
JOURNAL OFCATALYSIS W&528-542(1988) 

Ba(OH), as the Catalyst in Organic Reactions 

XVIII. Influence of the Microcrystalline Structure and the Nature of 

Active Sites on Catalytic Activity 

J. BARRIOS,* R. ROJAS,~ A. R. ALCANRARA,~ AND J. V. SINISTERRAP' 

*Inorganic Chemistry Department and *Organic Chemistry Department, University of Cdrdoba, Spain, 
and TElhuyar Institute, CSZC, Madrid, Spain 

Received August 20, 1987; revised March 15, 1988 

A detailed study of several barium hydroxide catalysts is made. These basic catalysts are easily 
obtained from commercial barium hydroxide octahydrate and are studied by thermal analysis, IR 
spectroscopy, and X-ray powder diffraction techniques. From these studies we can deduce that the 
most active catalyst, C-200, is /3-Ba(OHh in the bulk and Ba(OH)* . Hz0 on the surface. The other 
catalyst, C-300, consists mainly of a-Ba(OH)z with a small amount of Ba(OHh . Hz0 on the solid 
surface. The nature and number of active sites are determined by a spectrophotometric method. All 
the catalysts have reducing and basic sites. The catalytic activity of these solids is tested in Michael 
addition and in the Wittig-Horner process. The strong basic sites (pK, > 11.7) are responsible for 
catalytic activity. The structure of adsorbed carbanions is analyzed by IR spectroscopy. This 
structure differs according to the solid cell lattice where the strong basic site is located. D 1988 
Academic Press, Inc 

INTRODUCTION 

One of the most important problems in 
heterogeneous catalysis is how to explain 
the structure-catalytic activity relationship 
in order to improve the catalytic process. 

The catalytic activity of solid catalysts 
has been related to the solid structure and 
to the nature and number of active sites in 
solid acid catalysts (I, 2) and in supported 
metal catalysts (3). The chemical and tex- 
tural properties of these catalysts can be 
changed by the addition of alkali metal or 
fluoride ions (4, 5) and these changes are 
related to the changes in the catalytic activ- 
ity (6, 7). 

Similar studies are only in beginning 
stages in basic catalysis probably because a 
great many of the basic catalysts described 
in the literature are air or water sensitive. 
In this sense, the work carried out on MgO 
by Szczepanska and Malinowski (8a,b) and 
Matsuda et al. (9) can be cited. 

i To whom correspondence must be addressed. 

We have recently described some new 
barium hydroxide catalysts (10) and studied 
their catalytic activity under inter-facial 
solid-liquid conditions in certain organic 
reactions of industrial interest, e.g., aldol 
condensation (II), Claisen-Schmidt con- 
densation (12), synthesis of A2-pyrazolines 
(13). These new catalysts are more active 
and selective than commercial ones 
(Ba(OH)z . 8H20, K&03, KOH, etc.), 
under similar experimental conditions 
(12-24). 

The catalytic activity of these activated 
barium hydroxide catalysts has been re- 
lated to the strong basic sites of the solid, 
titrated by 4-methyl-2,6-ditertbutylphenol 
(TBMPHE) (15). Nevertheless, a rigorous 
study concerning the influence of solid mi- 
crocrystalline structures on the nature of 
active sites and, so, on catalytic activity, 
has not been carried out. In the present 
paper we describe the microcrystalline 
structure of the catalysts as well as the 
nature of the active sites and we analyze 
their influence in two organic reactions of 
industrial interest. 

528 
0021-9517188 $3.00 
Copyright 0 1988 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



Ba(OH)* AS CATALYST IN ORGANIC REACTIONS, XVIII 529 
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Michael addition is an AdN to a$-unsat- 
urated carbonylic compounds which leads 
to new carbon-carbon bonds under very 
mild conditions (16). Therefore it is very 
useful in the synthesis of many drugs and 
organic compounds of industrial interest 
(17, 18). 

The Wittig-Horner reaction is a versatile 
method for the preparation of a,@unsat- 
urated esters, 6a (especially acrylates), and 
acrylonitrils, 6b, from aldehydes, 5. The 
interest inspired by this reaction explains 
why so much work has been done on the 
synthetic aspects of the reaction (19-21). 

The activated barium hydroxide catalyst 
C-200 is very active as the basic catalyst for 
both reactions (14, 22). This catalyst leads 
to better conversions than commercial cat- 
alysts (Ba(OH)2 . 8H20, K&ZOx) under sim- 
ilar experimental conditions. 

EXPERIMENTAL 

Catalyst 

The activated barium hydroxide catalysts 
described in this paper were obtained from 
commercial barium hydroxide octahydrate 

(C-O) by 3 h of heating at 200°C (C-200), 
300°C (C-300), and 400°C (C-400) in a 
nickel crucible, according to the method 
described previously (10, 22). The pattern 
solid melts at 80°C and at 3SO-370°C 
during the heating. The color of the cat- 
alysts is different: C-200 is white, C-300 is 
grayish-white, and C-400 is greenish-white. 
All the calcined catalysts were stored in a 
closed flask in the presence of NaOH pel- 
lets to diminish the rehydration and the 
adsorption of COZ. 

The surface area was determined by a 
Carlo-Erba Sorptomatic. 

X-ray diffraction diagrams of the stored 
C-200 and C-300 samples were recorded in 
a Philips PW 1130 diffractometer using 
monochromatized CoKa radiation. 

