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The mechanisms of the title reaction have been studied by density functional theory (DFT). Three possible
reaction channels, including one non-catalyzed channel (channel 1) and two channels promoted by Lewis
acid BF3 (channels 2 and 3) are shown. The calculated results indicate that one of the catalyzed channels
(channel 2) is most energy favorable among all the three channels, so it occurs more often than others. To
the best of our knowledge, why Lewis acids can lower the energy barrier of ketene–ketone cycloaddition
largely has still been ambiguous by now. In order to clarify the puzzle, we have used an effective method
Density functional theory (DFT)
Ketene–ketone cycloaddition
F
L

of frontier molecular orbital (FMO) analysis to explain how the Lewis acid BF3 make the reaction easier
to occur. The results revealed that in addition to the orbital symmetries and the energy gaps between
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. Introduction

Desymmetrization of meso- and prochiral compounds is a pow-
rful approach in asymmetric synthesis [1]. Due to the wide
pplication of this approach [2–5], the new synthetic methodolo-
ies of 3-aryglutaric anhydrides have attracted more and more
ttention. For example, 3-aryglutaric acids have been synthe-
ized by condensation of arylaldehydes with two molecules of
thyl acetoacetate followed by deacetylation and hydrolysis of
ster groups by strong base [6]. Recently, a one-pot synthesis of
-aryglutaric acids has been reported [7]. In this method, bis-

soxazole derivatives formed from 3,5-dimethyl-4-nitroisoxazole
nd arylaldehydes are oxidized in situ to the dicarboxylic acids
y KMnO4. Glutaric anhydrides are obtained by treatment of glu-
aric acids with acetic anhydride. Moreover, Matsunaga et al.
ave reported the first one-pot synthesis of 3-aryl- or 3-alkyl-3-
rylglutaric anhydrides by reaction of ketene with benzaldehydes
r acetophenones under a Lewis acid catalysis (Scheme 1) [8],

hich is a very convenient method and has been widely used to

orm �-lactones (M1, Scheme 1) in the experiments [9–18].
Although there have been several computational papers inves-

igating the mechanisms of ketene–ketone [2 + 2] cycloaddition to
orm �-lactones [19,20], to the best of our knowledge, why Lewis
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, the different overlap modes of the frontier molecular orbitals are also
his paper.
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acids can lower the energy barrier largely is still mysterious. For
example, Cossio et al. reported ab initio calculations on catalyst
(BH3), substituents, and solvent (CH2Cl2) effects on the reaction
between ketene (or chloroketene) and formaldehyde (or acetalde-
hyde) [19b,19c]. However, they did not give a deep investigation
on the frontier molecular orbital interaction, which should be very
important for the cycloaddition reaction. In addition, Rajzmann
and co-workers had compared two reaction paths on formation
of �-lactones under non-catalysis condition (Scheme 2) [20a],
and through Lewis acid-promoted [2 + 2] cycloaddition (Scheme 3)
using semiempirical (AM1/RHF and AM1/CI) and ab initio (HF/6-
31G* and MP2/6-31G*) calculations [20b]. They thought that BF3
had a greater influence on the activation energy of path A com-
pared to path B. Consequently, path A, which is unfavored in the
uncatalyzed reaction (A vs B: 38 vs 32 kcal/mol, Scheme 2) [20a],
becomes favored in the BF3-catalyzed one (A vs B: 14 vs 24 kcal/mol,
Scheme 3). And the IRC results of path A can only lead to MA1
(Scheme 3) rather than MA2 (Scheme 3) in the BH3-catalyzed one,
so they thought it is better to use BF3 rather than BH3 as a model
Lewis acid in this reaction [20b]. Actually, we have validated the
IRC calculation results of path A in Schemes 2 and 3, which sug-
gests that the reaction cannot lead to the �-lactones under either
non-catalysis orBX3-catalyzed (X = H and F) conditions. The C(2)

and C(3) atoms are close to each other when O(1) and C(4) atoms
are far away from each other in the IRC results, and the structure of
intermediate such as MA (Scheme 3) cannot be localized, but there
were not convincing evidences reported to disaffirm this path, so
it has still been the controversial land by now.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:zhuyan@zzu.edu.cn
mailto:mstang@zzu.edu.cn
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Scheme 1. The scheme of the title reaction.
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tional energy (ZPVE) and to identify the transition states. At the
cheme 2. Two reaction paths toward �-lactone under non-catalysis: path A vs
ath B [20a].

