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Several homogeneous palladium catalysts based on PPh; and nucleophilic carbene (NHC) ligands
were screened in the telomerisation reaction of 1,3-pentadiene with methanol. A Pd(acac),-3PPh;
system showed the highest activity; initially, poor activity was observed using the Pd(0)-NHC
catalysts. However, when methanol solvent/nucleophile was replaced by longer chain alcohols
I-propanol and 1-butanol, improved activity and selectivity was observed. Similarly, 1,3-hexadiene
was telomerised with 1-propanol and 1-butanol with good selectivity using Pd(IMes)(dvds) as the
catalyst. Pd(11)-PPh; systems were ineffective as catalysts for the telomerisation of 1,3-hexadiene.

1. Introduction

The dimerisation of dienes with the incorporation of a nu-
cleophile, known as telomerisation, is a well studied reaction
of significant potential synthetic utility."* A wide range of
nucleophiles have been shown to be active in this reaction,
including alcohols,® amines and ammonia,*'? sugars’®?' and
polyols,??* carbon dioxide,” ezc., suggesting a variety of novel
applications. To date, the Kuraray telomerisation of butadiene
with water, with subsequent double bond reduction to yield
a linear l-octanol,®® is the only commercial realisation of a
telomerisation process. However, recent advances in catalyst
development, especially the introduction of highly active NHC-
based catalysts, have improved the selectivity between telomeri-
sation and diene dimerisation products,>’ and promised a more
widespread application of the telomerisation reaction. Pilot scale
telomerisation of butadiene using NHC-based catalysts has
recently been reported,”® promising potential new commercial
processes exploiting this 100% atom efficient reaction.

The diolefin most often studied for telomerisation with alco-
hols is 1,3-butadiene due to its low price and high reactivity;**"*
isoprene (2-methyl-1,3-butadiene) has also been studied exten-
sively due to the potential route to synthetic steroids.!®!"16:3
Notably, there are no reports of successful telomerisation of
dienes longer than a C, main chain. However, extending the
telomerisation reaction to long-chain dienes would open up new
opportunities for building high molecular weight and value-
added functionalised molecules. An attractive potential source
oflong-chain dienes is fatty acids, obtained from renewable plant
feedstocks.
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In this paper, we report the telomerisation of 1,3-pentadiene
and 1,3-hexadiene with primary alcohols using homogeneous
palladium catalysts bearing PPh; or nucleophilic carbene (NHC)
ligands.

2. Experimental
2.1 Catalyst preparation and characterization

The Pd(0) complexes Pd(IMes)(dvds) [(1,3-dimesitylimidazolin-
2-ylidene)-Pd-n?mn?-1,1,3,3-tetramethyl-1,3-divinyl-disiloxane]
and Pd(MelPr)(dvds) [(1,3-bis-(2,6-diisopropylphenyl)-4,5-
dimethylimidazolin-2-ylidene)-Pd-n*,n?>-1,1,3,3-tetramethyl-1,
3-divinyl-disiloxane] (Scheme 1) were synthesised by reacting
stoichiometric amounts of the corresponding free carbene
with an 8% Pd(0) in dvds solution in THF at —30 °C, with
subsequent crystallization from n-hexane at —20 °C. The 'H
NMR spectrum of the products correspond to published data.”
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Scheme 1 Molecular structures of the Pd(0)-carbene catalysts.
The new Pd(0) complex Pd(TzPh)(dvds) [(1,3.4-triphenyl-
tri-1,2,4-azolin-5-ylidene)-Pd-n*,1*-1,1,3,3-tetramethyl-1,3-
divinyl-disiloxane] was synthesised in a similar manner to the
other complexes. The methanol adduct TzPh-MeOH (0.248 g,
0.75 mmol) was thermally decomposed at 90 °C overnight under
vacuum,*! and the resulting free TzPh carbene taken up in dry
THF (10 mL) at —20 °C. A Pd(0)-dvds solution (1.00 mL, 8.5
wt%, 0.75 mmol) was added dropwise and the resulting solution
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stirred at room temperature for 1 h, then filtered under N, and
the solvent removed in vacuo. The resulting solid was washed
twice with dry pentane at —30 °C, yielding an off-white powder.
'"H NMR (400 MHz, C4Dq, 6): 8.49 (d of m, 7.8 Hz, 2H, Ph);
7.34 (d of m, 7.4 Hz, 2H, Ph); 7.17 (t of m, 7.8 Hz, 2H, Ph); 7.01
(t of m, 7.6 Hz, 1H, Ph); 6.96-6.80 (m, 8H, Ph); 3.29 (br m, 2H,
=CH); 2.93 (br m, 4H, =CH,); 0.54 (s, 6H, Si-Me); —0.14 (s,
6H, Si-Me). "H NMR peaks labelled as: s - singlet; d - doublet;
t - triplet; m - multiplet; br - broad.

