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Abstract

An efficient, economical, and environmentally benign method for the synthesis of phthalide–skeleton using heterogeneous
intramolecular Tishchenko reaction with solid bases is described. Among the solid base catalysts examined, MgO, CaO, and SrO
high catalytic performances for the intramolecular Tishchenko reaction ofo-phthalaldehyde to yield phthalide exclusively in excellent yie
at 313 K in the short time span of 0.25 h. Application ofγ -alumina to the intramolecular Tishchenko reaction ofo-phthalaldehyde was als
successful; phthalide was obtained selectively in excellent yields at 313 K in 4 h. The employment of KF/alumina and KOH/alumina at
313 K for 4 h resulted in the selective formation of phthalide in moderate yields. The heterogeneous catalytic systems realized by
CaO andγ -alumina were also successfully applicable to the selective intramolecular Tishchenko reaction of 2,3-naphthalenedicarb
to give the corresponding five-membered lactone in excellent yields at 333 K for 2 and 20 h, respectively. Based on the reactio
the infrared spectra of adsorbedo-phthalaldehyde, and the quantum chemical calculations conducted at the PM3-MO level of the
elucidation of the molecular and electronic structures ofo-phthalaldehyde and the potential intermediates, a plausible reaction mech
for the intramolecular Tishchenko reaction ofo-phthalaldehyde to phthalide over MgO andγ -alumina was proposed. The catalytically act
species should beo-MOCH2C6H4CHO (M = Mg or Al).
 2003 Elsevier Science (USA). All rights reserved.

Keywords: Solid base catalyst; Intramolecular Tishchenko reaction; Lactonization; 1,4-Dialdehydes; Phthalides
oge-
high
ith
ced

ses,
eld,
has

ions

ons
nko

ing
po-
and

eac-
tems
nd
ave
cent
the

con-
of
x-
ho-
e re-
in-

t ad-
nt of
alysts
iliz-

de-
nes
5].
1. Introduction

The surface of the materials called solid base or heter
neous base, when activated at high temperature under
vacuum, provides a powerfully polarized environment w
the generation of highly unsaturated surface atoms indu
by the removal of carbon dioxide, water, and, in some ca
oxygen from the surface. Such a high polar surface fi
which contains not only basic sites but also acidic sites,
been applied to many ionic and heterolytic organic react
with great success [1].

One of the most interesting organic catalytic reacti
that proceeded efficiently over solid bases is the Tishche
reaction which involves a dimerization of aldehydes yield
the corresponding esters initiated by the interactions of
larized carbonyl groups of aldehydes with surface acidic

* Corresponding author.
E-mail address: hattori@carbon.caret.hokudai.ac.jp (H. Hattori).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(02)00187-2
basic sites of solid bases [1,2]. A classical Tishchenko r
tion used to be conducted in homogeneous catalytic sys
realized by aluminum alkoxides [3]. To improve activity a
selectivity, however, several organometallic complexes h
been elaborated for homogeneous catalytic reaction. Re
articles dealing with homogeneous catalyses realized by
use of organometallic complex catalysts have reported
siderable improvements in activities for the dimerization
aldehydes in comparison with traditional aluminum alko
ide catalysts [4b–h]. Solid base catalysts, unlike those
mogeneous catalysts, can be easily separated from th
action mixture after the reaction is carryied out and are
expensive and environmentally benign. These excellen
vantages emphasize the importance of the replaceme
the homogeneous catalysts with the heterogeneous cat
both in the laboratory and in the industrial processes ut
ing Tishchenko esterification.

The Tishchenko reaction, when carried out with dial
hydes, can be an efficient method for preparation of lacto
via the intramolecular catalytic esterification [4d,4f–h,
eserved.

http://www.elsevier.com/locate/jcat
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Scheme 1. Selective intramolecular Tishchenko reaction yielding ph
lide–skeleton over solid base catalysts.

We have also attempted this approach employing alka
earth oxides (MgO, CaO, and SrO) and successfully rea
heterogeneous catalytic intramolecular Tishchenko reac
of o-phthalaldehyde to phthalide [2f]. Phthalide–skelet
are often contained in pharmaceuticals and natural prod
exhibiting important biological activities [6a,6b,6e,6g–j].
addition, they are employed as important precursors
the synthesis of various compounds with more com
cated structures [6c,6d,6f,6h–k]. Thus, the demand for n
toxic and practical catalytic systems for the prepara
of phthalide–skeleton will further increase both in lab
ratory and in industry. As one of the potential respon
to such a demand, here, we present a full account of
new approach to phthalide–skeleton synthesis using a
tramolecular Tishchenko reaction with environmentally
nign, economical, and highly effective solid base catal
(Scheme 1).

