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ZrOCl2·8H2O as a highly efficient and the moisture tolerant Lewis acid
catalyst for Michael addition of amines and indoles to �,
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Abstract

The 1,4-conjugate addition of indoles and amines to cyclic and acyclic �, �-unsaturated ketones for C–N bond formation was efficiently carried
out under solvent-free conditions at 50 ◦C using a catalytic amount of ZrOCl2·8H2O as a moisture tolerant Lewis acid. The reusability of the
catalyst has been successfully examined without noticeable loss of its catalytic activity.
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. Introduction

In recent years, considerable attention has been focused on
he development of efficient and operationally simple proto-
ols for carbon–carbon and carbon–heteroatom bonds forma-
ion for the construction of valuable molecules. For example,
arbon–carbon bond formation through the addition of elec-
rophiles to the C-3 position of the indoles leading to the bioac-
ive indole alkaloids [1]. However, the carbon–heteroatom bond-
orming reactions especially are of concern, since the result-
ng functionality can be readily manipulated to produce many
lasses of compounds of especial importance [2]. In addition,
itrogen-containing compounds are of significant importance in
uman life and also they are useful as biologically active sub-
tances, dyes, and fine chemicals [3]. For instance, the �-amino
arbonyl group is a common moiety in a large variety of bio-
ogically active compounds such as alkaloids and polyketides
4–7]. They are also attractive precursors in preparation of �-
mino alcohols, �-lactams, �-aminoacid derivatives and chiral
uxiliaries [8–13], many of which serve as powerful antibiotics
r other drugs [14]. The acid or base-induced conjugate addi-

Michael reaction, is among the most useful carbon–carbon and
carbon–heteroatom bond forming reaction. To avoid problems
rising from the addition of stoichiometric amounts of the acidic
or basic catalysts or reagents [15], a number of methods has been
developed. Thus, in this regard, Lewis acids such as FeCl3, LiCl,
HgCl2 [16,17], lantanide salts (Ln = La, Sm, Yb) [18], InCl3
and InBr3 [19], Pd [20], CeCl3 [21], Bi(NO3)3 [22], Bi(OTf)3
[23], Sc(DS)3 [24], copper salts [25] and acidic clays [26], have
attracted much attention because of their unique reactivities and
selectivities. However, the requirement of anhydrous conditions
in most of cases and also the practice of expensive and toxic
metal precursors such as lantanide triflates has restricted the
use of some Lewis acids in the conjugate addition of nucle-
ophiles to �, �-unsaturated compounds. Recently, the use of
CeCl3/NaI [27] supported on silica-gel has been introduced as
a relatively non-toxic and a rather inexpensive catalytic system
for Michael addition of indoles, but, the use of high percent-
age of CeCl3/NaI (30 mol%) combined with the relatively harsh
reaction conditions accompanied with the long reaction times,
present disadvantages of this catalytic system. Thus, the addition
of a safe and a cheap catalytic system, which is not a moisture
ion of nucleophiles to �, �-unsaturated carbonyl compounds,
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and air sensitive system with high catalytic activity is of practical
value. Very recently, we have developed two efficient catalytic
methods for Michael addition of indoles [28], amines and thi-
ols [29] to �, �-unsaturated ketones in an aqueous media. In
continuation of our work upon new applications of Zr(IV) com-
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Scheme 1.

pounds [30], we first examined the conjugate addition of amines
and indoles to �, �-unsaturated ketones in the presence of cat-
alytic amounts of ZrCl4 in the absence of solvent. We found
that the reactions in the presence of catalytic amounts of this
compound did not proceed cleanly and a mixture of unidentified
products was produced. Then we used zirconyl chloride octahy-
drate (ZrOCl2·8H2O) as a catalyst for the addition of amines
and indoles to �, �-unsaturated ketones under non-solvent con-
ditions with success. The reactions proceeded smoothly at 50 ◦C
and the desired Michael adducts were produced in high yields
in short reaction times (Scheme 1). Reports on the safety of
Zr(IV) salts show that their LD50 is high [LD50 [ZrOCl2·8H2O,
oral rat] = 2950 mg/Kg] [31]. ZrOCl2·8H2O with a rather high
LD50 and low toxicity should not be that much harmful to
mammalians. ZrOCl2·8H2O is a highly water tolerant mate-
rial therefore, its handling does not need especial precautions.
This material is a commercially available and a cheap com-
pound. Literature survey shows that only a very few reports are
available dealing with the catalytic activity of this compound
[32].