2.2 Catalytic tests and materials

Palladium acetylacetonate (Pd(acac),), triphenylphosphine
(PPh;), 1,3-pentadiene, 1,3-hexadiene, methanol, ethanol, 1-
propanol and 1-butanol were purchased from Fisher Chemicals
and used without further purification. Reactions were carried
out in Ace pressure tubes of 15 mL volume (Sigma Aldrich).
These heavy-walled borosilicate glass tubes were rated to 11 bar
and were equipped with a FETFE® O-ring which sat under
the top rim of a PTFE bushing. A heater plate controlled by
a Pt100 sensor was used to set the reaction temperature. In
a typical experiment, the oil bath was pre-heated for 40 min
before starting the reaction. Measured quantities of catalyst (8 x
10 moles), solvent, reactant and a magnetic stirrer bar were
introduced inside the pressure tube and nitrogen was bubbled
through the solution to remove oxygen. An initial sample was
taken for analysis, then the tube was tightly closed, introduced
into the oil bath and the reaction time set at t = 0. Samples during
and at the end of the reaction were obtained by quenching the
reaction in an ice bath to condense any vapour prior to removal
of an aliquot for analysis.

Reaction products were analysed by gas chromatography
using a Varian CP-3900 instrument equipped with a non-polar
AT-5 capillary column (5% phenyl/95% methylpolysiloxane, 30
m X 0.32 mm) and a flame ionization detector (FID). GC-MS
was used to discriminate between the telomerisation products
and other reaction by-products. The material balance was closed
in all reactions to within +5%, and the accuracy of determination
of concentrations by gas chromatography was calculated by
five consecutive measurements of known concentrations of 1,3-
pentadiene and 1,3-hexadiene, finding a standard deviation
of £5%. Conversion values were calculated relative to the
disappearance of a reactant. The turnover frequency (TOF) was
calculated per unit amount (mol) of palladium.

3. Results and discussion
3.1 Telomerisation of 1,3-pentadiene

The telomerisation of asymmetric molecules, such as 1,3-
pentadiene and 1,3-hexadiene, with alcohols leads to the po-
tential product distribution shown in Scheme 2. The different
telomer products are determined by the orientation of the ‘head’
(diene moiety) and ‘tail’ (methyl or ethyl group) during coupling,
and the terminal or internal addition of the nucleophile. The
side-products are normally dimers and trimers of the diene;*
Diels—Alder addition products can also form, especially at
higher temperatures.”’” Selectivity to telomerisation products vs.
dimerisation products was calculated for all isomers, but the
telomer isomer distribution was not determined since at this

Table 1 The telomerisation of 1,3-pentadiene with methanol and
different catalysts

Conversion @  Selectivity

Catalyst T/°C TON 7h (%) @7h (%)
Pd(OAc), + 3equiv. PPh, 70 46 24 100
Pd(acac), + 3equiv. PPh, 70 457 244 100
Pd(MelPr)(dvds) 70 25 13 100
Pd(TzPh)(dvds) 70 91 48 91.8
Pd(IMes)(dvds) 70 157 8.4 97.9

Reaction conditions: 1.5 mL 1,3-pentadiene (2 M), solvent: 5 mL dry
1% NaOMe in MeOH, 1 mL decane as internal standard. Time: 7 h.
Catalyst: 8 x 10 mol of Pd.
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Scheme 2 A scheme of potential telomer products from 1,3-pentadiene

and 1,3-hexadiene telomerisation, exemplified with 1,3-pentadiene.

stage we are only concerned with determining the feasibility of
telomerising long-chain dienes.

