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Synthesis of biobased amines via Pd-catalysed
telomerisation of the renewable -myrcene in a
water/ethanol multiphase system: catalyst recycling
enabled by a self-separating product phasef
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We developed an aqueous multiphase system for the synthesis of biobased alkyl amines via palladium-
catalysed telomerisation based on the terpene B-myrcene. Ethanol was employed as a harmless co-
solvent. With this “green” switchable multiphase solvent system, the recycling of the expensive homo-
geneous catalyst was successfully enabled by self-separating products at room temperature. The total
turnover number (TON) was increased to almost 12 000 over 9 runs, with high selectivities towards the
desired amine telomer products between 80 and 93% in each run. Furthermore, various amine nucleo-
philes were successfully used allowing to produce a wide variety of long-chain unsymmetrical alkyl
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amines with potential applications as, for instance, surfactant precursors or lubricants. In each case, the
products self-separated after reaction from the aqueous multiphase system containing the homogeneous
palladium catalyst allowing straightforward isolation by simple decantation. Finally, we proved the suc-
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Introduction

Telomerisation is a versatile catalytic tool in which 1,3-dienes
and Brgnsted-acidic nucleophiles can be freely selected as
starting materials from its construction kit to generate a C-C
as well as a C-X bond (Fig. 1). Common catalysts for this
unique dimerisation, combined with functionalisation, are
usually based on palladium. These are mostly used as homo-
geneous transition catalysts, although heterogenised ones are
also known."

Telomerisation, characterised by its 100% atom economy, is
already performed on an industrial scale with 1,3-butadiene as
starting material. The process developed by Dow uses the telo-
merisation with methanol as a nucleophile towards the selec-
tive production of 1-octene.” In addition, 1-octanol is obtained
in the process of Kuraray using water as a nucleophile.**
Besides these industrial examples, the telomerisation is also
part of current research, which is evident by the numbers of
reviews and publications.® Nevertheless, there are only a few
examples where more complex 1,3-dienes than 1,3-butadiene
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cessful use of spirits (vodka) as solvents in this sustainable amine synthesis.

or isoprene were used. Renewable raw materials, however, also
offer this unique structure of 1,3-dienes, such as p-myrcene’**
(1) and B-farnesene'” and thus are promising substrates in tel-
omerisation. Especially 1™ is an attractive substitute to fossil
dienes because there are no ethical problems caused by com-
petition with food, as it may be with, for example, plant oils. 1
is produced by pyrolysis of p-pinene,'* which is part of turpen-
tine, a side product in paper manufacturing.'® Besides the dis-
cussed 1,3-dienes as starting materials, various nucleophiles
can be used. As reflected by the two industrial processes,

2 Z § X
H R
+
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1,3-butadiene R = H W
Isoprene R =Me H R

+ other isomers

B-Myrcene (1) R = §_/_\>_
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Fig. 1 General telomerisation of 1,3-dienes with Brensted-acidic

nucleophiles.
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O-nucleophiles such as alcohols, water, and carboxylic acids,
are most commonly used. N-Nucleophiles are also used in telo-
merisation, mainly in the form of amines, which commonly
have a high reactivity compared to O-nucleophiles. In the telo-
merisation, two bonds (C-C and C-X) are formed simul-
taneously. Since the catalyst is also capable of forming only
one of these bonds (C-C or C-X), two side reactions must be
considered, the hydroamination (HA) and the dimerisation.
Therefore, selective synthesis is particularly important and
makes high demands on the active catalytic species. The most
important factors determining chemo- and regioselectivity in
telomerization are the ratio of metal to ligand, the ratio of 1,3-
diene to nucleophile, and the reaction temperature.'®'” In
addition, there is already an established reaction mechanism
described by Jolly et al. for the telomerization of 1,3-butadiene
with methanol, as well as various proposed modifications of
this mechanism, also for application to different nucleophiles,
like amines."®'®*! In Fig. 2, the reaction network of the telo-
merisation of p-myrcene (1) with an amine (2) to the telomer
products (3) is shown together with the two most prominent
side reactions, the hydroamination (HA), and the dimerization
to the corresponding side products (4 and 5).

