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ABSTRACT: Hydroxy telechelic polycycloalkenamers have long been synthesized using ring-opening metathesis polymeri-
zation (ROMP) in the presence of an acyclic olefin chain-transfer agent (CTA); however, this route typically requires pro-
tected diols in the CTA due to the challenge of alcohol-induced degradation of ruthenium metathesis catalysts that can not
only deactivate the catalysts but also compromise the CTA. We demonstrate the synthesis and implementation of a new
hydroxyl-containing CTA in which extended methylene spacers isolate the olefin and alcohol moieties to mitigate decompo-
sition pathways. This CTA enabled the direct ROMP synthesis of hydroxy-telechelic polycyclooctene with controlled chain
lengths dictated by the initial ratio of monomer to CTA. The elimination of protection/deprotection steps resulted in im-
proved atom economy. Subsequent hydrogenation of the backbone olefins was performed by a one-pot, catalytic approach
employing the same ruthenium alkylidene catalyst used for the initial ROMP. The resultant approach is a streamlined, atom-
economic, and low-waste route to hydroxy-telechelic linear polyethylene that uses a green solvent, succeeds with miniscule

quantities of catalyst (0.005 mol%), and requires no additional purification steps.

Polyolefins are the predominant class of polymer used
globally, with polyethylene (PE) used in a remarkably wide
range of applications due to its high thermal/chemical sta-
bility, ease of processing, and favorable mechanical prop-
erties. As such, there is substantial interest in the devel-
opment and production of functionalized PE, whether by
incorporation of reactive groups during polymerization,!-
post-polymerization modification,”.817.189-16 or some com-
bination of the two.1%-2% One such strategy is ring-opening
metathesis polymerization (ROMP) of cyclic olefins to give
polyalkenamers that can be hydrogenated to yield the cor-
responding polyolefins; the inclusion of a difunctional acy-
clic alkene as chain-transfer agent (CTA) produces
telechelic polyolefins containing the corresponding end
groups. The utility of CTAs with varied functionality have
been demonstrated in numerous examples,!25-33 with the
primary requirement being the mutual compatibility of the
CTA and the polymerization catalyst, typically ruthenium-
based metal carbene derivatives.

One functionality that has proven challenging to directly
access in an efficient manner via ROMP with a CTA is that
of hydroxyl groups. Initial attempts to polymerize cyclooc-
tadiene with cis-2-butene-1,4-diol (C4D) resulted in poor
yields and polymers with high cis content along the back-
bone, suggesting deactivation of the catalyst over the
course of the reaction.?? As a result, the majority of ROMP-
produced hydroxy-telechelic polyolefins have been syn-
thesized using a protected CTA, typically cis-1,4-
bis(acetoxy)-2-butene, followed by an additional deprotec-
tion step (Scheme 1).2934-38 Due to the increasing need for
more sustainable chemical processes, the poor atom econ-
omy and additional waste of such a protec-
tion/deprotection strategy are undesirable. However, high

yields with unprotected C4D have only been achieved in
the specific case of the cyclic carbonate/olefin monomer
4,7-dihydro-1,3-dioxepin-2-one, which required long reac-
tion times to reach full conversion.3?

Several mechanisms for the degradation of ruthenium cat-
alysts in the presence of primary alcohols have been pro-
posed; of particular interest in the case of C4D is work by
Wolf and co-workers on the interaction of Grubbs 1st gen-
eration catalyst (G1) with allylic alcohols.*0 These studies
support a decomposition pathway that depends on the
ability of allylic alcohols to form enol and aldehyde inter-
mediates in the process of generating the decomposition
product, a ruthenium carbonyl complex. These results sug-
gest that this decomposition might be inhibited by in-
creased separation between the olefin and hydroxyl
groups, which is further supported by investigations into
the metathesis of olefin alcohols that show increasing
yields with longer spacers between the olefin and
alcohol.3* In addition, extending the olefin-alcohol distance
would prevent the rapid isomerization of allylic alcohols to
aldehydes that can occur in the presence of Grubbs me-
tathesis catalysts,#1-47 thereby protecting against loss of
the hydroxyl chain-end functionality.

