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Abstract
Objectives. To study the possibility of one-pot synthesis (combination of two processes in one reactor) for the following pairs 
of processes: (1) dehydration of 2-hexanol and isomerizing alkoxycarbonylation of the resulting 2-hexene, in order to obtain 2-hexyl 
heptanoate, and (2) dehydration of 2-hexanol and isomerizing methoxycarbonylation of the resulting 2-hexene, in order to obtain methyl 
esters of C7 carboxylic acids. To investigate the effect of the concentrations of 2-hexanol and methanol on the rate of the one-pot synthesis.
Methods. One-pot synthesis was studied in a toluene medium in a steel batch reactor designed to operate at elevated pressure and 
equipped with a glass insert, a magnetic stirrer, a sampler, and gas input and discharge devices. Samples of the reaction mass were taken 
during the combined process and were analyzed by means of gas–liquid chromatography with a flame ionization detector.
Results. The possibility of one-pot combination was demonstrated for 2-hexanol dehydration catalyzed by methanesulfonic 
acid, as well as for the isomerizing alkoxycarbonylation of the resulting 2-hexene with 2-hexanol and CO, catalyzed by the 
Pd(PPh3)2Cl2–XANTPHOS–methanesulfonic acid system. The dependencies of the rates of the dehydration of 2-hexanol and the 
formation of esters of C7 carboxylic acids on the concentration of 2-hexanol were shown to pass through a maximum. The possibility 
of the one-pot process was proved for the synthesis of esters from 2-hexanol, methanol, and CO with the predominant formation 
of heptanoic acid esters in the presence of the above catalytic system. The rates of dehydration of 2-hexanol and the formation of 2-hexyl 
esters of C7 carboxylic acids were found to decrease with increasing the concentration of methanol in the reaction mass. Under mild 
conditions (temperature 115°C, CO pressure 3 MPa) with the addition of methanol, the total fraction of 2-hexyl and methyl heptanoic 
acid esters among C7 carboxylic acid esters was determined to be 85.5%.
Conclusions. The reactions of intramolecular acid–catalytic dehydration of 2-hexanol and isomerizing alkoxycarbonylation of the resulting 
2-hexene, catalyzed by the Pd(PPh3)2Cl2–XANTPHOS–methanesulfonic acid system, can be performed as a one-pot process. Methanesulfonic 
acid simultaneously functions as a catalyst for the dehydration of 2-hexanol and a cocatalyst for the palladium–phosphine system for the 
alkoxycarbonylation of hexenes. In the presence of the Pd(PPh3)2Cl2–XANTPHOS–methanesulfonic acid catalytic system, processes for 
the synthesis of heptanoic acid esters from 2-hexanol, methanol, and CO can be combined within one reactor. An increase in the methanol 
concentration negatively affects the rate of the dehydration of 2-hexanol and the formation of 2-hexyl esters of C7 carboxylic acids. A small 
amount of methanol in the reaction mass leads to an increase in the fraction of heptanoic acid esters among C7 carboxylic acid esters.
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Аннотация
Цели. Изучить возможности совмещения в одном реакторе процессов: 1) дегидратации гексанола-2 и изомеризующего алко-
ксикарбонилирования образующегося гексена-2 для получения 2-гексилгептаноата; 2) дегидратации гексанола-2 и изомеризу-
ющего метоксикарбонилирования образующегося гексена-2 для получения метиловых эфиров карбоновых кислот С7. Исследо-
вать закономерности влияния концентрации гексанола-2 и метанола на скорость совмещенного процесса.
Методы. Совмещенный процесс изучали в среде толуола в периодическом стальном реакторе, рассчитанном на работу при по-
вышенном давлении, снабженном стеклянной вставкой, магнитной мешалкой, пробоотборником, устройствами ввода и сброса 
газов. Отбираемые в ходе совмещенного процесса пробы реакционной массы анализировали методом газо-жидкостной хрома-
тографии с пламенно-ионизационным детектором.
Результаты. Показана возможность совмещения в одном реакторе дегидратации гексанола-2, катализируемой метансульфо-
кислотой, и изомеризующего алкоксикарбонилирования образующегося гексена-2 гексанолом-2 и СО, катализируемого си-
стемой Pd(PPh3)2Cl2–XANTPHOS–метансульфокислота. Установлены экстремальные зависимости скоростей дегидратации 
гексанола-2 и образования сложных эфиров карбоновых кислот С7 от концентрации гексанола-2. Показана возможность реали-
зации совмещенного в одном реакторе процесса синтеза сложных эфиров из гексанола-2, метанола и СО с преимущественным 
образованием сложных эфиров гептановой кислоты в присутствии указанной каталитической системы. Обнаружено снижение 
скоростей дегидратации гексанола-2 и образования 2-гексиловых эфиров карбоновых кислот С7 с увеличением концентрации 
метанола в реакционной массе. В мягких условиях (температура 115°С, давление СО 3 МПа) в присутствии добавок метанола 
определена суммарная доля 2-гексилового и метилового эфиров гептановой кислоты среди сложных эфиров карбоновых кис-
лот С7, которая составила 85.5%.
Выводы. Реакции внутримолекулярной кислотно-каталитической дегидратации гексанола-2 и изомеризующего алкоксикар-
бонилирования образующегося гексена-2, катализируемого системой Pd(PPh3)2Cl2–XANTPHOS–метансульфокислота, могут 
быть совмещены в одном реакторе. Метансульфокислота одновременно выполняет функции катализатора дегидратации гек-
санола-2 и сокатализатора палладий-фосфиновой системы алкоксикарбонилирования гексенов. В присутствии каталитической 
системы Pd(PPh3)2Cl2–XANTPHOS–метансульфокислота могут быть реализованы в одном реакторе процессы синтеза слож-
ных эфиров гептановой кислоты из гексанола-2, метанола и СО. Увеличение концентрации метанола негативно влияет на ско-
рости дегидратации гексанола-2 и образование 2-гексиловых эфиров карбоновых кислот С7. Небольшие количества метанола 
в реакционной массе приводят к увеличению доли сложных эфиров гептановой кислоты среди сложных эфиров карбоновых 
кислот С7.
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INTRODUCTION

