in the middle. Therefore, for this series of
chalcones, transition state TS-13 takes over the “regulator” role.
Qualitatively, electron-releasing groups stabilize TS-13 and cut
the energy barrier to the MH-1fMH-3 process, thus favoring
formation of the cinnamoyl ion b. On the other hand, electron-
withdrawing groups destabilize TS-13 and further raise the
energy barrier to same reaction, allowing the other pathway
toward ion a to prevail. As shown in Figure 4, the intensity
ratios28 of the two competitive product ions (a over b in this
series) correlate well with the substituent constants in general.
However, the two outliers indicate that other factors also played
an important role in the reactions. We initially expected that
both NH2 and OCH3 should considerably stabilize TS-13, as
observed previously in benzophenones,20 and thus strongly favor
loss of the A-ring benzenes. In fact, the benzoyl cations a (R
) NH2 or OCH3) can also be stabilized by the quinone
resonance forms, as depicted in Scheme 2. This additional
stabilization elevated the intensity of the a ions and thus brought
the two compounds off the general linear correlation with the
substituent constants.

Proton Transfers. From the fragmentation of two series of
chalcones, we found that MH-1 is the most stable species, and

(28) The intensity ratios are for ions b over a in Figure 3, and reversed to a
over b in Figure 4 to keep the slope positive. Intensities are corrected for
secondary fragmentations.

(29) Hansch, C.; Leo, A.; Taft, R. W. Chem. ReV. 1991, 91, 165–195.
(30) For series II, the structures of MH-1, MH-2, and MH-3 are the same as

shown in Scheme 1 except that the substituent R is on the left A-ring.

FIGURE 3. Relationship of ln[(R2C6H4CHdCHCO+)/(C6H5CO+)] with
the σp

+ substituent constants in the fragmentation of protonated
chalcones substituted on the B-ring. Note that the substituted cinnamoyl
ion is the numerator.

FIGURE 4. Relationship of ln[(R1C6H4CO+)/(C6H5CHdCHCO+)] with
the σp

+ substituent constants in the fragmentation of protonated
chalcones substituted on the A-ring. Note that the cinnamoyl ion is the
denominator.

SCHEME 2

DissociatiVe Protonation and Proton Transfers
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intramolecular proton transfer leading to the configurations
preceding fragmentations (i.e., MH-2 or MH-3) is a “regulator” in
the overall reactions. One pathway is more sensitive than the other
to structural changes in each series, and it depends on where (A-
or B-ring) the substituents are attached. To gain further insight into
the mechanism, we decided to make an authentic ion, MH-2,
that resides in a different energy well on the potential energy
surface, and also to examine the chemistry of deuteronated
chalcones, the MD+ ions.

The 1,5-diketo compounds 16–19 (Chart 2) were then
synthesized, and their MH+ ions were subjected to collisional
activation. The product ion of a major fragmentation, as shown
in Scheme 3 for compound 17, is exactly the MH-2 ion for the
corresponding chalcone. As expected, the ion arising from this
fragmentation of the 1,5-diketo molecules showed a CID mass
spectrum identical to that of the corresponding protonated
chalcone. Figure 5 exemplifies the spectrum for the m/z 223
ion from 17, which is indistinguishable from that for 7 shown
in Figure 1 (additional data can be found in the Supporting

Information). This is an indisputable evidence that, upon
collisional activation, interconversion between MH-1 and MH-2
takes place prior to elimination of A-ring benzenes.

Another similar reaction, which is not the focus of this study,
the loss of the B-ring benzenes (e.g., m/z 131 in Figure 1),
involves proton transfer ultimately to the C1′-postion of the
B-ring. Loss of benzene from this side indicates that the “extra”
proton is floating among several positions, and once it hits a
dissociative site, a fragmentation reaction follows.