Several in situ-formed Pd-PPh; and pre-formed Pd(0)-carbene
catalysts were screened for the telomerisation of 1,3-pentadiene
with methanol (Table 1). Appreciable conversion values were
obtained only when using the Pd(acac),-PPh; combination; with
the Pd(IMes)(dvds) and Pd(TzPh)(dvds) complexes producing
lower amounts of telomer products. The alternative Pd(OAc),-
PPh; combination and Pd(MelPr)(dvds) showed negligible
conversion. High to very high selectivity values towards telom-
erisation products were obtained for all the catalysts tested.

3.1.1. The influence of the alcohol. Primary alcohols of
increasing chain length (methanol, ethanol, 1-propanol and 1-
butanol) were used as nucleophiles for the telomerisation of
1,3-pentadiene using Pd(IMes)(dvds) and Pd(acac),-3PPh; as
catalysts (Table 2). No conversion using either catalyst system
was observed when the secondary alcohol isopropanol was used
as the nucleophile.

In the case of the Pd(acac),-PPh; catalyst, increasing the chain
length of the alcohol resulted in a decrease in telomerisation
conversion, corresponding with the previously observed activity
trends in the telomerisation of 1,3-butadiene.?? The low overall
conversions meant that it was difficult to study the influence of
the nucleophile on selectivity in these reactions.

In contrast, the carbene catalyst Pd(IMes)(dvds) showed
greater conversions as the chain length of the alcohol nucleophile
increased (see Fig. 2). Although the observed trend is not perfect,
the conversion with ethanol as a nucleophile being unusually
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Table 2 The influence of the alcohol on the telomerisation of 1,3-pentadiene

Catalyst Nucleophile T/°C TON Conversion @ 7 h (%) Selectivity @ 7 h (%)
Pd(IMes)(dvds) MeOH 70 157 8.4 98.2

Pd(IMes)(dvds) EtOH 70 409 21.8 100

Pd(IMes)(dvds) 1-Propanol 70 314 16.7 100

Pd(IMes)(dvds) 1-Butanol 70 451 24.1 100

Pd(acac), + 3 equiv. PPh; MeOH 70 457 24.4 100

Pd(acac), + 3 equiv. PPh; EtOH 70 15 0.8 100

Pd(acac), + 3 equiv. PPh, 1-Propanol 70 — — —

Reaction conditions: 1.5 mL 1,3-pentadiene (2 M), solvent: 5 mL 1% NaOMe in the alcohol, 1 mL decane as internal standard. Catalyst: 8 x 10 mol

of Pd.

high in this correlation plot, the overall trend seems to be clear.
Observation of the reaction solutions after completion of the
catalytic runs showed extensive deposition of Pd black only in
the presence of methanol, with the higher alcohols producing
gradually less turbid and coloured solutions as the nucleophile
chain length was increased (Fig. 1).

L

methanol ethanol 1-propanol 1-butanol

Fig. 1 Visual assessment of the decomposition of Pd(IMes)(dvds)
catalyst in the telomerisation of 1,3-pentadiene using different alcohol
nucleophiles.
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Fig. 2
lysed by Pd(Imes)(dvds) as a function of the alcohol nucleophile chain
length.

1,3-Pentadiene conversion in the telomerisation reaction cata-

The contrasting yields resulting from the telomerisation of
1,3-pentadiene with primary alcohol homologues using either
the Pd(IMes)(dvds) or Pd(acac),-3PPh; catalyst systems sug-
gests that the stability of the active catalyst derived from the
Pd-carbene complex improved in the longer chain alcohols. This
corresponds with the observed absence of Pd black deposition in

Pd(IMes)(dvds) catalysed reaction runs in the higher alcohols.
Conversely, the catalyst derived from the Pd(acac),-3PPh;
system was destabilised as the alcohol chain length increased,
forming Pd black. The impact of factors not related to the nature
of the catalytic species, such as improved reactant solubility in
the longer chain alcohols, were discounted by the extremely poor
activity of the Pd(acac),-3PPh; system in any alcohol other than
methanol.

