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A B S T R A C T

A series of different copper supported MgeAleHT derived oxide catalysts have been synthesized by co-pre-
cipitation method followed by wet impregnation and calcination. The prepared catalysts were used for enol
carbamate synthesis via CeH bond activation of dimethylformamide with ethyl acetoacetate. 15% Cu/
MgeAleHT derived oxide was the best catalyst with 89% conversion towards ethyl acetoacetate at 100 °C using
TBHP as an oxidizing agent. The fresh and spent catalysts have been characterized by XRD, SEM, physisorption,
FTIR, TPR-TPD, and XPS. Cu/MgeAleHT derived oxide catalyst showed reusability without loss in catalytic
activity for three cycles.

1. Introduction

Carbamates are of remarkable interest due to their wide application
in various industries, for example in agrochemicals where they are
utilized as herbicides, fungicides and pesticides, as drug intermediates
in the pharmaceutical industry, for the production of polyurethanes in
the polymer industries and in peptide synthesis [1]. Carbamates are
used due to their chemical stability towards acids, bases, and hydro-
genation. They contain excellent pharmaceutical properties such as
antibacterial, neuroprotective, antineoplastic, and anti-filarial agents.
There are various green alternative routes for carbamate synthesis like
transesterification of substituted urea [2], oxidative carbonylation of
amines [3], reductive carbonylation of nitro compounds [4], and
methoxy carbonylation of amines [5,6]. A practical method is described
for the synthesis of polyurea derivatives from CO2 and diamines in the
absence of the catalysts, and the resulted urea derivatives further re-
acted with dialkyl carbonates to afford N-substituted dicarbamates
using MgOeZnO catalyst [7]. Formamides are known to react differ-
ently under different reaction conditions, as summarized by Muzart in
his review, that dimethylformamide is the most widely used derivative
which can be a source of oxygen, CO, Me2NCO, Me2N and is vital in
organometallic chemistry, catalysis and organic synthesis [8]. Not only
it is an effective polar solvent, but due to its structure, it is also used as a
multipurpose reagent in many reactions. Direct CeH bond activation of

formamides has been studied by aminocarbonylation of aryl halides
using transition metal catalysts with DMF [9]. Metal-free CeH bond
activation has been achieved by direct amidation of azoles with for-
mamides using tertbutyl perbenzoate. Wang and coworkers achieved a
possible synthesis of a free radical of dimethylformamide under per-
oxide conditions. [10] Direct coupling of β-dicarbonyl- or 2‑carbonyl-
substituted phenols with N, N′-disubstituted formamides under oxida-
tive conditions is also used for carbamate synthesis [11]. Aromatic
amides are produced by the coupling of formamides with aryl halides
using palladium catalysts in the presence of phosphoryl chloride as an
additive. [12] Earlier, we synthesized a series of HT-derived oxide
catalysts (CueAl, CueFe, MgeAl, MgeFe, NieFe and NieAl) from the
parent HT–like material followed by calcination and studied their ac-
tivity for the model reaction of the amidation of carboxylic acids with
DMF using TBHP as an oxidant and also the amidation of substituted
benzaldehydes [13].

Transition-metal-catalyzed cross-coupling reactions are considered
as potent methods for carbon-heteroatom bond formation. Palladium
complexes are recognized to be the efficient catalysts for this reaction.
Therefore, taking this study forward, we evaluated other transition -
metal catalysts, copper-based coupling reactions [14]. There are reports
on the formation of aryl carbamates by the reaction of aryl boronic
acids with potassium cyanate in the presence of alcohol using a copper
catalyst.
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The cost of homogeneous transition metal-catalyzed cross-coupling
reactions and its single-use often restricts its usage. Therefore, hetero-
geneous catalytic systems have been gained importance for the synth-
esis of enol carbamates and amides [15,16]. Investigation of copper
nanoparticles on charcoal for the synthesis of enol carbamates and
amides by the oxidative coupling of N, N-dialkylformamides with 1,3-
dicarbonyl compounds and amine hydrochloride salts with aromatic
aldehydes, respectively was carried out [17].

Hydrotalcites (Mg6Al2 (OH) 16 CO3.4H2O) are a class of solid bases
which have been used widely for many organic reactions [18–21].
Mixed magnesium‑aluminum oxides are formed with a large surface
area consisting of acidic and basic sites when hydrotalcites are calcined
at 500 °C. Acidic and basic properties can be adjusted by varying metal
and metal composition [22].