TGA and DTA curves were obtained on 
Staton STA 781 equipment at a 10°C . min-’ 
heating rate, in still and flowing air (50 ml . 
min-‘). About 10 or 25 mg of each sample 
and 4 mg/lO in. sensitivity were used in 
each run. A1203 was the reference material. 

The nature and number of catalyst ac- 
tive sites were determined according to a 
method previously described (23). Benzoic 
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acid, BA (p& = 4.2), and TBMPHE (pK, 
= 11.7) were used to titrate the basic sites. 
1,3_Dinitrobenzene, DNB (EA = 2.2 eV), 
was used to titrate reducing sites and phe- 
nothiazine, PNTZ, (IP = 7.31 eV) for the 
oxidizing ones. Pyridine, Py (p& = 5.3), 
and cyclohexylamine, Cy (pK, = 10.6), 
were used to titrate acid sites. 

The millimoles of adsorbed poison (X,) 
are related to the number of active sites 
titrated by the poison (23). This value can 
be used to compare, qualitatively, the num- 
ber of active sites in each catalyst because 
the experimental values of X, are obtained 
under similar experimental conditions. 

Michael Addition Procedure 

Chalcone, 2 (25 mmol) is dissolved in 75 
ml EtOH (96%). Then, 25 mmol of active 
methylene compound 1 and 0.5 g of catalyst 
are added. The mixture is stirred at room 
temperature for 24 h. Then, the mixture is 
filtered and washed with hot water to dis- 
solve the catalyst. The solid product, 3, is 
not soluble in water. 

The reaction yield was determined by 
dissolving 3 in EtOH. The mixture was 
analyzed by a Perkin-Elmer Series 2 
HPLC using a ~-PCS column. P = 1000 psi; 
MeOH/H*O = 75/25 (v/v). UV detection 
occurred at A = 254 nm. Anthracene was 
used as the internal standard. 

Wittig-Horner Reaction 

Triethylphosphonoacetate, 4 (25 mmol), 
aldehyde, 5 (25 mmol), 2 g of catalyst, 30 ml 
of 1,4-dioxane, and 0.5 ml of water are 
successively introduced into a lOO-ml flask 
fitted with a mechanical stirrer and a reflux 
condenser. The reaction mixture is stirred 
at 70°C for the reaction time (Table 3). 
Then, the mixture is filtered and analyzed 
by GLC using an Intermat I GC 12ODFL 
with a column packed with 5% OVA 101 on 
Chromosorb W-HMDS 80-60 mesh. Car- 
rier gas is NZ (1.8 bar). Initial temperature is 
140°C. End temperature is 300°C and heat- 
ing rate is 20°C . min-‘. 

Selective Poisoning Experiments 

The catalyst selective poisoning experi- 
ments were carried out following the same 
procedure already described (15, 23). 
When the poisoning experiment had been 
carried out, the catalyst was filtered and 
washed with cyclohexane, Merck p.a. (2 x 
5 ml), in order to eliminate the physisorbed 
poison molecules. The number of unad- 
sorbed poison molecules was measured 
using a UV-V is spectrometer (Varian, 
Model Cary 219) in order to find the ad- 
sorbed amount of poison. 

Then the poisoned catalyst was added 
to the reaction mixture (see above) and 
the reaction was determined according to 
experimental procedure. 

IR Spectra of Adsorbed Species 

The IR spectra of adsorbed species were 
recorded by a Perkin-Elmer 599B with a 
Data Station 3600. The PECDS program 
was used for the accumulation and differen- 
tiation of spectra. 

The experimental procedure was as fol- 
lows. The catalyst, 0.2 g, was added to the 
solution of the compound to be adsorbed 
(in EtOH, in Michael addition or in 1,4- 
dioxane in the Wittig-Horner reaction). 
The experimental conditions were those 
described in each experimental procedure. 

The mixture was stirred for 5 min to give 
rise to the adsorption process and to avoid 
the decomposition of the adsorbed species 
produced on the solid. The mixture was 
filtered and washed with 2 X 5 ml of EtOH 
(99.8% Merck) to eliminate the physisorbed 
product and the IR spectrum of the solid 
was recorded. 

Trapping Experiments with MerriJield 
Resin 

In order to determine if the carbanion 
produced from 1 and the ylid from 4- 
detected by IR-left the solid surface, Mer- 
rifield resin (Ega-Chemie) was used. 

The experimental procedure was as 
follows. 
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Michael addition. Structure l(25 mmol), 
25 ml of EtOH (96%), 0.2 g of catalyst, and 
1 g of Merrifield resin (1 meq * Cl/g . resin) 
were mixed and stirred for 48 h (a length of 
time twice as great as the reaction time). 
Then, the mixture was filtered and the solid 
washed with 2 x 10 ml of diethyl ether. The 
solid was dried under vacuum (IOOOC) and 
the IR spectrum recorded. 

Wittig-Horner reaction. Merrifield resin 
(P-CH,-Cl, 1.0 g) was transformed to the 
polymer-supported reagent P-CHO by 
oxidation with DMSO in the presence of 
NaHC03 using a method described in the 
literature (24). The main bands of accumu- 
lated polymer-supported reagent spectra 
were 2912, 2844, and 2729 cm-’ (CH=O 
stretching) and 1697 cm-’ (conjugated 
C=O). 

Polymer-supported reagent P-CH=O 
(1 g), 0.4 ml of lo.05 ml of H20, and 1 g of 
catalyst were stirred at 70°C for 1 h (reac- 
tion time 25 min; see Table 3). The mixture 
was washed with aqueous HCl (20 ml) and 
acetone. The solid polymer-supported re- 
agent was dried, and the IR spectra were 
obtained. 