In this work, we explore the effect of such separation by
employing a sixteen-carbon diol cis-hexadec-6-ene-1,16-
diol (C16D) as CTA. This diol is conveniently available in
one step from the naturally occurring and inexpensive
musk, w-6-hexadecenlactone, also known as ambrettolide.
Using mild reducing conditions, C16D was produced at a
multigram scale (Scheme S1). The use of this high-cis ole-
finic diol as CTA proved effective for generating hydroxy-
telechelic polycyclooctene (PCOE) with controlled molar
masses, and the elimination of the deprotection step ena-



Scheme 1. Schematic comparison between the previous route to hydroxy-telechelic PE, in which a protected CTA is
used in the ROMP of COE, followed by deprotection and then hydrogenation, and the work presented here, in which
the use of an extended CTA enables a direct, one-pot synthetic approach.
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bled the development of a one-pot, tandem-catalytic route
to hydroxy-telechelic linear PE (HTPE, Scheme 2). As
shown in Scheme 1, this strategy allows for more direct
production of HTPE, reducing both the steps required and
waste generated.

Scheme 2. Synthesis of HTPE via simultaneous ROMP
of cis-cyclooctene and cross-metathesis with cis-
hexadec-6-ene-1,16-diol, followed by hydrogenation.
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To assess the stability of Grubbs 2nd generation catalyst
(G2) in the presence of the extended olefin diol, the
cis/trans isomerization of C16D was monitored using a
ratio of 100:1 [olefin]o:[G2]o (Figures 1 and S4). 2-
Methyltetrahydrofuran (2-MeTHF) was chosen as solvent
due to its bioderived nature and the potential for a catalyst
stabilizing effect due to its ability to coordinate with the Ru
catalyst, analogous to tetrahydrofuran.??48 The initial ali-
quot at 4 h shows successful isomerization from majority
cis to majority trans (> 80%). After subsequent additions
of C16D at 4 h and 24 h (100 additional equivalents to G2
each time), equilibrium was reattained, showing continued
catalytic activity. For comparison, C4D was subjected to
the same conditions (Figures S5 and S6). While a large
trans fraction was observed after the initial 4 h, subse-
quent isomerization of C4D proved slower than in the case

x=4o0r8

of C16D, and a return to equilibrium was not observed
within the monitored timeframe. These results suggest
catalytic decomposition in the presence of the allylic alco-
hol compared with C16D.
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Figure 1. G2-catalyzed isomerization of C16D. Initial [ole-
fin]:[G2] = 100:1. Dashed lines represent addition of 100
equivalents of C16D.

Following these initial results, the ability of C16D to act as
a CTA in the ROMP of cis-cyclooctene (COE) was investi-
gated. The polymerization of COE in the presence of C16D
([COE]o:[C16D]o = 100:1, Mn, theo for 100% monomer con-
version = 100Mcoe + Mcisp = 11.3 kg mol!) occurred rapid-
ly at a very high [COE]o:[G2]o ratio of 50,000:1, with an
aliquot at 15 min showing full conversion of the COE to a
polymer with My, sec = 11.6 kg mol-, D = 1.4, and backbone