We began this work with the synthesis of magnesium aluminum
hydrotalcite (MgeAleHT) derived oxide as reported by Kantam et al.
[23], which was further loaded with copper with varying amounts as
per the procedure reported by Benito et al. [24] Then, we moved to-
wards the anticipation of DMF activation under oxidative conditions to
synthesize the coupled product with carbon nucleophiles using different
copper loaded MgeAleHT derived oxides to determine the best catalyst
for the reaction. For our preliminary experiments, ethyl acetoacetate
was chosen as carbon nucleophile and treated with an excess of DMF
and, in the presence of 15% Cu on MgeAleHT derived oxide catalyst
and TBHP (70% in water) as an external oxidant (Scheme 1).

2. Experimental

Please See Supplementary Information.

3. Catalyst characterization

3.1. XRD analysis

The XRD of calcined MgeAleHT and copper supported MgeAleHT
derived oxide catalysts (5% Cu/MgeAleHT, 10% Cu/MgeAleHT, 15%
Cu/MgeAleHT, and 20% Cu/MgeAleHT) gives a crystalline structure
as shown in Fig. SI-1 (Supplementary Information, Fig. 1). Calcined
MgeAleHT shows reflections at 11°, 23°, 34°, 38°, 43°, and 62° and
planes corresponding are (003), (006), (012), (015), (200) and (220),
respectively Fig. SI-1a. Mixed oxides are formed from layered double
hydroxides by the new broad deflections present at 43° and 62°, which
correspond to (200) and (220) planes, respectively [25]. The lattice of
MgO and Al2O3 were found to be as face-centered cubic and rhombo-
hedral. Calcined MgeAleHT is compared with the supported copper
MgeAleHT derived oxide catalysts made with the increasing con-
centration of copper in the range of 5, 10, 15, and 20% wt. loading
respectively. The presence of copper oxide was in the form of base-
centered monoclinic and was seen to increase in the XRD pattern by a
sharp peak which goes descending with the increase in the concentra-
tion of copper as shown in the figure. MgeAleHT derived oxide showed
newer peaks having 2θ values of 35°, 39°, 49°, 54°, 58°, 62°, 66°, 68°, 75°
which correspond to the CuO phase in the material [26].)

3.2. FTIR studies

The FTIR of calcined MgeAleHT and copper supported MgeAleHT
derived oxide catalysts (5% Cu/MgeAleHT, 10% Cu/MgeAleHT, 15%

Cu/MgeAleHT, and 20% Cu/MgeAleHT) are shown in Fig. SI-2
(Supplementary Information, Fig. 2). Hydrotalcite formation was con-
firmed by stretching of hydrogen bonding between the brucite layers
with an absorption band at 3425 cm−1 as shown in Fig. SI-2a. The peak
at 1367 cm−1 determines interlayer carbonates. The low-frequency
band at 756 cm−1 and 623 cm−1 corresponds to AleO and MgeO. The
double absorption band at 1049–997 cm−1 for samples (c), (d) and (e)
was caused by the significant symmetry of CO3

2−. This dual-band was
less in the sample (c) than (d) and (e) [27].

3.3. Nitrogen adsorption-desorption isotherm

The Brunauer-Emmett-Teller (BET) surface area of calcined
MgeAleHT derived oxide was measured to be 189.2 m2/g, and the
pore volume and pore size was 0.748 cc/g and 18.6 nm, respectively.
Surface area analysis data for 5%, 10%, 15%, and 20% of Cu on
MgeAleHT derived oxides are compared and illustrated in Fig. SI-3
(Supplementary Information, Fig. 3) below. The nitrogen adsorption-
desorption isotherm for MgeAleHT derived oxide, and supported Cu/
MgeAleHT found to be type IV with the characteristic of mesoporous
material having a small plateau at high relative pressure. The BET
surface area (SBET) along with the pore size and pore volume of
MgeAleHT derived oxide, and the other Cu supported catalysts have
been represented in Table SI-1 (Supplementary Information, Table SI-
1). It is evident from the data that with an incremental copper loading
there is decrease in the pore volume and surface area because of the
regional pore-blocking due to the sintering/aggregation of copper
species and/or collapse of the lamella due to the calcination tempera-
ture. [28,29] The most efficient catalyst 15% Cu supported MgeAleHT
derived oxide showed a larger surface area compared to lower Cu
supported catalyst which might be due to the formation of new surface
adsorption sites facilitated from the high dispersion of Cu on the hy-
drotalcite surface. The decrease in surface area for catalyst with 20%
copper loading may be due to aggregation of the copper species and is
evident from the decrease in the pore size and pore volume. The copper
is very well dispersed in the hydrotalcite materials is also observed in
the elemental mapping and similar observation has been reported
earlier. [13]