The observed low reactivity in the presence of a secondary
alcohol (such as isopropanol) is in agreement with a recent report
on the telomerisation of glycerol,* in which no products with a
secondary glycerol hydroxy group were observed. Furthermore,
the reaction did not proceed in the absence of low molecular
weight PEG. The influence of PEG was assigned to the solubil-
isation of the glycerol reactant. Similarly, in a more systematic
study of the influence of the structure of poly-ol nucleophiles
on telomerisation activity,*®* telomerisation was found to be
more active with primary alcohols and with an increased chain
length of the alcohol. The explanations given were based on the
increased solubility of both the ligand and the reactant diene
in longer chain alcohols and the increased hydrophobicity of
longer chain alcohols. The low reactivity of secondary alcohols
in telomerisation is not entirely understood, but appears to be a
general trend for both carbene and phosphine ligand catalysts.

3.2 Telomerisation of 1,3-hexadiene

The telomerisation of 1,3-hexadiene with methanol was unsuc-
cessful using any of the Pd catalysts previously tested on 1,3-
pentadiene, despite the use of elevated temperatures and longer
reaction times. Noting the activity improvements gained using
longer chain alcohols in the telomerisation of 1,3-pentadiene,
a similar study was carried out with 1,3-hexadiene using
Pd(IMes)(dvds) (Table 3).

A low telomerisation conversion was observed in ethanol
after extended reaction time, while 1-propanol and 1-butanol
showed similar conversions and TONs to those observed for 1,3-
pentadiene, albeit at an increased reaction temperature. In terms
of catalytic activity, little difference between the C; and C, alco-
hols was observed. C; secondary alcohols, such as isopropanol,
also did not show any conversion. In common with reactions
using the 1,3-pentadiene substrate, the increased telomerisation
conversion in the presence of longer chain alcohols is believed
to be associated with the higher stability and/or solubility of the
catalytic species derived from Pd(IMes)(dvds) in those solvents.
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Table 3 The influence of nucleophiles on the telomerisation of 1,3-hexadiene

Catalyst Nucleophile T/°C TON @21 h Conversion @ 7 h (%) Conversion @ 21 h (%)
Pd(IMes)(dvds) MeOH 90 — — —

Pd(IMes)(dvds) EtOH 90 78.1 — 14.3

Pd(IMes)(dvds) 1-Propanol 90 281.3 36.1 51.8

Pd(IMes)(dvds) 1-Butanol 90 263.1 39.2 48.4

Reaction conditions: 0.5 mL 1,3-hexadiene (0.6 M), solvent 5 mL 1% NaOMe in the alcohol, 0.5 mL decane as internal standard. Catalyst: 8 x

107 mol of Pd(IMes)(dvds).

Table 4 The influence of the initial concentration of 1,3-pentadiene

Initial —Amax/ Conversion  Selectivity
concentration/M  molh™ L' TON @ 7h (%) @ 7h (%)
43 0.093 608 14.9 95.9
3.3 0.054 361 11.6 97.2
2.0 0.024 157 8.4 98.2
1.0 0.015 99 10.6 97.9

Reaction conditions: solvent up to a total volume of 6.5 mL dry 1%
NaOMe in MeOH, 1 mL decane as internal standard, time 7 h, catalyst
8 x 107 mol of Pd(IMes)(dvds).

3.3. Influence of initial concentration of 1,3-pentadiene

The influence of the initial concentration of 1,3-pentadiene
(between 1.0 to 4.3 M) on conversion and selectivity in the
telomerisation with methanol using Pd(IMes)(dvds) as the
catalyst was investigated. Low conversion values were obtained
for all reactant concentrations, and although TONs were
improved at higher concentrations, no significant effect of
1,3-pentadiene concentration on the conversion was observed
(Table 4). Similarly, there was no influence on the selectivity
towards telomerisation products.

4. Conclusions

Conjugated Cs and C, dienes were successfully telomerised with
1-propanol and 1-butanol nucleophiles using a Pd(i1)-carbene
complex, Pd(IMes)(dvds). Conversions of up to 48% were
attained with high selectivity towards telomerisation products.
The carbene complex was shown to be active under conditions
where Pd(acac),-3PPh; was completely inactive, suggesting that
the longer chain alcohol nucleophiles/solvents were able to
stabilise the active catalytic species derived from the carbene
complex.
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