CO-based syntheses are used to obtain a wide range 
of organic products. For example, carbonylation 
of alcohols and alkoxycarbonylation of unsaturated 

compounds give esters. In the former case, it is mainly 
homogeneous catalysts based on rhodium and iridium 
compounds with the addition of iodides which are 
used, since not alcohols, but alkyl iodides are directly 
carbonylated [1, 2]. These processes primarily use 
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methanol and ethanol which produce carboxylic acids 
and esters as the main products, and hydrocarbons and 
ethers as by-products. In the latter case, the most active 
catalysts are considered to be homogeneous systems 
based on palladium compounds with organophosphine 
and H-acid promoters. In the presence of such 
systems, alkoxycarbonylation yields only isomeric 
esters [3, 4]. The alkoxycarbonylation of alkenes, 
which occurs with the cleavage of the C–C π bond, 
is energetically preferable to carbonylation of alcohol, 
which requires the cleavage of the C–O σ bond. 
However, some alcohols are more accessible than 
alkenes. Previously “one-pot synthesis” (combination 
of two processes in one reactor) was shown to be 
possible for the dehydration of (primary and 
secondary) alcohols and carbonylation of the resulting 
alkenes to form esters and carboxylic acids in the 
presence of homogeneous palladium catalysts and 
p-toluenesulfonic acid (TsOH) [5–8]. In particular, 
a one-pot process based on cyclohexanol and CO was 
carried out in the presence of homogeneous catalytic 
systems based on Pd(PPh3)2Cl2 [6], PdCl2 [7], and 
Pd(OAc)2 [8] in combination with the promoting 
additive PPh3 and TsOH. TsOH was a catalyst for 
the dehydration of cyclohexanol and a cocatalyst 
for the alkoxycarbonylation of cyclohexene. 
However, of practical interest is the synthesis 
of esters of aliphatic acids, primarily, of a linear 
structure, which as a rule are of the greatest 
value. For example, heptanoates and decanoates 

1 XANTPHOS is an organophosphorus compound C39H32OP2 obtained from heterocyclic xanthene.

are components of hormonal drugs (testosterone 
preparations) [9]. High selectivities for esters of linear 
carboxylic acids are achieved in alkoxycarbonylation 
catalyzed by means of palladium systems with 
some diphosphines, mainly tert-butyl-substituted 
diphosphines [10–16] and diphosphines of the 
XANTPHOS group1 [17, 18]. These include in the 
case of alkenes with internal position of the C=C 
bond (isomerizing alkoxycarbonylation). Isomerizing 
alkoxycarbonylation consists of two stages: migration 
of a multiple bond from the internal position to the 
terminal position and subsequent alkoxycarbonylation 
to form an ester with a mainly linear structure.