In addition to these difficult requirements on the reaction
side, the recyclability of the expensive catalyst is also extremely
important for designing a sustainable process. This ensures that
the products are not contaminated with heavy metals, and a
higher productivity can be achieved by reusing the catalyst. The
importance of the telomerisation as a promising tool becomes
further evident when considering that recycling concepts already
exist, including telomerisation with renewable raw materials.

In 2010, Behr et al. used a thermomorphic multiphase
system consisting of DMF/n-heptane in the first telomerisation
of p-myrcene (1) with diethylamine (2a) to separate the catalyst
from the products. However, recycling of the catalyst was not
carried out.” In 2018, Vorholt and coworkers performed the
first telomerisation of p-farnesene with amines.'> A thermo-
morphic multiphase system, which formed a nearly pure
product phase after cooling the reaction mixture to 0 °C, was
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Fig. 2 Reaction network of the telomerisation of p-myrcene (1) with an
amine (2). R = H, alkyl, aryl.
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achieved using only DMF as solvent. However, a ligand make-
up was necessary. Recently, we successfully performed the
catalyst recycling in telomerisation of 1 using the reactive ionic
liquid (RIL) dimethylammonium-dimethyl carbamate
(DimCarb),?* which acts as polar non-aqueous solvent and di-
methylamine precursor.” The catalyst phase was reused in 13
consecutive cycles, resulting in a total turn-over number
(TTON) of about 12 000. However, this recycling concept is
limited to the unique RIL and is not easily transferable to
other carbamates, since the properties change greatly when
the amine component is exchanged.

Consequently, there is a need of an attractive recycling
concept in the telomerisation of challenging substrates that
allows the use of different amines to exploit the full potential
of this powerful synthesis method. Furthermore, this recycling
concept should also offer additional desirable features. The
formation of a pure product phase eliminates the need for an
extracting agent, which would require energy- and cost-intensive
separation from the products in subsequent downstream pro-
cesses. The polar catalyst phase can be easily separated from the
products and directly reused without further steps. Also, a homo-
geneous system under reaction conditions omits mass transfer
limitation that otherwise inhibit the reaction. Moreover, it should
be possible to choose the amine concentration independently of
the amount of solvent, which simplifies the control of selectivity
towards telomer products. In addition, to be sustainable, only
environmentally friendly, “green” solvents should be used, e.g.,
water. Aqueous biphasic systems are already used as a recycling
strategy in the chemical industry, like in the Kuraray process.
Some examples of water-based biphasic telomerisations that
allow catalyst recycling exist in the literature, e.g., the telomerisa-
tion of butadiene with ammonia.>*** However, unlike butadiene,
1 has very low solubility in water, leading to mass transfer limit-
ations. A co-solvent that acts as a phase mediator is, therefore,
essential. For a sustainable system, of course, the co-solvent must
as well be environmentally friendly. Short-chain alcohols, in par-
ticular, have already provided good results for this purpose.'®*>2%
Although both alcohol and water may act as nucleophiles in telo-
merisation, only amine telomers should form since amines are
more nucleophilic. This has already been demonstrated in some
publications.'®?**3°

Thus, we present here the development of a sustainable
catalyst recycling concept for the telomerisation of -myrcene
with various amines, using water as the “green” solvent and a
short-chain alcohol as co-solvent to achieve the formation of a
pure product phase and ideally a single-phase reaction mixture
at the reaction temperature. This system exploits the full
potential of the versatile catalytic tool: Telomerisation.

Results and discussion

The initial conditions used for the aqueous telomerisation of
f-myrcene (1) were based on our publication with the RIL
DimCarb.? Because DimCarb was used as a source of dimethyl-
amine in the previous work, the use of dimethylamine in this

This journal is © The Royal Society of Chemistry 2023
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work would be advantageous for the sake of comparability.
However, since dimethylamine is gaseous and sold in liquid
form only as an aqueous or alcoholic solution, the independence
of two parameters, the amount of amine and water, would not be
given. Therefore, diethylamine (2a) as N-nucleophile was used.
Since one amine is consumed per two dienes in telomerisation,
the ratio was initially set to 0.7 equivalents of 2a to 1 to allow
quantitative conversion of 1. As the catalyst system, a combi-
nation of the precursor Pd(acac), and the water-soluble ligand tri-
phenylphosphine trisulfonate (TPPTS) was used. The Pd/P ratio
is one of the key parameters in telomerisation. The more ligand
is used, the lower the activity of the catalyst system, but the
higher the long-term stability."” The initially used Pd/P ratio in
this work was set to 1: 4, which showed promising results in the
previous work.” In Fig. 3 the reaction system for the following
screening experiments is shown.