RESULTS AND DISCUSSION 

Thermal Analysis Studies 

In order to determine the composition of 
each catalyst obtained from commercial 
barium hydroxide octahydrate (C-O), TGA 
and DTA curves were obtained (Figs. 
la-lc). 

A plateau is observed in the TGA curve 
of C-O (Fig. la) between 35 and 107°C. 
Then, a weight loss, which is caused by 
elimination of seven water molecules (talc. 
= 39.95%, found = 38.77%) yielding 

Ba(OH)z * Hz0 (25), which remains stable 
between 107 and 116°C as shown by the 
well-defined plateau observed in the TGA 
curve. This result agrees with those re- 
ported in the literature (26, 27). Anhydrous 
/3-Ba(OH)* (28, 29) is obtained at 120°C and 
from this temperature up to at least 370°C 
no appreciable weight variation occurs in 

The DTA curve shows two endothermic 
peaks in the temperature range 35-120°C 
that are caused by the above-indicated de- 
hydration reactions. The smaller endother- 
mic peak appearing between 226 and 246°C 
must be caused by structural transfor- 
mation, namely /3-Ba(OH)2 + cw-Ba(OH)z, 
since no weight variation is observed in the 
TGA curve. We can deduce that (_y-Ba(OH)Z 
is the stable phase at temperatures over 
250°C (29, 30). 

Between 355 and 37o”C, a-Ba(OH)* melts 
causing the sharp endothermic effect re- 
corded in this temperature interval. This 
result has been confirmed by visual exami- 
nation as well as by recording the cooling 
curve. 

FIG. 1. Differential thermal analysis (DTA) and 
thermogravimetric (TG) curves of (a) C-O; (b) C-200; 
(c) C-300 recorded in still air. Heating rate, 10°C 

the sample. min-‘. 
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FIG. 2. DTA and TG curves of C-200 recorded (a) after exposure to the air for 3h; (b) after storage 
on NaOH pellets, still air atmosphere; (c) in flowing air (50 ml . min-‘), 10°C . min-’ heating rate. 

The C-200 catalysts, when obtained, 
must be anhydrous P-B(OH)z according to 
the thermal analysis curves recorded on the 
C-O sample. Nevertheless, the TGA curve 
(Fig, lb) shows a slight weight increase 
(1.4%) from room temperature up to 50°C; a 
plateau exists up to 83”C, which is followed 
by a step between 83 and 120°C; this cor- 
responds to the endothermic peak observed 
in the same temperature region, The experi- 
mental weight loss for this latest step is 
2.1%. 

The same behavior is observed for the 
sample C-300 (Fig. lc), although the weight 
variations are considerably smaller. 

In order to ascertain the origin of this 

behavior, several experiments were per- 
formed. 

C-200 is shown to slightly rehydrate even 
when stored on NaOH pellets and, conse- 
quently, during manipulation. There is very 
little hydration of C-200 when it is stored in 
a closed vessel with NaOH pellets for 3 
months. Only 2% Ba(OH)2 - Hz0 is detected 
under these conditions. After exposure to 
open air for 3 h, C-200 is almost completely 
transformed into Ba(OH)2 * H20, as shown 
not only by its X-ray diffraction diagram 
(see next section) but also by the thermo- 
grams recorded from this sample in still air 
atmosphere (Fig. 2a). After 48 h the solid is 
Ba(OH)2 . 8H20. 



Ba(OH), AS CATALYST IN ORGANIC REACTIONS, XVIII 533 

The weight loss occurring between 100 
and 140°C corresponds to the evacuation of 
0.9 water molecule (found 0.86). If the 
sample is cooled in the thermobalance, it 
partially rehydrates, indicating that the wa- 
ter vapor remaining in the thermobalance 
enclosure rehydrates the anhydrous com- 
pound again. 

On the other hand, several batches of 
C-200 were heated in both still and flowing 
air atmospheres; the same rehydration- 
dehydration processes were always ob- 
served, but to a smaller extent if thermo- 
grams were recorded in a flow of dry air 
(Figs. 2b and 2c.) 

The hygroscopic character of /3-Ba(OH)z 
as well as the high stability of Ba(OH)z - 
Hz0 (28) has been reported previously (29) 
and can be explained on the basis of a very 
high hygroscopicity of the anhydrous hy- 
droxide. Nevertheless, it seems that this 
rehydration is slow when the solid is stored 
in a closed vessel in the presence of NaOH 

(2% Ba(OH)2 . Hz0 in a sample of C-200 
after 3 months). 

Thermal analysis curves obtained on 
C-300 under the above-indicated conditions 
are shown in Figs. 3a and 3b. The rehy- 
dration of this sample is considerably lower 
than that observed for C-200, in both still 
and flowing air, being practically nonexis- 
tent under the above-mentioned experi- 
mental conditions. 

The TGA and TDA curves of C-400 are 
qualitatively equal to those previously de- 
scribed for the other two solids. A small 
water loss at 117°C and a very small peak at 
230°C show the presence of traces of 
Ba(OH)2 . Hz0 in the solid (11). 

