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Abstract: The layered double hydroxides-supported
diisopropylamide (LDH-DA) catalyst is found to be
an efficient and selective solid base for aldol, Knoeve-
nagel, Henry, Michael, transesterification and epoxi-
dation reactions under liquid phase conditions.
LDH-DA is synthesized by the interaction of lithium
diisopropylamide with LDH-NO; (as-synthesized)
and calcined LDH-NO;. The LDH-DA (Mg/Al, 3/1)

and their precursors are well characterized by using
various instrumental techniques such as FT-IR,
TGA and DTA, powder XRD, solid state ”’Al MAS
NMR spectroscopy, SEM and XPS (ESCA).

Keywords: aldol reaction; epoxidation; Henry reac-
tion; Knoevenagel reaction; layered double hydrox-
ides; Michael addition; transesterification

Introduction

There has been increasing attention on the design and
use of environmentally compatible solid acid-base cata-
lysts targeted to minimize the emission of effluents in
chemical industries. The challenge is to perform hetero-
geneous catalytic reactions for C—C or C—O bond for-
mation in the laboratory, bulk and fine chemical indus-
tries. The versatile aldol, Knoevenagel, Henry, Michael,
epoxidation and transesterification reactions have nu-
merous applications in the elegant syntheses of fine
chemicals!"-% and are classically catalyzed by bases!’~")
such as alkali metal hydroxides, carbonates, bicarbon-
ates, alkoxides, barium and calcium hydroxide, magnesi-
um aluminium ethoxides, potassium-exchanged zirconi-
um phosphate and also organic bases like primary, sec-
ondary, tertiary amines!'” in liquid phase systems. At
the laboratory scale, many catalysts are known to effect
the aldol, Knoevenagel, Henry and Michael reactions,
e.g., alumina,'! sepeolite,'? zeolites,”! clays, ™
LDHs,®! anionic resins,'® xonotlite/potassium tert-
butoxide,l'”! alkali-containing MCM-41,"¥1  AIPO,—
ALO; " alumina-KF*! and amberlyst.”!! The incorpo-
ration of alkali metal cations,'>'® such as Cs* or Na™,
in zeolites and mesoporous molecular sieves by cationic
exchange provides low basicity useful for a small range
of organic reactions only. Na*t clusters introduced in
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the zeolites by impregnation with sodium azide!* afford
strongly basic sites, which catalyze side chain alkylations
also. The development of an efficient, selective and recy-
clable solid base catalyst for the construction of a C—C
and C—O bond continues to be a challenging field in or-
ganic synthesis.

We believe that the layered double hydroxides
(LDHs) or layered double hydroxides-like compounds
could be a material of choice for C—C and C—O bond
forming reactions in view of their specific properties as
underlined.”! The structure of LDHs consists of brucite
[Mg(OH),] type octahedral layers in which a part of the
M" cations are isomorphously substituted by M™ cati-
ons. The excess positive charge of the octahedral layers
resulting from this substitution is compensated by inter-
stitial layers built of anions. These materials are repre-
sented by the general formula, [M",_,, M" (OH),]**
[(AY7),, n H,O]" ", where M" and M™ are the divalent
and trivalent cations, respectively, A"~ is the interlayer
anion and the value of x is in the range of 0.1 to 0.33.
The basicity and activity can be easily tuned up by choos-
ing a set of hetero elements M"/M" and changing their
ratio for brucite sheet and/or by incorporating different
anions in the interlayer of brucite from a wide range of
multiple options.’* The interesting characteristic of
these materials is their anionic exchange ability, which
makes them unique inorganic materials for the adsorp-
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tion of organic and inorganic anions. LDHs are found to
be very useful as adsorbents, anion exchangers and most
importantly as catalysts.”®) Upon thermal decomposi-
tion at about 450°C, layered double hydroxides are
transformed into a highly active homogeneous mixed
oxide phase useful for a variety of organic transforma-
tions.”™ The rehydrated LDHs"*! composed of Bronsted
hydroxide anions displayed superior activity over the
LDHs composed of C1-, NO;~ or CO4*~ anions or cal-
cined LDHs. Later, we designed and developed LDH-
O-t-Bu for the first time in our laboratory, as a solid
base that displayed manifold activity in various organic
reactions.”” In this article, we have devised a strategy to
design, develop and evolve the recyclable LDH-diiso-
propylamide (LDH-DA) by the interaction of lithium
diisopropylamide (LDA) with the uncalcined LDHs
(cat. A) and calcined LDHs (cat. B) that catalyzes
C—C and C—O bond forming reactions such as aldol,
Knoevenagel, Henry, Michael, epoxidation and transes-
terification reactions efficiently at ambient temperature
(Scheme 1). The LDH-DA and their precursors (Mg/Al,
3/1) were prepared and well characterized by using var-
ious instrumental techniques such as FT-IR, TGA and
DTA, XRD, solid state ¥’ A1 MAS NMR spectroscopy,
SEM and XPS (ESCA).

