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ABSTRACT: The synthesis, characterization, and preliminary
activity of an unprecedented tethered alkylidyne tungsten complex
for ring expansion alkyne metathesis polymerization (REAMP) are
reported. The tethered alkylidyne 7 is generated rapidly by combining
alkylidyne W(CtBu)(CH2

tBu)(O-2,6-i-Pr2C6H3)2 (6) with 1 equiv of
an yne-ol proligand (5). Characterized by NMR studies and nuclear
Overhauser e�ect spectroscopy, complex 7 is a dimer. Each metal
center contains a tungsten−carbon triple bond tethered to the metal
center via an alkoxide ligand. The polymerization of the strained
cycloalkyne 3,8-didodecyloxy-5,6-dihydro-11,12-didehydrodibenzo-
[a,e]-[8]annulene, 8, to generate cyclic polymers was demonstrated.
Size exclusion chromatography (SEC) and intrinsic viscosity (η)
measurements confirm the polymer’s cyclic topology.

■ INTRODUCTION
The surface, thermodynamic, photophysical, and solution
properties of cyclic polymers are di�erent from those of their
linear analogues. On surfaces, cyclic polymers exhibit lower
friction,1−3 antifouling capability,3 modified surface-polymer
concentrations,4 smaller nanostructured domain spacing,5 and
improved dewetting kinetics during surface annealing.6 Higher
Tg

7 values for cyclic polymers are a thermodynamic hallmark of
their topology. Other thermodynamic di�erences include
higher entanglement molecular weights8 and increased
crystallization rates and nucleation density.9 Increased
conjugation lengths for cyclic polymers also lead to clear
di�erences in photophysical properties including enhanced
fluorescence,10 excited-state lifetimes,10 and a higher refractive
index.11,12 Showing promise in medical applications for drug
delivery,13−15 in solution,16 cyclic polymers exhibit lower
intrinsic viscosities,17,18 prevent nanoparticle aggregation, and
have elevated micelle cloud point temperatures,19 resulting in
prolonged blood circulation.13,20

Exploiting the favorable properties of cyclic polymers
requires significant advances in synthetic methodologies and,
in particular, catalyst design. Appearing rapidly in the literature
are major breakthroughs in catalysts for ring expansion
metathesis polymerization (REMP).21−26 The critical design
feature involves tethering a metal−carbon double bond, or in
one case, a metallacyclobutane,24 to the metal center through
ligand design. Cyclic alkenes, most commonly norbor-
nene,21,22,24,26 undergo ring expansion with tethered metal−
carbon double bonds to give cyclic polymers. REMP of cyclic
alkenes provides pure cyclic polymers27 in high yields,21,22
stereoregular derivatives,21 bottlebrush derivatives,28,29

gels,28,30 and cross-linked networks.30 In this report, we
expand on the concept of ring expansion and introduce for the
first time a catalyst bearing a tethered alkylidyne capable of
polymerizing cyclic alkynes to produce high-molecular-weight
ethynylene-linked cyclic polymers.

Figure 1 depicts a prototype catalyst design and a proposed
ring expansion alkyne metathesis polymerization (REAMP)
mechanism. The synthetic approach is to replace an ancillary
ligand with a chelate capable of binding to the metal ion
through both X-type and alkylidyne coordination. The
proposed mechanism involves (1) initial cycloaddition of a
cyclic alkyne to the tethered alkylidyne, (2) subsequent ring
opening, (3) propagation via consecutive cycloadditions and
ring-opening to expand the ring, and (4) intramolecular
metathesis with any of the internal alkynes to release the
ethynylene-linked cyclic polymer.

A tethered alkylidyne is a prerequisite to execute REAMP
and to access these cyclic polymers on a large scale with
controllable syntheses. An obvious challenge is the linear
nature of the metal−carbon triple bond. Required is a ligand
design that can overcome the 180° angle and yet tether back to
the metal ion. Overcoming these challenges, herein we present
the synthesis of a tethered W-alkylidyne and demonstrate
REAMP for the first time.
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■ RESULTS AND DISCUSSION
The strategy for synthesizing a tethered alkylidyne involves
attaching an yne-ol proligand via simultaneous alcoholysis and
alkyne metathesis with a preformed alkylidyne complex. The
proligand synthesis begins with the incomplete bromination31

of (o-(hydroxymethyl)phenyl)methanol (1) to give (2-
(bromomethyl)phenyl)methanol (2). Combining 2 with a
propargyl Grignard32 attaches the TMS-protected alkyne to
yield 3. Removing the TMS group followed by Sonogashira
coupling with iodobenzene provides the final yne-ol proligand
5 (Scheme 1).33

Scheme 2 depicts the synthesis of tethered alkylidyne 7.
Remarkably, the synthesis of 7 is relatively straightforward and
proceeds with the desired combination of alcoholysis and
metathesis. Simply combining complex 634 with proligand 5
produces the symmetric bimetallic tethered alkylidyne complex
7 as a pale-yellow solid in 71% yield. Conducting the reaction
in a sealable NMR tube in C6D6 allows the reaction progress to
be monitored. A 1H NMR spectrum of the reaction mixture
reveals signals attributable to 2,6-diisopropylphenol and (3,3-
dimethylbut-1-yn-1-yl)benzene, indicating successful alcohol-
ysis and metathesis.

