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Abstract: Carbon dioxide is a renewable, inexhaustible, and cheap alternative to fossil resources for the
production of fine chemicals and plastics. It can notably be converted into exovinylene cyclic carbonates, unique
synthons gaining momentum for the preparation of an impressive range of important organic molecules and
functional polymers, in reactions proceeding with 100 % atom economy under mild operating conditions in most
cases. This Review summarizes the recent advances in their synthesis with particular attention on describing the
catalysts needed for their preparation and discussing the unique reactivity of these CO,-based heterocycles for
the construction of diverse organic building blocks and (functional) polymers. We also discuss the challenges and
the future perspectives in the field.
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1. Introduction

On the path to sustainability and circularity, the upgrading of CO, into value-added organic scaffolds and
polymers has become a vibrant field of research. The development of new catalytic systems and efficient CO,
activation modes has made it possible to overcome the kinetic and thermodynamic stability of this highest
oxidized state of carbon. A variety of products are now accessible, ranging from commodities (methanol, formic
acid, urea)=3! to more sophisticated products (organic carbonates, polyurethanes, polycarbonates).*9
Amongst the multitude of CO,-sourced molecules, cyclic carbonates have emerged as important building blocks
for fine chemistry (e.g. to construct carbamates, key intermediates for the pharmaceutical and agro-
industries)*' and polymer design (e.g. polyols used to formulate polyurethane foams),?"*4 as solvents and
electrolytes for batteries.'*! Three main routes are implemented to prepare cyclic carbonates by the direct
reaction of CO, with a substrate (Scheme 1).

The predominant method consists in coupling CO, to oxiranes in the presence of metal or organocatalysts.?
6°91The 100 % atom economy [3+2] fixation of CO, onto epoxides affords selectively and quantitatively five-mem-
bered cyclic carbonates even under mild and solvent-free conditions (Scheme 1a). Six-membered cyclic
carbonates are also obtained from oxetanes.!*>*® The great availability of oxiranes of petro- or bio-based origin
gives access to a large library of cyclic carbonates with diverse structures and functionalities. The second
approach involves the challenging condensation of CO, with polyols into five- to eightmembered cyclic
carbonates (Scheme 1b).17-2%! Although potentially the most interesting in terms of the valorization of natural
polyols (e.g. glycerol, sorbitol), this second approach remains less explored. Indeed, this reaction is
thermodynamically limited by the release of water, whoseremovalis mandatory to preparethecycliccarbonates
in quantitative yields. Some strategies have been developed to partly overcome this problem, notably by
activating the alcohol using metal-based catalysts in combination with dehydrating agents,?% or by using bases
(tertiary amine or
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superbases) in combination with alkylating agents (e.g. alkyl halides, sulfonyl halides).*®1° Nonetheless, these
processes require harsh conditions and release considerable amounts of waste, rendering them not sustainable.
The third route provides a-exovinylene cyclic carbonates (aCCs) by the carboxylative coupling of CO, to
propargylic alcohols (Scheme 1c). These synthons are promising and appealing, even from an industrial
perspective, as they offer multiple opportunities in organic and polymer chemistry for the design of advanced
CO,-derived products. The presence of an exocyclic olefin renders these heterocycles highly reactive towards S-
, N-, and O-nucleophiles via the ring-opening of the cyclic carbonate, as well as towards radicals or aryl halides
via additions onto the olefin. This makes them central building blocks for the design of linear and cyclic
carbamates and carbonates, and important polymer families (e.g. polyurethanes, polycarbonates, polyvinyls, and
sulfurcontaining polymers). This Review discusses the general concepts for the synthesis of this emerging class
of cyclic carbonates and their exploitation in organic synthesis and polymer sciences.

