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ABSTRACT: Olefin cross metathesis is reported for the

first time to attach small molecules to a range of novel
polyethers with a poly(ethylene glycol) backbone and
pendent alkene groups, allowing for a loading of up to
one compound per monomer unit. These polymers are
tailored to prevent the occurrence of self metathesis (reaction of the polymer with itself) by varying the substitution on the pendent alkenes, thus steering their reactivity toward olefin cross metathesis. Efficient functionalization has been observed for a range of coupling partners, as a proof of concept for the use of olefin metathesis to graft small and larger molecules to polyethers for
drug delivery. This approach also paves the way for the
use of olefin cross metathesis as an efficient method to
functionalize a wide variety of polymers with pendent
olefin groups.

Biocompatible polymers such as poly(ethylene glycol)
(PEG) have been widely used for drug conjugation,1 but
they lack functional handles along the polymer backbone. This limits the possible modifications they can
undergo. The synthesis of pertinent and useful polymers
frequently requires post polymerization modification in
order to incorporate architectures bearing functional
groups not compatible with the polymerization process.2
Side-chain functionalization of polymers is commonly
achieved by employing azide-alkyne cycloaddition,3
terminal functional group modification,4 thiol-ene addition,5 Michael-type addition,6 and amidation,7 among
many others.2 Olefin cross metathesis (CM) is a powerful carbon-carbon bond forming reaction,8 performed
under very mild conditions with catalysts compatible
with most heteroatom functional groups, and therefore,
could be used for the conjugation of polyethers possessing pendent olefin handles. However, conjugation of
polymers by olefin CM remains a relatively unexplored
area.9 Functionalization by CM was pioneered by Coates
et al. who showed that moderate conversion could be
achieved when reacting various alkene-contining polyolefins with small olefins.10 Hoogenboom and Meier and
co-workers also reported that acrylate derivatives could
successfully be coupled to a poly(2-oxazoline) (POx)
with pendent olefins.11 This approach was successful,

but the occurrence of self metathesis (SM) was observed, which is the process by which a pendent olefin
of the polymer undergoes CM with another pendent olefin, either intramolecularly or intermolecularly. This
undesired process was limited by using a large excess
(7-12 equivalents) of the acrylate coupling partners. Edgar et al. then described CM of cellulose esters with 20
equivalents of acrylate derivatives.12 Our group has performed successful CM reactions of hindered polyesters
with several olefinic partners.13 The Shaver group further reported CM reactions between the polymer of heptenolactone and an extensive range of small olefinic
partners.14 In the latter case, self metathesis was minimized with a high loading (8 equivalents) of the olefin
cross partner.
Polyethers have a flexible backbone and therefore
should be prone to SM, as is the case for the POx derivatives.11 Intermolecular SM is especially deleterious to
the efficiency of CM functionalization, as the resulting
cross linking leads to highly increased dispersities in the
grafted polymers, but using a large excess of an expensive coupling partner is not a sustainable solution. Herein, we report tailoring the polyethers according to the
olefinic partners in order to favor CM over SM, by modifying the substitution on the pendent alkene of the polymer.
As CM with alkene-containing polyethers had not
been reported, preliminary studies were conducted on
the known poly(allyl glydidyl ether) p(AGE).15 Anionic
ring-opening polymerization of commercially available
allyl glycidyl ether (neat) with potassium benzoxide as
initiator produced the desired polymer (Mn = 7990
g/mol, Ɖ = 1.08). When this polyether was submitted to
metathesis with methyl acrylate in the presence of Hoveyda-Grubbs second-generation catalyst HG216 in refluxing dichloromethane, the desired CM reaction took
place (Scheme 1, x units), but some unreacted olefins
were recovered (y units), and a substantial amount of
SM was observed (z units). Under optimized conditions,
the x/y/z ratio was 85:0:15 for methyl acrylate 1 (R1 =
COOMe, R2 = H), and 90:5:5 for Z-1,4-butenediol diacetate 2 (R1,R2 = CH2OAc), which behaves as an allyl
acetate surrogate.