Yellow crystals deposit from a saturated solution of 7 in
benzene/pentane (1:8). Figure 2 depicts the truncated
molecular structure of 7 derived from single-crystal X-ray

data. Modeling extensive disorder throughout the complex due
to multiple ligand conformations and solvent inclusions
provides satisfactory data refinement. Confirmed from the
data are the presence of a tethered alkylidyne functionality and
that complex 7 is a dimer. Reported in the literature are several
alkoxide-bridged dimers of alkylidynes.35−39 Thus, it is
unsurprising that the dimer binds through the relatively small
bridging alkoxides in the tether. With a separation of ∼3.55 Å,
the W···W distance is large enough to discount any metal···
metal bonding.37,40 Consistent with literature values to be
considered an alkylidyne, the WC bond is ∼1.786(5)
Å.41−45 Finally, suggesting some strain within the tethered
linkage, the ∠WC−C of 168.7(4)° clearly deviates from
180°.

The 1H NMR spectrum of isolated crystals of 7 exhibits
signals consistent with the multiple ligand conformers that
complicate the X-ray data. The spectrum contains signals
involving at least three conformers. Comparing signal
intensities for the neopentyl methyl protons, the conforma-
tional isomers are in a 40:6:3 ratio.

1H, gHSQC, and gHMBC NMR experiments permit the
assignment of NMR signals for the dominant isomer (see
Supporting Information for atom labeling and full assignment).
Heteronuclear 2-D NMR experiments confirm the nature of
the carbon−tungsten bonds. The resonance corresponding to
the alkylidyne carbon appears at 286.5 ppm, whereas the alkyl
M−C bond resonates at 85.9 ppm, both within the expected
regions for carbon atoms bonded to tungsten via triple and
single bonds.46 1-D NOESY/EXSY experiments confirm that
the conformers rapidly isomerize in solution. Irradiation of the
neopentyl signal at 1.01 ppm (in toluene-d8) results in signal
inversions at 1.59 and 1.53 ppm. The inverted signals indicate
that all of the conformers are in dynamic exchange (see
Supporting Information Figures S13 and S14).

Tungsten alkylidyne dimers formed through bridging
alkoxides reported in the literature can dissociate in
solution.39,42 However, complex 7 and each of its conforma-
tional isomers retain their dimer compositions in solution. A 2-
D DOSY spectrum reveals that all of the conformers have the
same di�usion coe�cient expected for a dimer (see Supporting
Information S15). Strongly coordinating substrates break apart
tungsten alkylidyne dimers.35,38 Adding excess pyridine to a
sealable NMR tube resulted in spectra consistent with pyridine
coordination to form a monomer. Interestingly, the pyridine
coordination is reversible. All the NMR signals attributable to

Figure 1. Proposed REAMP mechanism featuring a tethered
alkylidyne as the initiator. For simplicity, the original tether is
depicted to reform after intramolecular metathesis yielding a cyclic
polymer.

Scheme 1. Synthesis of Yne-ol Proligand 5
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dimer 7 reappear upon removing pyridine in vacuo (see
Supporting Information, S16).

REAMP requires a cyclic alkyne monomer. Ethynylene-
linked cyclic polymers are rare and typically comprise
oligomers with approximately 20 monomer units or less.47−49

In one case,50 intramolecular backbiting during ring opening
alkyne metathesis (ROAMP) of 5,6,11,12-tetradehydrobenzo-
[a,e][8]annulene (8) using EtCMo[OC(CH3)(CF3)2]3dme
as the initiator yields rings and some linear polymers. Catalyst
7 polymerizes 8 to give high-molecular-weight ethynylene-
linked cyclic polymers for the first time (Scheme 3).51

NMR spectroscopic interrogation (25 °C) of a sealable
NMR tube (C6D6) charged with complex 7, and 25 equiv of 8
revealed signals attributable to successful polymer synthesis.
Evident after 1.5 h is the complete consumption of the
monomer and the formation of a white precipitate consisting
of cyclic poly-(o-phenylene ethynylene) (c-PoPE). 1H NMR
analysis of the isolated polymer in CDCl3 at 47 °C matches
literature values for the linear polymer, including the
appearance of one singlet at 3.21 ppm for the ethyl bridge
protons. Using catalyst 7 in toluene with a 50:1 monomer to
catalyst MC bond ratio and quenched at 5, 10, 15, and 25

min, a series of polymer samples were generated. Table 1 lists
the conditions and polymer characterization data. Conducted

using a separately prepared batch of catalyst 7, a second
independent set of polymerizations was executed (see
Supporting Information). All of the polymerizations result in
highly viscous solutions and polymeric materials that are
poorly soluble, making analysis challenging. However, high-
temperature SEC experiments, light scattering, and intrinsic
viscosity measurements provide data that support a cyclic
topology for the polymers. Clear from the data is that the
polymers formed via REAMP are of high molecular weight
with a degree of polymerization ranging between 200 and 480.
The high dispersities (D̵) are a consequence of the following:

Scheme 2. Synthesis of Tethered Alkylidyne Dimer 7

Figure 2. Molecular structure of complex 7. Solvent and disordered
parts and hydrogen atoms are removed for clarity.

