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Abstract

Objectives. To study the possibility of combining acid-catalytic cyclohexanol dehydration and
alkoxycarbonylation of the formed cyclohexene with cyclohexanol and carbon(ll) oxide in a single
reactor in order to achieve high yields of the target cyclohexyl cyclohexanecarboxylate product
using the Pd(OAc),~PPh —p-toluenesulfonic acid catalytic system.

Methods. The combined process took place in a toluene medium in a periodic steel reactor
designed to operate at elevated pressure, equipped with a glass insert, a magnetic stirrer, and
a sampler, as well as gas input and discharge devices. The reaction mass with the components
of the catalytic system was placed in a glass reactor inside a steel autoclave. The reaction mass
samples obtained during the combined process were analyzed by gas-liquid chromatography
with a flame ionization detector.

Results. The possibility of combining cyclohexanol dehydration catalyzed by p-toluenesulfonic
acid monohydrate and formed cyclohexene alkoxycarbonylation with cyclohexanol and
CO during catalysis by the Pd(OAc),-PPh —p-toluenesulfonic acid system in a single reactor
was demonstrated. Under mild conditions (temperature 110°C; CO pressure 2.1 MPa), the
target product yield reached 64.8% in 5 h. However, the combined process is complicated by
the formation of a cyclohexanecarboxylic acid by-product formed as a result of the cyclohexyl
cyclohexanecarboxylate hydrolysis and the cyclohexene hydroxycarbonylation.
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Conclusions. The reactions of intramolecular acid-catalytic cyclohexanol dehydration and
formed cyclohexene alkoxycarbonylation catalyzed by the Pd(OAc),~PPh —p-toluenesulfonic acid
system can be combined in a single reactor. p-Toluenesulfonic acid can simultaneously act as
a catalyst for the cyclohexanol dehydration and a co-catalyst of the palladium—phosphine system
of cyclohexene alkoxycarbonylation. The involvement of cyclohexene, representing a product of
reversible cyclohexanol dehydration, in the alkoxycarbonylation reaction is a factor in shifting the
dehydration reaction equilibrium towards the formation of cyclohexene. Cyclohexanecarboxylic
acid is a by-product of the proposed combined process. A factor in the reduction of target product
yield is water formed as a result of cyclohexanol dehydration due to the involvement of the latter
in the hydrolysis reaction and the course of the cyclohexene hydroxycarbonylation.
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AHHOMAyus

ITenu. M3yueHue 803MOIKHOCMU COBMEULEHUSL 8 O0OHOM peaKkmope pearKyuil KUCIOMHOKAMAaiu-
muueckoil Ode2udpamayuu YUKN02eKCAHOAA U ANKOKCUKAPOOHUNUPOBAHUSL 00pasyrousezocst
UUKTI02EKCeHA UYUKI02eKCAHONOM U okcudom yenepoda (II). YcmaroeneHue 603moxcHOCMU
0oCMUIKEeHUSL BLICOKUX 8bIX0008 Ues1e8020 NPoOYKma — YUK102eKCulyuKiozeKcaHKapboreunama —
8 Ms2KUX Ycnosusax npu kamaause cucmemotil Pd(OAc),~PPh —n-moayoacyasgorucioma.
Memoowst. CoemeuleHHbLI Npouece usyuancs 8 cpede moayond 8 nepuoouUecikom CmaabHOM
peaxmope, pacCuumaHHOM HA pabomy npu nosblUUeHHOM 0a8leHUU, CHAOIKEHHOM CMEKSIHHOU
ecmasKoil, MazZHUMHOU meuankoii, npoboombopHUKOM, Yycmpolicmeamu ggooa u cbpoca 2a308.
PeaKyuoHHast Macca ¢ KOMNOHEHMAMU KAMAAUMUUECKOU CUuCmembl NOMEeUuaniacb 8 CmeKasit-
Hblll peakmop 8HYymMpu cmanibHoz20 asmokraiasa. Ombupaemsle 8 xo0e coemeuweHH020 npoyecca
npobsbl peaKkyuoHHOU MACCbL AHANUSUPOBANU MEMOOOM 2A30-XKUOKOCMHOU Xxpomamozpaguu ¢
NAAMEHHO-UOHU3AYUUOHHBIM 0emeKmopoM.

