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The first description of a telomerization reaction came from
Smutny in 1967 who was studying the oligomerization and di-
merization of 1,3-butadiene and its reactions with nucleo-
philes.[1] Since then, numerous studies have appeared concen-
trated on monofunctional alcohols and other simple nucleo-
philes such as ammonia.[2–5] So far, the only industrial applica-
tion is the telomerization of butadiene with water leading to
2,7-octadien-1-ol.[6–8] Surprisingly, not much work has been
done on multifunctional nucleophiles,[9] besides a few studies
concerning the telomerization of sugar components or
starch.[10] We believe crude glycerol to be another interesting
multifunctional nucleophile for this reaction. Governmental
regulations in the European Union necessitate a growing
usage of biodiesel and consequently a growing production
along with an increasing supply of crude glycerol as the main
by-product in the manufacture of biodiesel (226 kg/ton).
Therefore, economically attractive technologies to directly con-
vert crude glycerol into useful bulk chemicals or chemical
building blocks are required. Various studies and recent re-
views have focused, for instance, on synthesis gas from glycer-
ol followed by Fischer–Tropsch synthesis.[11–16] The telomeriza-
tion of glycerol with 1,3-butadiene presents a promising tech-
nology allowing direct access to C8-chain mono-, di-, and
triethers of glycerol with potential applications in surfactant
chemistry and as chemical building blocks (Scheme 1).

Surprisingly, only one study concerning the telomerization
of pure glycerol exists so far,[17] while the telomerization of
crude glycerol has not been reported yet. Behr and Urschey
described the telomerization of different polyglycols, including
glycerol, using a Pd triphenylphosphine trisulfonic acid (tppts)
catalyst.[17] For pure glycerol, turnover numbers (TONs) up to
990 with a turnover frequency (TOF) of 248 h�1 were reached,
resulting mainly in formation of the monoether and summing
up to a total TON of 3300 as the catalyst system was recycled
five times. Inspired by the broad applicability of this reaction
type and the little number of studies on glycerol telomeriza-
tion, we looked deeper in this topic and investigated the elec-
tronic and structural requirements of potentially active catalyst
systems. Herein, we report a system of Pd in combination with
methoxy-functionalized PPh3 as a highly active catalyst for the

telomerization of both pure and crude glycerol reaching TONs
of up to 8545 in one run and a TOF of 3418 h�1. An overview
of the investigated ligand systems that focus on methoxy-func-
tionalized triphenylphosphine species is given in Scheme 2.
Methoxy substituents exhibit electron-donating properties,
thus enhancing the electron density on the phosphorous

Scheme 1. Telomerization of glycerol with butadiene to form glycerol ethers
1–3 and by-products octatriene 4 and octadienol 5.

Scheme 2. Structures of the ligands investigated for the telomerization of
glycerol.
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atom. Consequently, the electron density at the phosphorous
atom increases with the number of methoxy substituents. At
the same time, steric constraints increase and coordination of
substrates towards the corresponding palladium complex may
be hindered. Table 1 summarizes the changes in activity de-
pending on the ring substitution (entries 1–6). Different reac-
tion times result as all reactions were stopped after completion
indicated by a pressure drop to around 1 bar. If no pressure
drop could be observed as a result of low catalyst activity, the
reactions were stopped after 5 h reaction time. By varying the
ligand substitution from one methoxy group on a single
phenyl ring (A) to three methoxy groups on each ring (E), the
TON increases reaching a maximum of 2245 for D (Table 1,
entry 5), a triphenylphosphine ligand with methoxy groups in
both ortho positions of each ring. On the other hand, a rather
long reaction time of 5 h is required. Therefore, the overall
maximum in activity can be found for tris(ortho-methoxyphe-
nyl)phosphine (tompp, C ; Table 1, entry 3) reaching a compara-
ble yield in only 0.5 instead of 5 h and resulting in a signifi-
cantly higher TOF of 3040 h�1 compared to 449 h�1 for D. To
elucidate the real performance of tompp in this reaction, we
decreased the amount of Pd/tompp to just 20% of the original
amount (Table 1, entry 4). Consequently, the required reaction
time to reach a comparable yield increased five times to 2.5 h
and a TOF of 3418 h�1 and a TON of 8545 were observed.
Thus, compared to the Pd/tppts system,[17] TONs in one run
could be increased substantially together with a significantly
shortened reaction time.

The high activity of the methoxy-functionalized Pd/PPh3 cat-
alyst systems points towards a positive effect of electron-do-
nating groups. This result is particularly interesting as several
studies concerning the ideal electronic structure of potential
phosphine ligands for telomerization reactions came to the
conclusion that p-acceptor rather than s-donor properties are
advantageous for catalytic activity and regioselectivity.[4, 18] As
the electron density on the phosphorous atom increases with

the number of methoxy groups on the phenyl rings, the ob-
served maximum in activity for C indicates an optimum elec-
tron density for one methoxy group on every ring. Additional-
ly, steric hindrance increases with the number of substituents
on the ring systems and probably results in hindered substrate
coordination and a consequently lower activity of the catalyst
with higher substituted PPh3 ligands (D and E). Tompp (C)
seems therein to combine increased electron density on the
phosphorous with steric constraints leading to high catalytic
activity. To emphasize the advantageous effect of electron-do-
nating substituents, a PPh3 ligand with fluorine as electron-
withdrawing group F was tested (Table 1, entry 7) but did not
show any activity. Therefore, increased electron density on the
phosphorous atom seems to be advantageous to achieve im-
proved catalytic activity.