Isotope labeling is always powerful in the studies of reaction
mechanisms. In the CID mass spectra of the MD+ ions of
selected chalcones (series I), losses of C6H6 and C6H5D (both
of the A-ring) were observed, which was confirmed by the
accurate mass determined on the ultrahigh resolution FT-ICR
mass spectrometer (see Table S2 in the Supporting Information).
This implies that the external deuterium and an internal hydrogen
were competing in this reaction. More interestingly, it was found
that the [MD - C6H6]+/[MD - C6H5D]+ ratios varied with the
substituent constants as illustrated in Figure 6 (note the linear
scale). Early studies31 on deuterated chalcones demonstrated that
in loss of the A-ring benzene, H/D scrambling involving ring
hydrogens was negligible. Given what we know now about the
“regulator” role TS-12 plays (for series I), when the substituent
is a strong electron-donating group (e.g., (CH3)2N or CH3O), a
reduced energy barrier between MD-1 and MD-2 (refer to Figure
2) would allow their interconversion through TS-12 to mix the
external deuterium and the olefinic hydrogen as shown in the
shaded area in Scheme 4. However, the subsequent transfer of
a deuteron on MD-1a or a proton on MD-1b via TS-13 for the
reaction to proceed (Figure 2) will be marked by a considerable
kinetic isotope effect, kH/kD. If interconversion between MD-1
and MD-2 were free (i.e., [MD-1a]/ [MD-1b] ) 1:1), then the
[MD - C6H6]+/[MD - C6H5D]+ intensity ratio would be the
kH/kD value. From R ) OCH3 to R ) N(CH3)2, this ratio
increased only marginally despite the large change in the σp

+

value. This plateau in intensity ratio changes probably implies
that the interconversion is almost free for these two compounds,
and the intensity ratios represent the majority of their kH/kD

values.
As the electron-withdrawing power of the substituent in-

creases, the energy barrier (TS-12) heightens and thus prevents

(31) (a) Ardanaz, C. E.; Traldi, P.; Vettori, U.; Kavaka, J.; Guidugli, F. Rapid
Commun. Mass Spectrom. 1991, 5, 5–10. (b) Ardanaz, C. E.; Kavaka, J.;
Curcuruto, O.; Traldi, P.; Guidugli, F. Rapid Commun. Mass Spectrom. 1991,
5, 569–573.

CHART 2

SCHEME 3

FIGURE 5. CID mass spectrum of the m/z 223 ion generated in
fragmentation of the MH+ ion (m/z 343) of 17. This is identical to that
shown in Figure 1 for 7.

FIGURE 6. Losses of C6H6 and C6H5D from the MD+ ions of 2 – 9
in relation with the σp

+ substituent constants.
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complete interconversion, causing decrease in population of
MD-1b and leaving MD-1a (the initial MD+ ions) as the major
component. Note that MD-1a leads only to MD-3a to lose
C6H5D (Scheme 4), thus resulting in declining [MD - C6H6]+/
[MD - C6H5D]+ ratios shown in Figure 6. When R ) NO2,
this ratio is only 1.35. These results are likely to rule out the
possibility that the MD-1 f MD-3 process takes place by an
alternative 1,4-deuteron transfer to the ortho position of the
A-ring followed by “hydrogen ring-walk”,21 (since that would
give the [MD - C6H6]+/[MD - C6H5D]+ ratio g5 in all cases
including R ) NO2 based on statistics). Therefore, this is
additional evidence supporting the reaction mechanism presented
in Figure 2 given by theoretical calculations.

Dissociative Protonation. In this study, we were more
focused on the elimination of the A-ring upon protonation. It is
interesting because this reaction requires that the C1-position
on this ring be protonated to form the MH-3 ion (Scheme 1)
even though the PA value at this site is significantly lower (by
25 kcal/mol, Figure 2) than that at the carbonyl oxygen. It is
the dominant reaction for most of the chalcones studied (see
Table S1 in the Supporting Information).

During theoretical calculations we found that upon protona-
tion at the C1-position, the resulting MH-3 ion dissociates
spontaneously. However, the two fragments are held together
electrostatically as a stable cinnamoyl cation/benzene complex.
As shown in Figure 7, in this complex, the neutral benzene is
completely planar with six identical C-H bonds, and the
distance between the two carbon atoms originally bonded is
now 3.09 Å (versus 1.46 and 1.48 Å for the corresponding bond

in MH-1 and MH-2, respectively, Table S3 in the Supporting
Information). This is a reaction intermediate that resides in a
very shallow energy well (only 4 kcal/mol below the final
products, Figure 2) as mentioned previously in other systems.20

Although ion-neutral complexes32 are common intermediates
in fragmentation reactions in mass spectrometry, this cinnamoyl
cation/benzene complex found here is formed upon protonation
at a particular position that causes spontaneous dissociation,
which is truly an excellent showcase in our search for dissocia-
tive protonation sites.