As the miscibility of water and organic non-polar com-
pounds such as 1 is poor, a phase mediator is needed. It has
to provide sufficient phase transfer, while ensuring low catalyst
leaching in the non-polar product phase. With reference to the
CHEM21 selection guide,®" short-chain alcohols were used
with water in a 50 : 50 mass ratio as the solvent in the telomeri-
sation. For comparison, a reaction without co-solvent was also
conducted (Fig. 4).

As expected, only the desired N-telomers 3a were formed
and no reaction of the present O-nucleophiles alcohol and
water was observed. All reaction mixtures were biphasic after
the reaction, which is necessary for the desired recycling strat-
egy. Without co-solvent, no telomers were formed. With
n-butanol, even less 1c¢ was converted than without any co-
solvent, and the Pd leaching is also higher with over 4% of the
initial amount of catalyst used. This could be related to the
miscibility gap between water and n-butanol.** Using isopro-
panol, ethanol as well as methanol and glycerin as phase
mediator, 3a were formed. With glycerol as a co-solvent, only
2% of 3a was obtained, and no Pd-leaching could be deter-
mined because of the risk of nitroglycerin formation in the
digestion procedure for ICP-OES. Highest yield of 58% and
selectivity of 76% to 3a were achieved with ethanol. No
increase in the selectivity or yield could be achieved when
applying isopropanol or methanol. Instead, more catalyst
leached into the non-polar product phase. Therefore, ethanol
was chosen for further optimisation experiments.

To gain deeper insights into the phase behavior, miscibility
studies were carried out with different ethanol-water ratios

SO;Na
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Fig. 4 Investigation of different alcohols as phase mediators in the
aqueous telomerisation of p-myrcene (1) with diethylamine (2a).
Conditions: 20 mmol f-myrcene (1), 0.7 eq. HNEt, (2a), 0.035 mol% Pd
(acac);, 0.14 mol% TPPTS, P:Pd 4:1, alcohol:H,O (w/w) 50:50,
1:solvent (w/w) 1:1, 1 bar Ar, 100 °C, 4 h, 500 rpm. Yield (Y), and
selectivity (S) determined by GC-FID with n-dodecane as internal stan-
dard; leaching determined by ICP-OES and calculated as the amount
lost with respect to the initial amount of palladium.

(Fig. 5). These experiments provide information about the
mixing temperatures (MT) of the reaction mixtures and were
carried out for the pre and post reaction mixtures, whereby
complete conversion of 1 with 100% selectivity to the telomers
3a was assumed for the post-reaction mixtures. Ethanol-water
ratios of over 90:10 (w/w) lead to monophasic reaction mix-
tures at 20 °C and are therefore not considered. A biphasic
system is necessary as we focus on the recyclability of the
active catalyst species. The reaction temperature was set at
100 °C because selectivity decreases at higher temperatures
due to increasing dimerisation.®??

No MT could be determined applying the 50:50 (w/w)
mixture of ethanol and water until 140 °C, as in the initial
experiments. A decrease of the ethanol amount also didn’t
show any promising results. This suggests that we were always
in the biphasic regime in the alcohol screening, which is why
the reactions had low conversions. By increasing the ethanol
amount up to a ratio of 80:20 (w/w), the MT from both, the
pre and post reaction mixture decreases. But only with the

: side products :

P Z z

+isomers |+ +

I R

Fig. 3 Telomerisation of p-myrcene (1) with diethylamine (2a) forming the telomer products (3a) and the possible side products of the hydroamina-

tion (4a) and the dimerization (5).
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Fig. 5 Miscibility experiments of pre- (green dots) and post-reaction mixtures (blue dots) with different ethanol-water ratios as solvent. The post-
reaction mixtures assume quantitative conversion of 1 with 100% selectivity towards telomer products 3a. The test setup is only designed for a
maximum temperature of 140 °C (red line). Therefore, miscibility temperatures above 140 °C, if any, cannot be determined.