Interestingly, Pd/tompp as catalyst system has, to the best
of our knowledge, not been reported yet for telomerization re-
actions. Some studies, however, mention tris(ortho-tolyl)phos-
phine (G) and tris(para-methoxyphenyl)phosphine (H), both of
which show medium catalytic activity in the telomerization of
butadiene with arabinose und xylose.[19] In that study, G and H
show comparable activity to phosphines exhibiting p-acceptor
properties such as fluorine- (F) or chlorine-functionalized PPh3

ligands. Therefore, we investigated G and H in the telomeriza-
tion of glycerol also expecting a reasonable catalytic activity, as
electron-donating substituents were identified to be advanta-
geous for the catalytic activity in this reaction. Enhanced elec-
tron density on the phosphorous was emphasized by 31P NMR
spectroscopy, which revealed the phosphorous resonance for
C at d=�38.0 ppm and at d=�27.9 ppm in the case of
ligand G. Surprisingly, however, neither PPh3 with electron-do-
nating methyl groups in the ortho position (G ; Table 1, entry 8)
nor with methoxy groups in the para position (H ; entry 9) re-
sulted in a reasonable activity, showing instead TONs below 50
after 5 h reaction time. On the basis of these results, we came
to the conclusion that other factors beside the electron density

Table 1. The activity of different catalysts in the telomerization of pure and crude glycerol with 1,3-butadiene.[a]

Entry Ligand t [h] Yield [%][b] Selectivity [%][c] TON[d] TOF [h�1]
1 2 3

pure glycerol
1 A 5 33.3 42 30 28 1001 200
2 B 1 67.5 46 31 23 1802 1802
3 C 0.5 67.1 58 29 14 1520 3040
4 C[e] 2.5 66.3 43 38 19 8545 3418
5 D 5 72.8 36 35 28 2245 449
6 E 5 11.7 69 28 2 252 50
7 F 5 0.5 n.d. n.d. n.d. 14 3
8 G 5 2.1 n.d. n.d. n.d. 51 10
9 H 5 0.8 n.d. n.d. n.d. 18 4

crude glycerol
10 C 0.75 56.0 20 24 56 1773 2335
11 C 1.5 71.0 32 31 37 2159 1435
12 C 0.5 24.1 36 51 12 696 1392

[a] Butadiene/glycerol=2.5, catalyst concentration: 0.06 mol% [Pd ACHTUNGTRENNUNG(acac)2] with respect to glycerol, P/Pd=5, T=80 8C, n.d.=not determined. [b] Based on
conversion of glycerol into glycerol ethers. [c] Based on yields of glycerol ethers. [d] Based on glycerol conversion: one catalytic cycle is defined as TON=

1, therefore triether formation requires TON=3. [e] Amount of catalyst decreased to 20%.
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at the phosphorous atom play a crucial role for the catalytic
activity of Pd/PPh3-type catalysts in the telomerization of 1,3-
butadiene with glycerol and probably other multifunctional
nucleophiles as well. Herein, one point may be the polarity of
methoxy groups as compared to methyl groups which leads to
an improved solubility of methoxy-functionalized ligands and
the corresponding complexes in a polar substrate such as glyc-
erol. Consequently, the low polarity of methyl-functionalized
PPh3 (G) hinders dissolution of the ligand and results in a
rather low activity. On the other hand, H should exhibit com-
parable properties in terms of electron density on the phos-
phorous and polarity as for tompp (C). Nevertheless, no signifi-
cant activity was observed with H as ligand (Table 1, entry 9)
indicating that the ortho position of the methoxy species may
additionally play an important role. Presumably, explanations
for this could be the stabilization of the Pd complex by me-
thoxy groups in the ortho position caused by the formation of
a hemilabile species and the difference in the resulting cone
angle dependent on a substituent in the ortho or para posi-
tion, respectively.[19,20] Further investigations will be performed
to elucidate the exact role of methoxy subsituents in ortho and
para positions.

Another important point besides the high activity of the cat-
alyst system is its product selectivity. Possible by-products of
the telomerization reaction are the butadiene dimer octatriene
4 and octadienol 5, which result from the telomerization of bu-
tadiene with water. The amount of by-products, however, was
below 5% for all reactions and thus not investigated. In terms
of product distribution, we performed a variation of the buta-
diene/glycerol ratio (1–4) at constant reaction time and tem-
perature (Table 2). On increasing the butadiene/glycerol ratio
from 1 to 4 (Table 2, entries 1–4), the yield of glycerol ethers in-
creases to 92% with a TON of 2626. At the same time, the
amount of monoether decreases from 70 to around 40% while
the amount of diether increases. Therefore, higher amounts of
butadiene seem to accelerate the telomerization reaction but
result at the same time in a shift towards enhanced di- and
triether formation. Clearly, to promote formation of the mono-
ether, a rather low butadiene/glycerol ratio should be chosen.

