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Abstract Functional polymeric materials have seen their way into every facet of

materials chemistry and engineering. In this review article, we focus on a promising

class of polymers, poly(aryleneethynylene)s, by covering several of the numerous

applications found thus far for these materials. Additionally, we survey the current

synthetic strategies used to create these polymers, with a focus on the emerging

technique of alkyne metathesis. An overview is presented of the most recent cat-

alytic systems that support alkyne metathesis as well as the more useful alkyne

metathesis reaction capable of synthesizing poly(aryleneethynylene)s.

Keywords Poly(aryleneethynylene)s � Alkyne metathesis � Conjugated

polymer � Acyclic diyne metathesis � Ring-opening alkyne metathesis

1 Introduction

Acetelynic polymers have received considerable attention from polymer and

materials chemists worldwide, in part due to their conductive properties stemming

from an inherent electronically unsaturated and highly conjugated nature, which

consequentially has led to numerous discoveries in specialty polymers with unique
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functionalities [1]. One broad class of these polymers that continues to receive great

attention are poly(aryleneethynylene)s (PAEs). PAEs are similar to poly(arylene-

vinylene)s with a triple bond installed in place of the double bond. Alkyne linkers

form much more rigid and shape-persistent linear bonds, where their alkene

connections must deal with regioselectivity and rotational freedom about the double

bond. It was soon realized that, due to the unique characteristics of ethynylene-

based polymers, these systems hold new electronic and optical properties that would

be very difficult to mimic by their olefinic counterparts [2–4].

PAEs hold structural rigidity and high thermal tolerance, while maintaining

luminescent properties. Of their spectral properties, it was found that the highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) energy levels, ultimately the optical band gap, of these polymers could be

finely tuned by modifying the structure of the arylene moiety or by substitution of

different side chains. As a result, a wide scope of applications has been studied for

PAEs including photoconductivity, luminescence, chemical sensing, liquid crys-

tallinity, biological compatibility and as porous materials.

PAEs have been generally prepared through cross-coupling reactions, e.g.,

Sonogashira cross-coupling. Although olefin metathesis has proven one of the most

useful tools for the synthesis of vinylene-linked polymers, only recently has alkyne

metathesis emerged as an attractive alternative to prepare ethynylene-linked

polymers [5–9]. While olefin metathesis boasts versatile and robust catalysts, mild

conditions and efficient yields (as well as a Nobel Prize), its alkyne counterpart is,

comparatively, still in its infancy.

In the ensuing review, we will discuss the properties of some of the most

notable functional PAE materials and their applications (regardless of the synthetic

method used), and will then detail where alkyne metathesis resides in this field with

a conclusive overview of current synthetic techniques used to develop these PAEs.

To conclude, we will feature how alkyne metathesis has been used in combination

with cross-coupling reactions to construct 2D macrocycles and how to produce

cyclic oligomers as predominant single species in an effort to highlight the

versatility and extensive capabilities of this emerging synthetic platform.

2 Properties and Applications of PAEs

2.1 Structure and Properties

Lower molecular weight linear PAEs (typical repeating unit is shown in Fig. 1)

exhibit rigid rod-like structures in solution whereas, when the repeat unit increases

these polymers, they adopt more of a flexible coil tertiary structure. Cotts and

Swager examined the PAE macrostructure by light-scattering techniques and found

that the rigid rod conformation begins to break down and behave as more wormlike

chains at lengths of approximately 15 nm or about 20 PAE repeating units [10].

Therefore, oligomeric PAEs form rigid rods while higher molecular weight PAE

polymers resemble random coils made up of these rigid subdivisions. To better

understand PAE morphology in the solid-state, the main techniques used are powder
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diffraction and electron microscopy. From these tools, it is inferred that PAEs adopt

two major structures in the bulk, interdigitated where side chains comingle between

each other bringing the backbones close together, and lamellar where there is a lack

of interdigitation (intermolecular interaction mainly between side chains) [11]. The

trend follows: as concentration of side chains increases (increasing alkyl chain

length), a more lamellar structure is assumed. Weder verified that dialkoxy-

substituted PAEs can be taken up in high molecular weight polyethylene (with high

solubility) and casted on to thin-films without any phase separation [12], while

Langmuir–Blodgett films were successfully prepared and studied by Swager et al.

who suggest that these PAEs form nanoribbons upon film fabrication [13]. The

finest nanostructures have been prepared from dilute solutions evaporated slowly

onto substrates. These fundamental morphological structures are of critical

importance as PAEs are utilized in molecular electronics.

While Fig. 1 displays the para-substituted PAE archetype, ortho- and meta-

substituted PAE systems show a variety of different characteristics including

aggregation effects and response to external stimuli. One recent study conducted by

Rodriguez et al. monitored the chiral nature of a series of helical PAE’s

functionalized at varying positions about their aryl backbones and compared

induced effects from the ortho-, meta-, and para-positions [14]. On a more synthetic

note, Bunz described electron-withdrawing para- and ortho-substituted moieties as

activating towards palladium-catalyzed polymerization of PAEs, resulting in a

higher rate of reaction and yield [15]. Conversely, ortho- and meta-substituted

monomers result in generally undesirable cyclic oligomers upon polymerization

through alkyne metathesis.