Table 1. ROMP of COE with varied [COE]o:[CTA]o ratios.2

Entry [COE],:[CTA], conv. (%)° isolated yield (%) M, theo M, sect Be M, wr® trans (%)
1 10 =100 83 1.4 1.9 1.3 2.1 79
2 20 =100 87 2.5 3.0 1.5 2.8 81
3 50 =100 91 5.8 57 1.4 6.4 81
4 100 =100 93 1.3 1.9 1.5 12.2 80
5 200 =100 93 222 21.6 1.5 227 77
6 500 =100 92 56.4 50.3 1.6 74.4 80

aConditions: 30 min at 40 °C under Ar atmosphere in 2-MeTHF (1.76 M COE). Conversion of COE to PCOE as calculated from rela-
tive integration of resonances for olefinic protons of COE (§ = 5.59-5.70 ppm) and PCOE (6 = 5.32-5.46 ppm). <Calculated from
MALS-SEC using dn/dc of PCOE in THF as previously determined (0.111 mL g-1).49 dCalculated from relative integration of reso-
nances for olefinic protons (§ = 5.59-5.70 ppm) and methylene protons adjacent to oxygen (3.62-3.70).

trans content of 79% (after isolation by precipitation, see
Figure S7). Minimal change in the molar mass was ob-
served over an additional 6 h of polymerization, suggesting
that cross metathesis leads to full incorporation of the CTA
early in the reaction. This incorporation was further con-
firmed by 'H NMR analysis of the purified polymer, which
shows a resonance associated with the methylene protons
adjacent to the oxygen atoms (Figure 2). Assuming a theo-
retical number average functionality, Fn, of 2, comparison
of the relative integration of these protons to the olefinic
protons gives a number average molar mass by NMR spec-
troscopy of Mn, nvr = 12.8 kg mol-, close to that determined
by SEC-MALS analysis and thus consistent with a high de-
gree of functionalization.
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Figure 2. 'H NMR spectrum of PCOE (synthesized with
[COE]o:[C16D]o = 100:1) in CDClIs; the inset highlights the end
group region.

To demonstrate molar-mass control, polymerization of
COE was carried out at varied ratios of [COE]o:[C16D]o,
from 10:1 to 500:1 (Table 1, Figure S8). The same exceed-
ingly low loading of catalyst ([COE]o:[G2]o = 50,000:1
(0.002 mol%, 0.015 wt%, or 150 ppm relative to COE))
was used to enable high degrees of hydroxyl functionaliza-
tion even at the lowest CTA loading (minimum ratio
[C16D]o:[G2]o of 100:1, corresponds to a maximum F» of
1.9859). Despite the small quantities of G2 used, all reac-
tions reached #100% conversion of COE within 30 min
with commensurately high isolated yields (83-93%), and
as with the isomerization study, the resultant PCOE back-
bone reached an equilibrium trans content of ~80%. As
expected, the molar masses trend inversely with CTA load-
ing (Figure S9), with close agreement between the values

calculated from SEC-MALS and NMR analysis for all but the
highest [COE]o:[CTA]o ratio (500:1). This deviation may be
explained by the rapid formation of long, entangled chains,
which led to solidification of the reaction that have may
prevented full incorporation of the CTA in the polymer
over the reaction time.

To further investigate the effect of the CTA olefin-alcohol
separation distance on the ROMP of COE, analogous
polymerizations were carried out using C4D as the CTA. As
expected, polymerizations with this shorter CTA showed
poor conversion of the monomer (<30%) and low trans
backbone content (~50%), consistent with catalyst deacti-
vation (Table S1, Entries 1 and 2). C4D being the source of
this deactivation was further supported by decreasing
conversions with increasing [C4D]o:[G2]o ratios. Addition-
ally, incomplete monomer conversion and limited back-
bone isomerization persisted even when higher catalyst
loadings and longer reaction times were employed (Table
S1, Entry 3).3°

Beyond the improved conversions achieved with C16D as
CTA, the longer aliphatic chain provides a secondary ad-
vantage in the form of greater solubility in nonpolar mon-
omers such as COE. As a result of this increased solubility,
the quantity of Me-THF used could be substantially re-
duced to only the small amount (100 pL) needed to con-
veniently add the catalyst, and polymerizations at the es-
sentially bulk COE concentrations (= 6.7 M) showed little
difference in molar mass control and distribution when
compared to that generated under more dilute conditions
(Figure S10).

