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Palladium catalyzed telomerization of bio-based polyols with atmospheric

pressure bubbling butadiene.
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Abstract: The palladium catalyzed telomerization of butadiene with glycerol has been efficiently
performed with bubbling butadiene at atmospheric pressure leading to high selectivities into
monooctadienyl glycerylethers. The catalytic activity is found to be stable for a long period of time,
up to 5 days, giving rise to turnover numbers as high as 1000. The reaction has been extended to
isosorbide and solketal with always selective production of the monotelomers over long time.
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1. Introduction

The concept of green chemistry has a great impact on research developments as it takes into account
the environmental and health impacts of chemicals production.[1-4] These green chemistry
concepts foster research priorities such as reducing the consumption of non-renewable resources,
using environmentally friendly solvents, decreasing wastes from the use of atom economical
reactions for the synthesis of targeted products and using catalytic reactions that allow smooth
conditions and high selectivities. As example, the palladium catalyzed telomerization of dienes
with bio-based polyols is an efficient synthesis of ethers that fulfills these criteria. [5,6] The
telomerization reaction corresponds to the metal catalyzed dimerization of dienes with addition of
a nucleophile as water [7], alcohols [8,9] or amines [10,11] in most cases. In case of alcohols as
nucleophiles, linear or branched octadienylethers are obtained (Scheme 1). This reaction has been

largely investigated in literature [12-17] ever since its discovery back in the Sixties [18,19] and
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important improvements have been done in the last decades to generalize this reaction to
polyhydroxylated derivatives. [20-24]
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Scheme 1 : Telomerization of alcohols with butadiene

From polyols, mono to polyethers can be obtained and efforts have been mainly devoted to produce
selectively monoethers, the objective being to produce compounds with amphiphilic structures. In
view of sustainable chemistry, this catalytic transformation of polyols that are generally biobased
is 100% atom-economical and no wastes are produced. Moreover, water could be used as solvent

providing that hydrosoluble catalysts are employed.

In that frame, our group has proposed the efficient palladium catalyzed telomerization reaction of
glycerol and isosorbide under biphasic media in a batch mode and under butadiene pressure.
Depending on the choice of the organic co-solvent and nature of the catalyst employed to promote
the reaction, mono- to fully substituted ethers could be obtained with high selectivities and yields
(Scheme 2).
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Scheme 2 : Telomerization of butadiene with polyols



The use of a low pressure of butadiene is of interest as it allows the set-up of more simple glass
reactors and thus avoids the need of specific and less widely accessible high-pressure reactors.
However, very few examples of telomerization reaction at atmospheric pressure have been
reported. We had proposed the telomerization of glycerol and isosorbide in aqueous medium under
gaseous atmosphere of butadiene [25,26]. In that latter case, the reaction rate is lower than with
batch conditions and butadiene pressure. This low catalytic activity was attributed to a difficult
mass transfer of butadiene in the catalytic phase. We now propose the implementation of the
palladium catalyzed telomerisation of glycerol, solketal and isosorbide in biphasic media under
atmospheric butadiene pressure by bubbling the gas continuously in the liquid phase via a sintered
glass thanks to a home-made designed glass reactor.

2. Experimental
2.1. Materials
Chemicals were purchased from Alfa Aesar, Tokyo Chemical Industry, Janssen Chimica, Sigma
Aldrich, Linde (Butadiene) and Strem Chemicals. Isosorbide was generously given by Roquette

Fréres and used without further purification. The reactor used for the study is given in the SI.

2.2.Telomerization of butadiene with glycerol

All experiments were performed under a nitrogen atmosphere using standard Schlenk techniques.
The catalytic precursor [Pd(acac)z] and the ligand (TPPTS = TriPhenylPhosphineTriSulfonate)
were introduced in the glass reactor. Glycerol was mixed in another Schlenk tube together with
methyl ethyl ketone (MEK), dodecane as internal standard (1 mL) and a solution of KOH 1 M.
This solution was transferred into the reactor which was then heated at the desired temperature and
magnetically stirred in a thermostated bath.

Butadiene at a flow of 2 mL/min was then bubbled in the liquid phase through a frit (see the S.1.).
The pressure of butadiene was kept constant by means of a back-pressure regulator fitted at 1.05
bar. During the reaction, samples of the upper phase were taken at defined time slots and analyzed
with GC.

During the whole reaction, a biphasic liquid / liquid system is observed. The hydrosoluble catalyst
is located in the lower phase that contains glycerol and aqueous base (please see the SI). The upper



phase contains the organic solvent (MEK), the internal standard used for GC analysis (dodecane)
and the products of reaction.

