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A facile route for the synthesis of dimethyl adipate (DAP) from cyclopentanone and dimethyl carbonate (DMC) in the pres-
ence of solid base catalysts has been developed. It was found that the intermediate carbomethoxycyclopentanone (CMCP) was
produced from cyclopentanone with DMC in the first step, and then CMCP was further converted to DAP by reacting with a
methoxide group. The role of the basic catalysts can be mainly ascribed to the activation of cyclopentanone via the abstraction
of a proton in the a-position by base sites, and solid bases with moderate strength, such as MgO, favor the formation of DAP.

dimethyl adipate, cyclopentanone, dimethyl carbonate, solid base catalysts

1 Introduction

Dimethyl adipate (DAP) is a fine chemical that is widely
used as an industrial solvent for pharmaceuticals, perfumes,
plastics and other organic compounds [1]. It is usually ob-
tained by esterification of adipic acid with methanol [2].
However, this process has several limitations, such as harsh
reaction conditions, lack of chemoselectivity, and signifi-
cant corrosion and separation problems. In particular, a
stoichiometric amount of water is produced in this esterifi-
cation process, which required tedious procedures for dis-
posal [3].

Recently, much attention has been given to dimethyl
carbonate (DMC) due to its versatile chemical properties
and low toxicity. It is believed to be an ideal additive for
gasoline, because of its high oxygen content (53%) and
good blending properties with octane [4]. As an environ-
mentally benign building block, it is mainly used in methyl-
ation and carbonylation reactions as a safe substitute for
methyl halides, dimethyl sulfate and phosgene [5, 6]. In the
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presence of a base, it can also react with a number of nu-
cleophilic anions generated from different substrates such as
ketones, amines, oximes, indoles, and phenols to give the
corresponding methoxycarbonylation products [7-12].

The synthetic route for DAP from cyclopentanone with
DMC is an eco-friendly alternative to esterification due to
the safe and clean chemical process involved. In the 1970s,
Ruest e al. [13] first reported a route for the synthesis of
carbomethoxycyclopentanone (CMCP), which might be the
intermediate to DAP, from the reaction of cyclopentanone
with organic carbonates over NaH. Later, others reported
that DMC reacted with cyclopentanone to produce DAP in
the presence of homogenous catalysts such as Cs;COs;-
crown ether, CH;0K, and organic amines [14—17]. Howev-
er, homogenous reactions give rise to problems with separa-
tion of the products and catalyst reuse.

Over the past decade, research on the synthesis of fine
chemicals using solid bases as catalysts has become an im-
portant topic [18]. The replacement of homogeneous bases
by solid base catalysts has the advantages of decreasing
corrosion and environmental problems, while allowing eas-
ier separation and recovery of the products, catalyst and
solvent [19]. However to the best of our knowledge, solid
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bases such as metallic oxides have seldom been used to
carry out the synthesis of DAP from DMC with cyclopen-
tanone. In this work, metallic oxides, which are easily pre-
pared, have been used as catalysts for this reaction and the
function of the catalysts has been investigated in detail.

2 Materials and methods

2.1 Preparation of catalysts

CaO, MgO and ZrO, were prepared by thermal decomposi-
tion of calcium carbonate (CaCOs;, Tianjin Kermel Chemi-
cal Reagent Co. Ltd., A.R. grade) at 800 °C for 2 h, magne-
sium hydroxide (Mg(OH),, Tianjin Kermel Chemical Rea-
gent Co. Ltd., A.R. grade) at 500 °C for 5 h, and zirconium
hydroxide (Zr(OH),, Tianjin Kermel Chemical Reagent Co.
Ltd., A.R. grade) at 500 °C for 5 h, respectively, under a
nitrogen atmosphere. Lanthana (La,O;, Tianjin Kermel
Chemical Reagent Co. Ltd., A.R. grade) and alumina (Al,O3,
Tianjin Kermel Chemical Reagent Co. Ltd., A.R. grade)
were calcined at 700 and 500 °C respectively for 5 h in N,
before use. A series of Al/MgO catalysts with molar ratios
of 0.01-0.3 were also prepared using the impregnation
method. The desired amount of aluminum isopropoxide was
dissolved in benzene before adding to Mg(OH), to form the
impregnated samples. The samples were dried at 100 °C
overnight and then thermally decomposed at 500 °C for 5 h
to afford AI/MgO catalysts.