Pesynemamet. [IokazaHa B03MOXHOCMb COBMEUEHUsL 8 O0HOM peakmope oOezudpamayuul
UUKTI02EKCAHONA, KAMAAUSUPYEMOU MOHO2UOPAMOM N-MONYOACYNbPOKUCIOMbL, U ANKOKCU-
KapboOHUNUPOBAHUSL 0b6pasyrowezocst yurnozexceHa yurknozekcaronom u CO npu kamanuse
cucmemoti Pd(OAc),~PPh —n-moayoacynsgporucioma. B maexkux yenogusix (memnepamypa 110 °C,
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daeneHue CO 2.1 MIla) ebixo0 yenegozo npooykma oocmuzan 64.8% sa 5 u. YemaHosneHo, umo
CcoBMeUleHHbLIL NPouecc OCloXHsiemest obpasogaruem nobouHozo NPooyKma — YUKI02EKCAH-
KapboHOBOU KUCIOMbL — 8 pesysibmame 2UOPOaU3A UUKII02EKCUL08020 IPUPA UUKI02EKCAH-
KapboHOBOU KUCIOMbL U 2UOPOKCUKAPOOHUNUPOBAHUS. UUKI02EKCEHA.

Bbleoodsl. PeaKyuu 8HYMPUMONEKYAAPHOU KUCOMHOKAMAUMUUECKOU 0e2udpamayuil YuK1io-
2eKCAHONA U ANIKOKCUKAPOOHUNUPOBAHUSL 06PA3YOULE20CS YUUIK02eKCeHA, KaAMAaausupyemoeao
cucmemoti Pd(OAc),~PPh ;~n-moayoacyasgorucioma, mozym b6oimo coemewerHbl 8 00HOM pear-
mope. n-Tonyoncyabgokucioma moxem oOHOBPEMEHHO BbLNONHIAMb (PYHKUUU KAMAAUIAMOpa
Odezudpamayuu YUKI02eKCaHoLa U cokamaau3damopa naanaduii-gpocgpuHogoli cucmembl
ANKOKCUKAPOOHUNUPOBAHUS YUKI02eKceHa. BoeneueHue yurniozerxceHa — npodyrkma obpamumoti
pearxyuu de2udpamayuil YUKI02eKCaHOAA — 8 PEAKUUID ANKOKCUKAPOOHUNUPOBAHUSL SI8SLeMCsl
haxmopom cmeueHusl pagHO8eCcUsl peaKyuu 0eeudpamayiil 8 CIMopoHY 00PA308aHUSL UUKI02eK-
cera. ITo60UHbIM NPOOYKMOM NPEONARAEMO20 COBMEULEHHO20 NPOUECCA SI8ASLEMCSL YUKI02EKCAH-
Kapborosasi kKucroma. Boda, obpasyrowasics 8 pesysioemame de2udpamayui YuKi02eKcaHoaa,
se151emest PaKmopoMm CHUNEHUSL 8blX00a Yene8ozo NpooyKma, umo 00YCrio8aeHO oelieueHuem
nocnedHezo 8 peaKyuro 2u0poauU3ad U NPOMeKAHUEeM Pearyul 2U0pPOKCUKApPOOHUNUPOBAHUSL
UUKI02eKCeHA.