Results and Discussion

The catalysts LDH-DA (Mg/Al, 3/1) (hereafter, cat. A)
using uncalcined LDH-NO; as a precursor, LDH-DA
(hereafter, cat. B) (Mg/Al, 3/1) using calcined LDH-
NOj; as a precursor were prepared as detailed in the Ex-
perimental Section. The LDH-O-¢-Bu,””’ LDH-OHP
and LDH-F?*! were prepared as reported.
Applications of LDH-DA in Organic Reactions
Layered double hydroxides composed of Mg/Al (3/1)

with different anions (i.e., OH™,F~,NO;~, +-BuO, di-
isopropylamide) were evaluated in the aldol reaction of

Aldol Knoevenagel
condensation condensation
Epoxidation LDH-DA .
reaction
Transesterification Mic_h_ael
addition
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Table 1. The aldol condensation between p-nitrobenzalde-
hyde and acetone using various LDHs as catalysts.[

Time [min] Yield®

Entry Catalyst

1 LDH-DA (3:1) (cat. A) 30 93

2 LDH-DA (3:1) (cat. B) 30 95

3 LDHs (calcined )™ 30 NRM
4 LDH-OH (rehydrated) (cat. C) 60 97tl
5 LDH-F (cat. D) 30 NRM
6 LDH-O-t-Bu (cat. E) 30 9110
7 LDH-NO, 60 NRU

[ Reaction conditions as exemplified in the Experimental
Section.

] Isolated yields.

[l LDH-NO, was calcined at 450°C in a flow of air at the rate
of 10°C min~" to reach 450°C in 6 h.

4l No reaction

[} Reaction was carried out in refluxing acetone, only dehy-
drated product was isolated.

[l Reaction was carried out at 0°C.

p-nitrobenzaldehyde with acetone at room temperature
and the results are summarized in Table 1. LDHs com-
posed of diisopropylamide anion, LDH-DA (3:1) (cat.
A) (Table 1, entry 1) and LDH-DA (3:1) (cat. B) (Ta-
ble 1, entry 2) showed slightly better activity compared
to LDH-O-¢-Bu (cat. E) (Table 1, entry 6). On the other
hand, the reactions conducted with other LDHs com-
prising of anionssuchas NO;,OH ,F~ showed less ac-
tivity.

The LDH-NO; precursor for cat. A and cat. Bis essen-
tially inactive for this reaction (Table 1, entries 3 and 7).
Surprisingly, there is no reaction with LDH-F (cat. D)
(Table 1, entry 5) although it is an active catalyst for Mi-
chael reactions.”*"!

The catalytic activities of catalysts A and B were fol-
lowed with time and the results are presented in graph-
ical form (Figure 1). The initial rate of reaction displayed
by the calcined cat. B is far superior to that of the uncal-
cined cat. A. Furthermore, cat. A required an induction
period as can be seen in Figure 1. The slow reaction and
delayed response of the cat. A may be attributed to the
presence of unexchanged nitrate anions which prevent
the free access of reactants to the basic sites.

Buoyed with these results that established the superi-
ority of cat. B, we further carried out aldol condensa-
tions with a variety of substrates in order to extend the
scope of the reaction (Scheme 2 and Table 2). The aldol
products 3a were obtained selectively in quantitative
yields under mild reaction conditions. These results
were quite impressive compared with the earlier reports,
wherein the corresponding unsaturated carbonyl com-
pounds 3b are the major products.