2. Experimental

2.1. Catalysts

Magnesium oxide, CaO, SrO, and BaO were prepa
from Mg(OH)2, Ca(OH)2, SrCO3, and BaCO3, respec-
tively, by thermal decomposition at elevated temperat
in vacuo for 2 h. JRC-ALO-1A, 2, 3, 4, and 5A (al
minas of the reference catalysts of the Catalysis S
ety of Japan) were supplied from the Catalysis Societ
Japan and contained the following impurities: JRC-AL
1A, 0.02%Fe2O3, 0.01%SiO2, 0.03%Na2O; JRC-ALO-2,
0.03%Fe2O3, 0.22%SiO2, 0.04%Na2O, 1.72%SO42−; JRC-
ALO-3, 0.01%Fe2O3, 0.01%SiO2, 0.3%Na2O, 0.01%TiO2;
JRC-ALO-4, 0.01%Fe2O3, 0.01%SiO2, 0.01%Na2O; JRC-
ALO-5A, 0.76%Fe2O3, 0.03%Na2O, a trace of SO42−
(< 0.01%). Potassium fluoride supported on alumina (K/

alumina) was purchased from Fluka Chemical Co., and
content of KF was determined to be 8.2 mmol g−1 by X-
ray fluorescence. Potassium hydroxide supported on
mina (KOH/alumina) was prepared by impregnation ofγ -
alumina (JRC-ALO-4) with an aqueous solution of KO
followed by drying at 373 K in air. The content of KOH wa
1.2 mmol g−1. Hydrotalcite (Mg/Al = 2) was synthesized a
reported [7]. Lanthanum oxide was prepared from La(O3
using the same procedures as those for alkaline earth
 -

ides, where La(OH)3 was obtained from an aqueous solut
of La(NO3)3 by hydrolysis with an aqueous ammonia, f
lowed by washing with distilled water and drying at 373
Zirconium oxide and ZnO were prepared from Zr(OH)4 and
Zn(OH)2, respectively, by the same procedures as thos
alkaline earth oxides. The surface areas of the above
bases were determined by applying the BET equation to
nitrogen adsorption at 77 K.

2.2. Reactants and solvents

Dialdehydes (1 and3) and solvents (benzene and tetra
drofuran) were purchased from Aldrich Chemical Co. S
vents were purified by passage through molecular sieve
under a reduced pressure to remove water and carbon
ide exclusively.

2.3. Reaction procedures

To a Schlenk tube containing a solid base pretreated
elevated temperature in vacuo for 2 h was added a ben
solution of dialdehyde under N2 at room temperature. The
the reaction mixture was warmed to a certain reac
temperature and stirred for a prescribed reaction time.
resulting solution, after the solid base was separated,
analyzed by GC equipped with a column of DB-1 (to
length, 60 m; diameter, 0.25 mm) to determine the yield
of the product lactone. The products were identified by1H–
NMR and GC–MS analyses based on previous reports
4h,5].

2.4. Measurement of infrared spectra

Thin disks of Mg(OH)2 and γ -alumina (JRC-ALO-4)
prepared by pressing were pretreated at 873 and 77
respectively, in vacuo for 2 h in a quartz-made gl
tube equipped with the optical path.o-Phthalaldehyde wa
adsorbed on the disks at room temperature. Desorptio
o-phthalaldehyde and phthalide from the disks was car
out by successive evacuation at room temperature, 473,
and 673 K for 20 min at each temperature. Infrared spe
were measured at room temperature with a Perkin–E
spectrum one FT–IR spectrometer equipped with a M
detector.

2.5. Quantum chemical calculations

Quantum chemical calculations were carried out at
PM3–MO level of theory [8]. A cluster model composed
(MgO)16 was used in the calculations. The cluster model
all adsorption structures were fully optimized by means
the PM3 energy gradient method.
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3. Results and discussion

3.1. Activities of solid base catalysts for the intramolecular
Tishchenko reaction of o-phthalaldehyde to phthalide

The conversion ofo-phthalaldehyde (1) to phthalide
(2) has been employed as a common standard reactio
the studies of the intramolecular Tishchenko reaction
successfully performed in the homogeneous catalytic
tems realized by the use of a series of complexes of
type [Rh(diphosphine)(solvent)2]+ (solvent= weakly coor-
dinating solvent) [5], K2[Fe(CO)4]-crown ether [4d], lan-
thanoid complexes such as (C5Me5)2LaCH(SiMe3)2 and
La[N(SiMe3)2]3 [4f,4h], and bidentate aluminum alkox
ides [4g], although the reaction mechanisms are cons
ably different. Thus, we chose the catalytic conversion o1
to 2 with solid bases as a representative reaction. The ac
ties of solid base catalysts for the intramolecular Tishche
reaction of1 to 2 are listed in Table 1. With the intention o
comparing the activities of solid base catalysts, 1 mmol1
was treated with 10 mg of each solid base at 313 K for
In addition, the reactions with MgO, CaO, SrO,γ -alumina,
KF/alumina, and KOH/alumina were performed under a
propriate conditions that gave2 in synthetically satisfactory
level of yields.

