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The use of Lewis acid AIClIs as a promoter in the Pd-complex catalytic system
of the cyclohexene hydroethoxycarbonylation reaction

This paper presents the results of detailed studies of the possibility of using Lewis acid AlICls as a promoter of
the catalytic three-component system PdCl2(PPhs)2—PPhs—AlICls in the hydroethoxycarbonylation reaction of
cyclohexene at low carbon monoxide pressures (2.5 MPa). As a result a high catalytic activity of the three-
component system was established and the reaction proceeds regioselectively with the formation of ethyl ether
of cyclohexanecarboxylic acid. The optimal conditions of the process have been elaborated (molar ratio of the
starting reagents [Cyclohexene]:[Ethanol] = 1:1; molar ratio of the components of the catalytic system =
= [PACI2(PPhs)2]:[PPhs]:[AICIs] = 1:6:9; carbon monoxide pressure Pco=2.5 MPa; process temperature
T =120 °C and reaction time T = 5 h) at which the target product yield reaches 80.7 %. To identify the obtained
ethyl ester of cyclohexane carboxylic acid gas chromatographic analysis and mass- and IR- spectra were carried
out. Based on the data obtained, a possible mechanism of the reaction route of cyclohexene carbonylation with
carbon monoxide and ethanol in the presence of the three-component system PdCl2(PPhs)>—PPhs—AlICls is pro-
posed and discussed.

Keywords: cyclohexene, carbon monoxide, Pd-complex catalysts, phosphine ligands, aluminium (I11) chloride,
hydroalkoxycarbonylation, ethyl ester of cyclohexanecarboxylic acid, “Hydride” mechanism.

Introduction

Production technologies based on the use of carbon oxides are being developed recently throughout the
world. Development of processes based on carbon monoxide use is motivated by a number of reasons. One of
key reasons is the need to use alternative sources of raw materials. Starting from 40’s of XIX century oil was
the main source of raw material for chemical production, and petrochemicals production on its basis developed
fast. However, a trend of crude production slowdown is observed today and effective processes that will be
able to replace it are being searched for [1-3].

The carbonylation method is used, on an industrial scale, in the synthesis of carboxylic acids, hydroxy-
acids, acid anhydrides, lactones, alcohols, ethers and esters, aldehydes and ketones. Many of these reactions
have been well-studied and developed but a number of processes still undergo the search for catalyst systems
with relatively high activity and selectivity.

It is possible to synthesize compounds with a large number of carbonyl groups having practical im-
portance by carbonylation of unsaturated compounds. Interest to this reaction is preconditioned by the possi-
bility of recovery of unsaturated compounds from non-petroleum raw material (natural gas, coal) [1-4].

The interaction of olefins with CO and H,O leads to the formation of linear or branched carboxylic acids.
Esters of carboxylic acids are obtained by replacing water with alcohol. The structure of the obtained esters
depends primarily on the nature of the catalysts used, as well as the conditions of their use. Derivatives of
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esters of carboxylic acids are mainly linear and a-branched, and synthesized with the participation of catalysts
based on metals of group VIII of the Periodic Table [5, 6].

— RCH,CH,COOR'

RHC=CH, + CO +ROH ]

L » RCH—COOR'

CHs

R=H, Alk, Ar  Cat. = metal complex catalysts

Currently, many studies have been carried out in the field of hydroesterification of alkenes [7-20] and
the degree of their transformation and sensitivity has been studied. Works [3, 17] have studied the influence
of various factors on carbonylation processes (at 70-95 °C, 1-4 MPa, for 3 hours) of primary alkenes, such as
propene, isobutylene, pentene-1, hexene-1, heptene-1, octene-1, and other terminal alkenes in the presence of
(PPh3),PdCI,—SnCl, catalysts. Output of obtained esters varies within limits of 70-95, depending on structure
of the used catalyst system.