The specific surface area and pore volume of the samples
were obtained by the BET method. The samples were de-
gassed at 350 °C for 5 h under vacuum (107 Torr) prior to
the measurements, and nitrogen adsorption/desorption iso-
therms were obtained at —196 °C on a Micromeritics
ASAP-2000 instrument (Norcross, GA).

CO,-Temperature programmed desorption (CO,-TPD)
measurements were performed using Ar as a carrier gas.
Catalyst samples (0.10 g, 40-60 mesh) were pretreated in
Ar at 500 °C for 2 h. After the samples were cooled down to
room temperature, CO, was pulsed into the reactor until
saturation was reached. Once physically adsorbed CO, was
purged by the carrier gas, the CO,-TPD experiments were
carried out from 20 to 800 °C with a heating rate of
10 °C/min under Ar flow (50 mL/min), and the effluent was
analyzed with a gas chromatograph that employed a thermal
conductivity detector. The amount of basic sites was quanti-
fied through calculating the areas of desorption peaks in the
CO,-TPD profiles using K,COj; as primary standard.

2.2 Experimental setup and procedure

The reaction was carried out in an autoclave reactor, which
was composed of a 150 mL stainless-steel autoclave and a
magnetic stirrer (revolving at a rate of 1000 r/min). Cyclo-
pentanone (5.00 g), DMC (35.97 g) and the catalyst (0.68 g)
were charged into the autoclave and then the resulting mix-
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ture was heated to 260 °C within 30 min. After running at
260 °C for 5 h under autogenous pressure (about 1-3 MPa
in the temperature region from 200 to 280 °C), the reactor
was cooled in sifu to room temperature. The catalyst was
removed by rapid filtration and the liquid products were
analyzed by a gas chromatograph (GC-920, Shanghai
Haixin Chromatograph Instrument Co. Ltd.) with a flame
ionization detector and a HP-5 column. The selectivity is
defined as ma/Zma x100%, where m, is the weight of
product A, and Xmy is the total weight of the products.

3 Results and discussion
3.1 Catalyst characterization

Figure 1 depicts the TPD profiles of CO, desorbed from
ZrO,, MgO, La,0; and CaO. CaO exhibited strong basic
sites with a sharp desorption peak at 550 °C. La,O; showed
relatively strong base strength with a CO, desorption peak
at 450 °C. For MgO, there were three desorption peaks at
100, 200 and 300 °C, suggesting that MgO had both weak
and moderate strength basic sites, but for ZrO, a single CO,
desorption peak at 150 °C was observed, indicating that
only weak basic sites were present. The base strength fol-
lows the order: CaO > La,O3; > MgO > ZrO,, but the basic
numbers of the catalysts (the amount of basic sites per unit
area of catalysts) decreased in the order: CaO > MgO >
La,O5; > ZrO, (see Table 1). After addition of alumina into
MgO, three desorption peaks were also found, around at
120, 200 and 300 °C for the resulting AI/MgO samples,
which suggested that the addition of alumina did not change
the basic strength of MgO (see Figure 2), but the basic
number decreased with increasing Al content (see Table 1).