In order to confirm if the weight in- 
creases are caused by rehydration rather 
than by adsorption of COz by the sample, 
thermograms were recorded on C-300 in 
dynamic air atmosphere, the air being bub- 
bled through water before going into the 
thermobalance furnace. In fact, under these 

FIG. 3. DTA and TG curves of C-300 recorded (a) in flowing air atmosphere (50 ml min-‘), 10°C 
min-’ heating rate; (b) in still air; (c) min moist air flow (50 ml min-‘), 10°C min-’ heating rate. 
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conditions the weight increase and subse- 
quent loss were higher than previously 
observed (Fig. 3~); p + (Y transition also 
appears at the usual temperature. Never- 
theless, in a second heating cycle and al- 
though rehydration has occurred (although 
to a lesser extent), this phase transition is 
hardly visible in the DTA curve and has 
practically disappeared when a third heat- 
ing cycle is carried out, even when rehy- 
dration has taken place again. 

From all that indicated above, it can be 
deduced that the equilibra existing in the 
rehydration-dehydration of the C-200 and 
C-300 catalysts could be as 

P-Ba(OH)2 G Ba(OH)z * Hz0 

\ /+ cr-Ba(OH)z 

IR Spectroscopic Analysis 

The IR spectra yield information con- 
cerning the mode of attachment and the 
geometry of the water molecules in the 
crystal lattice. The IR spectrum of the 
parent compound (C-O; Ba(OH)z - 8H20) 
shows the presence of a great amount of 
water (30, 31). It shows a broad band at 
3450 cm-’ which is mainly due to O-H 
stretching (32, 33) in association with inter- 
molecular hydrogen bonding (34, 35). The 
broad bands at 1650 and 1560 cm-’ are due 
to the bending and rocking modes of vibra- 
tion, respectively (30). These facts suggest 
that the majority of the water molecules of 
C-O are trapped in the crystal lattice by 
weak hydrogen bonds. 

The IR spectrum of C-200 confirms these 
views, The broad band at 3450 cm-’ is 
replaced by two bands: a sharp one at 3580 

-i characteristic of metal hydroxides 
g, 37) and a broad one at 2850 cm-i 
mainly due to hydrogen bonding with a shift 
to lower frequencies due to decreases in the 
OHz c OH- bond (36, 37). From these 
results we can deduce that the water mole- 
cule is weakly bonded to OH- ions but the 
other OH- ions are not H-bonded accord- 
ing to the literature (36). Bands at 1680 and 

580 cm-’ are explained like that of the 
parent compound C-O. Other bands at 1000 
and 850 cm-i are characteristic of several 
barium compounds (metal-oxygen bond) 
(38, 39). The band at 1450 cm-’ could be 
related to the presence of BaC03 (1450- 
1420 cm-’ (30)). This band shows us that 
the catalyst is partially carbonated although 
stored in a hermetically sealed flask in the 
presence of NaOH. Nevertheless no crys- 
talline BaCOj was detected by X-ray analy- 
sis of the sample recorded at room tem- 
perature. So we can say that the CO2 is 
adsorbed by means of carbonate bridges or 
that the BaC03 produced is amorphous. 
The adsorption of CO* is favored by the 
temperature according to the increases in 
weight observed in Fig. lb (T > 300°C) but 
this fact does not seem to produce micro- 
crystalline barium carbonate, the only spe- 
cies that can be detected by X-ray analysis. 
Small amounts (~1%) of BaC03 were de- 
tected by other workers in barium hydrox- 
ide samples (30). 

The IR spectra of the stored C-300 and 
C-400 are similar to that of C-200, so we can 
say that water is present in both catalysts. 

X-Ray Analysis 

The X-ray pattern of the initial compound 
(C-O) agrees with published data for 
Ba(OH)2 * 8H20 (40), while X-ray diffrac- 
tion diagrams recorded on stored C-200 and 
C-300 catalysts show all lines of P-Ba(OH)2 
and cr-Ba(OH)2, respectively (29, 41, 42), 
as well as the two most intense diffraction 
maxims of Ba(OH)* - HZ0 (43) indicating 
that in both catalysts, some barium hydrox- 
ide monohydrate exists. These data cor- 
roborate the results obtained from thermal 
analysis. 

Ba(OH)* * 8H20 crystallizes in the mono- 
clinic system (44). The barium ions are 
coordinated by eight water oxygens in the 
form of a slightly distorted Archimedean 
antiprism. The OH- ions are outside the 
prism (Fig. 4a). The Ba-water molecule 
distances are 2.69-2.77 A and the 
Ba-OH-, 4.76 and 5.13 A, respectively 
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FIG. 4. Ba(I1) coordination sphere in (a) Ba(OH)* 
8H20, (b) idem in Ba(OH)* . H20. (c) Structure of 
surface of Ba(OH)* . H20. 

(44). The average OH--H20 distance is 
3.09 A (Fig. 4a). 

It is well known that Sr(OH)2 * HI0 and 
Ba(OH)Z * Hz0 are isostructural, isotypic, 
and orthorhombic (45). On the other hand, 
P-Ba(OH)2 and Sr(OH)2 are isostructural as 
well (46). The monohydrate is easily pro- 
duced from /3-Ba(OH)z by a topotactic reac- 
tion by hydration with water from the atmo- 
sphere. Therefore we can accept that the 
catalyst used in the reactions (the stored 
C-200) is P-Ba(OH)2 in the bulk and 
Ba(OH)* * Hz0 on the surface. In the hy- 
drate each Ba(I1) is coordinated to six OH- 
and two water molecules (Fig. 4b). The 
structure of the C-200 surface is shown in 
Fig. 4c where the average OH--H20 in 
Ba(OH)z . Hz0 is 3.39 A. 