highest amount of ethanol both MTs were below the reaction
temperature of 100 °C. One advantage of this ratio could be
that the mass transfer limitations that occur in two-phase
systems are avoided since the reaction system is always homo-
geneous under reaction conditions. However, with increasing
amount of phase mediator the Pd-leaching could increase. For
a ratio of 70:30 the reaction mixture will start monophasic
and get biphasic with increasing conversion. Due to this phase
behaviour, mass transfer limitations could be kept low as well
as efficient phase separation after reaction could be achieved
with low Pd leaching into the non-polar product phase. All
ratios of 60:40 and below are biphasic throughout the reac-
tion, with mixing temperatures for the pre-reaction mixture
just above 100 °C with the ratio of 60 : 40.

However, a particular phase behaviour does not necessarily
mean that this is optimal for the reaction. Thus, all ratios were
tested in further experiments (Fig. 6), to see the influence on
(catalytic) activity, as well as the Pd-leaching. It was expected
that conversion and Pd-leaching increases with increasing
ethanol content.

60:40

Contrary to our expectations, leaching does not increase
with increasing mass fraction of phase mediator but remains
constant between 1.2-1.8% of the initial catalyst amount over
all ethanol-water ratios investigated. Therefore, the ratio can
be adjusted to obtain the highest possible yield. Since the
ratios of 60:40 to 40:60 are always biphasic, which we know
thanks to the miscibility studies, phase transfer problems
should occur here. The hydroamination requires only one
molecule of p-myrcene (1) and one amine molecule, whereas
the telomerisation requires two molecules of 1 to coordinate to
the catalyst. Since the catalyst resides in the polar aqueous
phase and 1 is non-polar, the probability of two molecules of 1
coordinating at the catalyst decreases as the amount of co-
solvent acting as a phase mediator is reduced. Consequently,
more hydroamination products (4a) were formed in these con-
stantly biphasic reaction mixtures, and the yield of telomers 3a
increases with an increasing amount of ethanol. The highest
selectivity and conversion were obtained with an ethanol-water
ratio of 70: 30, which indicates that a thermomorphic behaviour
is advantageous for telomerisation. Here, the reaction is homo-
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Fig. 6 Results for different ethanol—water ratios in the telomerisation of f-myrcene (1) with diethylamine (2a). Conditions: 20 mmol $-myrcene (1),
0.7 eq. HNEt; (2a), 0.035 mol% Pd(acac),, 0.14 mol% TPPTS, P:Pd: 4:1, EtOH : H,O, 1: solvent (w/w) 1:1, 1 bar Ar, 100 °C, 4 h, 500 rpm. Yield (Y),
and selectivity (S) determined by GC-FID with n-dodecane as internal standard; leaching determined by ICP-OES and calculated as the amount lost

with respect to the initial amount of palladium.
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geneous at the beginning and enters the biphasic regime with
increasing conversion to 3a. This system provides excellent
selectivity towards 3a of 90% and a yield of 76.5%. Since with an
ethanol-water ratio of 80:20 the reaction mixture is homo-
geneous throughout the reaction, it is reasonable to assume that
this ratio allows excellent yield and selectivity to telomers 3a.
However, only a conversion of 1 of less than 20% is achieved
here. After the reaction, a yellowish residue was found at the
bottom of the reactor, which suggests that the solubility of the
catalyst in this reaction mixture is insufficient.

With the selected ethanol-water ratio of 70: 30, the amine
equivalent was investigated in the next step (Fig. 7). Since 2a
also has a phase-mediating effect, a variation might have an
influence on the phase behaviour and thus the reaction per-
formance. In addition, more amine could favour the undesired
hydroamination.

With the selected ethanol-water ratio, the amine equivalent
of 0.7 is optimal. With less 2a, the selectivity and conversion
decrease. Furthermore, the formation of 4a increases. This
indicates that the reduction in amine equivalents leads to a
biphasic reaction mixture, leading to mass transfer limitations.
A higher amine equivalent is also not beneficial and leads to
more Pd-leaching.