Knroueevle cnoea: coemeuleHHbll npoyecc, 0e2udpamayust CRUpma, aiKoKCUKapOOHUNUPOSAHUE

alkeHa, I’la]UlCldufl—CpOCCpLLHOGClﬂ. cucmema, CusloHAast NPoOMmMoHHAast Kucsioma

Jlna yumuposanusa: Cesoctesinosa H.T., barames C.A., PoquonoBa A.C. CoBMENICHHBIN MPOIECC CHHTE3a IUKIOTeKCUII-
HUKJIOreKcankapOokcmiara u3 nukiorekcanona u CO, xaranusupyemsbiii cucremoii Pd(OAc),~PPh,—n-tonyoncynshokucnora.
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INTRODUCTION

The alkoxycarbonylation of alkenes with alcohols
and CO represents an alternative one-step method
for obtaining esters from available raw materials, as
opposed to the traditionally implemented esterification
of carboxylic acids with alcohols. CO is isolated from
synthesis gas, which can be obtained not only from
oil and natural gas, but also from coal, as well as
biomass waste, thus potentially comprising a renewable
raw material source. In the alkoxycarbonylation of
alkenes, homogeneous palladium—phosphine catalytic
systems are considered the most active and selective,
since they make it possible to obtain target products,
esters, under mild conditions in high yields [1-9]. As
a rule, the only by-products produced in these reactions
are isomeric esters. Thus, in the alkoxycarbonylation
of alkenes catalyzed by palladium compounds, the
principle of atom conservation is observed, which
underlies the development of resource-saving,
low-waste chemical technologies offering a high
level of environmental safety.

However, in some cases, alkenes are less accessible
reagents than the corresponding alcohols. Although
alcohols can be used as carbonylation substrates to
obtain carboxylic acids and esters, these reactions

take place under more severe conditions than the
alkoxycarbonylation of alkenes. Thus, in industry,
ethylene methoxycarbonylation is the first stage in the
synthesis of methyl methacrylate according to Lucite’s
Alpha technology, catalyzed by a palladium—phosphine
system using a mixture of CO and ethylene with a
total pressure of 1.0 MPa at a temperature of 80°C
[2, 3]. At the same time, the carbonylation of
methanol in the industrial processes of Monsanto
and Cativa, carried out with catalysis by rhodium
and iridium catalysts, respectively, requires maintaining
a temperature of 150-200°C and a CO pressure of
3—-6 MPa [10].

The objectives of this work were:

1) to study the possibility of combining in a
single reactor (Fig. 1) acid -catalytic dehydration
of cyclohexanol (compound 1, reaction (1)) and
alkoxycarbonylation of the formed cyclohexene
(compound 2) with cyclohexanol and CO (reaction (2))
catalyzed by the Pd(OAc),~PPh—p-toluenesulfonic
acid (TsOH) system;

2) to establish the possibility of achieving
high yields of the target product—cyclohexyl
cyclohexanecarboxylate (CHCHC, compound 3)—
under mild conditions (Fig. 1) during catalysis
by the indicated catalytic system.
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Fig. 1. Scheme for the synthesis of cyclohexyl cyclohexanecarboxylate.

The organization of processes based on the
combination of two reactions in a single reactor is
aimed at promoting the use of cheap and available
raw materials, as well as avoiding the need to
isolate and purify of the intermediate product, thus
becoming a factor in reduced capital and energy
costs during its subsequent implementation. As a
result, the developed processes are characterized
by increased efficiency, resource saving, and
environmental safety.

The process under study (reactions (1), (2))
is a model one, since the alkoxycarbonylation of
cyclohexene catalyzed by palladium—phosphine
systems is not complicated by the formation of any
by-products, including isomeric esters. The target
product of this process, comprising CHCHC and
other esters of cyclohexanecarboxylic acid, can be
used as an additive to various types of fuels [11], an
intermediate in the synthesis of medicinal substances
[11, 12], plasticizers [13, 14], and components of
cosmetics [15].