Itis worthy of mention here that the reaction between
p-nitrobenzaldehyde and acetone resulted in 45% of de-
hydrated product 3b at room temperature using LDH-
O-t-Bul*! as catalyst. Whereas the use of LDH-DA cat-
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Figure 1. Comparison of the catalytic activities of cat. A and
cat. B for the aldol reaction of p-nitrobenzaldehyde with ace-
tone.

i . O:<CH3 LDH-DA catalyst
R H CHy Tt
1 2
OH 0 o
7
N
3a 3b

Scheme 2. The aldol reaction of between various aldehydes
and acetone catalyzed by LDH-DA (cat. B).

alyst gave 95% isolated yield of the aldol product (Ta-
ble 2, entry 2) with 100% selectivity, these data clearly
indicate that the LDH-DA has its own merit in terms
of selectivity and yield over LDH-O-¢-Bu in the case
of aldol reactions.

The interaction of layered double hydroxide with di-
isopropylamide anions increases the activity many times
since the Claisen—Schmidt condensation of benzalde-

Table 2. Aldol condensations catalyzed by LDH-DA (cat. B).

hyde and acetone, which affords about 90% yield of al-
dol product in 3 h on a layered double hydroxide first
calcined, then rehydrated, is now achieved with a similar
efficiency in about 30 min. This increase in activity is in-
dicative of a deep modification of the basic properties of
the solid accentuated by incorporation of the diisopro-
pylamide anion. The presence of diisopropylamide
anion in the used catalyst was confirmed by elemental
analysis and FT IR, which indicates the strong binding
of the diisopropylamide anion onto the solid LDHs sup-
port.

Knoevenagel condensations involving various aro-
matic carbonyl compounds with (a) malononitrile and
(b) ethyl cyanoacetate (Scheme 3) as the active methyl-
ene compounds were carried out with cat. B at room
temperature (Table 3). The aromatic aldehydes readily
condensed with malononitrile, while with ethyl cyano-
acetate, the reaction is slightly slower. This may be at-
tributed to the fact that abstraction of a proton from
the active methylene group of ethyl cyanoacetate is
more difficult due to the lower acidity. All the reactions
proceeded smoothly in DMF.

Ascan be seen from Table 3, all the reactions proceed-
ed selectively to the dehydrated products without any
side reaction. No self-condensation, Cannizaro products
or hydrated products of Knoevenagel adducts were ob-
tained. The reaction between benzaldehyde and ethyl
cyanoacetate in the presence of cat. B (Table 3, entry
2) gave selectively the Knoevenagel adduct while the
same reaction promoted by an alkali metal-containing
MCM-41 yielded a mixture of hydrated and dehydrated
products. The xonotlite-tert-butoxide catalyst fails to in-

1
R>:O . <CN LDH-DA catalyst R1:_:CN
—_———————
H Y 't ooy F RO

4 5 6

Scheme 3. The Knoevenagel reaction between various alde-
hydes and active methylene compounds catalyzed by LDH-
DA (cat. B).

Entry Rin1 Time [min] Conversion [% ] Yield [%]® of 3a
1 C.H: 30 100 95

2 4-NO,-C.H, 30 100 95, 80\

3 3-NO,-CH, 30 100 97

4 4-MeO-CH, 40 90 88

5 2-MeO-C¢H, 30 100 93

6 3-MeO-C¢H, 30 100 97

7 3.4.5-MeO-C H, 30 100 )

8 4-CI-C.H, 45 100 923

2] Reaction conditions as exemplified in the Experimental Section, conversions based on "H NMR spectroscopic integration.

] Isolated yields.
! Yield after 5% cycle.
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Table 3. Knoevenagel condensation catalyzed by LDH-DA
(cat. B).

Table 4. Henry reactions between nitromethane and various
aldehydes catalyzed by LDH-DA (cat. B)."!

Entry R'in4 Yin5 Time[h] Yield[%]of 6 Entry R in 7 Time [h] Yield [%]®! of 9a

1 C¢H; CN 0.5 98 1 C4H; 1.0 98

2 CeH, CO,Et 2.0 95 2 2-furyl 1.0 98

3 4-MeO-CiH, CN 0.5 70 3 4-NO,-C.H, 0.5 98, 85l

4 4-MeO-CH, CO,Et 1.5 60 4 (CH;),CH, 1.0 95

5 4-Cl-C¢H, CN 0.5 98 5 2-MeO-CH, 0.5 98

6 4-CI-C¢H, CO,Et 05 90 6 3-NO,-CH, 0.5 98

7 2-furyl CN 0.25 98 7 4-Br-C4H, 0.5 98

8 2-furyl CO,Et 05 98

9 4-NO,-C¢H, CN 05 98, 90!°! [] Reaction conditions as exemplified in Experimental Sec-
10 4-NO,-CiH, CO,Et 05 98 tion.
11 2-MeO-C,H, CN 025 08 ] Determined by 'H NMR spectroscopic integration, based
12 2-MeO-C¢H, CO,Et 025 98 on aldehyde.