2. Synthesis of Exovinylene Cyclic Carbonates

The mechanism of aCC formation from CO, and a propargylic alcohol is illustrated in Scheme 2. It involves first
the formation of a carbonate salt intermediate via the reaction between a propargylic alcohol, CO,, and a base,
which activates the alcohol for the carbonation. Then, the carbonate ion undergoes a conformational rotation,
followed by a ring-closure step via an intramolecular nucleophilic addition onto the triple bond. The resulting
exocyclic alkenyl anion generates the cyclic carbonate upon protonation and completes the catalytic cycle.?* 2
Alternatively, a dual activation mechanism makes use of a metal-based cocatalyst that coordinates to the triple
bond and facilitates the cyclization of the carbonate ion, yielding an alkenyl metal intermediate, which gives the
aCC upon proto- demetalation.?3 The carboxylative coupling was long restricted to tertiary propargylic alcohols,
the driving force of the carboxylation being the presence of the two gem substituents on the substrate that
create a compression angle via the Thorpe—Ingold effect, hence facilitating the carbonate ring closure (Scheme
2b).24 With secondary and primary propargylic alcohols, this effect is absent, rendering their cyclization more
challenging. To overcome these hurdles, recent findings by Schaub et al. utilize dual catalysts made of a metal
salt and a sterically congested ligand which causes an angle torsion of the substrate similar to the “gem” effect
and allows for the efficient carboxylative cyclization of secondary and primary propargylic alcohols (Scheme
2¢).12>2¢1 The choice of the catalyst and the reaction conditions is crucial to prevent side reactions, i.e. the
hydrolysis of aCC by residual water to give the hydroxy ketone 1, the alcoholysis of aCC either by the in situ
formed hydroxyketone 1 to furnish the symmetrical acyclic carbonate 2 or by the unreacted propargylic alcohol
yielding the acyclic carbonate 3 (Scheme 3).

In the next section, we first benchmark the performances of a selection of relevant homogeneous catalysts,
using customized spider charts to highlight their strengths and weaknesses, without extensive discussions. While
these illustrations give an “instant” comparison of the activities of state-of-the-art catalysts, we underline that
most of the reactions are realized under different operating conditions which complicates this benchmarking
task. Furthermore, parameters that can be highlighted as weaknesses (long reaction time, high temperature, low
yields...) might result from non-optimized conditions. Therefore, we believe that these charts will provide
guidelines for the readers to identify the most relevant parameters to turn the less efficient catalysts into more
competitivesystems.Thesedataare also summarizedin traditional form as tables inthe Supporting Information.
Next, heterogeneous catalysts are briefly considered and their performance and recycling are correlated to the
type of support and the nature of the immobilized catalyst. For ease of comparison and to identify the main
trends, we have selected works dealing with the formation of a model aCC that is frequently reported in the
literature, 4,4-dimethyl-5-methylene-1,3-dioxolan-2-one (DMACC) prepared by coupling CO, to 2-methyl-3-
butyn- 2-ol.

Scheme 1. Synthesis of cyclic organic carbonates a) from oxiranes, b) diols, and c) propargylic alcohols.
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Scheme 2. a) General mechanism for the formation of aCC (shown for a dual activation mechanism), b) steric

repulsions induced by the “gem” or c) catalyst-driven “angle compression” effects.
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Scheme 3. Side reactions that may occur during the carboxylation of propargylic alcohols by CO,.
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3. Catalysts for aCC synthesis