3.4. Microscopic analysis (SEM, EDS and HRTEM)

The surface morphology and elemental analysis of calcined
MgeAleHT and copper supported MgeAleHT derived oxide catalysts
was done by SEM and EDS, respectively. Fig. SI-4 (Supplementary
Information, Fig. SI-4) shows the apparent difference in the morphology
of MgeAleHT and copper supported MgeAleHT derived oxide ana-
lyzed by SEM. The calcined MgeAleHT shows an aggregate of a small
particle with a smooth surface and in copper supported MgeAleHT
derived oxide showed the rough surface with the agglomeration of
copper nanoparticles. EDS was done for confirmation of aluminum,
copper, and magnesium which remain constant in the synthesized
catalyst. Furthermore the TEM analysis of calcined MgeAleHT and
copper supported materials supports the observation of pore blockages
due to deposition of copper into the MgeAleHT pores and surface Fig.
SI-5a & 5b (Supplementary Information, Fig. SI-5) Also, the SAED
pattern, (Fig. SI-5c & 5d) shows a perfect crystalline phase of the sup-
ported catalyst with array of the MgeAleHT catalyst having copper.
Fig. SI-6 (Supplementary Information, Fig. SI-6) shows the elemental

Scheme 1. Enol carbamate synthesis of ethylacetoacetate
with formamide using Cu supported MgeAleHT derived
oxide catalyst using TBHP as an oxidant at 100 ºC

R. Vishwakarma, et al. Catalysis Communications 147 (2020) 106150

2



mapping image of the catalyst which shows an even distribution of
copper species (white dots) over the MgeAleHT derived oxide. It can
be concluded from the figure that the copper has evenly dispersed on
the surface of hydrotalcite derived oxide.

3.5. XPS analysis

X-ray photoelectron spectroscopy (XPS) analysis was done to obtain
the chemical state of the active metal copper present in the Cu/
MgeAleHT derived oxide. The survey spectrum Fig. SI-7a
(Supplementary Information, Fig. SI-7) clearly indicates the presence of
Cu, Mg, and Al in the mixed metal oxide phase. The high-resolution
scan of a fresh sample of the catalyst which indicates Cu 2p shown in
Fig. SI-7b (Supplementary Information, Fig. SI-7) contains peak at
binding energies of 934 eV (Cu 2p3/2) and 954 eV (Cu 2p1/2) which
concludes the presence of copper in +2 oxidation state. Al 2p core level
spectra exhibit a single component and the Al 2p binding energy was

observed at 74.48 eV, which is the characteristic photoemission peak of
alumina phase Presence of shake up satellite peaks of the Cu 2p core
level at 942.5 and 962.6 eV, respectively confirmed the formation of
Cu2+ on the surface The XPS data of the catalyst after the reaction was
also studied to understand the stability of the catalyst. There is no
significant change observed seen in the high-resolution scan of used
catalyst as shown in Fig. SI-7c & d (Supplementary Information, Fig. SI-
7). [27]

3.6. TPR and TPD studies

Temperature programmed reduction studies with H2 were per-
formed for MgeAleHT derived oxides and their subsequent Cu sup-
ported MgeAleHT derived oxides showed reduction of copper moiety
in the temperature range from 200 °C to 340 °C with two sharp peaks at
210 °C and 315 °C showing maximum consumption of hydrogen [30],
which signifies the reduction of Cu2+ to Cu0 in two stages. The first

Fig. 1. Screening of various catalysts prepared for enol carbamate synthesis.

Fig. 2. Effect of copper loading on Cu supported Mg-Al-HT derived oxides [Reaction conditions: EAA (1 mmol.), Catalyst (10 wt% w.r.t. to EAA), DMF (2 mL), TBHP
(1.5 equiv.), 100 °C, 12 h].
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peak at 210 °C is attributed to the reduction of the highly dispersed Cu
phase from Cu2+ to Cu+ phase and the second sharp peak if the final
reduction of Cu+ to Cu0 phase. The amount of hydrogen consumed per
gram and per meter square is presented in Table SI-2 (Supplementary
Information, Table SI-2). As the copper concentration increased, there
was an increase in hydrogen consumption. This also points to the strong
interaction of the copper species to the hydrotalcite support. [26,31]