Although the employment of BaO was unsuccess
and resulted in total recovery of the starting material,
other alkaline earth oxides, MgO, CaO, and SrO, w
all successfully applied to the intramolecular Tishchen
reaction of1 to 2. A comparative approach conducted
the treatment of 1 mmol of1 with 10 mg of MgO, CaO,
and SrO in 1 mL of benzene at 313 K for 1 h led to
conclusion that the activities of MgO and SrO are alm
equal and moderate (entries 1 and 6), while that of Ca
remarkably high (entry 4). Increasing the catalyst weigh
MgO, CaO, and SrO from 10 to 50 mg without chang
the other reaction conditions accomplished the forma
of 2 in excellent yields in a short timespan of 0.25
(entries 2, 5, and 7). It should be noted that MgO, CaO,
SrO yielded2 exclusively, namely, by products includin
the intermolecular Tishchenko products were not dete
by GC–MS analysis. These results clearly demonstrate
high adaptability of MgO, CaO, and SrO to the cataly
conversion of1 to 2.

In contrast to a number of successful applications ofγ -
alumina to catalyst supports,γ -alumina in itself has bee
used in organic synthesis with very limited success [1
In addition, because of the low activity,γ -alumina often re-
quires extremely high reaction temperatures, which res
in irreparable damage to the reactant molecule with p
thermostability [1a,9]. The intermolecular Tishchenko re
tion as well has been reported to be difficult inγ -alumina-
catalyzed reaction whenn-butyraldehyde, benzaldehyde, p
valaldehyde, and furfural were used as reactants [2a–
4a]. Surprisingly, however, treatment of1 with γ -alumina
(aluminas of the reference catalysts of the Catalysis S
,

Table 1
Heterogeneous catalytic intramolecular Tishchenko reaction ofo-phtha-
laldehyde (1) to phthalide (2) with solid bases

cat. solid base−→
benzene(1 mL), 313 K

under N2

1 2
(1 mmol)

Entry Catalyst Catalyst Pretreatment Surface Reaction Yib

weight temperature areaa time (%)
(mg) (K) (m2/g) (h)

1 MgO 10 873 267 1 15
2 MgO 50 873 267 0.25 91
3c MgO 50 873 267 0.25 87
4 CaO 10 873 48 1 59
5 CaO 50 873 48 0.25 quan
6 SrO 10 1273 12 1 15
7 SrO 50 1273 12 0.25 86
8 BaO 10 1273 2 1 0
9 ALO-1A 50 773 172 4 83

10 ALO-2 50 773 312 4 99
11 ALO-3 50 773 129 4 68
12 ALO-4 10 773 173 1 8
13 ALO-4 50 773 173 4 93
14c ALO-4 50 773 173 4 62
15 ALO-5a 50 773 250 4 98
16 KF/alumina 10 673 40 1 5
17 KF/alumina 50 673 40 4 35
18 KOH/alumina 10 873 160 1 3
19 KOH/alumina 50 873 160 4 53
20 Hydrotalcite 10 673 118 1 0
21 La2O3 10 873 33 1 < 1
22 ZrO2 10 873 42 1 0
23 ZnO 10 873 2 1 0

a Determined by BET method.
b Determined by GC equipped with a column of DB-1.
c Tetrahydrofuran (1 mL) was used as solvent.

ety of Japan) under otherwise similar or much milder re
tion conditions compared with the above reports [2a–e
4a] afforded2 exclusively in good to excellent yields (entri
9–11, 13, and 15). Among the catalysts tested, JRC-A
3 containing the largest amount of Na2O impurity that re-
duces the number of acidic sites (Al3+) remarkably [1a] ex-
hibited the lowest activity, implying that acidic sites (Al3+)
participate in the catalytic conversion of1 to 2. The result
that JRC-ALO-2 possesses the largest number of acidic
(Al3+) because the largest amount of SO4

2− and SiO2 im-
purities [1a] furnished2 in the highest yield (99%) also em
phasizes the participation of acidic sites (Al3+) in the presen
Tishchenko lactonization. The activity ofγ -alumina for the
lactonization of1 to 2 was lower than that of MgO, CaO, an
SrO; γ -alumina requires a longer reaction time than Mg
CaO, and SrO to achieve a synthetically satisfactory leve
yield.