3.1. Homogenous Single Activation Catalysts
3.1.1. Organic Bases

Phosphines (4 a—c) and nitrogen bases such as amines (5), guanidine (6), and amidines (7 and 8) are evaluated
for the transformation of CO; into aCCs (Scheme 4). Phosphines provide DMACC with yields of 8—99 % within 8—
15 h using 50-100 bar of CO, at 100-140 °Cand a catalyst loading of 5 to 9 mol%.7-2%n his seminal work, Dixneuf
highlighted the significantly higher activity of P(C4Hs)s compared that of triphenyl- or tricyclohexylphosphine.?8
The weak base NEts is inefficient in catalyzing the formation of DMACC in organic medium or under neat
conditions (T = 30-80 °C, p co2 = 5-10 bar, catalyst loading = 0.25—-1 eq., t = 5-10 h).2% Superbases such as TBD
and MTBD promote the total conversion of the propargylic alcohol at 10 mol%, 100 °C for 24 h with 50 bar of CO,;
however, the reaction was non- selective, with a DMACC yield of only 21 to 25 %.5 Both bases favor the side
alcoholysis of DMACC by the propargylic alcohol or the hydroxyketone. The selectivity of MTBD for DMACC is
significantly improved by reducing the catalyst loading to 1 mol% and the temperature to 60 °C at a pco, = 30 bar
or by working under dilute conditions in acetonitrile for a shorter time at 80 °C, 30 bar, and a catalyst loading of
5 mol%.53%

The performances of selected organobases are benchmarked in Figure 1 (Table S1). On the basis of the data
reported under conditions specificto each catalyst, tributylphosphine emerges as one of the most efficient bases,
affording DMACC selectively with a yield close to 100 % in a reasonable time frame; nevertheless, moderate to
high pressure and temperature are required. With nitrogen bases, the basicity of the catalyst is a crucial factor.
Low pK,amines exhibit no catalytic activity, while stronger (super)- bases (TBD and MTBD) catalyze the reaction,
however, with moderateselectivity. Therefore, the ideal organic base should display sufficient basicity to activate
the OH moiety of the propargylic alcohol and facilitate the fixation of CO,. However, the basicity should remain
low enough to avoid competitive side alcoholysis of the DMACC with the unreacted precursors or hydroxylated
side products 1.

Scheme 4. Selected organic bases used as catalysts for the carboxylative coupling of CO, with propargylic

alcohols.
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Figure 1. Comparison of the activity of some selected bases for the solvent-free synthesis of DMACC.
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3.1.2. Lewis Base—CO, adducts

Owingto the high electrophilicity of the carbon atom in CO,, Lewis bases (LB) of nitrogen-containing heterocycles
react with CO, to form zwitterionic adducts. The diversity of the LB-CO, adducts and the facile structural
modulation of their flanking groups make them efficient catalysts in organic synthesis, including for CO,
conversion. Themost common LB-CO; adducts arebased on the (unsaturated) N- heterocycliccarbene templates
(NHC-CO,, 9 a—d) (Scheme 5). NHC-CO, adducts catalyze the fixation of CO, onto propargylic alcohols at 60-80 °C
and 45-60 bar. DMACC is obtained with an excellent yield of 99 % in 15 h, especially with catalyst 9c at a loading
of 5 mol%.53! Other Lewis base—CO, adducts have also been designed. The carbodicarbene—CO, adducts (CDC-
CO,, 10 a—d) appear less efficient than NHC-CO; adducts and afford DMACC in 94% yield within 12 h at a loading
of 5 mol% and 20 bar of CO, at 80 °C.[>*] The most efficient catalytic systems are N- heterocyclic olefin—CO,
adducts (NHO-CO,, 11 a—f),3! alk-oxide-functionalized imidazolium betaine—CO, adducts (AFIB-CO,, 12 a—d)?®
and tetrahydropyrimidin-2-ylidene— CO, adducts derived from 5-diazabicyclo[4.3.0]non-5-ene (DBN-CO2, 13 a—
d).B71 All the Lewis base—CO2 adducts especially 11d,12d, and 13a operate under smoother conditionscompared
to NHC-CO, (20 bar of CO,, T = 60 °C, catalyst loading of 5 mol% except AFIB-CO, (2 mol%)) and provide DMACC
with excellent yields of 91-96 % in 1 to 5 h. Figure 2 (Table S2) benchmarks the activity of the various LB-CO,
adducts, which follows in the order CDC- CO, < NHC-CO; < NHO-CO, = AFIB-CO, = DBN-CO>.