The purpose of this work was to study the possibility 
of one-pot combination of the following processes 
(Fig. 1): (1) dehydration of 2-hexanol (1) and isomerizing 
alkoxycarbonylation of the resulting 2-hexene (2), 
in order to obtain 2-hexyl heptanoate (product 3a, 
reactions (1), (2)); and (2) dehydration of alcohol 1 
and isomerizing methoxycarbonylation of alkene 2, 
in order to form methyl esters of C7 carboxylic 
acids (products 4a–4c, reactions (1), (3)) aimed 
at increasing the rate of the process of obtaining esters; 
as well as to investigate the effect of the concentration 
of alcohol 1 and methanol on the rate of the one-pot 
process of ester synthesis.

The catalyst used in the one-pot processes being study 
was the Pd(PPh3)2Cl2–XANTPHOS–methanesulfonic 
acid (MsOH) system. This catalytic precursor was chosen 
due to its highest level of activity in a model one-pot 
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Fig. 1. Scheme of the one-pot synthesis of esters from 2-hexanol, methanol, and CO
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process based on cyclohexanol and CO in comparison 
with PdCl2 and Pd(OAc)2 [6–8]. XANTPHOS and 
MsOH were used as components of catalytic systems for 
isomerizing alkoxycarbonylation [17, 18].

EXPERIMENTAL

The one-pot process was studied in a toluene 
medium (Komponent-Reaktiv, Russia) in a steel 
batch reactor (Russia) according to the published 
procedure [8]. During the experiments, the temperature 
was maintained at 115°C, and the pressure of a 1 : 1 
mixture of CO (BK Group, Russia) and Ar (Arton, 
Russia) was 6.1 MPa. The concentrations of the 
components of the catalytic system were as follows, mol/L: 
C(Pd(PPh3)2Cl2) = 2.0 · 10−3 (TCI, Japan), C(XANTPHOS) = 
= 2.5 · 10−3 (BIOSYNTH CARBOSYNTH, USA), and 
C(MsOH) = 0.16 (Sigma-Aldrich, France).

Samples of the reaction mass were taken during 
each experiment and were analyzed by means of gas–
liquid chromatography with a Crystallux-4000M 
chromatograph (Meta-Chrom, Russia) with a flame 
ionization detector and argon carrier gas. The carrier 
gas flow rate was 1.0 mL/min; and the flow splitting 
1 : 60. The evaporator and detector temperatures 
were 300 and 320°C, respectively. The components 
of the reaction mass were separated in an Optima-5 
capillary column (MACHEREY–NAGEL, Germany); 
30 m × 0.32 mm; film thickness 0.35 μm; temperature 
programming mode: isothermal mode 80°C for 5 min, 
in the range 80–220°C at a heating rate of 20 deg/min, in the 
range 220–280°C at a heating rate of 8 deg/min, isothermal 
mode 280°C for 2.5 min. Peak areas were calculated using 
the NetChrom2 program. The chromatogram peaks were 
identified by retention time by comparing them with 
the retention times of standard samples of substances. 

2  https://www.meta-chrom.ru/catalog/soft/netchrom/. Accessed February 28, 2024.

The concentrations of substances 1–4 were calculated 
by the internal standard method and decane was used 
as an internal standard (EKOS-1, Russia). The internal 
standard was introduced at a constant concentration into 
the reaction solution in toluene before the start of the 
experiment. Toluene was chosen as a medium for the 
one-pot synthesis as the most commonly used solvent 
for alkoxycarbonylation processes [6–8, 15, 19–22]. 
Insignificant (total yield of no more than 8%) amounts 
of ethers, heptanoic acid, and 2-methylhexanoic acid were 
formed as by-products.

RESULTS AND DISCUSSION

The possibility of the one-pot combination of the dehydration 
of alcohol 1 and the alkoxycarbonylation of resulting 
alkene 2 was tested in experiments 1 and 2 (Table 1). The 
most reactive of all alcohols in alkoxycarbonylation is known 
to be methanol [23]. In this regard, the one-pot synthesis 
was performed using both alcohol 1 and methanol (Table 1, 
experiments 3, 4). The yields of products 3a–3c were 
calculated by the formula:

( )( ) 100%,
(

–
.5

–
0 )

η = ⋅
C

C
3a 3c3a 3c

1
 (A)

wherein C(1) is the initial concentration of alcohol 1, 
mol/L; C(3a–3c) are the concentrations of esters at the 
end of the process, mol/L.

The yields of products 4a–4c were calculated by the 
formula:

3

( )( ) 100%,
( O )

–
H H

–
C

η = ⋅
C

C
4a 4c4a 4c  (B)

wherein C(CH3OH) is the initial concentration 
of methanol, mol/L; C(4a–4c) is the concentrations 
of esters at the end of the process, mol/L.