Most of recent researches are focused on the processes of carbonylation of hexane-1, octane-1, decene-1,
and dodecene-1. In particular, hexene-1 was carbonylated in the presence of the PACl,-6PPhs-5p-TsOH system
at 125 °C and a pressure of 0.8 MPa [18, 19] as well as in the presence of the PdCl2(PPhs),-PPhs-AlCl3 system
at 120 °C and a pressure of 2.5 MPa for 5 hours [12]. As a result, 84-93.8 % of the product was obtained with
a selectivity of 98 %. In order to increase the selectivity with respect to linear esters, the systems PdCl,—mono-
phosphine ligand-LiCl-Lewis acid were used in the reaction of hydromethoxycarbonylation of alkenes [20].
The process was found to be influenced by parameters such as CO pressure, solvents and the nature of the
catalyst. 1-Dodecene was hydromethoxycarbonylated with a PdCl,—P(p-CsHs-OCHj3)s—LiCI-SnCl, catalyst
(T=110°C, Pco= 2.4 MPa, 22 h) in a high yield (93 %). The results of the carbonylation of octene-1 and
tetradecene-1 in the presence of the same catalytic system were obtained with high efficiency (96 %) within
22 hours. Previous works on the carbonylation of octene-1 together with methanol and CO in the presence of
the Pd(CH3COO),—PPhs—p-TsOH system at 80 °C and a pressure of 2.1 MPa showed a yield of 74 %, and the
conversion of the substrate was achieved in 3.5 hours [12]. Most of the studies mentioned above aimed at
increasing the yields of linear isomers, which is the main problem in the carbonylation of alkenes, since the
practical value of the resulting linear isomer of the product is very high.

Currently, cyclic carboxylic acids and their esters obtained from cycloolefins with carbon monoxide and
alcohols or phenols are an important raw material for the synthesis of pharmaceuticals and flavorings. There-
fore, more work is underway to find effective catalysts and optimal parameters for their preparation, as well
as research on kinetics and thermodynamics [6, 21-29].

) COOR
t.
+CO+ROH—a>©/

R=H, Alk, Ar  Cat. = metal complex catalysts

Esters of carboxylic acids are widely used in practice as pesticides, solvents in varnishes, dyes, flavours
in perfume compositions, additives to various types of fuel, additives to polymeric materials, etc. [30-31]. One
of the most important qualities is their use as semi-finished products in chemical and pharmaceutical synthe-
sis [5, 6]. Some esters are components of pharmaceuticals.

Based on the studies of the above literature, it is possible to conclude that the processes of carbonylation
of unsaturated compounds, especially olefins, is the most effective method for the synthesis of various organic
compounds of great practical importance. Compared to other methods for the production of carboxylic acid
esters, hydroalkoxycarbonylation of olefins has a number of advantages, such as single-stage processes, the
availability of raw materials, the possibility of influencing the reaction by changing the nature of the metal-
complex catalyst and the conditions of the process, which determines that the conduct on an industrial scale is
in all respects advantageous.
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Experimental

Primary reagents, features and methods of their study. Reagents produced by SIGMA-ALDRICH
(bis(triphenylphosphine)palladium (1) dichloride, cyclohexene (purity 99 %), triphenylphosphine, aluminium
trichloride), absolute ethyl alcohol, carbon monoxide reagent without superrefining (CO) were used as primary
reagents.

Equipments. Experiments were conducted in a steel laboratory autoclave reactor (capacity 100 ml)
equipped with a mixer and heater. The target product (ethyl ester of cyclohexanecarboxylic acid) was identified
by gas chromatography on an Agilent 7890A/5975C mass-spectrometer (USA). Chromatography conditions
were as follows: gas chromatograph 7890A with mass-selective detector 5975C produced by Agilent, helium
mobile phase (gas carrier), evaporation temperature 300 °C, flow shift (Split) 1000:1. Also, column heating
with initial oven temperature 40 °C (1 min), temperature increase 5 °C per minute and final value 250 °C that
is maintained for 1 minute were used. Total analysis time was 44 minutes and mass detector ionization was
carried out by electron impact method. A capillary chromatographic column HP-FFAP was also used; the
column length was 30 m, the inner diameter was 0.25 mm, the stationary phase was nitrophthalic acid modified
with polyethylene glycol.