3.2 Catalytic performance

The reaction was carried out within the temperature range
from 200 to 280 °C and the main products were DAP and
CMCP. The self-condensation products of cyclopentanone
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Figure 1 CO,-TPD profiles of solid bases.
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Table1 CO;uptake of solid bases none and a trace amount of DAP and CMCP were detected

(Entries 4 and 5), indicating that solid acids are ineffective

Catalyst BET Sugf afle €9, uptake 1 f i i
area (M’ g (mmolg ") (x10°) (mmol m?) (x10°) catalysts for the methoxycarbonylation reaction. However,
7:0, 1441 568 3.94 when solid bases were employed as the catalysts, the meth-
La,0s 6.9 0.306 4.43 oxycarbonylation products were obtained (Entries 6-10),
CaO 10.5 785 748 which is consistent with the literature [13—-17]. In 1993,
MgO 1425 9.89 6.94 Selva and coworkers reported that the yield of DAP reached
Al/MgO(0.01) 110.5 7.39 6.69 14% when using aqueous K,COj as the catalyst [14], and a
Al/Mg0(0.05) 95.3 6.04 6.34 similar result was observed when we repeated this experi-
Al/MgO(0.1) 96.7 5.24 5.42 ment (Entry 2). When MgO—which possesses moderate
Al/Mg0(0.2) 79.6 4.67 587 basic strength—was used as the catalyst, the major meth-
AVMgO(0.3) 68.2 371 544 oxycarbonylation product at lower temperatures was CMCP
(Entry 7). However, with increasing reaction temperature,
3'50E'013_ (1) AIIMgO (0.01) higher yields of DAP were obtained over MgO (Entry 8),
3.00E-0134 (2) A/MgO (0.05) even higher than that with K,CO; (the major product was
] (3) Al'MgO (0.1) dimethyl 2-methyladipate at 260 °C) (Entries 3 and 8). This
2.50E-013 A g; /A\:jmgg Egg; suggests that solid bases with moderate strength, such as
A MgO, show better catalytic performances than a simple
2005013'. homogeneous base such as K,COs. As for the other solid
1.50E-0134 bases, ZrO, and La,O; gave lower DAP yields, which might
] be due to the relatively low basic numbers compared with
1.00E-0134 that for MgO. CaO also gave lower cyclohexanone conver-
5.00E_014_' sion and DAP selectivity despite its high basic number. This
] could be attributed to the fact that the acid strength of the
0.00E+000 s O S Ca®™ cation is too weak to stabilize the carbanion species
0 100 200 300 400 500 600

[20]. As a result, the catalytic performance is strongly de-
pendent on both basic number and basic strength, and basic
sites with moderate strength are most effective for the syn-
thesis of DAP from cyclopentanone with DMC.

In order to further study the effect of moderate basic

Temperature (°C)

Figure 2 CO,-TPD profiles of MgO with different Al contents.

(2-cyclopentylidenecyclopentanone), (2-methylcyclopenta-

none, dimethyl 2-methyladipate), and attendant methylation
products (methanol and carbon dioxide) were also detected.
Table 2 gives the catalytic performance of the different sol-
id catalysts in the synthesis of DAP from cyclopentanone
with DMC. In the absence of catalysts, no products were
detected (Entry 1). Over solid acids such as zeolite HB and
Al,O3, only the aldol condensation products of cyclopenta-

strength on catalytic performance, a series of MgO catalysts
with different Al contents were prepared in order to provide
materials with different amounts of moderate basic sites
(see Figure 2). It can be seen that the DAP yield was linear-
ly correlated with the amount of moderate basic sites (see
Figure 3). Moreover, a similar tendency was also observed
when changing the amount of pure MgO catalyst (see Fig-

Table 2 Synthesis of DAP from DMC and cyclopentanone over solid bases

Selectivity (%)