[] Reaction conditions as exemplified in the Experimental
Section.
! Yield after 4™ cycle.

itiate the condensation of furfuraldehyde with malono-
nitrile (Table 3, entry 7). However, the use of untreated
xonotlite led to moderate yields of the adduct after a lon-
ger reaction time. The Knoevenagel condensation of
furfuraldehyde in the presence of AIPO,-Al,O; catalyst
required a large amount of catalyst and afforded poor
yields of adducts. In contrast to all of the above men-
tioned methodologies, the cat. B is very effective for
the said reaction, involving a small amount of the cata-
lyst and a much faster rate, viz. 15 min.

The superior activity of the catalyst, cat. B, in compar-
ison with the catalysts previously described for Knoeve-
nagel reaction is well established as is evident from Ta-
ble 3.

The Henry reaction (Scheme 4) represents one of the
classical C—C bond forming processes and the products
of the Henry reaction, 2-nitroalkanols, 9a, have been
used extensively in syntheses of insecticides, fungicides
and pharmacologically active substances.**! Careful
control of the basicity of the reaction medium is crucial
for achieving better yields of B-nitro alcohols and such
efforts demand longer reaction times with moderate
yields. The significance of 2-nitroalkanols in organic
synthesis and our continued interest involving LDHs
prompted us to explore the Henry reaction using cat.

0
LDH-DA catalyst
R)LH + CH3NO, caaye,
r.t.
7 8
OH
R)\/Noz—/\/—> RN NO;
9a 9b

Scheme 4. The Henry reaction between various aldehydes
and active nitroalkanes catalyzed by LDH-DA (cat. B).

572 asc.wiley-vch.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Yield after 4™ cycle.

B. Herein, we present a convenient and selective syn-
thesis of 2-nitroalkanols via the Henry reaction afford-
ing 100% selectivity to B-nitro alcohols 9a in quantita-
tive yields using cat. B. The results of Henry reaction
with cat. B are given in Table 4. No dehydrated product
9b was observed even after continuing the reaction for
prolonged period when we deliberately used aryl alde-
hydes 7 as one of the reactants.

The Michael reactions (Scheme 5) have numerous ap-
plications in the elegant synthesis of fine chemicals. Re-
sults of Michael addition reactions are compiled in Ta-
ble 5. Cat. B was found to be an efficient and selective
catalyst for 1,4 addition. Several structurally varying do-
nors 10 such as diethyl malonate, nitromethane, dimeth-
ylmalonate and ethyl acetoacetate underwent clean and
remarkably fast Michael addition with a variety of ac-
ceptors 11 including cyclopentenone, chalcones and sub-
stituted chalcones to afford he corresponding Michael
adducts 12.

The Michael addition of nitroalkanes is a convenient
method for the preparation of a number of useful syn-
thetic intermediates, since the nitro group can be trans-
formed into various functionalities (Table 5, entry 1).
The Michael addition of cyclic enones (Table 5, entry
5) with malonic ester was performed to demonstrate
the versatility of the method with acceptors other than
the usual Michael acceptors such as methyl vinyl ketone
or acrylic esters. Excellent yields of adducts were ob-
tained.

(0]
O )
R LDH-DA catalyst R
R Y < >
| R" r.t R'
R"
10 11 12

Scheme 5. The Michael addition reaction catalyzed by LDH-
DA (cat. B).
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Table 5. Michael additions catalyzed by LDH-DA (cat. B).F!