Some authors attributed the higher activity observed for NHOs in comparison to NHCs to the increased
nucleophilicity of the a-carbon in NHOs arising from the aromatization of the N-heterocyclic ring in N,N-
disubstituted 2-methylene imidazolines.?® In addition, they proposed that the longer Ccarboxylate—CNHO bond
in comparison to Ccarboxylate— Cyuc, as well as the presence of electron-donating (bulky) substituents on their
o carbon, rendered NHO-CO, adducts less stable and hence more prone to liberate free carbene. Ikariya et al.
also demonstrated the existence of a cut-off temperature for NHC-CO, adducts at 60 °C and 45 bar, above and
beyond which the yield of the aCC decreased.®3! This observation is further confirmed by Tommassi, who
obtained lower aCC yields when working at a higher temperature of 100 °C and 60 bar.[*°] Reducing the catalyst
loading influences the selectivity of the reaction, with the side formation of acyclic carbonates. The high activity
of DBN-CO, adducts is probably due to the high basicity of free DBN.27! It has to be noted that phosphorus ylide—
CO; adducts (P-Ylide—CO;) have been also evaluated; however, they are not included in this benchmarking
because they have not been tested for the preparation of DMACC."% However, their catalytic activities do not
differ from those of NHC-CO, adducts that are tested under identical conditions using a similar substrate.
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Scheme 5. Non-exhaustive LB—CO, adducts used for the carboxylative coupling of CO, to propargylic alcohols.
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Figure 2. Comparison of theactivity of selected Lewis base—CO, adducts for the solvent-free synthesis of DMACC.
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Scheme 6. Selected cations and anions for the design of ionic liquid catalysts.
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3.1.3. lonic Liquids

Due to their intrinsic properties such as non-volatility, recyclability, tunability, and thermal stability, ionic liquids
(IL) have gained in popularity for CO, transformation. Their catalytic activity is easily modulated by the nature of
the cation/anion pair, which influences the salt dissociation and hence the basicity of the anion. Moreover, ILs
show a propensity to solubilize significantamounts of CO,. Various ILs made of phosphonium,**! imidazolium,?!
ammonium,?? or amidinium®! cations, and carboxylate, alcoholate/pheno- late, halide, azide, thio-/isocyanate,
cyanide, azole, imidazo- lide, or other anions featuring multiple active sites** catalyze the coupling of CO, with
propargylicalcohols (Scheme 6). To benchmark the activity of ILs, we have selected those that are used in low
amounts (i.e. 5 mol%) only. Indeed, at high loading, the IL may influence the reactions by acting as a solvent,
potentially influencing the overall reaction mechanism, e.g. by (de)stabilizing some transition states/reactive
intermediates. Acetate-type ILs are chosen as representative organocatalysts to evaluate the influence of the
cation on their performance. This is justified by the rather large scope of acetate/cation pairs that have been
tested under strictly identical experimental conditions (T = 80 °C, p€CO2 = 50 bar, t = 6 h), which facilitates the
benchmarking of the IL activity.