As mentioned above, the high degree of conjugation throughout PAE polymer

systems gives rise to some of their most sought-after properties. Of these, their

electronic and photophysical properties are directed by the polymer’s backbone and

intermolecular interactions, which dictate the delocalization of their p electrons.

Overlap of p orbitals throughout the polymer allows for delocalization of the p
electrons. A band of energy is then formed as atomic orbitals assimilate to form

molecular orbitals. High dielectric constants in inorganic materials promote

effective screening of charges and low electron binding energies, which ultimately

lead to a continuous band structure of electrons that are free to redistribute and

move about atoms in the presence of an external electric field. However, for

conjugated polymers, electron density is not delocalized evenly across the entire

chain. Therefore, these electronic properties are represented as a filled conduction

H3C CH3Ar

n

Fig. 1 Base backbone structure of linear poly(aryleneethynylene)s
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band made up of the highest occupied molecular orbitals and an empty valence band

comprised of the lowest unoccupied molecular orbitals. The difference between the

two is roughly consistent to the polymer’s band gap (Eg) and is dependent on the

repeat unit of the polymer making it a tunable property. Hence, conjugated

polymers are classified as semiconducting materials.

PAEs are commonly described as wide band gap semiconductors, which absorb

and fluoresce well within the visible spectrum with an absorption maximum around

350–550 nm in solution. Their optical properties vary as the dihedral angle between

neighboring aryl groups increases where coplanar configurations lead to a

bathochromic (red) shift in absorption and emission through increased conjugation

[16–20]. In solution, the aryl units can readily rotate around the alkyne linkers due

to a low barrier of about 1 kcal mol-1 whereas in the solid-state locked

coplanarization of the aryl groups promotes further bathochromic shifts in optical

spectra.

One significant property of PAEs is their characteristically high fluorescence

quantum yields, as high as 0.86 in solution and 0.36 in the solid-state, which gives

these polymers promise in a variety of optoelectronic applications [21]. A range of

yellow to green fluorescence can be observed for typical PAEs of alkoxy or alkyl

side chains. Electrical properties of PAEs are less extensively covered in the

literature. It has been shown, however, that these polymers exhibit ambipolar charge

transport with electron and hole mobilities on the order of 10-3 cm2 V-1 s-1, and

intra-chain transport in PAE films occurs far more readily than inter-chain charge

transport [21].

2.2 Applications of PAEs

2.2.1 Optoelectronics

Due to the optoelectronic properties of these PAE polymers, there is currently a

great deal of research being conducted in the fields of light-emitting diodes (LEDs)

and organic photovoltaics (OPVs), as well as chemical and biosensing materials.

Light-Emitting Diodes One of the most investigated fields for use of PAEs is that

of LEDs, mainly due to the polymers’ impressive fluorescence quantum yields as

well as their high photostability. Basic LED devices are comprised of an organic

semiconductor deposited on a thin-film, which is then usually arranged between an

indium-doped tin oxide (ITO) anode and a metallic cathode of offset work function

(Fig. 2).

LEDs utilize a phenomenon known as electroluminescence. Holes and electrons

are injected into the semiconducting layer immediately following an induced

external electric field. These electrons and holes can then combine in the organic

material to produce a singlet excited state much like the one produced in

photoluminescence, which then can radioactively decay to the ground state emitting

a photon and thus the named electroluminescence phenomena. Common PAEs

containing alkoxy side chains typically fluoresce in the yellow-green region of the

visible light spectrum (kmax = 532 nm) and require an onset voltage of about 10
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volts while maintaining a brightness up to 80 cd m-2 [22]. More optimized PAE-

based LEDs have recognized the low-lying HOMO of the polymer which reduces

hole injection into the active layer. To overcome this, hole transport layers are

introduced into the device to compensate for this energy offset [23].

These refined LED systems drastically improve device performance bringing the

onset voltage down to 4.5 V while increasing the brightness output to around

250 cd m-2. Despite current poly(phenylenevinylene) (PPV) and polyfluorene-

based LEDs having superior device performance, PAE-based LEDs have proved

much more stable than many other semiconducting materials. One additional

advantage of PAE-based LEDs is the ability to tune the emission maximum by

modifying the functional groups residing on the polymer backbone. Interestingly,

Jin et al. reported the synthesis of a novel alternating biphenylene and fluorenediyl

PAE which functioned as a uncharacteristic blue light emitter displaying an

emission maximum at 473 nm [24]. Upon device fabrication, the LED exhibited a

remarkable maximum brightness of 560 cd m-2, far surpassing that of conventional

green/yellow-emitting PAE devices.

Current strategies for improving PAE-based LEDs include the design of

copolymers, particularly copolymerizing electron-rich monomers with electron-

poor monomers. This approach forms a donor–acceptor type PAE material and

shows much promise in the field of LEDs. Of these, Patri et al. recently prepared

several polyfluorene-based PAEs copolymerized with three different electron-

donating thiophene-based heteroaromatic groups [25]. These synthesized coblock-

PAEs showed high molecular weight, good solubility in organic solvents and strong

thermal stability along with being optically active and fluorescent while maintaining

a narrow band gap. Upon LED device fabrication, these polymers exhibited an

emission maximum at 600 nm with a threshold voltage of 6 V. Huang et al.

managed a different approach to preparing one of these donor–acceptor-type PAE

systems by functionalizing the polymer side chains with electron-withdrawing

cyano-modified aryl moieties opposed to a copolymerization technique, which

proved another capable LED material with narrow band gap properties [26].