This Ba(OH)2 + Hz0 structure is present 
in stored C-300 in a very small amount 
(empirical formula from TGA Ba(OH)2 * 
H20, 0.06 HzO). Therefore stored C-300 is 

o-Ba(OH)2 and a very small amount of 
Ba(OH)2 . Hz0 is on the surface (produced 
by rehydration of a-Ba(OH)z according to 
the TGA and TDA curves). 

The coordination sphere of Ba(II) and the 
average distances OH--OH2 from Ba(OH)2 
* 8H20 and Ba(OH)* . HZ0 obtained from 
the literature data (44-46) are shown in 
Fig. 4. 

The C-400 X-ray analysis was not carried 
out due to the instability of this green solid 
that turns greenish-white on contact with 
the atmosphere. 

Nature and Numbers of Active Sites 

The surface area of solid catalysts and 
the nature and number of active sites of 
solids are shown in Table 1. The low sur- 
face area values are due to the microcrys- 
talline structure of the solid. All the values 
are very similar within experimental error. 
Therefore, the surface area is not a prop- 
erty that can explain the catalytic activity 
of these solids. 

All the catalysts have only basic and 
reducing sites. No acid sites versus pyri- 
dine (Py) or cyclohexylamine (Cy) and no 
oxidizing versus phenothiazine (PNTZ) are 
present in the catalyst. This result agrees 
with the nature of Ba(II) which does not 
have a strong acid or oxidant character. 

The number of strong basic sites titrated 
by TBMPHE (pK, = 11.7) is greater in C-O 
than in other cases. Nevertheless, due to 
the high amount of water H-bonded in this 
catalyst (see IR section), the value obtained 
seems not to be significant. Probably the 
titration of active sites takes place at the 
same time as the dehydration and demoli- 
tion of the cell lattice because a slight 
dissolution of the C-O is observed in this 
case. This fact could explain the high value 
obtained. 

In the other catalysts, the obtained val- 
ues are 

c-200 > c-300 > c-400. 

These active sites are mainly responsible 
for the catalytic activity of the activated 
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TABLE 1 

Chemical and Textural Properties of Activated Barium Hydroxide Catalyst 

c-o c-200 c-300 c-400 

Surface area (m*/g) 

Number of active sites 
(pmol/g cat) 
TBMPHE (pK, = 11.7) 
BA (pK, = 4.2) 
DNB (EA = 2.21 eV) 
PNTZ (IP = 7.13 eV) 

Py (pK, = 5.3) 
Cy (pK, = 10.6)’ 

1.4 * 0.1 1.9 2 0.1 1.4 2 0.1 1.2 f 0.1 

260 f 50” 6.3 f 0.2 2.2 +- 0.2 0.6 + 0.1 
_b 80 *lo 60 210 56 k 10 

55 * 6 28 ?3 13 +- 3 15 f 3 
- - - - 
- - - - 
- - - - 

a The solid is slowly dissolved by the TBMPHE. 
b No adsorption equilibrium is reached. The solid is slowly dissolved by the cyclohexanic solution of 

Ba. 
c No adsorption was determined. 

barium hydroxide catalyst in Michael addi- 
tion (15). These active sites must be related 
to unhindered superficial OH- whose nega- 
tive charge is not compensated by the 
Ba(I1) from the lattice. Due to the fact that 
Ba(OH)* is on the solid surface, the strong 
basic site could be the external OH- of the 
cube H-bonded to the water. 

Total basicity of the catalyst can be de- 
termined by titration with BA, the obtained 
values being 

c-200 = c-300 = c-400 

within experimental error. Therefore the 
number of basic sites of C-O versus BA 
cannot be determined due to the dissolution 
of the solid. 

The number of reducing sites versus 
DNB is 

c-o > c-200 > c-300 > c-400. 

The nature of these sites could be (i) nega- 
tive charge zones produced by two neigh- 
boring microcrystals (47, 48) or (ii) O*- pro- 
duced during the calcination process. The 
first sites would be one-electron donor sites 
responsible for the catalytic activity of 
C-200 in the Cannizzaro reaction under 
ultrasound (49). The second kind of site 
would be basic and reducing sites. 

Catalytic Activity 

Michael addition. The results obtained in 
the Michael addition of diethylmalonate, 1, 
to chalcone 2, catalyzed by C-O, C-200, and 
C-300 are shown in Table 2. The C-400 
catalyst did not catalyze the process. 

From these data we can say that C-200 is 
the most active catalyst (entry 1 versus 4 
and 7). This fact cannot be related to the 
surface area because the values are similar 
in all cases (Table 1). 

The catalytic activity of C-200 versus 
C-300 could be explained by the greater 
amount of strong basic sites without steric 
hindrance (titrated by the TBMPHE) in 
C-200 than in C-300. These active sites 
have very little steric hindrance because 
they are titrated by the bulky TBMPHE 
molecule. So, the bulky molecules 1 and 2 
could react on this catalytic site because 
steric hindrance cannot prevent the reac- 
tion. On the other hand the pK, > 11.7 of 
these sites is similar to the pK, of 1 (pK, = 
12.7). Therefore, the basicity of these sites 
would be valid for carrying out the forma- 
tion of carbanion from 1. This statement 
agrees with the selective poisoning data 
(Table 2, entries 1 versus 3 and 4 vs 6), 
where the poisoning of these sites produces 
null conversions. 
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TABLE 2 

Selective Poisoning Experiments of Active Sites in Michael Addition of 1 to 2 

Entry Catalyst Kind of active Number of active Amount of adsorbed Yield 
site (poisoning site poison in 3 

agent) (wmolig cat) (Fmolig cat) (% molar)” 