Hydroethoxycarbonylation of cyclohexene. 0.08 g (1.14x10~4 mol) PdCI,(PPhs),, 0.180 g (6.84x10~* mol)
PPhs, 0.122 g (9.12x107* mol) AICls, 2.289 g (4.96x1072 mol) ethanol and 4.067 g (4.96x10-2 mol) of cyclo-
hexene were placed into a steel autoclave reactor (100 ml) equipped with a mixer and carbon monoxide injec-
tion device. Ratio of primary reagents and components of catalyst system was
[CsH10]:[C2HsOH]:[PACI2(PPhs)2]:[PPhs]:[AICIs] = 435:435:1:6:9. The reactor was sealed. To remove air in-
side of it, it is blown through with carbon monoxide three times and filled with carbon monoxide until pressure
reaches 1.5 MPa. Then, mixer and heater are turned on and within 1 hour temperature is increased up to 120 °C,
and carbon monoxide pressure grew up to 2.5 MPa. At a given temperature and pressure the reaction mixture
is intensively stirred for 5 hours. Then it is cooled to room temperature and reaction mixture fractionation is
carried out at atmospheric pressure. As a result of distillation, 6.244 g (80.7 %) of ethyl ester of cyclohex-
anecarboxylic acid was obtained.

Results and discussion

The reaction of cyclohexene hydroethoxycarbonylation in the presence of PdClz(PPhs)—PPhs—AlICI; cat-
alyst system has the following form:

(@]
\\C—O—C2H5

Pd-catalyst (1 mol%)
PPhy(6 mol%)
AICI5(9 mol%)

+ CO + C,HsOH

T=120°C
Pco=2.5 MPa
dur. =5h

The activity of the three-component catalytic system PdCI,(PPhs),—PPhs—AICIs, which contains AICI; as
a promoter, was studied in the hydroethoxycarbonylation of cyclohexene at low pressure (Pco = 2.5 MPa) of
carbon monoxide. A high catalytic activity of the catalytic system with respect to this reaction was found.
Cyclohexanecarboxylic acid ethyl ester formation reaction was confirmed by reference data for such charac-
teristics as GC/MS analysis, boiling point, and refractive index.

The effect of the reaction conditions (temperature, CO pressure, molar ratio of primary reagents, ratio of
the components of the catalytic system and reaction time) on the yield of the target product has been established
(Table 1).

Table 1 shows the results of the influence of various conditions on the yield of ethyl ester of cyclohex-
anecarboxylic acid as the target product of the reaction of hydroethoxycarbonylation of cyclohexene in the
presence of the system PdCl,(PPhs).—PPhs—AICls. Temperature, pressure of carbon monoxide, reaction time,
and the amount of AICl; in the PdCl,(PPhs),—PPhs—AICI; catalytic system were the main factors determining
the outcome of the process. An increase in the reaction temperature from 110 to 130 °C led to an increase in
the yield of target products from 65.8 to 80.7 %. A further increase in temperature reduces the yield of target
products due to catalyst deactivation (formation of palladium on carbon). The graphs of the yield of the target
products depending on the pressure of carbon monoxide and the duration of the reaction also have an extreme
form. Optimal conditions are Pco = 2.5 MPa, T =5 h. A further increase in the pressure of carbon monoxide to
3.0 MPa sharply reduces the yield of the target products. Apparently, that is due to competition between the
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olefin and carbon monoxide behind the center of the palladium focal point. The molar ratio of AICls in the
catalytic system also strongly affects on the yield of the target products. An increase in the PdClz(PPhs)—
PPhs—AICl; ratio from 1:8 to 1:9 led to an increase in the yield of target products from 72.6 to 80.7 %; a further
increase in the excess of AICI; reduces the yield of the target product. No solvents were used in this reaction,
and the ratio of the starting reagents affected the product yield. With the ratio [CsH10]:[C2HsOH] = 661:435,
the product yield is 72.3 %; further reduction to [CsHio]:[C2HsOH] = 435:435 gives the highest product yield
of 80.7 %, but further reduction to [CgH10]:[C2HsOH] = 217.5:435 reduces the yield of the target product.