2.3. Analyses and quantification of the products

Conversions and yields were determined by gas chromatography using dodecane as internal
standard.

The GC analyses were performed on a GC Shimadzu® 2010 equipped with a HT 5 column (30 m,
0.25 mm i.d., 0.25 um thickness), equipped with a flame ionisation detector (FID).

Conditions: injector and detector = 280°C, gas = nitrogen at 0.64 mL/min, temperature = 150°C,
ramp of 10 °C/min up to 270°C.

Telomers were observed as main products. In all analyzed samples, less than 2 % of butadiene

dimers were observed.

3. Results and discussion

For this work, we decided to work at atmospheric pressure of butadiene by bubbling the gas into
the liquid aqueous phase (See the S for the reactor). Butadiene was delivered through a frit in order
to increase the contact surface of the gas with the water/polyol solution that contains the catalyst.
Moreover, thanks to this approach, aliquot samples of the reaction mixture could be taken and
analyzed by GC at regular time intervals, allowing to follow the products distribution during the
course of the reaction.

First experiments have been performed with glycerol. The polyol was dissolved in a basic aqueous
phase and MEK as organic medium was added allowing the extraction of the telomers. The
catalytic system was formed from a palladium precursor and the hydrosoluble TPPTS ligand. We
initially used catalytic conditions similar to those described in batch mode : 10 mL MEK, 3.6 mL
KOH 1 M, 0.03 g Pd(acac)2 (0.098 mmol), 0.279 g TPPTS (0.475 mmol).[25] Butadiene at a flow
of 2.2 mL/min was bubbled in the aqueous phase and the reaction was heated at 80°C.



Applied to glycerol with three OH functions, the formation of mono-, di- and tritelomers could be
expected. As the butadiene is introduced continuously, we were interested in the production of

telomers and their selectivity along time (Figure 1).
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Figure 1 : Telomerization of butadiene with glycerol

Conditions : Glycerol = 15 g (0.163 mol) ; butadiene = 2.2 mL/min ; KOH1 M =3.6 mL ;
MEK =10 mL ; [Pd] = 0.06 mol% ; TPPTS/Pd =5 ; T = 80°C.

During the first 8 hours, the conversion of glycerol and production of ethers remained extremely
low. In these reaction conditions, this rather long induction period could correspond to the time
necessary to generate Pd(0) catalytic species by in situ reduction of the metallic precursor by the
phosphine. As the reaction began, the production of monotelomers was constant during the first 30
hours. Consistent with the low glycerol conversion and the efficient extraction of the ethers from
the catalytic phase to the organic one, the selectivity in monotelomers was very high within this
time period with no ditelomer formed. Surprisingly, longer reaction times led to increasing reaction
rates and thus higher products formation along with lower selectivity in monotelomers. 37 % yield
of monotelomers (12 g) and 5 % yield of of ditelomers (2.5 g) are obtained (overall 42% glycerol
conversion) after 55 h of reaction. The increase of reaction rates that follows the conversion of
glycerol appears as related to the composition of the reaction crude that changes with the formation
of the ethers. In the case of a butadiene mass transfer limitation, one can expect that the increase

of the activity is due to the amphiphilic character of the glycerol monotelomers which contributes



to increase the solubility of butadiene in the water/glycerol catalytic phase. In order to better assess
mass transfer limitations and delineate the origin of the rate increase in the course of the reaction,
we further studied the impact of other reaction parameters on the formation of glycerol telomers.
The effect of catalyst loading was first studied and catalytic reactions conducted with respectively
0.03, 0.06 and 0.12 mol % of palladium-based catalyst were setup using the same reactor and

reaction conditions as in the first experiment (Figure 2).
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Figure 2: Variation of the catalyst amount during the telomerization of butadiene with glycerol.

Conditions : Glycerol = 0.163 mol ; butadiene flow rate = 2.2 mL/min ; [Pd] = X mol%; KOH 1
M=36mL; MEK=10mL ; TPPTS/Pd=5; T = 80°C.