Fig. 2 Schematic
representation of energy levels
in a PAE-based single-layer
LED device
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In addition to working with purely ethylene-based systems, there has been

some exploration into development of poly(phenyleneethynylene)-alt-poly(phe-

nylenevinylene) (PPE-PPV) polymers first proposed by Bunz in 2000 [27]. This

immediately spurred several groups to synthesize and investigate the optical

properties of new PPE-PPV polymers [28–32]. These hybrid systems boast an

enhanced electron affinity making electron injection easier for the electrolumi-

nescence process, thus producing low threshold materials for LED devices while

holding a thermostability of up to 300 �C [33, 34].

Organic Photovoltaics Baseline requirements for typical photovoltaics and organic

photovoltaics (OPVs) include efficient absorption over the visible and near-infrared

spectrum (NIR), high free carrier mobilities and comparable HOMO and LUMO

overlap along with bulk morphology consideration. PAEs have intrinsically high

charge carrier mobilities with abilities to tune absorption in the visible and NIR

region by modifying polymer backbone and side chain substituents. While there are

a few examples of narrow band gap PAE polymers, the vast series of PAEs that

have been developed are wide band gap, which give low to modest power

conversion efficiencies upon blending with bulk heterojunction solar cells [21].

It has become clear that morphology in the solid-state greatly dictates the

performance of OPV devices [35–37]. Hoppe et al. have utilized a PPE-PPV-based

(electron donor) bulk heterojunction to study these effects of morphology on

polymer–fullerene OPVs [38]. They found through spectroscopic, AFM and

electrical characterization techniques that, while the PPE-PPV copolymer assem-

bled into fibrillic semicrystalline phases, cell performance was very low, establish-

ing that the presence of crystalline phases in the microstructure alone does not

guarantee high efficiencies.

While most PAE involvement in OPV fabrication centers around the use of PPE-

PPV copolymers, Otera et al. reported a couple of studies in the synthesis and

application of anthrecene substituted PAEs as dyes in dye-sensitized solar cells

[39, 40]. These polymer dyes were found to have a strong absorption band centered

at 510 nm and showed good carrier mobilities (on the order of 104 L mol-1 cm-1).

It was found that amino- and cyano-substituted PAE side chains promoted charge

separation in the excited state, thus corresponding dye-sensitized solar cells showed

moderate power conversion efficiencies of 5.0%.

Chemical Sensing The highly fluorescent nature, excellent fluorescent quantum

yields and high degree of tunability of PAEs make these polymers ideal candidates

for sensing materials. A sensor, by definition, binds reversibly to an analyte and

exhibits an observable change in a property upon complexation. Photoexcitation of

the fluorescent polymer yields an excited state exciton, which can radiatively or

non-radiatively relax back to the ground state. In the presence of an analyte with

higher electron affinity, the excited state electron can undergo electron transfer, thus

effectively quenching the photoluminescence of the polymer as utilized in

fluorescence ‘‘turn-off’’ sensing as seen in Fig. 3. Comparatively, polymer

interaction with an analyte, which enhances the photoluminescence behavior of

the polymer, produces a fluorescence ‘‘turn-on’’ sensor.

69 Page 6 of 24 Top Curr Chem (Z) (2017) 375:69

123



Most sensing materials are developed from small molecules; however, conju-

gated polymers present some unique advantages to these systems. For small

molecules such as organic dyes, multiple analyte interactions are necessary to

produce effective quenching, and these dyes are usually only capable of binding to a

single analyte, presenting issues when attempting to engineer multivalency effects

[41]. Conversely, in conjugated polymers, the electron is more readily delocalized

across the conjugated backbone, giving interaction with a single analyte the ability

to quench the fluorescence from the whole chain. Additionally, by taking advantage

of repeat units in the polymer structure, multiple points of sensory interaction are

supported. Such techniques are commonly advantageous in sensing of large

biologically active molecules such as proteins or bacterial cells [3].

The Stern–Volmer equation is possibly the most valuable mathematical tool in

the analysis of these conjugated polymer sensing materials:

I0

I Q½ �
¼ 1 þ Ksv � Q½ �

Here, I0 is the fluorescence intensity of the pure polymer (without quencher Q), and

I[Q] is the fluorescence intensity of the bound polymer and quencher at concentration

[Q]. Ksv is the slope of the equation translating to the binding constant or also

known as the Stern–Volmer constant. It should be noted that this equation holds

well for static quenching, while more complicated analyses are required for

instances of dynamic quenching, superquenching or ratiometric sensing. Most

PAEs, however, have short excited state lifetimes and fall into the regime of static

Stern–Volmer quenching.

The first significant example of fluorescence quenching of PAEs was conducted

in 1995 by Swager et al. who studied the interactions between a cyclophane-ap-

pended PPE (1) and analyte paraquat (2) (Fig. 4) [42]. The binding constant Ksv

between the PPE and analyte was found to be 1.01 9 105 M-1 per repeat unit base.