In theory, the selectivity towards 3a should increase with
less ligand, because two molecules of 1 need to coordinate at
the Pd-catalyst to undergo the telomerisation. Therefore, the
more ligand is present in the solution, the more the substrate
1 has to compete for the vacant coordination sites on the cata-
lyst. Thus, the ratio of phosphor to palladium (P: Pd ratio) is a
key parameter for shifting the chemoselectivity to the telomeri-
sation and was next screened (Fig. 8).
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Fig. 7 Results for different diethylamine equivalents in the telomerisa-
tion of p-myrcene (1) with diethylamine (2a). Conditions: 20 mmol
p-myrcene (1), HNEt, (2a), 0.035 mol% Pd(acac),;, 0.14 mol% TPPTS,
P:Pd: 4:1, EtOH:H,O (w/w) 70:30, 1:solvent (w/w) 1:1, 1 bar Ar,
100 °C, 4 h, 500 rpm. Yield (Y), and selectivity (S) determined by GC-FID
with n-dodecane as internal standard; leaching determined by ICP-OES
and calculated as the amount lost with respect to the initial amount of
palladium.
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Fig. 8 Results for different P:Pd ratios in the telomerisation of
B-myrcene (1) with diethylamine (2a). Conditions: 20 mmol $-myrcene
(1), 0.7 eq. HNEt; (2a), 0.035 mol% Pd(acac),, TPPTS, EtOH : H,O (w/w)
70:30, 1:solvent (w/w) 1:1, 1 bar Ar, 100 °C, 4 h, 500 rpm. Yield (Y),
and selectivity (S) determined by GC-FID with n-dodecane as internal
standard; leaching determined by ICP-OES and calculated as the
amount lost with respect to the initial amount of palladium.

As expected, the selectivity towards the telomers 3a and the
conversion increases with decreasing amount of ligand, except
for the lowest ratio of one, in which conversion of 1 is only
10%. The highest selectivity of 94% was achieved with a P: Pd
ratio of 2. However, this amount of TPPTS is apparently insuffi-
cient to immobilise and stabilise the catalyst in the aqueous
polar phase after the reaction, as palladium particles were
present in the reaction mixture, which was confirmed by
ICP-OES analysis. The most promising results were obtained
with a P:Pd ratio of 3. This ratio achieved 84% yield of 3a,
corresponding to a selectivity to 3a of 90%, a palladium leach-
ing of about 1%, and a productivity (moles of substrate con-
verted to the desired product per mole of Pd) of around 2.500.
In addition to the already well known TPPTS ligand, the water-
soluble ligand 1,3,5-triaza-7-phosphaadamantane (PTA) was
also tested in this multiphase system. PTA has already been
used with 1,3-butadiene in water, and both telomeres and oli-
gomers were obtained.>® In the reaction system developed
here, 32% telomeres 3a were formed with a selectivity of 92%
when PTA was used as a ligand. Thus, compared to the reac-
tion with TPPTS, the reaction with PTA as ligand is slower and
the Pd-leaching is higher at about 6%.

To confirm the stability of this system, a scale-up from a
25 mL to a 300 mL reactor was successfully conducted result-
ing in a slightly lower selectivity of 85%. A reaction profile of
the reaction was recorded (Fig. 9).

At a conversion of less than 20% the selectivity to 3a is
close to 90%. Already at a conversion of 40%, the selectivity
drops to 86%, and at the end of the reaction (X = 91%) the
selectivity is 84.5%. This shows that the selectivity decreases
with increasing conversion, which is due to the decreasing

Green Chem., 2023, 25, 6345-6354 | 6349
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Fig. 9 Reaction profile of the telomerisation of f-myrcene (1) with di-
ethylamine (2a) in a 300 mL reactor. Conditions: 240 mmol -myrcene
(1), 0.7 eq. HNEt; (2a), 0.035 mol% Pd(acac),, 0.105 mol% TPPTS, P: Pd
3:1, EtOH:H,O (w/w) 70:30, 1:solvent (w/w) 1:1, 1 bar Ar, 100 °C,
500 rpm. Conversion (X), yield (Y), and selectivity (S) determined by
GC-FID with n-dodecane as internal standard; leaching determined by
ICP-OES and calculated as the amount lost with respect to the initial
amount of palladium.

concentration of 1a in the reaction mixture. From a process
engineering point of view, a low conversion with high selecti-
vity should be selected, since the unreacted starting material
can then be recirculated by purification. Nevertheless, as
expected, the products self-separated after reaction from the
aqueous multiphase system allowing straightforward isolation
of the bio-based amine. Subsequent vacuum distillation of the
product phase allowed isolation of the desired telomer 3a (ca.
70% isolated yield, 83 mmol, 28.7 g).