The activation time and, very unexpectedly, the reaction rates were very similar whatever the
catalyst loading. The telomerization reactions under butadiene pressure are commonly under
chemical control and the reaction rates are classically related to the catalyst loadings in
homogeneous or biphasic conditions. The independency of reaction rates with catalyst loadings is
characteristic of a mass transfer controlling the reaction rate. In the present case, the rate of
solubilization of butadiene in the polyol/water phase limits the overall process. Interestingly, after
30 hours of reaction, the three curves clearly diverge and show different reaction rates that follow
the expected trend (higher rates for higher catalyst concentrations). As the monotelomers are



produced, these amphiphilic compounds are partitioned between the catalytic aqueous phase and
the organic one, thus allowing a better butadiene solubilization into the catalytic phase and favoring
the production of the monotelomers together with the subsequent formation of ditelomers. In that
case, the butadiene solubilization is no longer a limiting process and the reaction rate is chemically

controlled. The reaction rate is increasing with higher catalyst loadings.

We anticipate then that reducing the amount of co-solvent, an important parameter to obtain a high
monotelomers selectivity, would allow to observe this acceleration effect more rapidly, while
maintaining the telomers in the catalytic aqueous phase. Starting from 10 mL, the volume of MEK
was decreased to 5 mL and 1 mL (Figure 3).
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Figure 3: Variation of the MEK volume during telomerization of butadiene with glycerol.

Conditions : Glycerol = 0.163 mol ; butadiene flow rate= 2.2 mL/min ; KOH1 M =3.6 mL ;
[Pd(acac)z] = 0.06 mol% ; TPPTS/Pd=5; T = 80°C.

Whereas using 5 and 10 mL of MEK, the average reaction rates appear to be very similar until 25
h, a spectacular activating effect is observed using a lower amount of co-solvent, giving a strong
increase of the reaction rate after 8 h. Using a low amount of organic phase, the amphiphilic

monotelomers concentration at the interface of this biphasic system is a key parameter favoring an



increase of the butadiene solubilization earlier in respect to the reaction time. A precise analysis of
the composition of the reaction mixture was performed at 28 h (Table 1).

Table 1: Effect of MEK volume during glycerol telomerization with butadiene.?

Glycerol  Monotelomers

Entr MEK Conversion Yields Mono Mono/Di
y (mL) (%0) (%0) (I70)® (%6/%)
1 10 11 11 79/21 98/2
2 5 14 12 73127 89/11
3 1 43 42 72/28 95/5

@ Reaction conditions : Glycerol =15 g (0.163 mol); Pd(acac). = 0.03 g (0.098 mmol); TPPTS/Pd = 5; KOH
1M=3.6mL; T=80°C,t=28 h; Butadiene flow rate = 2.2 mL/min.
b Measured at t = 10 h.

Monotelomers were major products and the ratios between linear/branched structures were similar
in all cases. The reaction with 1 mL of MEK is therefore remarkable since it combines a very high
selectivity into monotelomers (95%) and a satisfying conversion of 43% for a reaction using

butadiene at atmospheric pressure.

The optimization experiments clearly show that the catalytic system used in this study is rather
slow but elsewhere stable for several days and thus suitable for glycerol ethers. The atmospheric
pressure reactor used in this study is particularly handy for semi-continuous experiments under
constant atmospheric butadiene pressure and would thus allow a selective and continuous
production of ethers along with catalytic phase recycling. An experiment was thus performed
starting from the reaction conditions used in Figure 1 with 10 mL of MEK in order to facilitate the
extraction procedure. This amount of solvent is particularly suitable to perform the extraction of
the products formed during the reaction: the phases are rapidly and well separated, the viscosity is
low and thus facilitates the solvent extraction with a simple syringe equipped with a fine needle.
The telomers containing the organic phase were removed and a new organic phase of MEK
containing glycerol was introduced after 24 h of reaction. The amount of added glycerol
corresponds to the amount of converted glycerol (determined by GC analysis of the extracted
organic phase). This protocol was further iterated several times and the reaction lasted 110 h
(Figure 4).
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Figure 4 : Telomerization reaction of glycerol. The red arrows indicate the organic phase removal
and addition of new reactants (fresh glycerol and organic solvent)

Initial conditions : Glycerol = 0.163 mol; butadiene flow rate = 2.2 mL/min ; KOH 1 M = 3.6
mL ; MEK = 10 mL ; [Pd(acac)z] = 0.06 mol% ; TPPTS/Pd = 5; T = 80°C.

The amount of added glycerol corresponds to the amount of converted glycerol (determined by
GC analysis of the extracted organic phases).

The first 24 h of reaction showed the lowest catalytic activity which is explained by the long
activation time. The results obtained after 4 recycling steps (Figure 4) evidence a faster and stable
productivity of ethers over 110 h of reaction. As expected from the optimization results, the reaction
proved to be very selective with 99% of monotelomers and allowed the synthesis of up to 20 g of
product (TON=1000) simply recovered after MEK evaporation. The results obtained from this
experiment showed that a reaction performed under atmospheric pressure and continuous flow of
butadiene with a simple glassware equipment is beneficial for the production of high quantity of
pure glycerol monotelomers.