They then constructed a cyclophane-modified monomeric small molecule dye and

measured the binding constant with the same paraquat analyte, which was deter-

mined to be 1.6 9 103 M-1. It was concluded that the PPE receptor, on a per active

site basis, is over 60 times more sensitive than the small molecule dye. While this

seminal work is not ‘‘field applicable’’ and is more proof of concept, the herbicide

Fig. 3 Band diagram of a photoexcited conjugated polymer undergoing electron transfer to an analyte
inducing fluorescence quenching [21]
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paraquat is poisonous to humans, and this study clearly established the advantages

of PAEs as sensing materials, opening the doors for many new developments.

Most explosives are organic compounds containing electron-poor nitro moieties.

These electron-deficient groups tend to complex well with electron-rich conjugated

polymers allowing quenching of the excited state polymer by electron transfer to the

low-lying LUMO of the explosive organic analyte. One of the most notable uses for

PAEs in sensing technology has been the detection of explosive through fluores-

cence quenching, such as 2,4-dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT).

Swager continued to improve his design, branching out from PAEs to successfully

detect DNT and several other nitrated organic compounds [43–45]. More recently,

Fang et al. demonstrated a new class of highly fluorescent PAEs selective towards

TNT even in aqueous and salt water environments, highlighting their use in real-

world applications [46]. They found that incorporating pyrene moieties into the

polymer backbone (increasing electron density and thus increasing binding strength

of TNT to pyrene) enhanced the polymer sensitivity by a factor of 5 compared to

standard alkoxy substituted benzene rings of PPE.

Many other chemosensing applications for PAEs have been explored recently,

including Thomas et al.’s impressive synthesis of novel two-dimensional PPEs (3–

5) containing singlet oxygen-reactive tetracene side chains (Fig. 5) [47]. They

Fig. 4 The structure of
Swager’s cyclophane-
substituted PPE and analyte
paraquat
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Fig. 5 Structure of the donor–acceptor-type tetracene-linked PAEs
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discovered that, prior to exposure of 1O2, only tetracene fluorescence at 582 nm is

observed regardless of excitation wavelength. Due to the donor (polymer back-

bone)–acceptor (tetracene) nature of this system, energy transfer to the tetracene

side chains was occurring rending solely tetracene fluorescence. However, upon

oxidation of the majority of tetracene groups, a ratiometric blue-shifted 468-nm

band dominated the emission spectrum as the rate of energy transfer to the oxidized

tetracenes drastically decreased. By harnessing this competition between excited

state relaxation processes, the researchers proposed the use of this material in the

analyte-induced removal of single oxygen traps for light-harvesting materials.

2.2.2 Porous Materials

Up to this point, we have discussed a more traditional polymer motif intrinsic to

PAEs of rather linear polymeric materials (granted tertiary intra- and interchain

interactions). While some porous PAE-structured networks retain a two-dimen-

sional (2D) framework, a great deal of recent attention has been shifted to three-

dimensional (3D) microporous polymers [48–51]. It should be noted that these

porous networks encompass a wide field including metal organic frameworks

(MOFs) and covalent organic frameworks (COFs). In this review, however, we will

focus on frameworks built from primarily alkyne linkers.

Gas Adsorption One of the most coveted properties of porous PAEs is their high

degree of surface area inherent to the porous nature of the structured 2D and 3D

networks. Porous PAE materials are commonly analyzed through Brunauer–Emett–

Teller (BET) experiments to obtain sorption isotherms (usually from nitrogen gas),

which give the specific surface (m2 g-1, SBET) of the material. The BET isotherm is

related to traditional Langmuir isotherms in that the latter measures adsorption of a

single layer of gas molecules where the former accounts for multiple molecular

layers of a gas adsorbed to a surface. Typical surface values range from 500 to

1000 m2 g-1, with more exceptional PAEs measuring around 5000 m2 g-1 [48].

The first major deviation from conventional MOFs or COFs came in 2007 from

the laboratory of Cooper who reported the formation of a PAE (8) from a mixture of

triethynylbenzene (6) and 1,4-diiodobenzene (7) reactants through Pd-catalyzed

cross-coupling reaction in moderate yield (65%) with BET surface areas ranging

from 522 to 834 m2 g-1 (Scheme 1) [52]. In this study, they recognized the ability

to tailor micropore size and surface area of their PAEs by varying the length of the

phenyleneethynylene struts used.

The same authors continued to explore these newly established PAE materials

in an effort to increase potential surface area. They first attempted network

synthesis through brominated substrates and discovered that none of these held

more advantageous properties over the iodo-derived PAEs from Scheme 1 [53].