I c-200 
2 c-200 
3 c-200 
4 c-300 
5 c-300 
6 c-300 
7 c-o 
8 c-o 
9 c-o 

10 c-400 

- - 95 
Reducing (DNB) 28 + 3 30 + 3 58 
Basic (TBMPHE) 6.3 + 0.2 6.7 -t 0.3 5 

- - - 52h 
Reducing (DNB) 13 + 3 14 2 1 2 
Basic (TBMPHE) 2.2 k 0.2 2.8 + 0.3 5 

- - 80’ 
Reducing (DNB) 55 t 6 53 ” 5 0 
Basic (TBMPHE) 260 + 50 268 t 60’ 0 

- - - 2 

Note. T = 25°C; t. react. = 24 h; 0.2 g . cat.: solvent EtOH (96%); 25 mmol of 1 and 2. 
a Error 25%. 
h C-O catalyst, 0.5 g versus 0.2 g, in the case of C-200 and C-300. 
’ The solid is partially dissolved. 

Commercial barium hydroxide, C-O, is 
less active than C-200 because a lower yield 
is obtained with 0.5 g of C-O versus 0.2 g in 
the case of C-200 (entry 7 vs 1, Table 2). As 
in the other cases, the selective poisoning 
of the active sites titrated by TBMPHE 
leads to null conversions. 

Therefore, the number of strong basic 
sites cannot only explain the relative cata- 
lytic activity of C-O and C-200. It is neces- 
sary to assume that the microcrystalline 
structure of the solid and the amount of 
water play a very important role in catalytic 
activity. This is discussed in the analysis of 
adsorbed species. 

The role of reducing sites (titrated by 
DNB) is different. In the case of C-200 
there is a small reduction in the yield when 
these sites are poisoned (entry 2 vs 1, Table 
2). Therefore, we can say that these active 
sites in C-200 are not responsible for the 
catalytic activity in this reaction for the 
most part. Therefore, the strong basic sites 
acting in the process are not reducing ones. 
They must be OH-. These OH- are proba- 
bly from superficial Ba(OH)2 . Hz0 (Fig. 
4b). 

When the reducing sites of C-300 and C-O 

are poisoned, null conversions are ob- 
tained. This can be explained by the fact 
that the reducing sites in these catalysts are 
basic and reducing. 

Both kinds of active sites have been 
described by Tanabe et al. for other basic 
solids (47, 48). The one-electron donor 
sites are produced by two neighboring mi- 
crocrystals and are more abundant in solids 
with small cell lattices than in solids with 
large ones. So C-200 (practically Ba(OH)2 * 
Hz0 on the surface), with smaller cell lat- 
tices than C-300 (practically a-Ba(OH)z) 
and C-O (Ba(OH)2 * 8H20), will have pure 
one-electron donor sites (no basic sites). 
So, DNB poisoning cannot prevent basic 
catalysis. 

The reducing basic sites are 02- (47, 48) 
produced by dislocation of the cell lattice 
and they are abundant in solids with the 
large C-O and C-300 cell lattices. This fact 
could explain why DNB poisons these cata- 
lysts in Michael addition but not in the case 
of c-200. 

Wittig-Horner reaction. Similar conclu- 
sions can be obtained from the Wittig- 
Horner reaction (see Table 3). 

In the synthesis of acrylates, 6a, we can 
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TABLE 3 

Selective Poisoning Experiments in the Wittig-Homer Reaction 

Entry Compound catalyst Kind of active 

site (poisoning 

agent) 

Number of 

active sites 

(~mollg cat.) 

Amount of adsorbed 

poison 

(,umol/g cat.) 

Yield in 6’ 

(% molar)it(min) 

6 

8 

9 

10 

II 

12 

13 

14 

6a c-200 

6a c-200 

6n c-200 

6a c-300 

Q c-300 

6a c-300 

Q c-o 

6a c-o 

66 c-o 

6b c-200 

6b c-200 

6b c-200 

6s c-400 

6% c-400 

Reducing (DNB) 

Basic (TBMPHE) 

Reducing (DNB) 

Basic (TBMPHE) 

Reducing (DNB) 
Basic (TBMPHE) 

13 -r 3 

2.2 -+ 0.2 

- 

55 t 6 

260 t 50 

Reducing (DNB) 28 -c 3 

Basic (TBMPHE) 6.3 + 0.6 

- 
28 k 3 

6.3 -r 0.6 

_ 
- 

- 
32 + 3 

6.2 i- 0.3 

- 

14 51 

3.0 +- 0.3 

- 

54 + 7 

268 + 60 

- 

30 s4 

6.4 zk 0.6 

_ 
- 

100125 

88/25 

2125 

32130 

0130 

5130 

61130 

o/30 

o/30 

loo/40 

80/40 

2140 

31180 

Oil80 

Note. l,CDioxane, 30 ml; T = 70°C; 2.5 g cat; Furfural = 0.02 mmol; 4a or 4b = 0.025 mmol. 

’ Error 25%. 

see that C-200 is the most active catalyst 
(entry 1 versus 4 and 7, Table 3). On the 
other hand, the C-200 catalyst improves the 
reaction versus such other catalysts as KZ 
CO3 (14) under the same experimental con- 
ditions. A more detailed discussion from a 
synthetic point of view was given in a 
previous paper (24). 

The catalytic activity is 

c-200 > c-o > c-300 

as in Michael addition (see above). This 
different catalytic activity cannot be related 
to the surface area, which is similar in all 
cases (Table 1). 