Noteworthy, Yamabe et al. had provided the precise frontier
olecular orbital (FMO) pictures for the [2 + 2] cycloaddition under
on-catalysis by the IRC of path B in Scheme 2 [19d,19e], but it is
till unknown whether there is a same overlap mode of the fron-
ier molecular orbitals under the Lewis acid catalysis in the past
ecades. All of the above works prompted us not only to investigate

Scheme 3. Two reaction paths on formation of �-lactones through Le

Scheme 4. The three possib
sis A: Chemical 326 (2010) 41–47

the mechanisms of the title reaction, but also to give a deep investi-
gation on the frontier molecular orbital interactions. We think this
work should confirm how the Lewis acid works and what the role
of BF3 is, which should be certainly helpful for the new catalyzed
reaction designs.

In this project, the reaction of acetophenone (R1, Scheme 4)
with ketene (R2, Scheme 4) under Lewis acid (BF3-OEt2) catalysis,
which mainly generates 4-methyl-4-phenyl-dihydro-3H-pyran-
2,6-dione (P, Scheme 4) in CH2Cl2 solvent, has been chosen as the
object of investigation. Because the energy differences between R
and S configurations of C(2) atom are so tiny, and the products P1,
P2 and P are not chiral compounds, so all the chiral structures in
Scheme 4 are discussed in the S configuration. The reaction mech-
anisms have been studied using density functional theory (DFT),
which has been widely used in the study of mechanism [21,22].

2. Computational details

The geometries of the reactants, transition states, intermedi-
ates and products in all reaction channels were optimized at the
B3LYP/6-31G (d, p) [23–25] level in CH2Cl2 solvent, using the inte-
gral equation formalism polarizable continuum model (IEF-PCM)
method [26,27]. The corresponding vibrational frequencies were
calculated at the same level to take account of the zero-point vibra-
same time, the structures of intermediates and the transition states
were confirmed by using the intrinsic reaction coordinate (IRC)
[28,29]. All the theoretical calculations were performed using the
Gaussian 03 [30] suits of programs.

wis acid-promoted [2 + 2] cycloaddition: path A vs path B [20b].

le reaction channels.
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in TS2, respectively. The energy barrier of ring-forming process is
28.4 kcal/mol and that of ring-opening process is 21.6 kcal/mol at
B3LYP/6-31G (d, p) level in CH2Cl2 solvent (Fig. 2), this fact explains
why the reaction is not easy to process at room temperature.
ig. 1. The structures and the geometrical parameters of the reactants, intermedia
olvent (bond length in Å, dihedral angle in◦).

. Results and discussion

.1. The three possible reaction channels

Based on the experimental results, in this paper, we have sug-
ested three possible reaction channels to lead to three different
roducts (Scheme 4). Fig. 1 presents the structures and geometri-
al parameters of all the reactants, intermediates, transition states
nd products. We set the energies (E + ZPVE) of R1 + R2 + R3 as
.0 kcal/mol as reference in the potential energy profiles (Figs. 2–4).
he products of channel 1 are P1 and P2 (Scheme 4) while the prod-
ct of channels 2 and 3 is P. The processes could be illustrated as
ollows.

.1.1. Reaction channel 1
As shown in Scheme 4, there are two steps in the reaction

hannel 1. Firstly, R1 reacts with R2 to form a four-membered
ing (O(1)–C(2)–C(3)–C(4)) intermediate M1 through a [2 + 2]
ycloaddition via TS1. Next, the four-membered ring opens to gen-
rate the product P1 and P2 via TS2. During the ring-forming
tep, two double-bonds (O(1)–C(2), C(3)–C(4)) become the single-
onds, and two new single-bonds (O(1)–C(4), C(2)–C(3)) form.

n other words, there are two � bonds break so as to gener-

te two new � bonds. With our calculated results, this process
s a concerted reaction. Then in the ring-opening step, two
ingle-bonds (O(1)–C(2), C(3)–C(4)) break while two new double-
onds (O(1)–C(4), C(2)–C(3)) form, which is also a concerted
eaction.
roducts and transition states optimized at the B3LYP/6-31G (d, p) level in CH2Cl2

It can be observed from Fig. 1 that the distances of the O(1)–C(2),
C(2)–C(3), C(3)–C(4) and O(1)–C(4) are 1.327 Å, 2.449 Å, 1.392 Å and
1.547 Å in TS1, and these distances change from 1.497 Å, 1.553 Å,
1.518 Å and 1.367 Å in M1 to 2.433 Å, 1.462 Å, 1.624 Å and 1.258 Å
Fig. 2. The energy profile of channel 1 (unit: kcal/mol, the superscript a represents
adding the energy of R3).
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Fig. 3. The energy profile of channel 2 (unit: kcal/m