Pd(OAc), [4, 16], PdCI, [6, 7], and Pd(PPh,),Cl,
[17] are most often used as catalytic precursors
in alkoxycarbonylation of alkenes. Previously,
using Pd(PPh,),Cl, in combination with promoting
additives PPh, and TsOH, we obtained product 3
in the combined process under study with a yield
of 86.8% in 320 min at a ratio of cyclohexanol
and TsOH of 2.5 : 1.0 (mol). When this catalytic
system was supplemented with the addition of
sodium p-tosylate as a possible agent for binding
water and generating in situ additional amounts
of TsOH, the yield of the target product was
more than 99% for the same time at a ratio
of the amount of cyclohexanol and total amounts
of TsOH and TsONa 1.6 1.0 (mol) [18, 19].
However, for an industrially important process,
it is desirable to achieve high yields of the target
product in a shorter time with minimal use of
various additives, as well as, if possible, without them.
As shown earlier [17], the ClI" anions of the
catalytic precursor negatively affect the rate of
alkoxycarbonylation. In this regard, at this stage

of the study of the possibility of implementing
the combined process of dehydration and
alkoxycarbonylation, ~Pd(OAc), was wused in
combination with the addition of promoters: PPh,,
one of the most active monophosphines, and
TsOH, representing one of the strong organic acids
previously used in the alkoxycarbonylation of
cyclohexene [16-21].

EXPERIMENTAL

The combined process was studied in a toluene
medium in a periodic steel reactor designed to
operate at elevated pressure, equipped with a
magnetic stirrer, a sampler, and gas inlet and outlet
devices. The reaction mass with the components
of the catalytic system Pd(OAc),, PPh, and
p-toluenesulfonic acid monohydrate TsOH-H,O was
placed in a glass reactor inside a steel autoclave.
During the experiments, the temperature was
maintained at 110°C, the CO pressure was 2.1 MPa,
and the initial concentrations of cyclohexanol
and components of the catalytic system were:
C,(CH,OH) = 0.50 M, C(Pd(OAc),) = 2.0-107° M,
C,(PPh,)=2.0-10> M, C (TsOH-H,0) = (0.14-0.28) M.
A detailed experimental technique is described in [16].

Samples of the reaction mass taken during the
combined process were analyzed by gas—liquid
chromatography on a Crystallux 4000M chromatograph
(SPF Metakhrom, Russia) with a flame ionization
detector and an argon carrier gas (carrier gas
flow rate 1.0 mL/min; flow division 1 : 60). The
evaporator and detector temperatures were 300°C
and 320°C, respectively. Separation of the
components of the reaction mixture was carried out
in an Optima-5 capillary column (Macherey-Nagel,
Germany) 30 m x 0.32 mm in size with a film
thickness of 0.35 um in the temperature programming
mode: in the range of 120-220°C, the heating rate
was 20 deg/min, in the range of 220-280°C,
the heating rate is 8 deg/min, the isothermal regime
is 280°C for 2.5 min. Peak areas were calculated
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using the NetChrom V 2.1 program (SPF Metachrom,
Russia). Peaks in chromatograms were identified by
retention time by comparison with the retention times
of standard samples of substances. The concentrations
of substances 1-3 and cyclohexanecarboxylic acid
(by-product 4) were calculated by the internal
standard method, which was o-xylene. The internal
standard was introduced at a constant concentration
into a solution of cyclohexanol in toluene before
the start of the experiment.

RESULTS AND DISCUSSION

According to the results of the analysis of samples
of the reaction mass, it can be seen that cyclohexene
is formed as an intermediate product of the studied
combined process. Along with the main product, the
formation of by-product 4 was recorded.

Typical curves for consumption of cyclohexanol
(starting compound 1) and accumulation of
cyclohexene (intermediate product 2), as well as
cyclohexanecarboxylate (target product 3) and
cyclohexanecarboxylic acid (by-product 4), are shown
in Fig. 2.

Table below shows the results of the
experiments performed with varying the concentration
of TsOH and the constancy of the remaining
parameters of the system. It can be seen that an increase
in the TsOH concentration from 0.140 to 0.200 M
was accompanied by an increase in the yield of
target product 3 from 17.2% (0.043 M) to 64.0%

C, mol/L.
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Fig. 2. Curves of reagent consumption and accumulation
of intermediate, target and by-products in the combined model
process at C(TsOH) = 0.280 M: 1 — product 3 accumulation;
2 — intermediate product 2 accumulation; 3 — reagent 1
consumption; 4 — product 4 accumulation.