The experimental implementation was extended to solketal and isosorbide (Figure 5). The aim of
this approach was to evaluate the impact of the polyol hydrophilicity on the reaction rates. Solketal
is a monoalcohol obtained from the acetalization of glycerol with acetone [27]. In contrast to



glycerol, solketal is less polar with two hydroxyl groups masked by the acetal function. With this
alcohol, the ligand TPPTS, insoluble in apolar solvent, can be advantageously replaced by the most
commonly used TPP (triphenylphosphine). Moreover, no extracting co-solvent is necessary as only
monotelomers are obtained. Isosorbide is a diol with two secondary hydroxyl groups industrially
produced from the double dehydration of D-sorbitol [28]. Isosorbide has been successfully used as
telogen in the telomerization reaction thus leading selectively to any of the two possible monoethers
depending on the chosen experimental conditions [26]. In that latter case, the addition of toluene

as organic co-solvent, was performed in order to extract the monotelomers from the catalytic phase.

In line with the experiments that involved glycerol as reactant, the evolution of the mass of telomers

during the reaction course are described in Figure 5.
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Experimental conditions: solketal = 15 g (113 mmol), KOH 1 M = 3.6 mL,
dodecane = 1 mL, butadiene flow rate = 2.2 mL/min, [Pd(acac)2] = 0.06
mol% ; PPhs/Pd = 5, 80°C.



Isosorbide
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Experimental conditions: isosorbide = 13.14 g (90 mmol), [Pd(acac)z] =
0.06 mol% ; TPPTS/Pd =5, toluene = 10 mL, KOH 1 M = 3.6 mL, dodecane
=1 mL, 80°C, butadiene flow rate = 2.2 mL/min

Figure 5 : Telomerization reaction with solketal and isosorbide with continuous butadiene flow.

The reaction with solketal didn’t show any induction period and was clearly much faster than with
glycerol. The absence of activation time is coherent with most of catalytic reactions performed
under butadiene pressure with the TPP ligand in homogeneous conditions or the TPPTS ligand in
biphasic conditions [5,|6]. The different nature of the ligands used thus doesn’t explain this
difference of reactivity. In all cases, long activation times have been observed under low butadiene
pressure and it is thus striking that in a lipophilic alcohol such as solketal that easily solubilizes
butadiene, no activation time is observed under atmospheric pressure. This indicates that not only
the alcohol nor the phosphine are involved in the key catalyst activation (palladium reduction),
butadiene is also involved and one can expect that this is related to a higher stabilization of transient
palladium(0) species by the diene. The higher solubility of butadiene in solketal additionally
explains the higher reaction rate obtained with this alcohol in comparison to glycerol. In the case
of isosorbide, which necessitates the use of the Pd/TPPTS catalytic system and the addition of a
co-solvent (toluene), an induction time is observed. Nevertheless, as the reaction began, the

observed rate is higher than with glycerol probably because of the lesser hydrophilic character of



isosorbide in comparison to glycerol. After 22 h of reaction, the conversion of isosorbide is
complete and isosorbide monoethers are obtained with a 94 % yield (22 g of product).

4. Conclusion
Telomerization of various bio-based alcohols as glycerol, isosorbide and solketal with butadiene at
atmospheric pressure has been successfully performed with a non-pressurized glassware reactor
that allows bubbling of butadiene in the catalytic phase. Very high selectivities toward
monotelomers could be achieved with glycerol by using water/MEK biphasic media and the
Pd/TPPTS catalytic system. The reaction necessitates a long activation time and the study of the
reaction parameters clearly shows a low mass transfer-controlled reaction rate. The rate is more
particularly limited by the low solubility and slow solubilization of butadiene in the catalytic phase.
The less hydrophilic solketal as better butadiene solvent than water is rapidly converted without
any initial activation time while isosorbide reacted more slowly after an activation period. In the
case of glycerol, the formation of monotelomers that favors the solubilization of butadiene in the
aqueous catalytic phase increases the rate of glycerol etherification in the course of the reaction.
Monotelomers can be synthesized selectively albeit with a low reaction rate thanks to the removal
of the MEK/monotelomers phase after 24 h of reaction. This could be repeated in this study four
times every 24 hours using the same catalytic mixture. We believe that this system can be easily

setup and up-scaled, the excess of unreacted butadiene being recycled or looped back to the reactor.
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