.1.2. Reaction channel 2
As we can see from Scheme 4, the O(5) atom of R2 has lone pair

lectrons, therefore, the O(5) atom can form a coordination bond
ith B(6) atom of Lewis acid BF3, and R2 may become R3. There are

hree processes in channel 2.
In the first process, R1 reacts with R3 to form the four-

embered ring (O(1)–C(2)–C(3)–C(4)) by three stepwise reactions
ia TS3, TS4 and TS5. The distance of O(1)–C(4) changes from
.102 Å in TS3 to 1.483 Å in M2, and the bond length of O(5)–B(6)
hanges from 1.692 Å in TS3 to 1.521 Å in M2, which shows that
he O(1)–C(4) bond generates via TS3. Then the dihedral angle
(3)–C(4)–O(5)–B(6) changes from −119.23◦ in M2 to 21.33◦ in M3
ia TS4. At last, the C(2)–C(3) bond and the four-membered ring
O(1)–C(2)–C(3)–C(4)) intermediate generate via TS5. The bond
engths of O(1)–C(2), C(2)–C(3), C(3)–C(4) and O(1)–C(4) change
rom 1.380 Å, 2.296 Å, 1.388 Å and 1.385 Å in TS5 to 1.537 Å, 1.558 Å,
.495 Å and 1.314 Å in M4, respectively (Fig. 1). The highest energy
arrier of this process is only 12.6 kcal/mol (Fig. 3), which is not a
igh barrier at room temperature.

At the second process, the four-membered ring opens to form
he intermediate M5 via TS6. In contrast to channel 1, the ring-
pening process is also not a concerted reaction, and here only
he single-bond O(1)–C(2) breaks. The bond lengths of O(1)–C(2),
(2)–C(3), C(3)–C(4) and O(1)–C(4) are 2.166 Å, 1.518 Å, 1.510 Å and
.254 Å in TS6, respectively (Fig. 1). The energy barrier of this step

s low (7.5 kcal/mol, Fig. 3) for the room temperature. Furthermore,

rom the structures of M5 and P, we know that the intermediate

5 is important for the formation of the main product P.
At the third process, M5 reacts with another R2 to form the

ntermediate M6 via [4 + 2] transition state TS7. The distances of
(1)–C(4′), C(2)–C(3′) and C(3′)–C(4′) change from 2.685 Å, 2.889 Å

Fig. 4. The energy profile of channel 3 (unit: kcal/mol, the
superscript b represents adding the energy of R2).

and 1.325 Å in TS7 to 1.438 Å, 1.548 Å and 1.499 Å in M6, respec-
tively (Fig. 1). The energy barrier of the third process is very low
(4.3 kcal/mol, Fig. 3) for the room temperature, and the energy of
M6 is 60.1 kcal/mol lower than the energy of R1 + R2 + R3, indicat-
ing that this step is an exothermic process and the intermediate
M6 can generate easily at room temperature. At last, the main
product P can generate by separating BF3 from M6. Noteworthy,
the energy of M6 is 33.2 kcal/mol lower than that of P1 + P2a in
Fig. 2, so the main product should be P rather than P1 + P2, and it
is useless to consider the CO2 elimination in the catalyzed reaction
channels.

3.1.3. Reaction channel 3
The reaction channel 3 is similar to path A in Scheme 3, we also

consider the BF3 may form a coordination bond with O(1) atom.
However, our IRC results of the formation of four–membered ring
transition state only can lead to an intermediate who is similar
to MA1 (Scheme 3) rather than MA2 (Scheme 3). Based on what
we have mentioned in the introduction, we think the path A in
Scheme 3 is not a good reaction channel. And as can be seen from
Scheme 4, there are also three steps in channel 3.

First, the process of forming the four-membered ring
(O(1)–C(2)–C(3)–C(4)) intermediate M4 is the same as the channel
2, then M4 should convert to M7 via M1 by adsorption and desorp-
tion of BF3. Because the energy of M4 is 6.4 kcal/mol lower than that

of M7, so we think the following processes should continue via M4
rather than M7, which indicates that channel 2 should occur more
often than channel 3. The bond lengths of O(1)–C(2), C(2)–C(3),
C(3)–C(4) and O(1)–C(4) are 1.554 Å, 1.547 Å, 1.507 Å and 1.414 Å
in M7, respectively (Fig. 1).

superscript b represents adding the energy of R2).
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Second, the four-membered ring opens to form the intermediate
8 via TS8. The bond lengths of O(1)–C(2), C(2)–C(3), C(3)–C(4) and
(1)–C(4) are 1.925 Å, 1.523 Å, 1.520 Å and 1.356 Å in TS8, respec-

ively (Fig. 1). The energy barrier of this step is only 4.2 kcal/mol
Fig. 4). Furthermore, from the structures of M8 and P, we know
hat the intermediate M8 is as important as M5 for the formation
f the main product P.