The number of strong basic sites titrated 
by TBMPHE with pK, > 11.7 (similar to 
phosphonoacetate (pK, = 12.2 (50)) cannot 
explain this fact, because the most active 
catalyst, C-200, has fewer strong basic sites 
titrated by TBMPHE than C-O. Neverthe- 
less they are responsible for the catalytic 
activity in this process as can be deduced 
by selective poisoning experiments (entries 
3, 6, and 9, Table 3). 

When the reaction is carried out with 
anhydrous 1,6dioxane, and C-200, lower 
reaction yields are obtained (20%) (14) than 
when slightly hydrated 1,Cdioxane is used 
as the solvent (Table 3, entry 1). An X-ray 

diffraction diagram of the solid obtained 
from the reaction in anhydrous solvent 
showed that this solid was pure /?-Ba(OH)z 
(52). So, the catalytic activity must be 
related to the presence of strong basic sites 
in a specific cell lattice with a specific 
geometric and steric structure. This is dis- 
cussed in the next section, 

The catalytic role of reducing sites is 
similar to that described in Michael ad- 
dition. 

The synthesis of acrylonitrils, 6b, is even 
poorer than the synthesis of acrylates be- 
cause longer reaction times are necessary 
to obtain poor yields. As in the synthesis of 
acrylates, the strong basic sites are respon- 
sible for the catalytic activity (see Table 3). 

The C-400 cannot catalyze the process. 

Detection of Adsorbed Species on Solids 

The structure of adsorbed species from 1 
on solids (C-O, C-200, and C-300) was stud- 
ied by IR spectra of the solids after contact 
(under reaction conditions) with the precur- 
sors of the carabanions, 1, 6a, or 6b. The 
PECDS program was used for the accumu- 
lation and manipulation of spectra. 

Michael addition. When the ethanolic 
solution of 1 and the solid catalyst are put 
together under reaction conditions for some 



minutes (see Experimental), and the mix- 
ture is filtered, only those IR bands like 1 
are observed in the liquid in all cases. 

On the other hand, when we record the 
IR difference spectra of solids we obtain 
different IR absorptions. These absorptions 
could be related to adsorbed species more 
conjugated than 1. These bands are the 
following: 

1735 cm-’ CO-OEt (slightly conjugated) 
but 1740 cm-’ for 1. 

1600-1550 cm-’ broad band with two 
maxims: 

1500 and 1550 cm-‘, related to C-O 
B1, (1578 cm-’ (51)) and C-C-C B2” (1527 
cm-’ (51)) vibrations. 

1390 and 1290 cm-’ (weak). They can be 
related to C-O BZu (1397 cm-’ (48)) and 
C-C-C B1, (1218 cm-’ (51)) vibrations. 

Therefore we can postulate 7 as the 
structure for carbanion from 1, adsorbed on 
the Ba(OH)* . Hz0 cell lattice. In this case 
there are two different C=O bonds: one 
slightly conjugated (1735 cm-‘) and the 
other very conjugated (1580 cm-‘). 

This can be explained by the fact that the 
process takes place in the strong basic 
sites. In these sites there is a distance 
OH--H20 = 3.39 A, related to the 
Ba(OH)* * Hz0 structure (Fig. 5), similar to 
the distance of the enolate ion, 7, 2.9 A. 
Therefore carbanion can be produced on 
this site because the geometrical and steric 
characteristics (two oxygens at 2.9 A) are 
similar to those of the active sites (two 
oxygens at 3.39 A). 

Chalcone is not adsorbed on the solids. 
Therefore a mechanism like that proposed 

EtO& 

EtOzC free carbanion 

in Fig. 5 could be postulated for the process 
where the adsorbed carbanion reacts with 
the chalcone from the liquid phase. 

A similar IR spectrum was recorded in 
the case of C-O. Therefore we must deduce 
that 7 is produced on the active site of C-O, 
also. The process takes place in the strong 
basic sites (Table 2). The active sites in this 
catalyst could be the OH- placed at 3.09 A 
of the water molecule in the barium hydrox- 
ide octahydrate structure (Fig. 4a). There- 
fore we have a distance and structure simi- 
lar to those in Ba(OH)2 . H20. The poor 
yields obtained can be related to the pres- 
ence of a great number of water molecules 
near 7 that are acid versus the carbanion. 
Therefore, they can react with 7 giving 1, 
diminishing the number of carbanion pro- 
duced and, so, diminishing the yield. 

In the case of C-300, 1735 cm-’ was not 
present. Therefore we can say that a more 
conjugated species is produced in this case 
with a slight carbanionic character in the 
CH that explains the poor yields obtained. 
The formation of this species is related to 
the a-Ba(OH)2 (main compound of C-300). 
Unfortunately we do not have the 
a-Ba(OH)z structure to discuss qualita- 
tively the structure of the adsorbed carb- 
anion. 

The Michael addition takes place under 
interfacial solid-liquid conditions because 
the carbanion from 1 is not trapped by 
Merrifield resin (P-CH&l 1 meqig). This is 
shown by the IR spectra of the resin where 
the 1740 cm-’ from CO-OEt is not ob- 
served when the polymer is mixed with the 
catalyst and 1 under the reaction conditions 
for 24 h, 

P-CH2Cl P-CHz-CH(C02Et)z 
, 
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adsorbed carbanion 
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3 

FIG. 5. Carbanion from diethylmalonate adsorbed 
on Ba(OH)2 . Hz0 (on the surface of C-200 catalyst), 7. 