CO2 temperature-programmed desorption studies of the catalysts
were carried to understand the strength and concentration of basic sites
present on the surface. In all the catalysts analyzed, three types of
desorption bands were observed, which attributed to the weak,
medium, and strong basic strength during desorption in the tempera-
ture range from 100 to 600 °C. In all cases, a broad desorption band is
observed between 100 °C and 460 °C, which can be deconvoluted into
three contributions at about 165 °C (weak basic strength), 200 °C
(medium basic strength) and 255 °C (high basic strength). The low-
temperature desorption peak corresponds to basic surface OH¯ groups.
The medium temperature peak can be ascribed to Mg2+eO2−,
Al3+eO2− and Cu2+eO2− acid-base pairs. The high-temperature peak
is usually attributed to the strong basic sites associated with low co-
ordinated O2− anions. The amount of CO2 desorbed represented by
these features allows estimating the number of basic sites of the sam-
ples. In calcined MgeAleHT derived oxide, the basicity was observed to
be significantly higher (total basic site density: 5.21 mmol CO2/g) as
compared to copper loaded MgeAleHT derived oxides. It is reported
that calcination of as-synthesized hydrotalcite gives a well-dispersed
mixture of Mg and Al mixed oxides having strong Lewis (isolated O2−

anions) and weaker Brønsted (OH− groups) basic sites [31]. The basi-
city of the catalytic material decreased on copper loading to the
MgeAleHT derived oxide, and there was no substantial change in the
basicity observed with an increase in the copper concentration.

4. Catalytic activity

Initially, screening of different calcined and uncalcined hydrotalcite
was carried out under the same reaction conditions, Ethyl acetoacetate
[EAA] (1 mmol, limiting reagent), catalyst (15% w.r.t. limiting re-
agent), dimethyl formamide [DMF] (2 mL), tert-Butyl hydrogen per-
oxide [TBHP] (1.5 equiv.) at 100 °C 12 h. The influence of different
hydrotalcite on the yield of enol carbamate was comparatively ana-
lyzed.

The reaction was carried out with calcined and uncalcined
MgeAleHT with and without copper support, along with other cop-
per‑aluminum catalysts prepared by co-precipitation techniques for
comparison and understanding the role of copper. As mentioned in
Table 1 and Fig. 1, Cu/MgeAleHT derived oxide was found to be the
best for enol carbamate synthesis, whereas no product formation was
seen without the catalyst. CueAl catalyst (calcined or uncalcined) also
showed lower conversions in comparison to the HT based catalyst as in
the former Cu species are in bulk form whereas in later the copper
species are very well dispersed into the hydrotalcite structure making
the Cu ions more accessible. Also, in the catalyst preparation method,
catalyst synthesized by wet-impregnation of copper species in alcoholic
medium was found to be more efficient as compared to impregnation in
aqueous medium which gave 79% conversion only. This is due to the
excellent dispersion of copper ions in the HT support in alcoholic
medium as the metal species diffuse very well as compared to aqueous
medium. [32] So, we can conclude that basic supports (hydrotalcite and
its derived mixed oxide) are found to be suitable for copper to promote
its catalytic activity for CeH bond activation for enol carbamate
synthesis.

With Cu supported MgeAleHT derived oxide catalyst as the best
suited material for enol carbamate synthesis, further screening was
studied to understand the effect of copper loading on the catalytic ac-
tivity. No conversion was seen when native MgeAleHT derived oxide
was used, and an increase in conversion was observed with an increase
in the percentage of copper concentration on the support as shown in
Fig. 2. The catalytic yield for 15 wt% and 20 wt% Cu supported
MgeAleHT derived oxide showed no significant change with both
showing conversions of 89% respectively. Thus, 15 wt% Cu supported
MgeAleHT derived oxide was considered to be an efficient catalyst and
used for further optimizations. In order to study the role of oxidant, we
used 1.5 equiv. of TBPB (tert-butyl peroxy benzoate) as an oxidant, 5%
conversion was observed. Whereas, we observed no product formation
when TBHP in 5.0 M decane was used as an oxidant without catalyst.

Fig. 3. Effect of reaction time [Reaction conditions: EAA (1 mmol.), Catalyst (10 wt% w.r.t. to EAA), DMF (2 mL), TBHP (1.5 equiv.), 100 °C].

Table 1
Screening of various as-synthesized catalyst for enol carbamate reactiona.

Sr. No Catalyst % Yield

1 Uncalcined CueAl 72
2 Calcined CueAl 59
3 Uncalcined MgeAl 28
4 Calcined MgeAleHT 10
5 Uncalcined Cu/MgeAleHT 68
6 Cu/MgeAleHT derived oxide 89

a Reaction condition: EAA (1 mmol.), Catalyst (15%), DMF 2 mL, TBHP (1.5
equiv.) 100 °C 12 h.
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We determined that TBHP proved to be the best oxidant to synthesize
enol carbamates, which is consistent with our previous studies of CeH
activation [33].