After proving that the system is stable for a scale up, it must
obviously be verified that the recycling of the catalyst is poss-
ible with this solvent system. Not only to simplify the separ-
ation in the reactor after the reaction, but also to allow obser-
vation of the phase behavior during the reaction, a homemade
40 mL glass reactor was used for the subsequent recycling
experiments, in which the reproducibility was checked before-
hand. Detailed information on the exact setup is presented in
the ESLT With a P:Pd ratio of 3, which obtained excellent
results in the batch experiments, the recycling of the catalyst
was only stable over three runs with steadily decreasing conver-
sion of 1 after the initial run (see in ESI, Fig. S5). Already
after the first recycling run, black residues appeared at the
reactor edge, which were precipitated palladium particles. To
stabilise the catalyst and achieve better retention in the polar
phase, the P: Pd ratio was next changed to 5 (Fig. 10).

With the changed P: Pd ratio of 5, the recycling of the cata-
lyst was able over 4 stable runs with yields of the telomers 3a
between 73 and 79%. The yield of 3a as well as the conversion
of 1 is about 10% higher compared to the batch experiments
in Fig. 8. However, the selectivity to 3a is comparable. This
indicates that the reaction proceeds faster in the glass reactor
than in the smaller 25 mL steel reactors. From the fifth re-
cycling run onwards, the yield drops to 65%, until only 6% 3a
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Fig. 10 Recycling experiments with an increased P:Pd ratio of 5:1 in
the telomerisation of p-myrcene (1) with diethylamine (2a). Conditions:
35 mmol B-myrcene (1), 0.7 eq. HNEt, (2a), 0.035 mol% Pd(acac),,
0.175 mol% TPPTS, P:Pd 5:1, EtOH:H,O (w/w) 70:30, 1:solvent
(w/w) 1:1, 1 bar Ar, 100 °C, 4 h, 500 rpm. After phase separation over-
night, addition of 30 mmol 1, 21 mmol of HNEt; yield (Y), and selectivity
(S) determined by GC-FID with n-dodecane as internal standard related
to the product phase removed; leaching determined by ICP-OES and
calculated as the amount lost with respect to the initial amount of
palladium.

is obtained in run 8. However, the selectivities are high, as
usual, with the exception of run 8. The catalyst leaching
increases already in the second recycling run to more than 1%
of the palladium mass used at the beginning. By run 6, this
then increases further to 3.5%. After the 8th run, the total loss
of palladium via recycling amounts to just under 20% of the
initial mass. Reasons for the increase of palladium leaching
could be, for example, the contamination with oxygen. This
would led to oxidation of the ligand, resulting in the leaching
of uncoordinated palladium. However, the catalyst phase was
checked by *'P-NMR after completion of the recycling, and
only a small amount of oxidised phosphorus was detected.
After run 4, the formation of a black deposit on the reactor
glass was observed in this recycling experiment, as in the first
recycling experiment. Using ICP-OES, this could be identified
as precipitated palladium particles. Thus, the loss of activity is
not exclusively due to the leaching of palladium, but also to
the formation of non-active palladium particles which are not
included in the leaching results. Over the entire recycling
experiment, a TTON of 11618 is achieved. The same catalyst
system of Pd(acac), and TPPTS had also achieved a TTON of
nearly 12 000 in the DimCarb system published by our group
in 2020.° Thus, both solvent systems have almost identical pro-
ductivity. However, the selectivity to the telomers in the water/
ethanol system with over 80% is significantly better than in
the DimCarb system with around 70%. In addition, the water/
ethanol system offers the possibility to vary the amine used
easily, which we investigated next.