Conclusions

In the mass spectrometry of chalcones, Ph-CO-CHdCH-
Ph′, loss of a benzene from either end and loss of styrene were
observed as the major fragmentation reactions of the protonated
molecules. It was found that the carbonyl oxygen was the most
favorable site for protonation (which is, however, not dissocia-
tive) and proton transfer to a dissociative site was a regulator
of the overall reactions. The substituent effect was used as a
probe to examine the reaction mechanisms. It was also observed
that the proton was floating among several positions, and
fragmentation reactions took place once it hit dissociative sites.
These dissociative sites included the C1-positions on both phenyl
rings that triggered losses of the benzenes, even though they
were thermodynamically unfavorable in protonation.

Experimental Section

The chalcone compounds with a substituent either on the right
B ring (series I) or the left A ring (series II), shown in Chart 1,
were synthesized previously33 following standard procedures for
the Claisen-Schmidt reaction.34 The 1,5-diketo compounds (Chart
2) were synthesized as described elsewhere.35 The structures of all
compounds were confirmed by 1 H and 13C NMR and mass
spectrometry.

Mass spectral data discussed here were obtained from an ion
trap mass spectrometer operated in the positive ion mode with an
atmospheric pressure chemical ionization (APCI) ion source and
the software package provided by the vendor. The capillary voltage
was set at -4000 V, and the ion source temperature was set at 400
°C. Nitrogen was used as the nebulizing gas, at a pressure of 15
psi, and as the drying gas at a flow rate of 5 L/min. CID mass
spectra were obtained with helium as the collision gas at a collision
energy achieved by a voltage of 0.7 V. Accurate mass was measured
on an FT-ICR mass spectrometer (7.0 T) with an APCI ion source.

(32) General reviews on ion-neutral complexes: (a) Bowen, R. D. Acc. Chem.
Res. 1991, 24, 364–371. (b) Longevialle, P. Mass Spectrom. ReV. 1992, 11, 157–
192. (c) McAdoo, D. J.; Morton, T. H. Acc. Chem. Res. 1993, 26, 295–302.

(33) Tai, Y. P.; Pei, S. F.; Wan, J. P.; Cao, X. J.; Pan, Y. J. Rapid Commun.
Mass Spectrom. 2006, 20, 994–1000.

(34) Smith, M. B. Organic Synthesis, 2nd ed.; McGraw-Hill: New York,
2002; p 740.

(35) Swamy, V. M.; Sarkar, A. Tetrahedron Lett. 1998, 39, 1261–1264.
(36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci,
B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian,
H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul,
A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03; Gaussian,
Inc.: Pittsburgh, PA, 2003.

SCHEME 4

FIGURE 7. Optimized structure of the MH-3 ion formed upon
protonation of the unsubstituted chalcone at the C1-position of the A-ring
(the atom in red is oxygen).
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The capillary voltage was set at -4300 V, and the ion source
temperature was set at 350 °C. Nitrogen was used as the nebulizing
and drying gases, and argon was used as the collision gas.

All compounds were purified after synthesis and redissolved in
acetonitrile or methanol containing 1% acetic acid at a concentration
of approximately 1 µg/mL. The solutions were infused into the ion
source for analysis with a syringe pump at a flow rate of 30 µL/min.

Theoretical calculations were performed by using the DFT
method at the RB3LYP/6–31G(d) level of theory in the Gaussian
03 program.36 The candidate structures of the reactants, products,
and transition states were optimized by calculating the force
constants. No symmetry constrains were imposed in the optimiza-
tions. The reaction pathways were traced forward and backward
by the intrinsic reaction coordinates (IRC) method. All optimized
structures were subjected to vibrational frequency analysis for zero-
point energy (ZPE) correction to the temperature at 298.15 K and
the pressure at 1.0 atm. The sum of electronic and thermal energies
of the optimized structures were calculated.

Acknowledgment. We are gratefully indebted to a reviewer
for his constructive and thoughtful comments that inspired us
to revigorate the manuscript with additional data. This study
was supported in part by the National Ministry of Education of
China (NCET-06-0520) and NSFC of China (20776059).

Supporting Information Available: MS3 spectra of the 1,5-
diketo compounds 16–19 in comparison with the MS2 spectra
of the corresponding chalcones, mass spectral data for all
chalcone compounds, accurate mass data for the product ions
in the fragmentation of the MD+ ions of compounds 5 and 8,
and DFT calculation results including geometries, total energies
and Cartesian coordinates of the optimized structures. This
material is available free of charge via the Internet at
http://pubs.acs.org.

JO702464B

Hu et al.

3376 J. Org. Chem. Vol. 73, No. 9, 2008