Scheme 1. First attempt of olefin CM reactions with
p(AGE).17

the grafted polymer units resulting from CM with
p(AGE), p(CGE) and p(PGE) will be the same, while
CM with p(MAGE) will lead to a trisubstituted olefin.

Figure 2. Novel polyethers with varying olefin handles.

These ratios were determined by 1H NMR spectroscopy, which clearly shows the different olefinic protons for
each unit (Figure 1). Although the amount of SM is not
very high, especially in the case of CM with the dimer of
allyl acetate, the dramatic increase in dispersity (Ɖ > 2)
indicates mainly intermolecular SM, and hence formation of branched polymers. Surprisingly, increasing
the amount of CM partner up to 8 equivalents did not
improve the efficiency of the desired CM process.

Figure 1. 1H NMR spectrum (400 MHz, CDCl3) showing
x, y and z units.

In order to limit the degree of SM, we designed novel
polyethers with additional steric hindrance around the
pendent olefin. Using potassium tert-butoxide as initiator,18 which is easier to handle than potassium benzoxide, p(AGE), poly(crotyl glydidyl ether) p(CGE),
poly(prenyl glydidyl ether) p(PGE) and poly(methallyl
glydidyl ether) p(MAGE) were synthesized in high molar masses and low dispersity (Figure 2) from the corresponding epoxide monomers.19 It is worth noting that

CM was then performed between these polymers and
various type 1 and type 2 coupling partners (Table 1).
Grubbs' classification of olefins according to their reactivity toward metathesis with a specific catalyst states
that type 1 olefins undergo fast homodimerization, type
2 olefins dimerize slowly, and type 3 olefins do not dimerize, although they can participate in CM reactions.20
Under the previously optimized conditions, coupling of
p(CGE) with methyl acrylate 1 (entry 1) saw a slight
decrease in conversion in comparison to p(AGE) (entry
2) with an overall increase in SM, indicating that the
added methyl group is not efficient in inhibiting formation of the SM product. The reaction of p(PGE) with
methyl acrylate (entry 3) led to a significant increase in
successful CM (95%). Unsurprisingly, no reaction occurred between p(MAGE) and methyl acrylate (entry 4)
due to the low reactivity of both olefin species.
Coupling of the polymer range with the dimer of allyl
acetate 2 saw good conversion with p(AGE) (entry 5),
p(CGE) (entry 6) and p(PGE) (entry 7) and a strong correlation between the degree of SM and the increase in
dispersity. In each case, a substantial degree (up to 30%)
of the original pendent olefins remained unreacted,
which is probably due to intramolecular SM, resulting in
conformations of the polymer chain that makes some
olefins less accessible. Most interestingly, p(MAGE)
underwent 23% successful CM with no evidence of SM
(entry 8). For the first three polymers, the E/Z ratio of
olefin isomers was 10:1, and for p(MAGE), it was 3:1.
These numbers are in line with the selectivities observed
for CM between small molecules of the same type.20
Coupling more complex molecules, such as peptides
with the polymer range is of considerable interest, as
these peptides moieties could serve as targeting devices
in the drug delivery process. Studies were thus conducted on an amino acid substrate. CM of the derivative of
Boc-protected glycine 3 (see Scheme 1 for structure)
with p(AGE) (entry 9) and p(CGE) (entry 10) yielded
similar results with 30% and 40% successful CM respectively, along with a significant amount of SM. With
p(PGE) (entry 11), the same percentage of desired CM
was observed, but with 27% unreacted prenyl handles
remaining. With p(MAGE) (entry 12), a conversion of
30% was achieved, but once again no SM was detected

Table 1. CM of polymer range with diverse coupling partners a

Entry

Polymer

Mn before CM
(by GPC)

Ɖ before
CM

Coupling
partner

Yield
(%)

x/y/z

Mn after CM
(by GPC)

Ɖ after
CM

1
2
3
4
5
6
7
8
9
10
11
12

p(AGE)
p(CGE)
p(PGE)
p(MAGE)
p(AGE)
p(CGE)
p(PGE)
p(MAGE)
p(AGE)
p(CGE)
p(PGE)
p(MAGE)