With the optimised reaction conditions, different classes of
amines (2) were employed in the telomerisation to prove the
general applicability of the multiphase system. Different alkyl-

This journal is © The Royal Society of Chemistry 2023
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amines, cyclic and heterocyclic amines, as well as ammonia,
primary and secondary amines were used (Table 1).

In addition to the diethylamine (2a) investigated at the
beginning, with which a yield of 3a of 84% was achieved, the
telomerisation of 1 was also successfully carried out with other
dialkyl amines in the aqueous ethanol system. With dimethyl-
amine (2b), a yield of telomer 3b of 86% and with di-n-butyla-
mine (2¢) of 50% to 3c was reached. However, no telomerisa-
tion was observed with the branched di-iso-propylamine.
Telomers were also obtained with the heterocyclic amines
piperidine (2d) and morpholine 2e, with yields of 74% 3d and
69% 3e, respectively. Using the primary amine aniline (2f), the
secondary amine 3f was also synthesised with excellent yield of
71%. With the two linear primary amines, ethylamine (2g) and
butylamine (2h), the corresponding telomeres 3g and 3h were
obtained with 19% and 62% yield. In addition, telomerisation
with the monopeptide sarcosine, para-aminobenzoic acid and
with ammonia was also investigated, but no conversion to the
telomer products were observed. In all reactions where telo-
merisation occurred, palladium leaching was between 2 and
4% of the initial amount of catalyst used. The only exceptions
were the reaction with aniline with a palladium leaching of
64% and butylamine with a leaching of 12%. For all amines
used, the product phase contained between 5 and 11% of the
ethanol used. Only with aniline as nucleophile the amount
was 77%, which is the reason for the high palladium leaching.

Not only the amine used can be exchanged in the telo-
merization, but also the 1,3-diene. Instead of f-myrcene,
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B-farnesene was also used in the telomerization to further
prove the general applicability of our multiphase system.
Under the same reaction conditions (see Table 1) and with
the diethylamine (2a) as nucleophile, a yield of the
B-farnesene telomers of 65% was achieved with a selectivity
of 88%.

The overall aim of this work was to develop a sustainable
reaction concept for the telomerisation of 1 with different
amines allowing for easy product separation and potential
catalyst recycling. This was to be realised using a green solvent
system. The ethanol-water solvent used here is probably one of
the “greenest” systems imaginable, as it is practically drink-
able. To further illustrate this, we performed the reaction in
commercially available Rasputin brand vodka with 70 vol%
(Fig. 11), which is equivalent to about 61 w% (see in ESI,
Fig. S67).

In vodka, the same selectivity towards the telomers 3a of
88% was achieved as in the 70 w% ethanol-water solvent
system, mixed in the laboratory from ultrapure water and
99.8% ethanol absolute. Only the conversion with 85% is
slightly lower than in the 70 w% mixture with 95%, which is
probably due to the reduced amount of co-solvent, acting as a
phase mediator. In comparison to the reaction with 60 w%
ethanol-water solvent system, the conversion is with 83% in a
similar range. However, the selectivity is significantly lower,
since a P/Pd ratio of 4 was used. This shows that even in con-
ventional drinkable alcohol, such as vodka, telomerisation can
be carried out in excellent yields.

Table 1 Results from the substrate screening in the telomerisation of p-myrcene (1) with several amines (2a—h)

z z
z
Il:ll [Pd(acac),/TPPTS] + ijsomers
_ RUR EIOHIH,0 XENR
100 °C; 1 bar Ar; 4 h R
1 2a-h 3a-h
M~ N

— |

3a, Y=84%,S=90%

3d, Y=74%,S=89%

}{N/\/\
H H

39, Y=19%, S=92%

3b, Y=86 %, S=88 %

o
@'

3e,Y=69 %, S=79%

3¢, Y=50%,S=79 %

Q0

3, Y=71%,S=88%

;iN/\

3h, Y=62 %, S=86 %

Conditions: 20 mmol p-myrcene (1), 0.7 eq. amine (2a-h), 0.035 mol% Pd(acac),, 0.105 mol% TPPTS, P:Pd 3:1, EtOH:H,O (w/w) 70: 30,
1:solvent (w/w) 1:1, 1 bar Ar, 100 °C, 4 h, 500 rpm. Yield (Y), and selectivity (S) determined by GC-FID with n-dodecane as internal standard.
“Dimethylamine as 40 w% aqueous solution; "ethylamine as 30% methanol solution (amount of ethanol reduced accordingly).
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Fig. 11 Rasputin Vodka 70 vol% (left) and after-reaction mixture in a
syringe (right).