Entry Catalyst Temperature (°C) Cyclopentanone conversion (%) DAP CMCP Other products”
19 - 260 - - - -
2» K,CO;4 200 32.8 48.2 10.9 40.9
3v K,CO; 260 67.8 25.1 2.02 7299
49 HpB 260 33.9 Traces Traces 100
59 ALO; 260 394 Traces Traces 100
62 710, 260 50.1 10.5 9.82 79.7
79 MgO 200 15.6 5.61 43.7 50.7
8v MgO 260 85.5 50.9 11.0 38.1
9? La,0; 260 30.3 45.6 13.2 412
107 CaO 260 76.5 52.3 3.07 44.6

a) Reaction conditions : cyclopentanone: DMC =1 : 4, time = 5 h, catalyst wt.% = 1.5%; b) reaction conditions : cyclopentanone : DMC : cat (molar ratio)
=1:20: 2, time =4 h; ¢) other products = 2-methylcyclopentanone + dimethyl 2-methyladipate + 2-cyclopentylidenecyclopentanone; d) selectivity of di-
methyl 2-methyladipate was 42.1%.
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Figure 3 The relationship between the amount of basic sites and DAP
yield.
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Figure 4 The relationship between the amount of MgO catalyst and DAP
yield.

Table 3 The recycling of MgO in the reaction of DMC and cyclopentanone
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ure 4). Thus, these results confirm that base sites with mod-
erate strength favor the formation of DAP.

The effect of recycling the MgO catalyst in the reaction
of DMC with cyclopentanone is shown in Table 3. It was
found that cyclopentanone conversion decreased by 39.1%
and DAP selectivity decreased by 21.7% after the catalysts
were used five times. Meanwhile, the selectivity of dimethyl
2-methyladipate reached 40.3%, which is comparable with
that of K,COj; (see Table 2). In addition, it was found that
the there was little leaching of Mg®* from the catalyst into
the reaction medium. These results therefore suggest that
the generation of Mg carbonate salts, due to the formation
of carbon dioxide in the methylation reaction, was the rea-
son for deactivation of the catalyst. Fortunately, the used
catalysts could be regenerated by calcination even after
having been used several times (see Table 3).

3.3 Plausible reaction mechanism

Figures 5 and 6 show the influence of reaction time on the
reaction of DMC with cyclopentanone over MgO. As can be
seen, the conversion of cyclopentanone gradually increased
with reaction time, and then reached a stable value after 5 h
(see Figure 5). After that time, the conversion of cyclopen-
tanone and yield of products remained essentially un-
changed (see Figure 6). Interestingly, the selectivity of DAP
increased with prolonged reaction time, whereas the oppo-
site change was observed for the selectivity of CMCP,
whilst the selectivity of the other products remained almost
unchanged. Similar trends were also observed for the effect
of varying reaction temperature (see Figure 7). These results
suggest that the reaction proceeds via CMCP as the inter-
mediate. Our group has previously reported that DMC is
hardly activated on solid bases [21]. Thus, a plausible reac-
tion mechanism for the synthesis of DAP can be proposed

Cyclopentanone

Selectivity (%)

Contents of Mg in

a) . p
Catalyst conversion (%) DAP CMCP dlmethy'l 2-methyl 2-methyl- 2-cyclopentylidene g0 liquor (%)®
adipate cyclopentanone cyclopentanone

MgO¥ 85.5 50.9 11.0 11.3 5.67 21.1 0.06
MgO (r1)” 73.6 42.7 5.97 25.5 6.58 19.2 0.17
MgO (12)” 65.5 38.1 4.40 30.7 7.03 19.8 0.28
MgO (13)” 60.7 333 3.98 36.4 8.51 17.8 0.31
MgO (15) 56.4 29.2 2.68 40.3 11.4 16.4 0.84
MgO (r1)* 83.7 51.2 9.80 10.8 6.29 21.9 -
MgO (12)*° 82.6 50.1 8.67 10.9 7.51 22.8 -
MgO (13)*9 84.2 49.6 7.79 11.9 7.99 227 -
MgO (r5)*° 79.6 48.8 7.68 13.6 8.54 21.4 -