The next avenue investigated by Cooper in 2010 was the effect of solvent on the

synthesis of porous PAEs [54]. Of the solvents screened (toluene, DMF, THF, and

dioxane), DMF was shown to yield PAEs with BETs almost twice of those formed

in toluene (1260 m2 g-1) with THF only giving a slight increase of BET from

toluene (940 m2 g-1).
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More recently, tetrahedral monomers have been employed to fabricate a variety

of three-dimensional porous systems. In an effort to exemplify the utility of

foresight through rational design at the molecular level, Zhou et al. devised a

strategy to realize high surface area through careful monomer design [55]. The

biphenyl monomer 9 was designed to adopt a tetrahedral conformation based on a

series of side groups which geometrically lock the phenyl rings in perpendicular

positions (Fig. 6). Upon polymerization and as predicted through computational

simulations, the polymerized pores took on a diamond structure creating efficient

surface area interaction with guest gas molecules. Impressively, one of the PAEs

synthesized in this study retained a BET of 3420 m2 g-1 further highlighting the

importance of monomeric design in porous materials.

Catalytic Systems Due to the variety of monomers used to fabricate PAEs, a

number of catalytic sites can be woven into these frameworks presenting emerging

applications for PAEs as heterogeneous catalysts. The microporosity of the material

allows substrates and reactants to meet with the catalytic sites and perform a series

of reactions within the porous PAEs. For example, Wang and coworkers reported

PAE 10 containing versatile organocatalyst, 4-(N,N-dimethylamino)-pyridine

(DMAP) Fig. 7. It is reported that PAE 10 possesses highly concentrated and

homogeneously distributed DMAP catalytic sites, which can efficiently catalyze

acylation of alcohols with yields of 92–99%. The great advantages of using such

PAEs as a catalyst are their recyclability and stability. PAE 10 can be easily

recovered from the reaction mixture and reused many times ([14 consecutive

cycles) without sacrificing the catalytic activity [56].

Scheme 1 Cooper’s PAE synthesis through cross-coupling reaction

R R
R R

head-on
Homo-coupling

diamond-like topology9

Fig. 6 Zhou’s sterically-constrained tetrahedral monomer and 3D polymer of a diamond structure [55]
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More recently, the Zhang group has applied alkyne metathesis to construct a

porous Co(II) porphyrinylene-ethynylene framework 11 which was found to be

highly active towards oxygen reduction reactions [57]. Upon mixing with carbon

black, PAE 11 can efficiently catalyze a full reduction of O2 to H2O via a 4-electron

pathway under both acidic and alkaline conditions, comparable to the benchmark Pt/

C system. The catalyst also shows superior durability and is resistant to methanol

poisoning (see Fig. 7).

Here, we conclude our survey of the many applications of PAEs. Due to these

promising properties competent for functional materials, we continue this review by

investigating the current synthetic methods used to produce PAEs, namely, alkyne

metathesis.

3 Synthetic Methods

3.1 Cross-Coupling Reactions Versus Alkyne Metathesis

Up to this point, we have discussed the wide range of functional materials that can

be fabricated from PAEs. The majority of these studies utilize the robust and well-

defined palladium-catalyzed Sonogashira coupling reaction to cross-couple terminal

alkynes and aryl halide monomers (commonly aryl iodides) to give ethylene-linked

PAE polymers. This ubiquitously used synthetic technique was first established by

Sonogashira and Hagihara in 1975, and offers a vast substrate scope, mild reaction

conditions, low catalyst loadings, and produces high molecular weight polymers

[58]. While the Sonogashira reaction is the choice procedure for most PAE

syntheses, the method carries some inherent problems that can affect polymer

performance. One of the most common issues is the retention of Pd metal in the

polymer through coordination to multiple alkyne units, which results in network

formation between independent polymer chains. Since such network formation

N

N

N

N N

N
Co

10

11

Fig. 7 Structures of catalytically active PAEs 10 and 11
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ultimately reduces overall solubility of PAE products, it can be problematic when

solution-processible linear PAE is desired. Additionally, a number of defect states

can be produced including dehalogenation resulting in short PAE chains and diyne

defects as well as phosphoruium salt formation at the polymer’s terminal positions.

Due to the mechanism of polymer formation through Sonogashira coupling, this

reaction is fundamentally irreversible, and so any undesired defects that arise during

polymerization are generally difficult to remove from the final product.

The above-mentioned drawbacks of palladium catalyzed couplings have turned

some attention toward alkyne metathesis as an efficient route for acetelyne-based

polymerization [59]. The Zhang group has recently put forward an interesting

comparison study on PAE porous networks synthesized between the irreversible

traditional Sonogashira coupling technique and reversible alkyne metathesis [60].

The authors demonstrated the synthesis of PAEs 13 and 17 through the two

competing methods as shown in Scheme 2. Each was fully characterized by FT-IR,

solid-state 13C NMR, TGA, SEM, and X-ray diffraction. Nitrogen adsorption

measurements were also taken on the corresponding polymers and BET-specific

areas were obtained and compared. As expected, 3D networks yielded higher

specific surface areas compared to 2D networks for both sets of polymers. Upon

comparison of polymers generated by reversible alkyne metathesis (RAM) and

irreversible cross-coupling (ICC), however, a stark distinction became clear.