10000
9200
10000
15800
10000
9200
10000
15800
10000
9200
10000
15800

1.16
1.28
1.35
1.15
1.16
1.28
1.35
1.15
1.16
1.28
1.35
1.15

1
1
1
1
2
2
2
2
3
3
3
3

92
95
84
90
83
95
95
94
82
95
97

85:5:10
80:0:20
95:2:3
0:100:0
87:4:9
73:12:15
60:30:10
23:77:0
30:7:63
40:7:53
38:27:35
30:70:0

13900b
13900b
10300b
12300c
15600c
12800c
15900b
22700c
17100c
16400c
19000b

2.11
2.21
2.00
1.46
1.98
1.76
1.09
1.81
1.72
1.84
1.09

a

All reactions were performed with 5 mol % of HG2 in refluxing dichloromethane for 18 h at 0.4 M with 4 equiv of coupling partner. bMonomodal. cMultimodal.

for this polymer, as seen by the maintained dispersity on
the GPC trace.
The results observed for the CM reactions can be explained by the different reactivity of the polymers. Both
p(AGE) and p(CGE) possess type 1 olefins, and therefore, show good reactivity with any coupling partner.
However, a certain degree of SM is seen as a result of
their reactivity. The ruthenium catalyst reacts primarily
with the pendent olefin to form the metal-polymer complex 4,21 which can then undergo successful CM
(Scheme 2). Carbene 4 can also react more slowly with
another pendent olefin, yielding SM product 6. In the
case of a type 1 olefin coupling partner, the desired
product 5 is also a type 1 olefin and can react with the
catalyst to regenerate the carbene 4, thus leading to the
SM product 6 by a secondary metathesis reaction. For
these two polymers, successful CM is the major outcome of metathesis, along with 10-20% of SM. We had
hoped that SM would be slower in the case of p(CGE)
because of the additional steric hindrance in metallacyclobutane 8 compared to that of 7, but this hypothesis
was not validated.
Polyether p(PGE) bears type 2 pendent olefins, so
formation of carbene 4 is slow, but in the case of a type
2 olefin partner such as methyl acrylate, formation of
carbene 9a is even slower (Scheme 3). The catalyst reacts first with p(PGE), and unhindered carbene 4 undergoes rapid CM reaction. SM is very slow because of the
high steric hindrance of metallacyclobutane 10, and
since the desired product 5 is a type 2 olefin, no secondary metathesis is observed. This explains why p(PGE) is
the optimal polymer for coupling with a type 2 olefin.

Scheme 2. Metathesis pathways for p(AGE) and
p(CGE).

In the case of a type 1 coupling partner, the catalyst
reacts first with the small molecule giving carbene 9b.
This carbene can then couple with a polymer olefin to
give the desired product 5. No SM metathesis product is
formed by this pathway, but the CM product 5 is a type
1 olefin that can lead to the SM product 6 by secondary
metathesis reaction, which explains why p(PGE) produces the same amount of SM product as the less hindered p(AGE) and p(CGE) polymers with type 1 olefin
partners. Polymer p(MAGE) is a type 3 olefin and does
not react with the catalyst, so carbene 11 cannot be
formed (Scheme 4). With a type 2 olefin, formation of
carbene 9a is very slow, and no metathesis reaction is
observed. With a type 1 coupling partner, formation of

carbene 9b is fast, followed by a slow reaction with
p(MAGE) to give the desired CM product 12. Secondary
SM cannot occur at all, as this product is also a type 3
olefin.
Scheme 3. Metathesis pathways for p(PGE).

Scheme 5. Successful CM between p(MAGE) and
protected RGD.22

for coupling with type 2 olefins is the p(PGE), while no
SM occurs during CM of p(MAGE) with type 1 olefins,
maintaining a good dispersity throughout the functionalization process. Furthermore, we report the first successful CM between a polymer and a coupling partner of
biological relevance, RGD, which is commonly used for
targeting tumor cells.23 Further studies for conjugation
of p(MAGE) with drugs such as paclitaxel are in progress.
Scheme 4. Metathesis pathways for p(MAGE).
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