An important consequence of direct synthesis (i.e, no
deprotection step) of hydroxy-telechelic PCOE is that it
facilitates the one-pot synthesis of HTPE, in which the
ROMP of COE is immediately followed by hydrogenation of
the backbone olefins. Of particular interest with this ap-
proach is the ability of ruthenium metathesis catalysts to
act as precursors to hydrogenation catalysts under suita-
ble conditions.51-53 Initial investigation of such a tandem
catalytic approach, performed by pressurizing the crude
polymerization reaction ([COE]o:[C16D]o = 100:1, [G2]o =
0.002 mol%, [COE]o = 1.76 M) with 500 psig Hz at 100 °C
for 20 h, showed high levels (* 97%) of backbone hydro-
genation (Figure S11). To achieve full saturation, it was
necessary to increase the catalyst loading to [G2]o = 0.005



mol%; for the largest molar mass investigated
([COE]o:[C16D]o = 500:1), this loading equates to a maxi-
mum F, of 1.95. Furthermore, to prevent continued me-
tathesis during the hydrogenation step—in particular, the
undesired formation of cyclic oligomers at longer reaction
times—the Grubbs catalyst was quenched with ethyl vinyl
ether immediately following completion of the ROMP.
While the resultant Fischer carbene has been demonstrat-
ed to be metathesis active under suitable conditions,>4-6°
its generation was found to suppress the formation of low-
molar-mass species upon dilution in the hydrogenator
(necessary to reach minimum volume for stirring, see Fig-
ure S12 for SECs) while not interfering with the extent of
hydrogenation. The ability of the putative Ru=CH(OR) de-
rivative of G2 to serve as an effective precatalyst for hy-
drogenation has been heretofore unreported, although the
decomposition of analogous Fischer carbenes to Ru hy-
dride species has been established.>?

As a result of the low solubility of linear PE in 2-MeTHF,
the product precipitated out of solution upon hydrogena-
tion and was collected without the need for additional pu-
rification by solvent-consumptive reprecipitation steps.
The resultant polymer was a semi-crystalline solid with a
peak melting temperature of 132 °C, consistent with that
expected for linear PE (Figure S13).61 Full hydrogenation
was confirmed by IR spectroscopy, which shows the dis-
appearance of the absorption associated with C=C bending
(966 cm, Figure 3a), and was further supported by the
lack of olefinic resonances in the NMR spectrum (Figure
3b). NMR spectroscopy also shows continued presence of
methylene protons adjacent to hydroxyl oxygens with a
resonance at 3.41, and similar end-group analysis to that of
PCOE gives an My, nvr of 11.4 kg mol-l. Comparison to the
value calculated from SEC-MALS (12.4 kg mol!, calculated
using reported dn/dc of PE in 1,2,4-trichlorobenzene at
135 °C,%2 -0.109 mL g'') demonstrates that a high degree of
functionality is maintained throughout the hydrogenation,
yielding polyethylene with telechelic hydroxy moieties
available for further reactions.

We have demonstrated how the use of a sixteen-carbon
diol CTA enables the direct synthesis of hydroxy-telechelic
PCOE without the need for additional protec-
tion/deprotection of the alcohol end groups. ROMP with
this CTA can be performed in the bioderived solvent 2-
MeTHF or essentially neat with low catalyst loading, and a
range of molar masses can be accessed by varying the ratio
of monomer to CTA. By simply pressurizing with Hz gas,
this strategy can be further extended to the production of
linear PE via a one pot polymerization-hydrogenation ap-
proach. This streamlined route to HTPE not only reduces
the effort and time required, but also satisfies the green
chemistry principles of reduced waste, improved atom
economy, and use of renewable feedstocks in the form of
both solvent and CTA.
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Figure 3. (a) IR spectra of PCOE precursor and PE product
(inset shows C=C bending region) and (b) 'H NMR spectrum
of PE (insets show olefinic and end group regions).
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