Further, optimization of the reaction time was monitored from 5 to
15 h. The conversion obtained at different time intervals is shown in
Fig. 3. It can be observed that the conversion increases with an increase
in reaction time up to 12 h. Further increase in reaction time to 15 h,
did not result in any significant increase in conversion, and therefore,
12 h was optimized for further reactions. Different experiments were
carried out by varying the reaction temperature from 80 to 100 °C, for
studying the temperature effect on oxidative coupling over Cu/
MgeAleHT derived oxide as shown in Fig. SI-8 (Supplementary In-
formation, Fig. SI-8) Increase in conversion was observed with the in-
crease in temperature and reached a maximum of 89% at 100 °C.

The effect of catalyst loading was studied further and presented in
Fig. 4, which shows the varying percent of catalyst used for the reaction
from 5 wt% - 20 wt% catalyst with respect to limiting reagent. It was
observed that the conversion of limiting reagent increased with increase
in catalyst loading. There was no significant conversion observed be-
yond 15% catalyst loading. The results show that the highest conver-
sion 89% was obtained at 15 wt% of catalyst loading, and the lowest
62% at 5 wt% of 15% Cu/MgeAleHT derived oxide catalyst.

4.1. Substrate scope of enol-carbamate

With the reaction conditions optimized, substrate with structural
diversity were studied using 15% Cu/MgeAleHT derived oxide catalyst
at 100 °C with 2 mL of dimethylformamide and diethylformamide as a
solvent and TBHP as the external oxidant. Various β-ketoesters were
used as substrates under standard reaction conditions for the formation
of enol carbamate, as shown in Table SI-3 (Supplementary Information,
Table SI-3) We observed that all β-ketoesters were transformed into
their corresponding enol carbamates. Excellent conversions were found
by using dimethylformamide with various substituted β-ketoesters.
However, the active methylene group did not participate in the reaction
in the case of 1, 3-cyclohexanedione, which showed lower conversions
in comparison to other substrates. Cyclic and bulky formamides pro-
vided slightly lower yields, suggesting the negative effect of steric
hindrance on the reaction.

Mechanistically, the dicarbonyl functionalities in the β-ketoesters
possess the tendency of forming coordination complexes with transition
metals as shown in the mechanism, Fig. SI-9 (Supplementary
Information, Fig. SI-9). The copper complex then decomposes TBHP to
form respective radicals which can further abstract hydrogen from the
formamide, generating the corresponding radical. This radical then

further reacts with the copper complex to give the desired carbamate
[34]. The similar reaction pathway has also been reported by Barve
et al. [35]

4.2. Recyclability of the catalyst

After the reaction, the catalyst was filtered and refluxed with 10 mL
of methanol and washed with 15 mL methanol to remove any adsorbed
material from catalytic surface and pores and then dried at 120 °C. It
was also calcined at 450 °C for 8 h and then cooled to room temperature
and weighed. Overall there was no loss of catalyst during centrifugation
and separation. The same procedure was followed in subsequent ex-
periments. The catalyst was reused for three times without loss in ac-
tivity, and results are shown in Table SI-4 (Supplementary Information,
Table SI-4). Thus, the stability of the synthesized material was con-
firmed w.r.t. activity. The XRD of the recycled catalyst was compared
with the fresh catalyst, and there was no significant change in the
catalyst which confirmed the stability of the catalyst. (Supplementary
Information, Fig. SI-10).

Also, the catalyst was subjected to hot-filtration method to check for
the leaching of the active metals from the catalyst. After the reaction,
the reaction vial was opened in the hot condition and filtered quickly
using a filter paper. The filtrate collected was diluted with 10 mL of
DMF. The prepared sample was given for ICP-OES and copper was not
detected in the solution indicating no leaching of copper ions from the
catalyst. The yield after removing the catalyst was 89%, which was
consistent with the results obtained during the recyclability studies.

5. Conclusion

A simple and efficient procedure was developed for the synthesis of
carbamate derivatives over Cu/MgeAleHT derived oxide catalysts. Cu/
MgeAleHT derived oxide catalyst (5%, 10%, 15% and 20% copper
loading) is synthesized and characterized by various analytical techni-
ques such as XRD, FTIR, SEM, and N2 adsorption-desorption. Among all
the catalysts, 15% Cu/MgeAleHT derived oxide catalyst was found to
be active for the synthesis of enol derivatives. Broad substrate study has
been done for the synthesis of enol carbamates. The catalyst was re-
cycled up to three cycles and found to be active without any significant
loss in activity.
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