Table 1. Results of the study of one-pot processes based on alcohol 1 and CO (experiments 1 and 2), as well as alcohol 1, methanol, and 
CO (experiments 3 and 4); the time of the processes was 7 h

Exp. No. С(1), М С(СН3ОН), М
Product yield, % Conversion 

of alcohol 1, %

3а 3(a+b+c) 4а 4(a+b+c) 1

1 0.500 – 36.1 60.3 – – 94.7

2 1.000 – 10.4 20.0 – – 39.5

3 0.250 0.250 10.7 13.7 13.9 15.6 66.4

4 0.500 0.500 5.4 7.2 5.1 6.1 42.3
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Table 2. Initial rates of alcohol 1 dehydration (r1), formation of product 3a (r3a), and formation of the sum of products 3a+3b+3c (r3a+3b+3c) 
in experiments 1, 2, and 5–7

Exp. No. С(1), mol/L r1 · 102, mol/(L·min) r3a · 104, mol/(L·min) r3a+3b+3c · 104, mol/(L·min)

1 0.500 1.70 2.2 3.0

2 1.000 0.85 0.9 1.3

5 0.150 0.26 0.6 0.7

6 0.300 1.21 2.5 3.5

7 0.750 1.01 1.6 2.2

Table 3. Initial rates of alcohol 1 dehydration in experiments 4 
and 8–11 with the addition of methanol; in all experiments, 
С(1) = 0.500 М

Exp. No. С(СН3ОН), mol/L r1 · 102, mol/(L∙min)

8 0.025 1.48

9 0.050 1.29

10 0.150 1.10

11 0.300 0.90

4 0.500 0.78

Note: experiments are listed in order of increasing methanol 
concentration.
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Fig. 2. Dependencies of the rates of the formation of products  
(1) 3a, (2) 3a+3b+3c, (3) 4a, and (4) 4a+4b+4c in the one-pot 
process based on alcohol 1, methanol, and CO

The conversions of alcohol 1 and methanol were 
calculated by the formula:

3
3

3

( ,CH OH)
( ,CH OH) 100%,

( ,CH OH)
′

η = ⋅
C
C

1
1

1
 (C)

wherein C’(1, CH3OH) is the concentration of alcohols 
at the end of the process, mol/L.

As the data in Table 1 shows, in the presence 
of methanol, the yields of products 3(a+b+c) decreased, 
and the total yield of methyl and 2-hexyl esters was also 
lower when compared with experiments 1 and 2. The 
intermediate products in all experiments were 1-hexene 
and 2-hexene. The by-products were heptanoic acid, 
2-methylhexanoic acid, and also ethers.

The effect of the concentration of alcohol 1 on the 
rate of the one-pot synthesis of ester products 3a–3c was 
studied in a series of one-factor experiments (Table 2, 
experiments 1, 2, 5–7). This consisted of varying the 
concentration of alcohol 1 in a toluene medium and 
keeping other reaction conditions constant (in the 
absence of methanol). Table 2 presents the initial rates 
of the dehydration of alcohol 1 (r1), the formation 
of product 3a (r3a), and the formation of the sum of 
products 3a+3b+3c (r3a+3b+3c) in the one-pot process. 

The rate r1 was calculated from the slope of the initial 
portion of the curve for the total formation of free 
hexenes, esters, heptanoic acid, and 2-methylhexanoic 
acid. The rates of ester formation were calculated from 
the slopes of the initial portions of their accumulation 
curves.

As the data in Table 2 shows, the dehydration rate 
reached its highest value at an alcohol 1 concentration 
of 0.500 mol/L. The rates of ester formation were 
the highest at C(1) = 0.300 mol/L. The fraction 
of product 3a among resulting esters 3a–3c ranged from 
57.5% at C(1) = 0.300 M to 74.7% at C(1) = 0.15 M. 
The conversion of alcohol 1 in the latter case reached 
89.7%.

At the next stage of research, the effect of methanol 
on the one-pot process was studied in a series of one-factor 
experiments. This process simultaneously involved 
alcohol 1, methanol, and CO. In these experiments 
(Table 3, experiments 4, 8–11), the concentration 
of methanol was varied, and the initial concentration 
of alcohol 1 was 0.500 M. Table 3 presents data on changes 
in the initial rate of the dehydration of alcohol 1. Figure 2 
illustrates the dependencies of the initial rates of the 
formation of products 3a–3c and 4a–4c.
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As the data in Table 3 (in comparison with the 
results of experiment 1, Table 2) and Fig. 2 shows, 
an increase in methanol concentration led to a decrease 
in the rates of the dehydration of alcohol 1, the 
formation of product 3a, and the formation of the sum 
of products 3a+3b+3c. The dependencies of the rates 
of the formation of products 4a, 4b, and 4c passed 
through a maximum. The total fraction of products 3a 
and 4a among the resulting esters ranged from 53.7% 
at C(CH3OH) = 0.025 M to 80.3% at C(CH3OH) = 0.50 M. 
However, the conversion of alcohol 1 in the latter case 
was only 42.3%. In experiments 1–10, the fraction 
of products 3a+4a among the various esters was the 
largest (85.5%) in experiment 3.