a) Reaction conditions: cyclopentanone: T'=260 °C, DMC =1 : 4, time = 5 h, catalyst wt.% = 1.5%; b) the used catalysts were separated by filtration and
washed with 20 mL of methanol three times, and then used for the next run; c¢) the used catalysts obtained by calcination at 500 °C for 5 h under nitrogen
atmosphere after filtration from the reaction mixture; d) the contents of Mg in the filtrate were determined by complexometric titration in ammo-
nia—ammonium chloride buffer solution (pH = 10), using EDTA as titrant and Eriochrome Black T as indicator. The results were calculated using Mg(%) =
Mg (1)/ Mg (s), where Mg(l) is the content of Mg in the filtrate, and Mg(s) is the total content of Mg in the original solid base.
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Figure 5 Effect of reaction time on the conversion of cyclopentanone and
selectivity of products over MgO. Reaction conditions: T = 260 °C, cyclo-
pentanone : DMC =1 : 4, catalyst wt.% = 1.5%. Other products = 2-meth-
ylcyclopentanone + dimethyl 2-methyladipate + 2-cyclopenty-lidenecy-
clopentanone.

as follows (see Scheme 1(a)): initially, a proton is abstracted
from cyclopentanone to form a carbanion of cyclopentanone
(I"), and then 1™ and the proton were absorbed on acidic
sites (M™) and basic sites (O*) of the solid base surface,
respectively. Afterwards, 1~ attacked the carbonyl group of
a DMC molecule, which produced CMCP as the primary
product. After that, the resulting intermediate reacted with a
methoxide anion to yield the corresponding carbanion,
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which was subjected to ring-opening giving DAP as the
final product.

A similar anionic mechanism has also been proposed for
the condensation of cyclopentanone (to give 2-cyclopen-
tylidenecyclopentanone) and the products of methylation of
cyclopentanone with DMC (2-methylcyclopentanone and
dimethyl 2-methyladipate). As shown in Scheme 1(b), 1~
could attack a second cyclopentanone molecule to produce

0.5
—=&—DAP
—e—CMCP

0.4+ —4A—other products

Yield (%)

T

OG = M T M T T M T M

0 20 40 60 80 100
Cyclopentanone conversion (%)

Figure 6 The relationship between conversion of cyclopentanone and

yield of products. Reaction conditions: 7 = 260 °C, cyclopentanone : DMC

=1: 4, catalyst wt.% = 1.5%. Other products = 2-methylcyclopentanone +

dimethyl 2-methyladipate + 2-cyclopentylidenecyclopentanone.

M 0z M
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2-cyclopentylidenecyclopentanone

CH,O OCH,

. 0
A I °
CH,0C l (©)
0
IR COCH,
HC

dimethyl 2-methyladipate

Scheme 1 A plausible mechanism for the reaction of DMC with cyclopentanone.
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Figure 7 Effect of reaction temperature on the conversion of cyclopen-
tanone and selectivity of products over MgO. Reaction conditions: time = 5
h, cyclopentanone : DMC = 1 : 4, catalyst wt.% = 1.5%. Other products =
2-methylcyclopentanone + dimethyl 2-methyladipate + 2-cyclopentylide-
necyclopentanone.

2-cyclopentylidenecyclopentanone and water. Likewise, 1~
can abstract the methyl group of DMC to produce the meth-
ylation product 2-methylcyclopentanone, which formed
methanol and carbon dioxide at the same time (see Scheme
1(c)). Afterwards, the anion of 2-methylcyclopentanone can
react with another molecule of DMC to give dimethyl
2-methyladipate as a further product (see Scheme 1(c)).

4 Conclusions

The synthesis of DAP from cyclopentanone with DMC can
be carried out over solid base catalysts. The results revealed
that MgO, which possesses moderate basic strength, showed
the best performance among the solid bases investigated.
The role of the basic catalysts was mainly attributed to ac-
tivation of the cyclopentanone via abstraction of a proton in
the a-position by base sites, and a possible reaction pathway,
which includes CMCP as an intermediate was proposed.
Under the optimal conditions, using MgO as a catalyst, the
cyclopentanone conversion and the DAP selectivity reached
85.5% and 50.9%, respectively.