(0.160 M). An increase in the initial concentration
of TsOH to 0.28 M led to a reduction in the time
to reach the maximum yield of product 3 (64.8%)
to 5 h. The total concentration of free cyclohexene
and cyclohexene entered in carbonylation reaction
with the formation of products 3 and 4 increased
with an increase in the concentration of TsOH.

Table. Results of experiments on varying the concentration of TsOH as a component of the Pd(OAc),-PPh,~TsOH catalytic

system of the combined model process of the cyclohexanol dehydration and the resulting cyclohexene alkoxycarbonylation

E’;‘L"S{)‘;‘;“t C(TsOH), M | Time*, min C),M | CQ**,M | C3,M | C4,M | CQ***M
1 0.140 450 0.355 0.045 0.043 0.004 0.092
2 0.200 450 0.143 0.034 0.160 0.003 0.197
3 0.250 420 0.112 0.058 0.160 0.004 0.222
4 0.280 290 0.073 0.091 0.162 0.004 0.257

*Time to reach the highest concentration of the product 3.
**Concentration of free cyclohexene.
***Total concentrations of free cyclohexene and cyclohexene entered in carbonylation reactions with the formation
of products 3 and 4.
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The formation of cyclohexanecarboxylic acid
is apparently due to the presence of water in the
reaction mass, which is released in reaction (1) and
enters into the reactions of hydroxycarbonylation of
cyclohexene (Fig. 3, reaction (3)) and hydrolysis of
CHCHC (Fig. 4, reaction (4)).

Reaction (4) can be catalyzed by the strong
protic acid TsOH. Hydroxy- and alkoxy-carbonylation
reactions can be catalyzed by the same systems,
including a palladium precursor, an organophosphine,
and a strong protic acid [23, 24]. At the same time,
most researchers rely on the hydride mechanism
for both reactions [4-9, 16, 17, 20-24].

Based on current understandings of the acid
catalysis of alcohol dehydration and the hydride
mechanism  of  alkoxycarbonylation, a  further
increase in C(TsOH-H,0) can be expected to lead
to an increase in the combined CHCHC synthesis
rate [16]. However, from the point of view of the
industrial implementation of the process, a further
increase in the concentration of TsOH-H,O seems
unlikely due to high concentrations of strong protic
acids in the reaction mass being undesirable due to
corrosion of steel equipment. Therefore, research should
be continued in the direction of determining the optimal
conditions for the combined process to ensure the
achievement of high yields of CHCHC without increasing
the concentration of a strong protic acid. One of these
approaches involves the use of organodiphosphines,
which are more active promoters than monophosphines
for palladium catalysts of alkoxycarbonylation [1, 16].

t, p, cat

CONCLUSIONS

The possibility of combining intramolecular
acid catalytic dehydration of cyclohexanol and
alkoxycarbonylation of the resulting cyclohexene during
catalysis by the Pd(OAc),~PPh,—p-toluenesulfonic acid
system has been established. In the combined process
carried out, p-toluenesulfonic acid simultaneously
served as a catalyst for the dehydration of cyclohexanol
and as a cocatalyst for the palladium—phosphine
system of cyclohexene alkoxycarbonylation. Due to
the involvement of cyclohexene—a product of the
reversible cyclohexanol dehydration reaction—in the
alkoxycarbonylation reaction, the equilibrium of the
dehydration reaction was shifted towards the formation
of cyclohexene; as a result, the total conversion
of cyclohexanol reaching 85%. Further studies of
the combined process should be carried out in the
direction of finding optimal conditions that ensure
the achievement of high yields of CHCHC without
increasing the concentration of strong protic acid.
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Fig. 4. Scheme for the hydrolysis of cyclohexyl cyclohexanecarboxylate.
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