2. Results and discussion

Initial studies to examine the effect of temperature as well
as catalyst loading were carried out using methyl vinyl ketone
a
e
s
a
o
p
t
p
w
r
u
a
a

Scheme 2.

lated in good to excellent yields in short reaction times (Table 2,
entries 1–12). Surprisingly, in the presence of this catalyst, 4-
nitroaniline which is a rather weak nucleophile, reacted with
both methyl vinyl ketone and cyclohexenone in short reaction
times 12 and 20 min, respectively, and the adducts were isolated
in excellent yields (Table 2, entries 10 and 11). However, the
addition of indole and 2-methyl indole to methyl vinyl ketone
was also investigated. We found that indole reacted with methyl
vinyl ketone after 120 min and the adduct was isolated in 77%
yield. 2-Methyl indole was reacted with methyl vinyl ketone in
a shorter reaction time (30 min) and the adduct was isolated in
95% yield. Reaction of 2-methyl indole with cyclohexenone was
also proceeded well within a short reaction time (50 min) and
the corresponding adduct was isolated in 94% yield (Table 2,
entries 13–15).

The addition of thiols and alcohols to methyl vinyl ketone,
as a reaction model, under similar condition, was also investi-
gated. The reaction of thiols with this �, �-unsaturated ketone
was a non-selective and the two unidentified products were pro-
duced (1,2-addition and 1,4-addition). Alcohols, under similar
condition, remained almost intact in appropriate reaction times.
Therefore, addition of amines in the presence of alcohols would
be a highly selective reaction. For this purpose, the reaction of
aniline in the presence of equimolar amount of benzyl alcohol
was studied. The results show that the reaction proceeded with
absolute chemoselectivity and the amino-adduct was produced
q
T

a
c
5
Z

T
C lysts u
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Yield

Z 95
S 95
I 92
C 98
N –
nd aniline as a model reaction. Investigation of the differ-
nt amounts of ZrOCl2·8H2O at different temperatures under
olvent-free conditions led us to methyl vinyl ketone (1.1 mmol),
niline (1 mmol) and ZrOCl2·8H2O (2 mol%) at 50 ◦C as the
ptimized condition. The data presented in Table 1, show the
romising feature of this method in terms of molar ratio of
he catalyst, reaction rate and the yield of the product com-
ared with those reported in the literature [18,19,21,27,33]. The
ork-up was easy and the catalyst was simply filtered from the

eaction mixture. Then the generality of the procedure was eval-
ated by the reaction of a number of �, �-unsaturated cyclic
nd acyclic ketones with structurally and electronically diverse
mines. The reactions proceeded easily and the adducts were iso-

able 1
omparison of catalytic activity of ZrOCl2·8H2O with respect to the other cata

atalyst mol% Solvent 2-Methylindole

Time (min)

rOCl2·8H2O 2 None 30
mI3 [18] 10 CH3CN 60
nCl3 [19] 10 CH2C12 150
eCl3·7H2O [21,27] 30 None 1200
afion SAC-13 [33] 10 CH3CN –
uantitatively whereas, the alcohol was remained intact (GC).
his chemoselectivity is presented by Scheme 2.

Recycling of the catalyst is important for the large-scale oper-
tion and industrial point of view. To check the possibility of the
atalyst recycling, addition of methyl vinyl ketone with aniline at
0 ◦C under solvent-free conditions in the presence of 2 mol% of
rOCl2·8H2O was studied. After completion of the reaction and

sed for the addition of amines and 2-methylindole to methyl vinyl ketone

Pipiridine Aniline

(%) Time (min) Yield (%) Time (min) Yield (%)

3 95 8 94
– – – –

360 87 – –
– – 720 98
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Table 2
Michael addition of amines and indoles to �, �-unsaturated ketones catalyzed by ZrOCl2·8H2O under solvent-free conditionsa