Third, M8 reacts with another R2 to form the intermediate
9 via [4 + 2] transition state TS9. The distances of O(1)–C(4′),

(2)–C(3′) and C(3′)–C(4′) change from 2.863 Å, 2.853 Å and 1.326 Å
n TS9 to 1.398 Å, 1.547 Å and 1.506 Å in M9, respectively (Fig. 1).
oteworthy, the distance of O(1)–B(6) is 2.693 Å, so the main prod-
ct P can generate easily by separating BF3 from M9. Nevertheless,
he energy barrier of this step is 0.3 kcal/mol higher than that of
hannel 2, and the energy of M9 is 7.5 kcal/mol higher than that of
6, which illuminates that channel 3 will be at a disadvantage in

he competition, so the main product P should be obtained via M6
ather than M9.

.2. Frontier molecular orbital analysis

In all the three channels, the process of [2 + 2] cycloaddition has
he highest energy barrier, which is lowered largely under the catal-
sis of BF3, so the frontier molecular orbital (FMO) analysis should
ertainly be carried out to explain what the role of BF3 is in this
aper. As shown in Fig. 5, Yamabe and co-workers thought that the
wo one-centre frontier molecular orbital interactions took place
ndependently in the [2 + 2] cycloaddition, the left interaction in
ig. 5 would lead to the formation of O(1)–C(4) � orbital and the
ight interaction in Fig. 5 would lead to the formation of C(2)–C(3)
orbital, and the two one-centre molecular orbital interactions are
ot concerned with orbital symmetries [19d].
In this paper, the two one-centre frontier molecular orbital
nteractions are between LUMOR2 and HOMO-1R1, LUMOR1 and
OMOR2, respectively. We have calculated the energy gaps of the

wo frontier molecular orbital interactions under non-catalysis or
he catalysis of BF3 in Fig. 6. The energy gap between LUMOR2

Fig. 6. The calculated frontier molecular orbitals of R1, R2 and R3
Fig. 5. The two one-centre frontier molecular orbital (FMO) interactions of the [2 + 2]
cycloaddition [19d].

and HOMO-1R1 has become narrow, which demonstrates that the
C(4)–O(1) bond will form more smoothly when using BF3 as the
catalyst. However, the energy gap between LUMOR1 and HOMOR2
has become wide rather than narrow under the catalysis of BF3,
which seems to be against with the above calculated results. In
addition, for the interaction between HOMO-1R1 and LUMOR2 (or
LUMOR3) (which will form the O(1)–C(4) � orbital), it is absolutely
an one-centre frontier molecular orbital interaction, and this con-
structs a head to head “symmetry-matched” overlap mode. While
for the interaction between LUMOR1 and HOMOR2 (or HOMOR3),
the head to head overlap mode seems “symmetry-forbidden” for
the formation of the four-membered ring (O(1)–C(2)–C(3)–C(4))
intermediate, since the orbital of O(1)–C(2) bond in LUMOR1 is
�*, but the orbital of C(3) = C(4) bond in HOMOR2 (or HOMOR3)
is � (Fig. 6). If the molecular orbital interactions are not concerned
with orbital symmetries, Why two � bonds (O(1) C(4), C(2)–C(3))
cannot generate simultaneously via the transition state? Now all

the questions are focused on the interaction between LUMOR1 and
HOMOR2 (or HOMOR3), so it is necessary to study why the for-
mation of the C(2)–C(3) � orbital is easier under the catalysis of
BF3.

at the B3LYP/6-31G (d, p) level in CH2Cl2 solvent (unit: ev).
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Fig. 7. The overlap modes A and B between the frontier molecular orbitals.

How does the C(2)–C(3) � orbital generate? Noteworthy, from
he IRC results of TS1 (or TS5) we find that it is a one to one rela-
ionship between the frontier molecular orbitals of reactants and
he frontier molecular orbitals of the four-memebered ring inter-

ediates. For example, the LUMOR1 can become the LUMOM1 by
he interaction with the � orbital of C(3) and C(4) atoms via TS1,
nd the HOMOR2 can become the HOMOM1 by the interaction with
he �* orbital of O(1) and C(2) atoms via TS1. And one can easily
bserve that the LUMO of TS1 (or TS5) is the �* orbital localized on
he C(2) and C(3) atoms, while the HOMO of TS1 (or TS5) is the �
rbital localized on the C(2) and C(3) atoms. Hence, we can observe
nd trace the HOMO in the IRC points of TS1 (or TS5) to understand
ow the HOMOR2 (or HOMOR3) becomes the C(2)–C(3) � orbital by
verlapping with the �* orbital as follows.