This work was supported by the Zhangjiang Science and Technology De-
velopment Foundation of Guangdong, China (2009C3101015) and Doc-

Sci China Chem  March (2012) Vol.55 No.3 385

toral Starting Foundation of Guangdong Medical College (XB0811).

1 Santos SM, Silva AM, Jordao E, Fraga MA. Hydrogenation of dime-
thyl adipate over bimetallic catalysts. Catal Commun, 2004, 5:
277-381

2 Shi MY, Zhai G, Cheng G. Preparation of dimethyl adipate by esteri-
fication (in Chinese). PetrochemTechnol Applic, 2008, 26: 257-259

3 Shi MY. Preparation of dimethylene adipate by continuous esterifica-
tion (in Chinese). Fine Chem Intermed, 2009, 39: 47-49, 69

4 Pacheco MA, Marshall CL. Review of dimethyl carbonate (DMC)
manufacture and its characteristics as a fuel additive. Energy Fuels,
1997, 11: 2-29

5 Vauthey I, Valot F, Gozzi C, Fache F, Lemaire M. An environmen-
tally benign access to carbamates and ureas. Tetrahedron Lett, 2000,
41: 6347-6350

6 Tundo P, Selva M. The chemistry of dimethyl carbonate. Acc Chem
Res, 2002, 35: 706-716

7  Jyothi TM, Raja T, Talawar MB, Rao BS. Selective O-methylation of
catechol using dimethyl carbonate over calcined Mg-Al hydrotalcites.
Appl Catal A, 2001, 211: 41-46

8 Ono Y, Baba T. Selective reactions over solid base catalysts. Catal
Today, 1997, 38: 321-337

9 Tundo P, Moraglio G, Trotta F. Gas-liquid phase-transfer catalysis: A
new continuous-flow method in organic synthesis. Ind Eng Chem Res,
1989, 28: 881-890

10  Shivarkar AB, Gupte SP, Chaudhari RV. Selective synthesis of
N,N-dimethyl aniline derivatives using dimethyl carbonate as a meth-
ylating agent and onium salt as a catalyst. J Mol Catal A, 2005, 226:
49-56

11 Shieh WC, Dell S, Bach A, Blacklock TJ. Dual nucleophilic catalysis
with DABCO for the N-methylation of indoles. J Org Chem, 2003,
68: 1954-1957

12 Mei F, Pei Z, Li GX. The transesterification of dimethyl carbonate
with phenol over Mg-Al hydrotalcite catalyst. Org Process Res Dev,
2004, 8: 372-375

13 Ruest L, Blouin G, Deslongchamps P. A convenient synthesis of
2-carbomethoxycyclohexanone. Synth Commun, 1976, 6: 169-174

14 Selva M, Marques CA, Tundo P. The addition reaction of dialkyl
carbonates to ketones. Gazz Chim It, 1993, 123: 515-518

15 Tundo P, Memoli S, Selva M. Synthesis of a,w-diesters. WO Patent.
0214 257, 2002-02-21

16  Fisher R. Preparation of a,w-dicarboxylic acid diesters. US Patent. 5
453 535, 1995-09-26

17 Koehler G, Metz J. Process for preparing diesters of higher
a,0—dicarboxylic acids.US Patent. 5 786 502, 1998-07-28

18 Ono Y, Baba T. Selective reactions over solid base catalysts. Catal
Today, 1997, 38: 321-337

19 Hattori H. Heterogeneous basic catalysis. Chem Rev, 1995, 95:
537-558

20 Zhang WY, Wang H, Wei W, Sun YH. Solid base and their perfor-
mance in synthesis of propylene glycol methyl ether. J Mol Catal A,
2005, 231: 83-88

21  Wu DD, Fu X, Li JP, Zhao N, Wei W, Sun YH. Methoxycarbonyla-
tion of ketones with dimethyl carbonate over solid base, Catalysis
Communication, 2008, 9: 680-684