Table 1
Hydroethoxycarbonylation of cyclohexene in the presence of the PdCl2(PPhs)>—PPhs-AIClz system

Exp. Product
n’;p [CeH10]:[C2HsOH] [PACIz(PPhs)2]:[PPhs]:[AICIS] 7,°C |Pco, MPa| 1,h ygg“;
1 661:435 1:6:9 120 25 5 723
2 435:435 1:6:9 120 2.5 5 80.7
3 217.5:435 1:6:9 120 2.5 5 55.6
4 435:435 1:6:8 120 25 5 72.6
5 435:435 1:6:10 120 25 5 74.2
6 435:435 1:6:9 130 25 5 66.7
7 435:435 1:6:9 110 25 5 65.8
8 435:435 1:6:9 120 3.0 5 68.0
9 435:435 1:6:9 120 2.0 5 43.4
10 435:435 1:6:9 120 2.5 4 68.5
11 435:435 1:6:9 120 25 6 77.2

Thus, it was found that the three-component catalytic system PdCl,(PPhs)—PPhs—AICls, which contains
AICIs as a promoter in the carbonylation reaction of cyclohexene at a low carbon monoxide pressure (2.5 MPa),
exhibits high catalytic activity. As a result, the following effective parameters were identified:
[CeH10]:[C2HsOH]:[Pd]:[PPhs]:[AICIs] = 435:435:1:6:9, Pco = 2.5 MPa, T = 120 °C, t = 5 h. Under the devel-
oped optimal reaction conditions, the yield of ethyl ester of cyclohexanecarboxylic acid was 80.7%.

The study and identification of the fractionated product was carried out as mentioned above (experimental
part), by gas chromatography method (shown in Figure 1). On the chromatogram we can observe a change in
the value of the total ion current at the 19th minute of exposure, which, in turn, indicates the presence of the
target product — ethyl ester of cyclohexanecarboxylic acid (at the 1st minute — unreacted ethanol; at the 3rd
minute — unreacted cyclohexene).
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Figure 1. GC analysis of target product
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Along with the hydroethoxycarbonylation of cyclohexene in the presence of the catalytic system
PdClI,(PPhs)—PPhs—AICl; with AICIs in its composition as a promoter, there can also be a “hydride” mecha-
nism, reminiscent of the carbonylation process, which occurs in the presence of strong hydrogen acids
(p-TsOH, etc.).

The mechanism of the reaction of hydroethoxycarbonylation of cyclohexene can proceed in the same way
as the mechanism of hydroethoxycarbonylation of octene-1 in the presence of the catalytic system
PdCl>(PPhs)—PPhs-AICl; [7].

H*[(C,HsO)AICI,]

[(C,H50)AICIS]

O
Il
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Figure 2. “Hydride” mechanism of cyclohexene hydroesterification reaction

The mechanism of cyclohexene hydroesterification in the presence of three-component PdClx(PPhs)—
PPhs—AICl; catalyst system is shown in Figure 2. The stage of HPd hydride complex formation is the main
stage of the process. This complex gives the possibility of further catalytic cycle. When ethanol interacts with
aluminum (I11) chloride, which is a strong Lewis acid, it is possible to get the formation of H*[C;HsOAICl;]~
proton and [C2HsOAICIs]™ of weakly coordinating anions complexes. The polarization of O-H bonds in alcohol
under the action of strong Lewis acids allows the process to take place according to the hydride mechanism.