The focus for our study, however, was the feasibility of a
direct telomerization of crude glycerol resulting from the pro-

duction of biodiesel. Crude glycerol contains, besides traces of
ash and various metals and ions, around 10% water. In this
regard, we studied tompp as ligand system not only for pure
glycerol but also for crude glycerol as substrate. The results are
promising (Table 1, entries 10–12 and Table 2, entry 5), reveal-
ing clearly the feasibility of the telomerization of crude glycer-
ol. For a butadiene/glycerol ratio of 2.5, yields of up to 71%
with a TON of 2159 were obtained, and even higher yields and
TONs are feasible by choosing a butadiene/glycerol ratio of 4.
The activity of the catalyst for crude glycerol is comparable
with that for pure glycerol as substrate and is reached within
slightly prolonged reaction times. Owing to the increased
water content of the substrate, up to 15% octadienol was ob-
served as by-product. In terms of product distribution, the for-
mation of the triether increases which may be a minor draw-
back given that mono- and diethers are target molecules for
surfactant applications.[17] Nonetheless, these differences in
product distribution may be induced by the somewhat pro-
longed reaction time until a complete uptake of butadiene is
reached. Therefore, an additional experiment was performed
that could support this theory. Therein, the telomerization of
crude glycerol was stopped after 30 min resulting as expected
in a lower yield as compared to pure glycerol of around 24%.
The observed product distribution, however, was similar to
pure glycerol with little increased diether formation for crude
glycerol compared to pure glycerol under similar reaction con-
ditions (Table 1, entry 3 vs 12). These results emphasize that
the product distribution is basically dependent on the buta-
diene/glycerol ratio and the reaction time rather than on pure
or crude glycerol as substrate.

In summary, we have demonstrated the successful telomeri-
zation of glycerol with 1,3-butadiene by applying a Pd/tompp
complex. The catalyst system shows superior activity relative
to the known Pd/tppts system and maintains its high activity
even for crude glycerol as substrate. Future investigations will
focus on a variation of different reaction parameters and on a
mechanistic understanding to improve the activity and selec-
tivity of the telomerization reaction towards chosen target
molecules.

Experimental Section

In a typical telomerization experi-
ment, [Pd ACHTUNGTRENNUNG(acac)2] (22.8 mg, 7.5K
10�5 mol; acac=acetylacetonate)
and the triphenylphosphine-type
ligand (3.75K10�4 mol) were
added to glycerol (11.51 g,
0.125 mol). The solution was di-
rectly mixed inside a 50-mL stain-
less steel Parr autoclave and flush-
ed three times with argon. The au-
toclave was cooled down to 258 K
using an acetone–dry ice mixture.
1,3-butadiene was directly con-
densed in the reactor, and the au-
toclave was heated to the reaction

Table 2. Activity of tompp (C) at different butadiene/glycerol ratios in the telomerization of glycerol with 1,3-
butadiene.[a]

Entry Butadiene/ t [h] Yield [%][b] Selectivity [%][c] TON[d] TOF [h�1]
glycerol 1 2 3

pure glycerol
1 1 0.5 47.7 70 32 15 737 1474
2 2 0.5 62.4 60 29 10 1390 2780
3 2.5 0.5 67.1 58 29 14 1520 3040
4 4 0.5 92.3 39 44 16 2626 5182
crude glycerol
5 4 1.5 72.5 20 24 56 2312 1581

[a] Catalyst concentration: 0.06 mol% [Pd ACHTUNGTRENNUNG(acac)2] with respect to glycerol, P/Pd=5, T=80 8C. [b] Based on con-
version of glycerol into glycerol ethers. [c] Based on yield of glycerol ethers. [d] Based on glycerol conversion:
one catalytic cycles is defined as TON=1, therefore triether formation requires TON=3.
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temperature of 353 K and kept at that temperature for 5 h or until
the pressure had dropped to 1 bar. After the reaction, the reactor
system was cooled to room temperature and flushed several times
with argon. The reactor content was analyzed using a gas chroma-
tography system (Shimadzu GC-2010) with a SupelcoWax10
column (internal calibration). As none of the reaction products are
commercially available, product identification and GC calibration
were attained by column separation of several reaction mixtures.
Several separated fractions were investigated by GC, GC-MS, and
1H NMR spectroscopy measurements, allowing us to assign the dif-
ferent mono-, di-, and triethers of glycerol and to use the identified
clean fractions of the main components for the GC calibration.
Branched products were not observed in any 1H NMR spectra but
cannot be fully excluded. 31P NMR measurements were carried out
using CDCl3 as solvent. Butadiene and argon were purchased from
Linde Gas Benelux, and chemicals were obtained from Aldrich and
used without any purification.
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