Entry Acceptor 10 Donor 11

Product 12 Time [h] Yield®™[%]

0

1 ph/‘*vJLph CH,NO,
(0]

DMMU

/\)J\
0
3 Ph/\)J\Ph DEM!!
[0}
/\)J\ EA A[g]

5 [::>::0 DMM

(6]
MeO
0
7 /[:Tﬁx)k% DMM
Me

0
;J\N/J\ 3 93, 75!l
Ph Ph

MeOOC CO(S)Me

Ph Ph

EtOOC COOEt
0

7, 4811 98, 75!
COOEt

7 88
COOMe

MeQOC
__L\[:::>:: 24 08

MeOOC COOMe

MeOOC COOMe

/@l)‘\ 24 98

[l Reaction conditions as exemplified in Experimental Section.

] Isolated yield.

! Yield after 4™ cycle.

[ Dimethyl malonate.

[l Diethyl malonate.

[ Using potassium tert-butoxide on xonotlite as catalyst.
] Ethyl acetoacetate.

The recently reported rehydrated LDHs®! show sev-
eral disadvantages in the Michael additions such as high
catalyst loading, longer reaction times and limited scope
of utility (activating only the methylene group flanked
by at least one electron-withdrawing nitrile group),
when compared with the present method using cat. B.
The base strength derived from Bronsted hydroxy
anions intercalated in the rehydrated LDHs catalyst is
not adequate to abstract a proton from the active meth-
ylene group of compounds such as dimethyl malonate,
diethyl malonate and ethyl acetoacetate and, conse-
quently, there is no reaction with these substrates. In
contrast, in the case of cat. B, the diisopropylamide
anions are sufficiently strongly basic to deprotonate
even weakly activated methylene groups to facilitate
Michael reactions.

Transesterification is an important organic transfor-
mation and provides essential synthons for a number

of complex natural products, pheromones and additives
for paints.””! Although solid acids, such as clays, zeolites,
alumina oxides, are widely explored, only LDHs in the
class of solid bases are reported to give higher yields in
transesterification reactions® at elevated temperatures
or pressures or both.

The transesterification of 3-keto esters was carried out
with a variety of primary, unsaturated, allylic, aromatic
and hindered alcohols for the first time in excellent
yields with cat. B at faster reaction rates (Scheme 6).
B-Keto esters were successfully transformed into syn-
thetically useful esters. Transesterification of allylic al-
cohols is difficult since the product readily undergoes
decarboxylative rearrangement, i.e., Caroll rearrange-
ment.”” With our catalytic system, unsaturated alcohols,
such as cinnamyl and propargyl alcohols, underwent
transesterification affording esters in high yields (Ta-
ble 6, entries 1 and 7). Long-chain primary alcohols un-
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Table 6. Transesterification reactions catalyzed by LDH-DA (cat. B).[

Entry Ester 13 Alcohol 14 Time [h] Yield[% ] 15
1 Methyl acetoacetate Cinnamyl alcohol 5 93, 850

2 Ethyl acetoacetate 1-Pentanol 5 95

3 Ethyl acetoacetate 1-Decanol 5 81

4 Methyl acetoacetate 1-Decanol 5 81

5 Ethyl acetoacetate 1-Octanol 5 85

6 Methyl acetoacetate 1-Octanol 5 85

7 Methyl acetoacetate Propargyl alcohol 5 92

8 Ethyl acetoacetate Benzyl alcohol 5 88

9 Ethyl acetoacetate Phenol 2.5 60

2] Reaction conditions as exemplified in Experimental Section.

] Isolated yields.
! Yield after 5™ cycle.

? Q LDH-DA catalyst
M+ reoH —noeaye
R OR toluene, reflux
13 14
0 0
+ 1}
RMOR” R'OH
15 16

Scheme 6. The transesterification reactions catalyzed by
LDH-DA (cat. B).

derwent transesterification affording the corresponding
esters of commercial use (entries 5 and 6) in high yield in
shorter durations.

Epoxides are versatile building blocks for organic syn-
thesis.*¥) LDHs as synthesized, calcined, and LDH-O-¢-
Busamples have been probed for the epoxidation of un-
functionalized and electron-deficient olefins, respec-
tively, and found to be active.?”"!

In the present endeavors, we describe the epoxidation
of unfunctionalized as well as electron-deficient olefins
by employing cat. B as a solid-base catalyst and using hy-
drogen peroxide as an oxidant under a set of different
conditions as described in Schemes 7 and 8. The results
of epoxidation of a,3-unsaturated ketones catalyzed by

0

o)
s ., LDH-DAcatalyst o)
R R RMR'

30% H202, MeOH, r.t.