Although the surface chemical property is still cloaked
secrecy, KF supported on alumina (KF/alumina) has bee
employed as a solid base catalyst or a solid base reagen
number of organic reactions with great success [1b–d,9].
applications of KF/alumina to the Tishchenko reactions
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benzaldehyde and pivalaldehyde have been also perfo
successfully [2c,2d]. When the reaction was carried ou
1 mL of benzene at 313 K for 1 h using 1 mmol of1
and 10 mg of KF/alumina as a reactant and a cataly
respectively,2 was obtained exclusively in a yield of 5
(entry 16). Increasing the catalyst weight from 10 to 50
and extending the reaction time from 1 to 4 h enhanced
yield of 2 to 35% (entry 17).

Potassium hydroxide supported on alumina (KOH/alu-
mina) exhibited activity for the catalytic conversion of1 to
2 and yielded2 selectively in a moderate yield of 53% wh
1 mmol of 1 was treated with 50 mg of KOH/alumina in
1 mL of benzene at 313 K for 4 h (entry 19). This result w
somewhat surprising because KOH/alumina has been re
ported to be an almost inert catalyst for the Tishchenko r
tion of benzaldehyde, pivalaldehyde, and furfural [2c–e,

Comparing the results obtained withγ -alumina, KF/alu-
mina, and KOH/alumina (entries 9–15 vs entries 16–19)
can be stated that the active sites onγ -alumina are much
more appropriate for the present lactonization of1 to 2 than
those generated by supporting KF or KOH onto alumina

Although hydrotalcite, La2O3, ZrO2, and ZnO posses
unique surface chemical properties and have been suc
fully applied to a number of organic catalytic reactions [
they were all inactive for the present lactonization (ent
20–23). The low catalytic activities of these catalysts
not peculiar to the intramolecular Tishchenko reaction o1
to 2. The application of these catalysts to the intermolec
Tishchenko reaction of furfural and the mixed Tishchen
reaction of benzaldehyde and pivalaldehyde also resulte
failure [2e,2g].

Switching the solvent from benzene to relatively ba
tetrahydrofuran retarded MgO- andγ -alumina-catalyzed
reactions (entry 2 vs entry 3 and entry 13 vs entry 1
indicating that the oxygen atom of tetrahydrofuran a
the carbonyl oxygen atom of1 compete with each othe
for coordination onto acidic sites (metal cation) on M
and γ -alumina. Thus, it can be stated that acidic s
(metal cation) on MgO andγ -alumina take part in th
lactonization of1 to 2. Recently, Narske et al. also report
the similar inhibition effect of tetrahydrofuran solvent on t
noncatalytic destructive adsorption of (2-chloroethyl)et
sulfide on nanocrystalline MgO [10].

3.2. Dependence of the catalytic activities of MgO and
CaO in the intramolecular Tishchenko reaction of
o-phthalaldehyde on pretreatment temperature of the
catalysts

The surface chemical properties of alkaline earth ox
such as basicity and surface area are strongly affe
by pretreatment temperature [1]. Thus, in general,
catalytic behaviors of alkaline earth oxides for vario
organic reactions vary with pretreatment temperature
Fig. 1 shows the variations of the yield of2 for MgO- and
CaO-catalyzed intramolecular Tishchenko reaction of1 to 2
d

s-

Fig. 1. Influence of evacuation temperature of Mg(OH)2 (") and Ca(OH)2
(!) on the yield of phthalide (2). Reaction conditions were as follow
catalyst, 10 mg;o-phthalaldehyde (1), 1 mmol; benzene, 1 mL; reactio
temperature, 313 K; reaction time, 1 h.

as a function of pretreatment temperature when the reac
were carried out in benzene (1 mL) at 313 K for 1 h w
10 mg of catalyst and 1 mmol of1.

Both MgO and CaO showed no activities when th
were pretreated at 473 K. For MgO and CaO to exh
catalytic performance, pretreatment above 473 K is requ
implying that the main active basic sites on MgO and C
for the present lactonization are not OH groups but O2−
ions [1].

The activity of MgO increased with an increase
pretreatment temperature in the range from 473 to 107
although the pretreatment above 873 K leads to a decr
in the surface basicity of MgO [1a]. The activity of Ca
on the other hand, increased as the pretreatment tempe
rose up to 873 K, above which it decreased rapidly. The r
decrease of the activity of CaO caused by the pretreatm
above 873 K should be related to the decrease in the su
basicity and in the surface area (i.e., 48 m2/g at 873 K;
32 m2/g at 1073 K).