Conclusions

The activity of the three-component catalytic system PdClx(PPhs).—PPhs—AICls with AICl; in its compo-
sition as a promoter in the carbonylation reaction of cyclohexene with carbon monoxide and ethanol was in-
vestigated. A high catalytic activity of this catalytic system was found. The effect of process conditions, such
as components of catalyst system ratio and primary reagents mole ratio, temperature, CO pressure, reaction
time on the result of the hydroethoxycarbonylation reaction of cyclohexene in the presence of the catalytic
system PdCl,(PPhs)—PPhs-AlICl; at low carbon monoxide pressure was studied. Optimal parameters were
identified: [CsH10]:[C2HsOH]:[Pd]:[PPhs]:[AICIs] = 435:435:1:6:9, Pco = 2.5 MPa, T = 120°C, t=5 h. The
possibility of cyclohexanecarboxylic acid ethyl ester synthesizing at these parameters with a yield of 80.7 %
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was investigated. Ethyl ether of cyclohexanecarboxylic acid is of great practical importance as flavoring
agents, food additives in food, pharmaceutical and other industries.

This research is funded by the Science Committee of the Ministry of Education and Science of the Repub-
lic of Kazakhstan (Grant No. AP09058656 “Development of scientific foundations for metal complex hydroal-
koxycarbonylation of Cs-Cio olefins in oil refining”).
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Hukaorexkceni ruIpO3ITOKCUKAPOOHIIIIEY peakuuscbiHbIH Pd-kommexkcri
KaTaanTuKAIBIK kyiecinge AlCl3 JIbonc KbIIKBLIBIH IPOMOTOP PeTiHae KOJIaHy

Makanama KeMipTeK OKCHAIHIH TOMEH KbIChIMbIHAA (2,5 MIla) muKIOreKceHai THAPOITOKCUKApOOHMWIICY
peaxuusceiaaa yur koMmnoneHTTi PACl2(PPhs).—PPha—AlCIs katanutrkanbIk xyleciHiH MpOMOTOPhI peTiHe
AICI3 JIptonc KbIIKBUIBIH TafijanaHy MYMKIHIITIHIH 3epTTey HoTkenepi kenripinren. Hormkecinzme yur
KOMITOHEHTTI JKYHEHIH JKOFaphl KATAIUTHKAIBIK OCNCEHIUTITT JKOHE peaklHs PpPETrHOCEeNeKTHBTI
[UKJIOTEKCAHKAapOOH KBIIIKBUIBIHBIH AT 3(QUPIH Ty3€ OTHIPBIN KYPETIHIITI aHBIKTANAB. [IpotecTiH oHTaIIbI
mrapTrapel  TaObUTBIN  (OacTamkel — peareHTTepHiH MoJdb KarbiHacekl  [L{ukiorekcen]:[Dtanon] = 1:1;
KaTaJIMTHKAJIBIK XYiie KOMIOHeHTTepiHiH MossipiibIK KaTbiHachl = [PACl2(PPhs)2]:[PPhs]:[AICIs] = 1:6:9; Pco
KOMIpTeTi TOTBIFBIHBIH KbICBIMBL = 2,5 MIIa; nponecc remneparypacsl T = 120 °C sxoHe peakius yakbITh T = 5
car), OHJIa MaKCaTThl OHIMHIH MIBIFBIMBI 80,7 % KeTTi. ANBIHFaH IUKIOTCKCAHKAPOOH KBIIIKBUIBIHBIH 3THII
2¢upiH aHBIKTAy YLIIH ra3oxpomartorpadusblK Tanaay Kyprisiuimn, macc- xone MK-cnekrpiepi Tycipinmi.
Anbiran Monimertep Herisinge ym kommoHeHTTI PdClz(PPhs)—PPhs—AICls sxyiteciHiH KaTbICybIMeH
[UKIOTEKCEHHIH KOMIPTEK OKCHI »OHE O3TaHOJIMEH KapOOHWIIEY pPEaKIUACHIHBIH MYMKIH OOJaThIH
MEXaHU3Mi YCHIHBUIIBI KOHE TaKbUIAHIBL.