17 18

Scheme 7. Epoxidation of electron-deficient olefins catalyzed
by LDH-DA using aqueous hydrogen peroxide (cat. B).

>_< LDH-DA catalyst >&<
T Hy0,, PhCN

19 MEOH,60 °C 20

Scheme 8. Epoxidation of unfunctionalized olefins catalyzed
by LDH-DA (cat. B) using aqueous hydrogen peroxide.
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LDH-DA (cat. B) and calcined LDHs are compiled in
Table 7. Cat. B displayed excellent activity over simple
calcined LDHs in the epoxidation of chalcone (Table 7,
entry 1).2”° Chalcones with electron-withdrawing or
electron-donating groups are epoxidized in quantitative
yields. Under the conditions mentioned in Scheme 7, the
epoxidation of unfunctionalized olefins remained un-
successful. The use of benzonitrile, which gives peroxy-
carboximidic acid®" by the interaction of hydrogen per-
oxide, however, promoted the epoxidation reaction of
unfunctionalized olefins with cat. B (Table 8). The re-
sults with cat. B are compared with those from the
LDH carbonates of Kaneda et al.* in Table 8. Cat. B
showed excellent activity over the best LDHs (Table 8,
entry 7). The epoxidation of terminal olefins to racemic
epoxides in excellent yields is noteworthy and assumes
further significance since value added optically pure ep-
oxides and 1,2-diols could be easily obtained from the
racemic epoxides through kinetic resolution.””!

Recyclabilty

The catalyst was reused for 4 to 5 cycles in each of the al-
dol, Knoevenagel, Henry, Michael, transesterification
and epoxidation reactions and the results are presented
in parenthesis in Tables 2-8 and in Figure 2 for a select-
ed substrate. As can be seen in Figure 2, the catalyst dis-
plays good recyclability, which is better than LDH-O-#-
Bu. The loss of the activity at the end of 4/5 cycles is in
the range 8 to 12% in the above reactions. A small de-
crease in activity is attributed to the loss of the catalyst
in each cycle and blocking of some of the basic sites by
residual organics.?’!

Conclusions
Thus, we have developed a recyclable LDH-DA catalyst
with compatible basic sites for C—C and C—O bond

forming reactions such as the aldol, Henry, Knoevenagel,

Adv. Synth. Catal. 2006, 348, 569 —578
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Table 7. The epoxidation of electron-deficient alkenes by LDH-DA Cat B!

Entry Substrate 17 Time [min] Product 18 Yield [%]™
1 9 50, 10f! % 98, 93,1 97 (4] g5lel
Ph/\)l\Ph Ph/<‘O)J\Ph
2 - 0 50 o 0 98
/@MPh Mph
Me Me
3 0 45 00 95
/@NJ\Ph wPh
MeO MeO
4 0 55 00 98
/@/\)ﬁm MPh
cl cl
5 « 0 55 o 0 98
/@/\)LPh th
02N 05N
6 % 55 o 95

O

C 3o

[] Reaction conditions as exemplified in Experimental Section.

°l Isolated yields.

€l Yield with LDH-O-¢-Bu.

[ Yield after 24 h with 0.150 g of calcined LDHs.
] Yield after 4™ cycle.

Michael, epoxidation and transesterification reactions
that operates efficiently at ambient temperature and
finds wide applications both in laboratory and industry
for the preparation of aldols, a,3-unsaturated nitriles,
esters, B-nitroalkanols, substituted esters, epoxides and
transesterified products.

Experimental Section

General Remarks

Mg(NOs),-6 H,0, Al(NOs);-9 H,O, NaOH, LDA and all oth-
er substrates were purchased from Aldrich or Fluka and were
used as such. All the other solvents (HPLC grade, otherwise
stated) and chemicals were obtained from commercial sources
and used as such without further purification. Tetrahydrofuran
(THF) was freshly distilled from sodium/benzophenone prior
to use. All the reactions were conducted under a nitrogen at-
mosphere. The preparation of catalyst was performed under
anitrogen atmosphere in a glove box. Proton nuclear magnetic
resonance ("H NMR) spectra were recorded on a Varian Gem-
ini at 200 MHz, as solutions in CDCl; at 25 °C, 9 values are giv-
en in ppm downfield from tetramethylsilane (TMS). Mass
spectra were obtained at an ionization potential of 70 eV, scan-
ned on a VG 70-70H (micro mass). Infrared spectra were re-
corded on a Nicolet 740 FT-IR spectrometer either as neat lig-

Adv. Synth. Catal. 2006, 348, 569 —578
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uids or KBr pellets. Thin layer chromatography was performed
onsilica gel 60F,s, plates procured from E. Merck. ACME sili-
ca gel (60—120 mesh) was used for column chromatography.