3.3. Dependence of the catalytic activity of γ -alumina
(JRC-ALO-4) in the intramolecular Tishchenko reaction of
o-phthalaldehyde on pretreatment temperature of the
catalyst

On exposure to air at room temperature, the surfac
γ -alumina is considered to be hydrated by the chem
and sometimes physical adsorption of water. In this s
γ -alumina usually provides poor catalytic activity, beca
the surface atoms are saturated by hydroxyl groups,
of which is directly above an aluminum ion in the ne
layer of the crystallite. However, whenγ -alumina in such
an inert state is treated at higher temperatures under
vacuum, dehydration takes place to yield another stat
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Fig. 2. Influence of evacuation temperature ofγ -alumina on the yield
of phthalide (2). Reaction conditions were as follows: catalyst, 50 m
o-phthalaldehyde (1), 1 mmol; benzene, 1 mL; reaction temperature, 313
reaction time, 4 h.

γ -alumina having highly unsaturated surface atoms [1
some of which should act as catalytically active sites for
present lactonization of1 to 2.

Variation of the yield of2 as a function of the pretrea
ment temperature of JRC-ALO-4 is shown in Fig. 2. All r
actions were performed in benzene (1 mL) at 313 K for
under N2 with 1 (1 mmol) and JRC-ALO-4 (50 mg). Th
pretreatment in the temperature range from 973 to 127
resulted in almost quantitative conversion of1 to 2. The re-
sult that the pretreatment above 1273 K gave rise to a s
decline in the activity should be related to the partial tra
formation ofγ to α structure that is the most stable and th
the least reactive among aluminum oxides. The decr
in the surface area of JRC-ALO-4 (149 m2/g at 1273 K;
101 m2/g at 1373 K) also supports this conjecture. In
pretreatment temperature range from 573 to 873 K, J
AlO-4 exhibited nearly constant excellent activities. The
tivity shows a sharp fall when pretreated below 573 K. Si
dehydration of JRC-ALO-4 is enhanced with an increas
pretreatment temperature [1a,9], the continuous increa
the activity in the pretreatment temperature range from
to 1273 K demonstrates that the active sites for the pre
lactonization are unsaturated Al3+ and O2− ions on the sur-
face. It is natural that the greater polarized surface envi
ment should interact more efficiently with the polarized c
bonyl group of1 to yield2. It must be emphasized that JR
ALO-4 exclusively furnished2 at any pretreatment tempe
ature.

3.4. Application of CaO and γ -alumina (JRC-ALO-4) to
the intramolecular Tishchenko reaction of
2,3-naphthalenedicarbaldehyde

The heterogeneous catalytic systems realized by the
of CaO andγ -alumina pretreated at 873 and 773 K,
t

Table 2
Application of CaO andγ -alumina to the intramolecular Tishchenk
reaction of 2,3-naphthalenedicarbaldehyde (3)

cat. CaO or JRC-ALO-4
(5 mg)−→

benzene(1 mL)
under N2

3 4
(0.1 mmol)

Entry Catalyst Pretreatment Surface Reaction Reaction Yib

temperature areaa temperature time (%)
(K) (m2/g) (K) (h)

1 CaO 873 48 313 2 21
2 CaO 873 48 333 2 94
3 ALO-4 773 173 313 20 74
4 ALO-4 773 173 333 20 quant

a Determined by BET method.
b Determined by GC equipped with a column of DB-1.

spectively, in vacuo for 2 h were also successfully appl
ble to the selective intramolecular Tishchenko reaction
2,3-naphthalenedicarbaldehyde (3) possessing greater co
jugated system in comparison with1. Table 2 summarize
the results of the application of CaO andγ -alumina (JRC-
ALO-4) to the intramolecular Tishchenko reaction of3 to
the corresponding lactone4. Treatment of3 (0.1 mmol) with
CaO (5 mg) for 2 h and JRC-ALO-4 (5 mg) for 20 h in be
zene (1 mL) at 313 K led to relatively poor results; the c
responding five-membered lactone4 was obtained in 21 an
74% yields, respectively (entries 1 and 3). However, rais
the reaction temperature from 313 to 333 K further enhan
the yields of4 to 94% and quantitative, respectively (entr
2 and 4). Just as the results obtained with1, CaO andγ -
alumina furnished4 selectively without producing any othe
by-product.

Bergens et al. reported that the lactonization of3 to 4
was faster than that of1 to 2 in the [Rh(diphosphine)(aceto
ne)2]+-catalyzed reaction [5]. However, in CaO andγ -
alumina catalytic systems,3 was less reactive than1.