Liquid-phase dehydration of secondary alcohols 
under conditions of acid catalysis occurs by 
the E1 mechanism [24]:

CH3(CH2)3CH

OH

CH3 + H
+

CH3(CH2)3CH

OH2

CH3
– H2O

CH3(CH2)2CH

H

CH CH3

+ H2O

CH3(CH2)2CH CHCH2 + H3O

(4)

(5)

(6)

The dehydration of alcohols is known to be 
complicated by side reactions of the formation of ethers. 
In our studies, an increase in the concentration of alcohol 1 
to 0.500 M led to an increase in the rate of dehydration. 
With a further increase in the concentration of alcohol 1, 
solvation of the carbocation formed in reaction (5) 
by molecules of alcohol 1 apparently progressed, 
resulting in the formation of by-products (ethers) and 
a decrease in the rate of intramolecular dehydration. 
Under the action of methanol, these negative processes 
probably occur more actively, resulting in a decrease 
in the rate of the formation of hexenes as the methanol 
concentration is increased.

By-products of heptanoic and 2-methylhexanoic 
acids can be formed in two ways: by the hydrolysis 
of esters 3a, 3b, 4a, and 4b and the hydroxycarbonylation 
of 1-hexene and 2-hexene. This is similar to that 
described previously for the one-pot process based 
on cyclohexanol and CO [7, 8].

The established dependencies of the rates of the 
formation of products 3a–3c in the one-pot process based 
on 2-hexanol and CO, as well as those of products 4a–4c 

in the one-pot process based on 2-hexanol, methanol, 
and CO, pass through a maximum. This is consistent 
with the data on the alkoxycarbonylation of cyclohexene 
using cyclohexanol and methanol, catalyzed by the 
Pd(PPh3)2Cl2–PPh3–TsOH system [21, 22]. The 
ascending branches of such dependencies are due 
to the participation of alcohols as co-reagents 
in alkoxycarbonylation. The descending branches 
appear to be associated with the involvement of these 
components in ligand-exchange reactions leading to the 
formation of catalytically inactive palladium complexes 
(reactions (7), (8)) [21, 22].

P d(P P h3)2(Tol)2 + ROH  

 

 

P d(P P h3)2(ROH)(Tol) + Tol
 (7)

P d(P P h3)2(Tol)2 + 2ROH 

P d(P P h3)2(ROH)2 + 2Tol  
 (8)

The decrease in the rates of the formation 
of products 3a and 3a+3b+3c and the total rate of the 
formation of esters 3a+3b+3c+4a+4b+4c in the presence 
of methanol is presumably a consequence of a decrease 
in the rate of the dehydration of alcohol 1. At the same 
time the addition of methanol leads to an increase in the 
fraction of linear esters.

CONCLUSIONS

The possibility of one-pot combination was determined 
for the intramolecular acid-catalytic dehydration 
of alcohol 1 and the isomerizing alkoxycarbonylation 
of the resulting 2-hexene, catalyzed by the 
Pd(PPh3)2Cl2–XANTPHOS–MsOH system. MsOH 
simultaneously served as a catalyst for the dehydration 
of 2-hexanol and a cocatalyst for the palladium–phosphine 
system of alkoxycarbonylation of hexenes. The 
dependencies of the rates of the dehydration of alcohol 1 
and the formation of 2-hexyl esters of C7 carboxylic 
acids on concentration of alcohol 1 were shown to pass 
through a maximum. The main product of the one-pot 
process was 2-hexyl heptanoate. The rates of the 
dehydration of alcohol 1 and the formation of 2-hexyl 
esters of C7 carboxylic acids were found to decrease with 
increasing methanol concentration. The dependencies 
of the rates of the formation of methyl esters of C7 carboxylic 
acids on the concentration of methanol were demonstrated 
to pass through a maximum. The highest selectivities 
for heptanoic acid esters (up to 85.5%) were obtained 
at a molar ratio of 2-hexanol : CH3OH = 1 : 1. Thus, 
further studies of the one-pot process based on 2-hexanol 
and CO with the addition of methanol should be aimed 
at finding optimal conditions, in order to ensure high 
yields of heptanoic acid esters.
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