Preparation of Catalysts

The preparation of LDH-NO; (Mg/Al, 3/1) was based on a lit-
erature procedure.” The LDH-NO; catalyst was prepared in a
nitrogen atmosphere to avoid carbonation in air. Mg(NOs),-
6H,0 (30.8g, 0.12mol) and AI(NO;);-9H,0 (15.0¢g,
0.04 mol) were dissolved in deionized and decarbonated water
(100 mL). The pH of the solution was adjusted to 10 by the ad-
dition of NaOH (2 M). The slurry was stirred for 2 h at room
temperature, filtered and then dried under vacuum at 80°C.

LDH-DA (cat. A)

LDH-DA was prepared from uncalcined LDH-NO,. LDH-
NO; (1.214 g) was added to a solution of lithium diisopropyla-
mide (LDA) (0.1 M) prepared by dissolving lithium diisopro-
pylamide (1.07 g, 10 mmol) in freshly dried THF (100 mL).
The solution was stirred for 24 h at room temperature in nitro-
gen atmosphere and then filtered under nitrogen. A white sol-
id, LDH-DA (1.412 g) was obtained. The DA content on LDH
was found to be 7.1% as indicated by elemental analysis. All
the catalysts were well dried under vacuum.
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Table 8. The epoxidation of various unfunctionalized olefins
catalyzed by LDH-DA Cat. B.1?

Entry Substrate 19 Time [h] Product 20 Yield [%]®!
1 @/\ 2.0 O, 98,901
2 1.5 iO 83
3 @ 2.0 Oo 90
4 Ph 1.5 O pn 98
p— /A/
PH Ph
5 ~N 1.5 0 90
7
\wju
6 ~NTT 1.5 0 91
3
Ny
7 N 1.5, 24 0 90, 95f!
5
o

[] Reaction conditions as exemplified in Experimental Sec-
tion.

] Isolated yields.

[l Reaction conducted with LDHs carbonate using 0.050 g of
catalyst.*”!

I Yield after 4™ cycle.

100

4

‘:-_\:“:\4‘%
—_ .
80 - “‘Y-\_\_‘“—x ~—a
——y
S 601
=
e
>~
401 _a Aldol reaction
—&— Knoevenagel reaction
—— Henry reaction
20 A —¥— Michael reaction
—&— Transesterification
—4— Epoxidation
0 1 ' 1 ! 1 ! 1 r T
1 2 3 4 5
Number of cycles
Figure 2.

LDH-DA using Calcined LDH-NO; (cat. B)

LDH-NO; (Mg/Al, 3/1) was calcined at 450°C in a flow of air
for 6 h (temperature raised at 10°C/min) and cooled to room
temperature in a flow of dry nitrogen to obtain calcined
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LDHs. Calcined LDHs (1.214 g) was added to a solution of lith-
ium diisopropylamide (0.1 M) prepared by dissolving lithium
diisopropylamide (LDA) (1.07 g, 10 mmol) in freshly dried
THF (100 mL). The solution was stirred for 24 h at room tem-
perature in a nitrogen atmosphere and then filtered under ni-
trogen. A white solid, LDH-DA (1.732 g) was obtained, which
was washed with excess of THF. The DA content on LDH was
found to be 7.5% as indicated by elemental analysis.

The LDH-OH (cat. C) catalyst was obtained using a report-
ed procedure.”

The LDH-F (cat. D) catalyst was obtained using a reported
procedure.**!

General Procedure for Aldol Reaction

A two-necked flask was charged with 4-nitrobenzaldehyde
(2 mmol), 50 mg of cat. B, 5 mL of acetone and the contents
were stirred at room temperature. After the completion of re-
action, as monitored by thin layer chromatography (TLC), the
catalyst was filtered and filtrate was concentrated under re-
duced pressure. The crude product was purified by column
chromatography.