Conclusion

In this work, an aqueous multiphase system was successfully
developed for the palladium-catalysed amino-telomerisation of
the renewable f-myrcene (1). With this water/ethanol solvent
system, the recycling of the expensive homogeneous catalyst
was enabled by the self-separating products at room tempera-
ture (Fig. 11). Detailed phase studies also showed that the best
results were obtained with a phase behavior in which the reac-
tion mixture is initially monophasic at reaction conditions and
then becomes biphasic®® with increasing conversion. With this
“green” switchable multiphase solvent system, catalyst re-
cycling was achieved, and the total turnover number was
increased to 11618 over 9 runs, with selectivity towards the
telomer products 3a between 80 and 93% in each run.
Furthermore, various other amines could be used in the reac-
tion to produce a wide variety of long-chain unsymmetrical
secondary and tertiary amines 3 based on the renewable raw
material f-myrcene. For each product, easy separation from the
homogeneous palladium catalyst was achieved by simple
decantation of the pure product phase. To demonstrate the
robustness and greeness of our approach, commercial spirit
(vodka) was successfully used as solvent.

Experimental section
Preparation of chemicals

All substrates used, as well as the catalyst, ligand, and solvents,
are commercially available and were purchased from ABCR,
Acros Organics, TCI, Merck, VWR, OXEA or Umicore. Each
week, p-myrcene was purified over an alumina column and
stored under argon. To perform all reactions under strictly
inert conditions, the substrates (diethylamine, p-myrcene) and
solvents (ethanol, water) were each transferred to Schlenk’s
vessel. Afterwards, oxygen was removed from the substrates
using the freeze-pump-thaw method. The vessel containing
the substrate was sealed and connected to a Schlenk line via a
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hose. The valve of the Schlenk’s vessel was closed, and the sub-
strate was frozen with liquid nitrogen. A vacuum was then
applied to the vessel for approx. 15 min. Especially for diethyl-
amine, care must be taken to ensure that the substrate is com-
pletely frozen before opening the valve to vacuum; otherwise,
the substrate would be removed. The valve of the Schlenk’s
vessel was then closed again, removed from the liquid nitro-
gen, and placed in a warm water bath to remelt the substrate.
The formation of gas bubbles was observed. After the substrate
was completely melted again, it was frozen again with liquid
nitrogen and finally vacuumed again. This procedure was per-
formed four times for each substrate and solvent.

Screening experiments in 25 mL stainless steel autoclaves

The screening experiments were performed in custom made
25 mL stainless steel autoclaves (¢f. ESIt). Under argon atmo-
sphere, the palladium precursor and the ligand were first
introduced into the reactors. The autoclaves were sealed and
inerted by applying vacuum and purging with argon four
times. Ethanol, water, amine, and p-myrcene were then added
sequentially to the reactor in argon counter-flow. The reaction
mixture was heated to 100 °C and stirred at 500 rpm for 4 h.
After the reaction time, the autoclaves were cooled, depres-
surised, and emptied. The samples were prepared for further
investigations via GC-FID.

Recycling experiments in 40 mL glass autoclave

Under argon atmosphere, the catalyst and ligand were first
added to an inert Schlenk vessel. Ethanol and water were then
added in argon counter-flow. The solution was homogenised
in an ultrasonic bath. The glass autoclave (¢f. ESIT) was inerted
by applying vacuum and then purged with argon. In argon
counter-flow, the catalyst phase was introduced into the
reactor. Diethylamine and p-myrcene were then added in
argon counter-flow. The reactor was heated to 100 °C with an
oil bath and stirred at 500 rpm for 4 h. After the reaction, the
reactor was cooled with an ice bath. In argon counter-flow, the
upper phase (product phase) was removed with a cannula.
f-Myrcene, diethylamine, and a small amount of ethanol were
added again, and the reactor was again stirred at 100 °C with
500 rpm for 4 h. The product phase weighed, and analysed via
GC-FID.
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