Therefore we can say that carbanion re- 
mains adsorbed on the solid surface and the 
process is an interfacial solid-liquid mecha- 
nism. This behavior is similar to that de- 
scribed for other organic reactions cata- 
lyzed by C-200, e.g., aldol condensation 

(11). 
Wittig-Homer reaL>tion. The nature of 

the adsorbed species produced in the ad- 
sorption of 4a on the catalysts was analyzed 
by IR spectroscopy (Table 4). 

The IR spectrum of the adsorbed species 
on C-200 shows a 1670 cm-i band related to 
the C-O vibration mode of a very conju- 
gated ester (52). The adsorption at 1592 and 
1384 cm-’ is related to a conjugated C-C 
bond. There is no P + 0 band detected 
although a 1194 cm-’ band can be related to 
P-O. All these absorptions are justified by 
comparison to similar structures for the 2 
form of ylid salt described for K(I) and Li(I) 
(53, 54). 

On the other hand, the distance 06-05 is 
3.35 A, very similar to the OH--H20 dis- 
tance in the barium hydroxide monohy- 
drate structure, 3.39 A (Fig. 4b). Therefore 
we can describe the adsorbed species as 8 
(see Fig. 6) where the negative oxygen is 
placed where the OH- had been in the 
lattice. Therefore an interaction with the 
58 of Ba(I1) is present and so, the P + 0 is 
relaxed. The presence of 1570 and 1670 
cm-’ absorption shows a delocalization of 
the negative charge in the ylid, with a 

TABLE 4 

Main IR Bands (cm-‘) of Diethyl- 
(carboethoxymethylen)-phosphonate, 4a, and Those 

of the Adsorbed Species on Catalysts 

- 

cuG=O,) 
cx(Cp=O~) 
a(C,==C,) 
4C,=C,) 
a(p + 06) 

cu(P=0,) 

~(Cz-03) 

Adsorbed Species 
from 4a on 

4a c-200 c-300 c-o 

1740 - 
- 1670 
- 1570 
- 1384 

1275 - 
1210 - 
- 1194 

1120 1112 

- - 
- 1675 
- 1.568 

1384 1384 
1259 - 
1210 - 
- 1194 

1115 1090 

negative character in Ci. This negative 
charge explains the high reactivity ob- 
served in this Wittig-Horner reaction. The 
fact that the 05-O6 distance (3.35 A in 8) is 
very close to the distance of the cell lattice 
(3.39 A) could explain why the Wittig- 
Horner reaction takes place more quickly 
(25 min) than Michael addition (24 h) when 
the distance in 7 is 2.9 A. 

When the adsorbed species on C-O and 
C-300 are compared to that on C-200, we 
observe that the adsorbed species on C-O 
and C-200 may be similar (similar IR 
bands). This fact can explain why the cata- 
lytic activity of C-O is higher than that of 
C-300. These similar structures can be ex- 
plained by the presence of the distance 
OH-‘-Hz = 3.09 A (Fig. 4) in the barium 
hydroxide octahydrate, similar to the dis- 
tance between the O6 and 0~ in the ad- 

FIG. 6. Ylid from 4a adsorbed on Ba(OH)2 . Hz0 (on 
the surface of C-200 catalyst), 8. 
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sorbed ylid (3.35 A) and to the OH--H20 
distance in the Ba(OH)2 . HzO. Neverthe- 
less, C-O is less active than C-200 (Table 3 
entries 7 vs 1). This fact can be explained 
only by the presence of a great amount of 
water in the C-O (Ba(OH)? . 8H20) which 
acts as an acid versus the ylid breaking it 

UP. 
The adsorbed species on C-300 has the P 

+ 0 band like 4a but not the CO-OEt 
band. Therefore we are led to think that, in 
this case, P --;, 06 is not bonded to the cell 
lattice of a-Ba(OH)* (the main component 
of the solid). C=Oj is not present but 
C’=C? is. Therefore we must postulate a 
different structure for the adsorbed species 
on C-300. 

In this case the negative charge is over 
the 05. Therefore the C’H is less negative 
than in the case of C-O and C-200. This 
explains the low reactivity observed in 
c-300. 

When the adsorption of 4b is carried out 
on C-200, the presence of CN absorption 
(2259 cm-’ in 4b) is not observed although 
there is a small band at 1690 cm-’ that could 
be related to the C=N bond of the carb- 
anionic species 9. The 1150 cm-’ absorp- 
tion could be related to P=06. Therefore, 9 
could be postulated as the adsorbed ylid. 
This species has been described previously 
as the reaction intermediate (5.5) and ad- 
sorbed on K2C03 catalyst (50). It is evident 
that geometrical factors and the poor affin- 
ity of N for the Ba(II) discourage the ad- 
sorption and make 9 more unstable than 8. 
In Fig. 7 we can say that the N-O distance 

FIG. 7. Ylid from 4b adsorbed on Ba(OH)>O (on the 
surface of C-200 catalyst), 9. 

(3.72 A) is greater than that of water-OH- 
in Ba(OH)2 * Hz0 (3.39 A). These facts 
qualitatively explain the poor yields ob- 
tained in the synthesis of 6b. 

As in the case of Michael addition, no 
trapping of the ylid by the polymer-sup- 
ported reagent (P-CHO) was observed in 
any case because the ester band CO-OEt 
(1740 cm-‘) or that of CN (2259 cm-‘) 
was not observed in the IR spectra of the 
resin after the reaction with the adsorbed 
ylid. 

This fact confirms that all the processes 
studied are interfacial reactions. In these 
cases the structure of the basic catalysts 
controls the process by means of the struc- 
ture of the adsorbed carbanion. 
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