Thermal stability of the RAM networks, 13-RAM and 17-RAM proved to be

considerably higher than that of ICC networks, 13-ICC and 17-ICC (Tdec[600 �C
vs. Tdec = 400 �C) and BET surface areas of RAM networks were determined to be

Scheme 2 Two-dimensional and three-dimensional conjugated microporous networks synthesized
through irreversible cross-coupling reaction and reversible alkyne metathesis reaction
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over twofold higher than those of ICC-synthesized polymers with the top

performing polymer showing specific surface areas of 2312 m2 g-1. It was inferred

through the article that the reversible nature of the alkyne metathesis technique

allowed for self-correction of defects in the PAE networks, thus affording a more

uniform porous material. Such PAEs were found to be able to adsorb a significant

amount of common aromatic solvents, e.g., up to 723 wt% of nitrobenzene,

suggesting their potential to absorb oil from water [61].

While this is just one example of alkyne metathesis applied to the synthesis of

functional materials out of the wide variety of PAE applications, it provides a sound

reason to continue the investigation of using alkyne metathesis to construct new

PAE systems. Given the inherent reversibility of the metathesis reaction, alkyne

metathesis offers an interesting alternative that could address those issues faced by

Sonogashira polymerization.

3.2 Alkyne Metathesis Catalysts

In the past two decades, great strides have been made to alkyne metathesis field,

from catalyst design to substrate scope [5, 6, 62, 63]. While the main hindrance to

ubiquitous use of this metathesis technique is the availability, robustness and

efficiency of the catalysts, a brief chronicle of the main catalysts leading up to the

current generation should facilitate a firm introductory understanding of this field.

It was in 1968 that Pennella et al. first utilized a WO3 catalyst on silica to

transform 2-pentyne into a mixture of 2-butyne and 3-hexyne [64]. This was,

however, uncelebrated due to the harsh reaction conditions (200–450 �C). Several

years later, in 1974, it was Mortreux and Blanchard who demonstrated semi-

efficient scrambling through the use of a homogeneous catalytic mixture of

[Mo(CO)6] and resorcinol (20, Fig. 8) when heated at 160 �C. [65] While much

research has been published on derivatives of this system, the undeniable drawback

of the catalyst remains its low functional group tolerance [66–77].

It was 8 years later when Schrock published a new class of tungsten alkylidyne

complexes, namely a [Me3C:CW(OCMe3)3] (21, Fig. 8) system synthesized from

widely available WCl6 [78–80]. However, the Schrock-type catalyst still suffered

from relatively low reactivity and high reaction temperatures, high catalyst loading,

and limited substrate scope.

Following a great deal of speculation about the exact mechanism of metathesis, it

was Katz (Scheme 3) who first proposed the formation of an alkylidyne complex

which metathesizes acetylenes through a metallacyclobutadiene intermediate [81].

Fig. 8 Classic Mo- and
W-based alkyne metathesis
catalysts
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Beginning in the 1990s with continued evolution through the turn of the century,

a new generation of molybdenum-based alkyne metathesis catalysts emerged first

from the efforts of Cummins and Fürstner who developed the synthesis and analysis

of the general type Mo[N(t-Bu)Ar]3 (22) system, which can be metathesis-active

upon treatment with CH2Cl2 (Fig. 9) [82–85]. Further refinement of the molybde-

num precursor preparation was achieved soon after by the Moore group, developing

a reductive recycle synthetic strategy to form metathesis inactive precursor

[EtC:Mo{N(t-Bu)Ar}3] (23) [86, 87], which they later used to design a more

advanced and active catalytic system through in situ alcoholysis with 3 equiv.

phenols or alcohols [88]. Most of these trialkoxymolybdenum(VI) alkylidyne

catalyst species showed efficient alkyne metathesis activity at lower temperatures

and catalyst loadings with enhanced functional group compatibility.

More recently, the Zhang group has developed a highly active catalyst system

comprised of a molybdenum(VI) trisamide precursor (23) and triphenol ligand (25–

27) which, upon complexation in situ, renders the active alkyne metathesis catalyst

(Fig. 10). This catalyst with multidentate ligand not only exhibits high turnover

efficiency, low reaction temperatures (40–70 �C) and is compatible with a wide

variety of functional groups but also has been shown to inhibit polymerization of

small molecule metathesis byproducts (commonly 2-butyne). Such active catalysts

showed impressive yields for a variety of transformations, including homodimer-

ization, ring-closing metathesis, and cyclooligomerization reactions.

Perhaps more useful, this particular system showed exceptional stability upon

formation, and the authors state that it remains active in solution for months at room

temperature. It should be noted that this catalyst architecture was purposely

designed to prevent underside coordination of small alkynes to the active

molybedenum center. This feature selectively inhibits the polymerization of small

molecule metathesis byproducts (2-butyne), and such a design can be seen in several

Scheme 3 Alkylidyne mechanism of alkyne metathesis

Mo N
N

N t-Bu

t-Bu

t-Bu

Cummins/Furstner/Moore-Type

+CH2Cl2
Mo N

N

N t-Bu

t-Bu

t-Bu

22 23

+ 3ArOH

Fig. 9 Cummins, Fürstner and Moore’s general type Mo-based alkyne metathesis catalysts
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of our alkyne metathesis catalyst systems leading to the methine-based ligand (27;

Fig. 10) exhibited in this most recent work. [89–93].