Entry Substrate �, �-Enone Product Time (min) Isolated yield (%)

1 5 95

2 8 94

3 8 95

4 12 94

5 8 94

6 15 84

7 15 85

8 2 95

9 8 94

10 12 95
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Table 2 (Continued)

Entry Substrate �, �-Enone Product Time (min) Isolated yield (%)

11 20 94

12 20 75

13 120 77

14 120 mixture of unidentified products

15 30 95

16 50 94

All products were identified by their spectroscopic data and their comparison with known samples.
a The molar ratio of nucleophile: �, �-unsaturated ketonecatalyst was 100:110:2 and the reactions were carried out under solvent-free conditions at 50 ◦C.

the addition of the solvent to the reaction mixture, the catalyst
was separated by simple filtration. The isolated ZrOCl2·8H2O
was dried and reused for five runs without noticeable drop in the
product yield and its catalytic activity.

3. Conclusions

We have introduced ZrOCl2·8H2O as a highly efficient,
cheap, moisture resistant catalyst for C–N bond formation using
Michael addition reactions. In the presence of this catalyst, struc-
turally diverse amines were added to different �, �-unsaturated
ketones successfully in short reaction times in the absence of
solvent. The use of a safe catalyst and its insensitivity towards
moisture combined with an easy work-up procedure are the
strong points of the presented methodology for C–N bond for-
mation via Michael addition reactions.

4. Experimental

ZrOCl2·8H2O, amines and indoles were purchased from
Merck or Fluka Chemical Companies. Purity determinations of
the products were accomplished by GLC on a Shimadzu model
GC-14 A instrument or by TLC on silica-gel polygram SIL
G/UV 254 plates. NMR spectra were recorded on a Brucker
Avance DPX 250 MHz instrument. Mass spectra were recorded
on a Shimadzu GC-MS-QP 1000PX.

4.1. General procedure for the Michael addition of amines
to α, β-unsaturated carbonyl compounds

To a mixture of amine (1 mmol) and �, �-unsaturated
carbonyl compound (1.1 mmol) was added ZrOCl2·8H2O
(2 mol%). Reaction mixture was stirred at 50 ◦C for appropriated
reaction time, which was monitored by TLC and GC (Table 2).
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After completion of the reaction, CH2Cl2 (10 mL) was added
and filtered. Evaporation of the solvent of filtered solution under
vacuum on a rotary evaporator afforded the desired product in
high purity in excellent yield (Table 2). Further purification was
performed by column chromatography eluted with petroleum
ether/EtOAc (2/1). Structural assignments of the products are
based on their 1H NMR, 13C NMR, MS spectra and elemental
analysis.

4.2. General procedure for the Michael addition of indoles
to α, β-unsaturated carbonyl compounds

To a mixture of indole (1 mmol) and �, �-unsaturated
carbonyl compound (1.1 mmol) was added ZrOCl2·8H2O
(2 mol%). Reaction mixture was stirred at 50 ◦C for appropriated
reaction time, which was monitored by TLC and GC (Table 2).
After completion of the reaction, CH2Cl2 (10 mL) was added
and filtered. Evaporation of the solvent of filtered solution under
vacuum on a rotary evaporator afforded the desired product in
high purity in excellent yield (Table 2). Further purification was
performed by column chromatography eluted with petroleum
ether/EtOAc (2/1). Structural assignments of the products are
based on their 1H NMR, 13C NMR, MS spectra and elemental
analysis.

4.3. Selected spectral data
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1H), 2.23 (s, 3H), 2.48–2.36 (m, 3H), 2.99–2.88 (m, 1H), 3.2–3.1
(m, 1H), 7.07–6.98 (m, 2H), 7.01 (d, 2H), 7.59 (d, 1H), 8.33
(s, 1H, NH); 13C NMR (CDC13, 63 MHz): δ (ppm) 7.4, 21.4,
26.7, 32.6, 36.7, 43.5, 106.1, 108.6, 114.0, 114.1, 116, 122.1,
125.7, 130.8, 207.5; MS (70 eV) m/z: 227 [M]+. Anal. Calcd.
for (C15H17NO): C, 79.26; H, 7.54; Found: C, 79.2; H, 7.52.
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