Several representative HOMOs of TS1’s IRC points are depicted
n Fig. S1, which has been provided in Supplementary data. By com-
arison between Fig. 6 and Fig. S1, we can see that the shape and
nergy of HOMO in IRC-F-98 (Fig. S1) is the same as the HOMOR2
Fig. 6). As can be seen from Fig. S1, the �* orbital and the � orbital
f two reactants cannot overlap as a head to head mode (mode
, Fig. 7), but can overlap as a shoulder to head mode (mode B,
ig. 7) with R1 getting close to R2. The energies of the HOMOs
n the IRC points become higher and higher accompanied with
verlapping by the shoulder to head mode. This phenomenon is
o strange and it might explain why the energy of TS1 is so high.
ubsequently, accompanied by the gradual formation of O(1)–C(4)
ond, the orbital of the O(1) atom overlaps with the orbital of C(4)

tom less and less, and the shoulder to head overlap mode no
ongerexists. After IRC-R-20 (Fig. S1), only the orbital of the C(2)
tom overlaps with the orbital of C(3) atom by one-center head
o head overlap mode (mode C in Fig. 8), here the energies of the

Fig. 8. The overlap modes C and D between the frontier molecular orbitals.
sis A: Chemical 326 (2010) 41–47

HOMOs in the IRC points become lower and lower accompanied
with overlapping by the one-center head to head mode, and finally
the four-membered ring intermediate M1 generates. Noteworthy,
the result of the � orbital of HOMOR2 overlapping with the �*
orbital can only lead to the formation of C(2)–C(3) � orbital, which
is consistent with the study of Yamabe and co-workers [19d].

We have also observed all the orbital changes of TS5 by IRC
results. Notably, we find that the shapes of HOMOs in the IRC points
are very similar to that of TS1, and the HOMOs are also the �
orbital of HOMOR3 overlapped by the �* orbital of O(1) and C(2)
atoms. The HOMO of M3 and several representative HOMOs of the
IRC points are shown in Fig. S2, which has also been provided in
Supplementary data. The O(1)–C(4) bond has been generated in
M3, and the orbital of the O(1) does not overlap with the orbital
of the C(4) atom by shoulder to head mode. Now the head to head
mode seems to be “symmetry-matched”, here only the orbital of
the C(2) overlaps with the orbital of the C(3) atoms by one-center
head to head overlap mode, which is mode D in Fig. 8. And the
energies of the HOMOs in the IRC points almost also become lower
and lower accompanied with overlapping by the one-center head
to head mode, at last, the four-membered ring intermediate M4 has
been obtained.

As concerned as above, it is easy to find that the head to head
“symmetry-forbidden” overlap mode seems to become an one-
center head to head “symmetry-matched” overlap mode after the
formation of O(1)–C(4) bond. Because the “symmetry-mutated”
only can appear after the formation of O(1)–C(4) bond, we think the
path A in Schemes 2 and 3 certainly cannot lead to the �-lactones,
which is in good agreement with the IRC results mentioned in
the introduction, and this would provide a powerful evidence to
disaffirm the path A in Schemes 2 and 3. Comparing the two
different orbital overlap modes (mode B + C and D) and energy
barriers, we can conclude that the head to head overlap mode
should be more energy favorable than the shoulder to head over-
lap mode, and the BF3 should lower the energy barrier mainly by
changing the overlap mode rather than effecting the orbital sym-
metries and energy gaps between the reactants’ frontier molecular
orbitals.

4. Conclusions

This work has studied three possible reaction channels of the
title reaction with P1, P2 and P as the products at the B3LYP/6-31G
(d, p) level of theory in CH2Cl2 solvent using IEF-PCM. In all the
three reaction channels, the energy barriers of two catalyzed chan-
nels (channels 2 and 3) are much lower than the non-catalyzed
channel (channel 1), and reaction channel 2 is most energy favor-
able among the three reaction channels, hence we think it should
be the main reaction channel of the title reaction, and the product
P would be the main product, which is in good agreement with the
experimental results.

The method of tracing the frontier molecular orbitals of IRC has
been employed to study how the frontier molecular orbitals over-
lap and what the role of BF3 is. The concerted reaction has become
a stepwise reaction and the energy barrier of rate-determining step
has been largely lowered under the catalysis of Lewis acid BF3,
which is mainly due to the change on the overlap mode rather
than the orbital symmetries and energy gaps between the frontier
molecular orbitals.
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