3.5. Mechanistic consideration

A plausible reaction mechanism of the intramolecu
Tishchenko reaction of1 to 2 over MgO is depicted in
Scheme 2. The catalytic cycle in this proposed mechan
is essentially similar to the mechanism proposed for
classical Tishchenko reaction catalyzed by aluminum alk
ides [3f].

First, the dialdehyde1 is adsorbed on the basic si
(O2−) or the acidic site (Mg2+) to form intermediatesI
and II, respectively, then the hydride ion transfer fromI
to II takes place to provideIII and intermediateIV. The
existence ofIII andIV on the surface of MgO was confirme
by infrared spectroscopy. Fig. 3 shows the change in
infrared spectra of1 adsorbed on MgO and Fig. 4 show
it adsorbed onγ -alumina (discussed later) with evacuati
temperature. The absorption bands at 1753 and 1704 c−1

that decreased remarkably when the evacuation temper
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Scheme 2. Proposed mechanism for the intramolecular Tishchenko reaction ofo-phthalaldehyde (1) to phthalide (2) over MgO andγ -alumina. M and O
represent an acidic site (metal cation) and a basic site (O2−), respectively.
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a

was raised from room temperature to 473, 573, and 67
can be assigned to the vibrations of the C=O bond of the
aldehyde group. The absorption band at 2704 cm−1 due
to the stretching of the C–H bond of the aldehyde gr
also indicates the presence of the aldehyde group.
absorption bands at 1566 and 1400 cm−1 can be assigne
to the asymmetric and symmetric stretching vibrations of
carbonate group ofIII, respectively. On the other hand, sin
the absorption bands due to the stretching of the CH2 group
of magnesium benzylate are considered to appear at
and 2860 cm−1 [2a], it can be deduced that the absorpt
bands at 2960 and 2855 cm−1 can be assigned to the CH2
group ofIV. In the case of benzaldehyde adsorbed on M
the absorption bands due to the aldehyde group disapp
completely when evacuation was conducted above 45
because the adsorbed species such as magnesium ben
and magnesium benzoate do not possess any alde
0

d

te
e

groups [2a]. However, in the case of1 adsorbed on MgO, th
absorption bands due to the aldehyde group do not disap
even at higher evacuation temperatures of 473, 573,
673 K. This indicates that the chemically adsorbed spe
possessing the aldehyde group exist on the surface of M
Thus, together with the observed absorption bands du
the carbonate group ofIII and the CH2 group of IV, it is
conjectured that the adsorption of1 on MgO results in the
formation ofIII andIV. AlthoughIII remains on MgO a
inert adsorbed species,IV becomes the active species for t
catalytic formation of2 as described below.

Tanabe and Saito reported that the addition of be
alcohol in the CaO-catalyzed Tishchenko reaction of b
zaldehyde shortens the induction period remarkably, bec
of the rapid formation of calcium benzylate, PhCH2O–
Ca, via the abstraction of the proton from benzyl al
hol by basic sites (O2−) on CaO [2a]. In addition, Ogat
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Fig. 3. Infrared spectra ofo-phthalaldehyde (1) adsorbed at room tempera
ture on MgO. Spectrum 1: evacuated at room temperature for 20 min. S
trum 2: evacuated at 473 K for 20 min. Spectrum 3: evacuated at 573
20 min. Spectrum 4: evacuated at 673 K for 20 min.

and Kawasaki demonstrated for the aluminum alkoxi
catalyzed Tishchenko reaction that the alkoxide ion tra
fer from the catalyst to an aldehyde is an indispensable
for providing product esters [3f]. Thus, the alkoxide ion
IV without question participates in the present lactoniza
and is likely to attack the electrophilic carbonyl carbon at
of the aldehyde group existing in the same active specieIV
to yield the corresponding cyclic intermediateV. It is con-
jectured thatV draws another dialdehyde1 onto Mg2+, fol-
lowed by the hydride ion transfer via a six-membered tr
sition state to furnishIV and the product lactone2.

To obtain much more information about the molecu
and electronic structures of1, 3, and the potential intermed
atesIV andV, we attempted quantum chemical calculatio
at the PM3-MO level of theory [8], where it was assum
thatIV andV are adsorbed on the Mg atom on the first la
of the cluster model (MgO)16. The charges on the carbon
carbon and oxygen atoms for1 and3 are given in Table 3
The atomic charges, bond lengths, and bond angles o
adsorption states ofIV andV shown in Figs. 5 and 6, respe
tively, are listed in Tables 4 and 5. Although3 was less re-
Fig. 4. Infrared spectra ofo-phthalaldehyde (1) adsorbed at room tempera
ture onγ -alumina. Spectrum 1: evacuated at room temperature for 20
Spectrum 2: evacuated at 473 K for 20 min. Spectrum 3: evacuated at 5
for 20 min. Spectrum 4: evacuated at 673 K for 20 min.