Further illustrating the versatility of these multidentate Mo(VI) carbyne catalytic

systems, namely 23 and 26, a recent study employs the active coordinated silane-

ligand, molybedenum-based catalyst to prepare solution processable functional

polydiacetylenes (PDAs) [94]. Such a mechanism of polymerization followed

acyclic enediyne metathesis (AEDMET), which resulted in polymers with tunable

physical and electrical properties through rational side-group selection. Bulk

heterojunction organic solar cells were fabricated from these soluble polymers as

proof of concept, highlighting the dynamic scope of metathesis-active monomers

available through these catalysts.

On other systems, a pincer ligand-based tungsten alkyne metathesis catalyst (28)

has recently been reported by Veige et al. in a study where they demonstrate the new

catalyst’s propensity toward forming macrocyclic polyenes in high yields [95, 96].

They claim that the catalyst functions by tethering the ends of the polymer to the

tungsten center to overcome the inherent entropic price of cyclization. The proposed

ring-expansion polymerization mechanistic scheme of metathesis is displayed in

Scheme 4.

Unfortunately, the development of new alkyne metathesis catalyst remain

scarce to this day and, in the past 5 years, only limited advancements have been

made in this field. More notable catalyst systems that we discuss below in more

detail are the molybdenum carbyne complexes (29) displayed in Scheme 5

originating from the Fischer group last year (see ‘‘ROAMP’’ section). For more

comprehensive reviews concerning the design of alkyne metathesis catalysts, we

Fig. 10 Multidentate ligands and molybdenum(VI) alkylidyne catalysts
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Scheme 4 Ring-expansion polymerization with tungsten-based catalyst 28 and formation of macrocyclic
polyenes

Scheme 5 Synthesis of polymer 31 using the catalyst 29
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would refer the reader to a few publications reported in the past few years

[5, 8, 9].

3.3 Recent Alkyne Metathesis Techniques

3.3.1 Acyclic diyne metathesis polymerization (ADIMET)

Given the advantages of alkyne metathesis over cross coupling reactions, ADIMET

has been used for the preparation of PAEs for two decades. Early work of pioneers

such as Bunz and Müllen has been summarized by previous publications [5, 11, 59],

and thus are not included in this review. In 2013, Zhang and coworkers have

expanded the utilization of ADIMET from one-dimensional (1D) polymers to 2D

and 3D polymer networks (11 in Fig. 7, and RAM-13, 17 in Scheme 2) [60].

3.3.2 Ring-opening alkyne metathesis polymerization (ROAMP)

Ring-opening alkyne metathesis polymerization (ROAMP) has also attracted

increasing attention as the library of available highly active alkyne metathesis

catalysts expanded. The first reported ROAMP was conducted by Schrock and

coworkers in 1987 [97, 98]. However, the high molecular weight polymers they

produced suffered from high polydispersity (PDI[4), suggesting the need of a

catalyst that could distinguish between the strained alkyne bonds in cyclic

monomers and those internal alkyne bonds in polymers. Nuckolls and coworkers

have reported systematic studies on ROAMP and developed an effective ROAMP

system that can tolerate water, alcohols and phenolic substrates. This part of work

has been covered in our previous review article [59] and thus will not be discussed

in detail. [99–102].

In the past 3 years, since the publication of our last review [59], Fischer and

coworkers have been the main contributors to this field. As shown in Scheme 5,

Fischer and coworkers found that a pseudo-octahedral molybdenum benzylidyne

ONO pincer complex [TolC:Mo(ONO)(OR)]�KOiPr2 (R = CCH3(CF3)2) 29 is

able to catalyze ROAMP [103]. The permanently bound electron-donating tridentate

ligand irreversibly blocks one of the catalyst’s active sites, which prevents undesired

alkyne polymerization reactions, and further increases the stability of the catalyst

against air and moisture. Additionally, the reversible coordination of KOR prevents

undesired chain termination and transfer processes. Both features largely facilitated

the practical usage of the catalyst, as shown in Scheme 5, which produces high

molecular weight polymers with exceptionally low PDIs (1.02). In addition, the

authors prepared amphiphilic block copolymers (PDIs\1.07) using such a catalyst.

Very recently, Fischer and coworkers discovered that the difference of steric

bulkiness of the end group of the ROAMP catalyst is accounted for the topology of

the final conjugated polymer [104]. As shown in Scheme 6, starting from a highly

strained cyclic alkyne 32, two types of fully conjugated polymers can be produced

based on the selection of catalysts used for the ROAMP reaction. It was found that

the Mo catalyst (34a) with a mesityl end group yields a linear polymer 33a
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(PDI\1.7), whereas 34b with an ethyl end group yields cyclic polymers 33b
ranging in size from n = 5 to n = 20 monomer units.

3.3.3 Combination of Cross-Coupling Reaction with Alkyne Metathesis

As previously stated, alkyne metathesis is a reversible and equilibrium controlled

process. Therefore, at equilibrium, the most thermodynamically favored species

dominate to reach energy minima of the system. This unique character is pathway-

independent and thus provides an interesting opportunity to convert the products of

irreversible reactions to more thermodynamically stable species when the

reversibility is offered. In such way, we can take advantages of both kinetically

controlled process and thermodynamically controlled process.