Scheme 3. REAMP of Strained Cycloalkyne 8 Using
Catalyst 7

Table 1. Catalysis Conditions and Characterization Data for
the Synthesis of Linear and Cyclic Polymersd

entry timea Mn
b D̵b yield %c

c-PoPE-5 5 122,000 9.03 70
c-PoPE-10 10 198,000 4.42 80
c-PoPE-15 15 260,000 5.20 79
c-PoPE-25 25 280,000 4.29 80
l-PoPE 5 148,000 3.10 89

aMinutes. bDetermined (g/mol) by size-exclusion chromatography
(SEC) using dichlorobenzene (DCB) as the mobile phase at 140 °C.
cIsolated yield. dConducting the polymerization at 50 °C results in a
material that is insoluble.
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(1) rapid increase in viscosity upon polymer formation, (2)
precipitation of polymer during polymerization, (3) potential
for multiple active sites due to the dinuclear nature of the
catalyst, and (4) access to multiple catalyst conformers (X-ray/
NMR) that have di�erent rates of initiation and/or
propagation.

Evidence of a cyclic topology comes from various measure-
ments that examine the hydrodynamic volume of the polymers
and their intrinsic viscosities. The tungsten alkylidyne
(OtBu)3WCtBu is active for the polymerization of 8 to
give linear poly(o-phenylene ethynylene) (l-PoPE), thus
providing a direct comparison of any potential di�erences
due to topology.51 Cyclic polymers with the same molar mass
elute later than their linear counterparts due to their smaller

hydrodynamic volume.52−54 Figure 3 depicts a plot of the log
of molecular weight versus elution volume for cyclic (c-PoPE-
5, 10, 15, and 25) and linear (l-PoPE) polymers. Polymers
synthesized via REAMP catalyst 7 elute later than the linear
polymers, which is a hallmark of a cyclic topology.

Another property di�erence between cyclic and linear
polymers is the mean square radius, ⟨Rg

2⟩. Figure 4 depicts
the ⟨Rg

2⟩ versus log molar mass of l-PoPE versus the c-PoPE
samples. The mean square radius of l-PoPE increases as a
function of molecular weight at a greater rate than for the
cyclic polymer samples. As the molecular weight increases, the
linear analogue will grow outward more rapidly than the more
compact cyclic polymers. Using c-PoPE-15 for example, the
data reveal a ratio of ⟨Rg

2⟩cyclic/⟨Rg
2⟩linear of 0.469 ± 0.100

Figure 3. Log (molar mass) versus elution volume for cyclic and linear PoPE samples.

Figure 4. Plot of ⟨Rg
2⟩ versus molar mass of cyclic and linear PoPE samples.
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across a molecular weight range of 200 to 600 kDa. The
theoretical ratio is 0.5.55

Confirmation of a cyclic topology also comes from a
demonstration of lower intrinsic viscosities [η] of cyclic versus
linear polymers via a Mark−Houwink−Sakurada (MHS) plot.
Recent prediction of the expected ratio of [η]cyclic/[η]linear in a
good solvent is 0.58 ± 0.01.56 However, experimental data vary
broadly.6,21,22,54,57,58 Figure 5 depicts [η] versus log molar
mass for the linear and cyclic PoPE samples and clearly
demonstrates the topological di�erence. At a given molecular
weight, a solution of cyclic polymer is denser than that of its
linear analogue. A well-solvated linear molecule will disrupt the
laminar flow of the solution to a greater extent than a cyclic
molecule of the same molecular weight. The MHS plots reveal
numerical a-values of 0.7, indicating that both cyclic (c-PoPE-
5, 10, 15, 25) and linear (l-PoPE) polymers exhibit a similar
conformation in solution.

■ CONCLUSIONS
Demonstrated for the first time is the synthesis of tethered W-
alkylidyne complex 7 via simultaneous alcoholysis and
metathesis of an yne-ol proligand 5 with an alkylidyne
complex. The tethered alkylidyne 7 has the requisite ring
strain to open cyclic alkynes and produces cyclic polymers,
thus expanding the reach of alkyne metathesis applications.59,60

This ring opening activity paired with the growing tether
allows the generation of high-molecular-weight cyclic poly-
alkynes via REAMP. It is reasonable to expect that many other
tethered alkylidynes will now be accessible using the strategy of
combining an appropriate yne-ol proligand with an alkylidyne,
thus expanding access to high-molecular-weight cycloparaphe-
nylacetylenes61,62 (CPPAs) and other cyclic poly-
(aryleneethynylene)s (PAEs)48,49,63,64 via REAMP.
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