Table 3
Charges on carbonyl carbon and oxygen atoms foro-phthalaldehyde (1)
and 2,3-naphthalenedicarbaldehyde (3) calculated at the PM3-MO level o
theory

Entry Aldehyde Atom Charge

1 1 Carbonyl carbon +0.312
2 1 Carbonyl oxygen −0.303
3 3 Carbonyl carbon +0.315
4 3 Carbonyl oxygen −0.309

active than1 in CaO- andγ -alumina-catalyzed intramolecu
lar Tishchenko reactions, the charges on the carbonyl ca
and oxygen atoms that are relevant to adsorption onto
surface of CaO andγ -alumina are almost equal (Table 3).
should be noted that the carbonyl carbon atom of the ac
speciesIV is more positively charged than that of1 (entry 1
in Table 3 vs entry 4 in Table 4), indicating that the carbo
carbon atom inIV is more reactive for the nucleophilic add
tion of the alkoxide ion inIV than that in1. Concerning the
intermediateV, the quantum chemical calculations sugg
that the bidentate coordination onto two magnesium atom
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Fig. 5. Optimized structure of the intermediateIV calculated by PM3–MO
method. Bond lengths and angles are in Å and degrees, respectively.

Fig. 6. Optimized structure of the intermediateV calculated by PM3–MO
method. Bond lengths and angles are in Å and degrees, respectively.

more stable for the organic adsorbed species than the un
tate species (Fig. 6). This type of bidentate coordination
ables another dialdehyde1 to approach easily one of the tw
Mg atoms to form the corresponding intermediateVI, be-
cause the spaces above the two Mg atoms should be
tively vacant.

Based on the kinetic study, Tanabe and Saito sugge
for the Tishchenko reaction of benzaldehyde over C
that the rate-determining step in the catalytic cycle is
alkoxide ion transfer from surface calcium benzylate to
carbonyl carbon atom of benzaldehyde [2a]. We have
found that the selectivities to the four Tishchenko dim
formed in the mixed Tishchenko reaction over MgO a
CaO are determined primarily in the step of the alkox
ion transfer to an aldehyde [2g]. Thus, it is conjectured
-

-

Table 4
Atomic charges in the intermediatesIV andV calculated at the PM3-MO
level of theory

Entry Intermediatea Atom Charge

1 IV Mg(1) +0.582
2 IV Mg(2) +0.575
3 IV C(1) +0.122
4 IV C(2) +0.328
5 IV O(1) −0.141
6 IV O(2) −0.308
7 V Mg(1) +0.581
8 V Mg(2) +0.571
9 V C(1) +0.259

10 V C(1) +0.127
11 V O(1) −0.085
12 V O(2) −0.296

a The models of the intermediatesIV and V used for the presen
calculations are shown in Figs. 5 and 6, respectively.

Table 5
Bond lengths and bond angles in the intermediatesIV andV calculated at
the PM3-MO level of theory

Entry Intermediatea Bond length (Å) and bond angle (degree

Bond length

1 IV Mg(1)–O(1) 2.630
2 IV O(1)–C(1) 1.342
3 V Mg(1)–O(1) 2.518
4 V Mg(2)–O(1) 2.519
5 V O(1)–C(1) 1.360

Bond angle

6 IV Mg(1)–O(1)–C(1) 155.3
7 IV O(1)–C(1)–C(3) 117.4
8 V Mg(1)–O(1)–C(1) 153.7
9 V Mg(2)–O(1)–C(1) 142.9

10 V Mg(1)-O(1)-Mg(2) 65.8

a The models of the intermediatesIV and V used for the presen
calculations are shown in Figs. 5 and 6, respectively.

the formation ofV from IV is the rate- and/or selectivity
determining step in the catalytic cycle.