Moore and co-workers reported the first example of such a unique combination of

conventional kinetically controlled cross coupling with thermodynamic controlled

alkyne metathesis. They firstly prepared homo-polymer 37a/b (37a, Mn = 8.5 kDa,

PDI = 1.7; 37b, Mn = 6.4 kDa, PDI = 1.8) through cross-coupling reaction

(Scheme 7) of dihalide (35) and diacetylene (36). The homo-polymers were used

as starting materials for the alkyne metathesis reaction without further purification.

Alkyne-metathesis-mediated depolymerization of 37a/b provided tetrameric macro-

cycles 38a/38b in good yields [105, 106]. One of the great advantages of this

approach compared to the direct metathesis of alkyne monomers (e.g. 39) is that,

with this cross-metathesis method, there is no need for scavenging additives or extra

steps in the reaction to ensure byproduct removal. For example, in most alkyne

metathesis, the metathesis byproduct, 2-butyne or PPT–:–PPT, has to be removed

to drive the equilibrium toward product formation. Although these alkyne

byproducts can be removed by applying vacuum (for volatile alkynes, e.g.,

2-butyne) or precipitation (for low solubility butynes, e.g., PPT–:–PPT), these

methods limit the reaction scalability and are also not atom-economic, especially in

the case of precipitating large byproduct PPT–:–PPT.

Another advantage of the above approach is the possibility of introducing

multiple repeating monomer units into macrocycle backbones. For example,

macrocycle 42 with two different repeating units, carbazole and phenylene, can be

Scheme 6 Synthesis of linear polymer 33a and cyclic polymer 33b using alkyne metathesis

69 Page 18 of 24 Top Curr Chem (Z) (2017) 375:69

123



obtained from copolymer 41, which was prepared through cross-coupling of

diacetylene 36 and diiodide 40. Such a hybrid macrocycle might be hard to prepare

directly from two corresponding alkyne monomers, due to the increased statistics of

forming undesired oligomers and polymers with a random connection sequence of

two monomers. The depolymerization strategy of polymers formed through cross-

coupling reactions to macrocycles represent an interesting example of combining

irreversible cross-coupling with reversible covalent reactions.

3.3.4 Cyclooligomerization

It was Grubbs who first demonstrated such depolymerization to yield cyclic

oligomers through olefin metathesis [107]. The seminal study brought to light

several key points including the dynamic nature of the metathesis reaction as

well as the ability of metathesis to self-correct once previously established bonds

in favor of a more thermodynamically stable overall structure. Moore et al.

Scheme 7 Alkyne metathesis depolymerization of the polymers obtained through cross-coupling
reaction to form macrocycles
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continued this study as it applies to alkyne metathesis, with simple 2D alkyne-

linked macrocycles which were synthesized from an acetylenic polymer

previously prepared through Sonogashira coupling (Scheme 7) [106]. The

driving force for these cyclic oligomer formations has been shown to be

thermodynamic stability of the final macrocycles and metathesis’ propensity

towards the thermodynamic product at equilibrium [108]. This depolymerization

through alkyne metathesis also supports the formation of 3D cages, which have

shown interesting host–guest chemistry and electron-transfer dynamics

[109–113]. While a nice library of such unique structures is growing

[114, 115], to conclude, we will highlight a single study.

The novel interlocked aryleneethynylene-based cage system 44 (Scheme 8) was

synthesized by our group as the first example of a thermodynamically controlled

synthesis of an interlocked organic cage retaining high stability [116]. At the initial

stage of the reaction, various cyclic or linear oligomeric and polymeric interme-

diates form. However, similar to the depolymerization approach, these intermedi-

ates gradually convert to the interlocked species. Such a complex possesses

surprising thermodynamic stability over other cyclic or linear polymers or even the

isolated individual cage in solution leading to its formation upon reaching

equilibrium through this dynamic alkyne metathesis reaction. When a closed

structure is targeted (e.g., macrocycles, or molecular cages), it is critical to design

angular monomers (e.g., 39 or 43) that can amplify the energy difference between

undesired intermediates and targeted product. The presence of enough energy gap

between various possible products ensures the predominant formation of the most

stable species through error-correction mechanism enabled by reaction reversibility.

We present this 3D aryleneethynylene synthesis to further emphasize the versatility

Scheme 8 Alkyne metathesis applied to monomer 43 to give an interlocked shape-persistent 3D
macrocycle
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of the alkyne metathesis method as a contemporary and evolving synthetic

technique.

4 Conclusion

While alkyne metathesis holds clear advantages to conventional cross-coupling

techniques, the majority of poly(aryleneethynylene) syntheses still rely on more

traditional mechanistically irreversible methods such as Sonogashira coupling. It is

clear, however, that these PAEs hold increasing significance as functional materials,

and by integrating the alkyne metathesis technique with the polymer chemists’

portfolio of synthetic tools, more superior and facile ethynylene-based materials

could be realized.

We see the limiting factor in all this to be primarily the availability of robust and

user-friendly catalytic systems that support alkyne metathesis. This should be

evident from the shortage of new catalysts designed over the past 5 years, and so we

would highlight this issue as one of the major hurdles to overcome in this field to

date. Overall, however, poly(aryleneethynylene) systems have proved promising as

functional materials from their expanding library of diverse monomers to their vast

number of tailorable parameters which continue to advance PAE polymers in many

growing materials applications.
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