Typical Procedure for Recycle Studies

The reusability of the catalyst was carried out with 4-nitroben-
zaldehyde and acetone by adopting the following protocol un-
der similar experimental conditions as described above. After
the completion of reaction, the catalyst was allowed to settle
and the supernatant solution was pumped out from the reac-
tion flask. Fresh quantities of 4-nitrobenzaldehyde and acetone
were introduced under nitrogen atmosphere. The cat. B was
used for 4 cycles with consistent activity.

General Procedure for Knoevenagel Condensation

Aldehyde (2 mmol) and 0.05 g of cat. B were stirred in 5 mL of
dimethylformamide for 5 min. Then the active methylene com-
pound (2 mmol) was added and stirring was continued at room
temperature until the completion of the reaction, as monitored
by thin layer chromatography (TLC). The catalyst was filtered
and the product was extracted with ethyl acetate, dried over an-
hydrous sodium sulfate and concentrated under reduced pres-
sure. The crude product was purified by column chromatogra-

phy.

General Procedure for Henry reaction

To a mixture of nitroalkane (10 mmol), and benzaldehyde
(2 mmol), 0.03 g of cat. B was added at room temperature
and stirred till completion of the reaction, as monitored by
TLC. The catalyst was filtered and washed with dichlorome-
thane (3 x 10 mL). Then, the filtrate was concentrated under
reduced pressure to obtain the product. The crude product
was purified by column chromatography.
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General Procedure for Transesterification Reaction

In a two-necked, round-bottomed flask, 1 mmol of ester,
1 mmol of alcohol and 0.025 g of cat. B in 10 mL dry toluene
were stirred at 90—100°C and reaction was monitored by
thin layer chromatography (TLC). Work-up consisted of sim-
ple filtration followed by concentration of the filtrate under re-
duced pressure. The crude product was purified by column
chromatography.

General Procedure for the Epoxidation of
Functionalized Olefins

1 mmol of enone and 0.03 g of cat. B were taken in 10 mL of
methanol in a 50-mL, two-necked, round-bottomed flask. To
this solution, 0.35 mL (3 mmol) of aqueous hydrogen peroxide
(30% w/w) were added slowly at room temperature under con-
tinuous stirring. The reaction was monitored by thin layer chro-
matography (TLC) until the completion, the solid was separat-
ed by filtration and washed with diethyl ether. The solution was
evaporated, the residue was redissolved in dichloromethane,
dried over sodium sulfate, and the solvent was concentrated
under reduced pressure to obtain the crude product. The crude
product was subjected to chromatography using a mixture of n-
hexane-EtOAc (40:1, v/v) as an eluent to afford the pure prod-
uct.

General Procedure for the Epoxidation of
Unfunctionalized Olefins

Into a round-bottomed flask with a reflux condenser were suc-
cessively placed 0.03 g of cat. B, 10 mL of methanol, 4 mmol of
alkene, 1.0 mL of benzonitrile (10.5 mmol) and 2.4 mL of 30%
hydrogen peroxide. The resulting mixture was stirred at 60 °C
and monitored by thin layer chromatography. After the com-
pletion of reaction, the LDHs was separated by filtration and
filtrate was treated with MnO, (0.03 g) to decompose the re-
maining H,O,. The filtrate was diluted with deionized water
(20 mL) and extracted with CHCIl; (3 x20 mL). The extract
was concentrated under reduced pressure and subjected to
chromatography using a mixture of n-hexane-EtOAc (40:1,
v/v) as eluent to afford the pure product.

General Procedure for Michael Reaction

The acceptor (2 mmol) and 0.05 g of cat. B were stirred in
10 mL of methanol for 5 min, then the donor (2 mmol) was
added and stirring was continued until the completion of the
reaction which was monitored by thin layer chromatography
(TLC). The catalyst was filtered and the filtrate was concen-
trated under reduced pressure. The crude product was purified
by column chromatography.

All the products gave satisfactory '"H NMR, mass and IR
data as compared to previously reported spectra.

Supporting Information

Detailed characterization (powder XRD, SEM, TGA-DTA,
FT-IR, Al MAS NMR, and XPS) data of the LDH-DA (cat.
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A, cat. B and their precursors) catalysts and general instrumen-
tal conditions.
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