The quantum chemical calculations imply that the oxy
atom of the alkoxide ion inIV is considerably hindered b
the above aryl group (Fig. 5 and entries 1, 2, 6, and
Table 5), indicating the difficulty of the formation of th
sterically congestedIV′. In addition, the quantum chemic
calculations demonstrate that the carbonyl carbon atom
IV is more positively charged and thus more reactive
the nucleophilic addition of the alkoxide ion in the act
speciesIV than that of1 (entry 1 in Table 3 vs entry
in Table 4). Furthermore, the reaction between an alko
ion and an aldehyde group in the same active speciesIV to
form the corresponding cyclic intermediateV without doubt
involves smaller loss in entropy of activation than the sa
reaction between an alkoxide ion inIV and an aldehyd
group in another dialdehyde1 leading to the intermolecula
Tishchenko product. Therefore, it can be concluded tha
attractive result that MgO furnishes2 exclusively without
producing any intermolecular Tishchenko products sho
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arise from the intramolecular alkoxide ion transfer inIV
occurring rapidly and thus predominantly.

We also became interested in the reaction mechanis
the intramolecular Tishchenko reaction of1 to 2 over γ -
alumina and measured the infrared spectra of the adso
1 on γ -alumina. The change in the infrared spectra of1 ad-
sorbed onγ -alumina (JRC-ALO-4) with evacuation tempe
ature is shown in Fig. 4. The absorption bands at 1554
1431 cm−1 whose intensities increased remarkably wh
evacuation was conducted above 473 K can be assign
the asymmetric and symmetric stretching vibrations of
carbonate group ofIII, respectively. The absorption ban
at 2962 and 2904 cm−1 can be assigned to the stretching
the CH2 group of IV. Kuiper et al. pointed out the poss
bility that the band at 1370 cm−1 which appears when ben
zyl alcohol is adsorbed on alumina is due to the vibrat
of the –CH2–O– group of aluminum benzylate [11]. Thu
the absorption band at 1378 cm−1, which continued to di-
minish as the evacuation temperature was raised, ma
due to the vibration of the –CH2–O– group ofIV. In the
case of benzaldehyde adsorbed on alumina, Kuiper et a
ported that the absorption band due to the vibration of
C=O bond of the aldehyde group is reduced to a consi
ably small shoulder by evacuation at room temperature
disappears almost completely by evacuation at 503 K [
In the case of1 adsorbed onγ -alumina, however, the stron
absorption bands due to the vibrations of the carbonyl gr
were confirmed at 1739 and 1694 cm−1 when evacuation
was performed at room temperature. In addition, eve
higher evacuation temperatures of 473, 573, and 673 K
bands due to the carbonyl group did not disappear, imply
that chemically adsorbed species with an aldehyde gr
namelyIII and IV, exist on the surface ofγ -alumina. As
for the stretching of the C–H bond of the aldehyde gro
a very weak absorption band was confirmed at 2732 cm−1.
Since the formations ofIII andIV on γ -alumina were con
firmed, it can be deduced that the lactonization of1 to 2 over
γ -alumina occurs by the same mechanism as that over M
shown in Scheme 2.

Tanabe and Saito postulated that the reason that
Tishchenko reaction of benzaldehyde hardly proceeds
γ -alumina should be related to the fact that aluminum b
zylate is easily oxidized to the corresponding surface
boxylate such as aluminum benzoate [2a]. The remark
increase of the absorption bands due to the carbonate g
and the remarkable decrease of the band due to the –C2–
O– group inIV when evacuation temperature was rais
from room temperature to 473 K demonstrate that a hig
temperature enhances such an oxidation. Knözinger e
also reported that aluminum benzylate is easily oxidize
high temperatures, i.e., 433 and 443 K [12]. Presuma
the intramolecular alkoxide ion transfer in the active spe
IV producing the intermediateV takes place much faste
than the oxidation ofIV and the intermolecular alkoxide io
transfer fromIV to another1 at a low reaction temperatur
of 313 K, and thus the smooth and exclusive lactoniza
d

-

p

.

of 1 to 2 can be realized overγ -alumina at 313 K as liste
in entries 9–15 in Table 1. The facility of the intramolec
lar alkoxide ion transfer inIV to yield V can be explained
by the similar consideration described for the same reac
over MgO.

4. Conclusion

We have developed a new synthetic method for the s
thesis of phthalide–skeleton under mild conditions us
heterogeneous catalytic intramolecular Tishchenko reac
with environmentally benign, economical, and highly effe
tive solid bases such as MgO, CaO, SrO, andγ -alumina. It
should be noted that the intramolecular Tishchenko react
of o-phthalaldehyde and 2,3-naphthalenedicarbaldehyd
the corresponding lactones over these metal oxides
ceeded quite smoothly and selectively without produc
any byproducts including the intermolecular Tishchen
products. The present approach is certainly one of the
tential answers toward an increasing demand for the
lective, nontoxic, and effective organic reactions provid
phthalide–skeletons that are contained in a number of p
maceuticals and naturally occurring compounds exhibi
significant biological activities and are employed in the s
thetic precursors of more complex compounds.
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