Kinm ce30ep: nMKIOTEKCEH, KOMipTeK MOHOKcHi, Pd-koMmruiekcTi karamusatopiap, Gochunmi muranarap,
amomunnii (III) xmopwai, TUAPOANKOKCHKApOOHWIEY, LUKIOTeKCAaHKapOOH KBIIKBUIBIHBIH JTHI 3¢dupi,
«THAPUITIK» MEXaHHU3M.
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H.X. Kynaii6eprenos, K.M. IllanmaramberoB, A. BaBacopu, I'.2K. XXakcbuibikoBa,
®.M. Kananuena, [1. Anmatksizsel, [1.b. Mambipxan, M. Byneioaes

Hcnoab3oBanue kucjaortsl JIsrouca AICI; B kauecTBe mpoMmoTopa
B Pd-KOMILUIEKCHOM KATAJIUTHYECKON CUCTEME B peaKuu
THAPO3TOKCUKAPOOHUIMPOBAHNSA HMKJIOTeKCeHA

B crarbe npecTaBieHbI pe3yIbTaThl ICTATBHBIX HCCIEI0BAHHH BO3MOKHOCTH UCIIOIB30BaHMUsI KUCIOTHI JIbtorca
AICI3 B kauecTBe MPOMOTOPA KaTaIUTHUECKOM TpexkoMmmnoHeHTHOH cucteMbl PACl2(PPhs)2—PPhs—AlICIs B pe-
aKIUK THIPO3TOKCUKAPOOHUIMPOBAHUS IMKIOIeKCEHA MpPH HU3KHX JABJICHUSAX MOHOKCHIOA YIJIepoja
(2,5 MITa). YcTaHOBIIEHBI BHICOKAs KATATUTHYECKAs! AKTHBHOCTH TPEXKOMIIOHEHTHOMN CHCTEMBI U PETHOCEIICK-
THBHOE NIPOTEKAaHUE PEaKLUU ¢ 00pa30BaHHEM STHIOBOTO 3(GHpa IHUKIOreKCaHKapOOHOBOH KHUCIOTHI. Paspa-
0OTaHBI ONITHMANbHBIC YCIOBUS Mpoliecca (MOIbHOE COOTHOILICHHE UCXOIHBIX PEAareHTOB [IIMKIOTeKCceH]:[3Ta-
Hou| = 1:1; MOJIAPHOE COOTHOIIEHNE KOMIIOHEHTOB KaTanmuTuueckon cuctemsl = [PAdCl2(PPhs)2]:[PPhz]:[AICIs]
= 1:6:9; naBnenne MoHOKcHa yriepoaa Pco=2,5 MIla; temneparypa nponecca T = 120 °C n Bpemst peakiyuu
T =5 ), mpu KOTOPBHIX BBIXOJ LieJeBOr0 npoaykra gocruraet 80,7 %. s naeHTH(HHKALNY [T0Ty4EHHOTO 3TH-
JI0BOTO 3()Hpa LIUKIOreKCaHKapOOHOBOM KHCIOTHI IPOBE/ICH ra30XpoMaTorpaduuecKuii aHainu3 1 CHATHI Macc-
u VK- criektpsl. Ha 0OCHOBaHHH MOJTyUYCHHBIX TAHHBIX MPE/IOKEH H 0OCYKICH BO3MOXKHBINA MEXaHHU3M IIPOTE-
KaHHUs PeaKMi KapOOHMINPOBAHUSA LIMKJIOT€KCEHA MOHOKCHIOM YIJIEpOJia U STaHOJIOM B IIPUCYTCTBHH TPEX-
kommonenTHo# cuctembl PACl2(PPhs)2—PPhs—AlICls.

Knrouegvie cnosa: IMKIOTEKCEH, MOHOKCHI yrieposa, Pd-koMIuieKcHbIe KaTanu3aTopsl, GpochrHOBbIC JH-
raapl, xaopua amromunus (11), ruapoankokcukapOOHIIHPOBaHIE, STHIOBBIH 3(pUp MUKIOreKCaHKapOOHOBOM
KUCJIOTBI, TUIPUIHBIH MEXaHH3M.
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