As illustrated in Figure 3a (Table S3), the DMACC yield increases with the cation structure in the order [N-
butylimidazolium] < [DBUH*] < [nBu4P*] < [nBusN*]. [nBusN][OAc]is identified as the only IL that afforded DMACC
quantitatively and selectively, while the other systems are poorly active (DMACCyield <20%) or even inactive.*?
The influence of the alkyl substituent of the quaternary ammonium also reveals an optimum chain length at C,,
above and beyond which the conversion of propargylic alcohol declines. Note that this trend is only valid for
acetate-type ILs with ammonium cations, as comparable studies for other types of ILs differing in the structure
of both the cation and the anion have not been reported. Therefore, any generalization of this trend to other IL
families might give inadequate guidelines for tailoring more active organocatalysts. The basicity of the anion is a
key parameter in determining the reaction rate. Generally, the higher the basicity, t he faster the reaction rate.
This is reflected in Figure 3b (Table S4), wherein the very low basicity of fluoride led to the lowest DMACC yield (
=10%). Switchingto anions with stronger basicity such as cyanide (pK,=7), phenolate (pK, = 9.95), orimidazolide
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(pK2=9.2), significantly accelerates thereaction and enables quantitative conversion, however, with detrimental
selectivity in DMACC which decreased to 87-93 %. Anions of intermediate basicity such as azide (pK.=4.6) or
carboxylates (pK, = 4.6-4.9) provided ILs of moderate activity; nonetheless, they are highly selective for DMACC.
The above observations are in line with Chen’s postulate, which proposed an optimum p K, value of the anion of
= 7.6, above which the selectivity in the aCC significantly declines, and beyond which the reaction rate slows
down.”®I The pK; value of the anions thus provides a guide to design ILs for the selective conversion of CO; into
aCCs. The catalytic activity also depends on the catalyst dissociation in the reaction medium. Determining
relationships between the catalyst performance and its dissociation requires the ion pair dissociation constants
and/or the ion partial charges of the ILs which are not available in the literature. One can only refer to more
general considerations to guide the reader in designing more competitive IL catalysts. According to Watanabe,
the “ionicity” of ILs reflects the strength of coulombic interactions in ion pairing.*®! This is correlated to the Lewis
acidity and basicity of the cation and anion which greatly depends on their ionic structure. The ionicity and
consequently the dissociation ability of ILs is favored by selecting weak basic anions and acid organic cations.
Beside the steric hindrance, longer alkyl chain lengths usually found in the organic cationsimpact van der Waals
interactions. These may create segregation of the ILs into polar and nonpolar domains, affecting not only the
partial charges of the ions but also their solvation.*” Importantly, the reactant, i.e. the propargylic alcohol, may
also act as a polar solvent for the catalyst. Its OH moiety creates a solvation shell surrounding the anion via H -
bonding interactions, furnishing solvent-separated ion pairs.*]

Figure 3. Comparison of the activity of selected ionic liquid catalysts for the solvent-free synthesis of DMACC:
influence of the nature of the cation and the anion.
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3.2. Dual Activation by Ag- and Cu-Based Catalysts

A large variety of transition metal salts derived from ruthenium,“® cobalt,*! palladium,®® and zinc®% have been
tested for the envisioned reaction; however, silver and copper salts are the most preferred cocatalysts, justifying
the focus for further reviewing. Nonetheless, one can refer to Vessaly’s review for details on the other metal -
based dual systems.!

CuX, AgX, and Ag,Y (withX =1, Br, CI-, SO4, NOs’, OAc etc. and Y = CO3%, WO,42", 0% ) are typical salts used in
combination with basic additives (ILs, PPhs, nitrogen bases) to drive the formation of DMACC. Three main
catalytic scenarios have been identified:

Low-activity dual catalysts relying on a low content of Ag or Cu salts (2 mol%) with a (large) excess of IL (50 to
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200 mol%) that simultaneously acts as a base, a solvent, and CO, absorbent. This type of catalyst provides
DMACC with yields > 91-97% in 2.5-8 h at 25-120 °C and 1-10 bar of C02;[23:5253]

Moderate-activity catalysts based on a high loading of metal salt (10 mol%) and basiclLs (20 mol%) that deliver
DMACC with 91-93 % yield in 5-24 h at 30 °C and 1 bar CO2;!*"

Highly active catalysts consisting of a (very) low loading of Cu or Ag salts (1-5 mol%) and some base additives
(1- 5 mol%) that produce DMACC with 89—100 % yield in 1- 12 h at 25-60 °C and 1-15 bar of CO,;*>6!

The literature survey highlights some key features and trends to guide the design of more active systems.
Regardless of the organobase, the activity of dual systems made of Cu' or Ag' halide salts is influenced by the
counter anion and follows in the order | > Br > Cl in line with the easier dissociation ability of iodide versus
bromide or chloride salts.[?* 535457 |n addition, Han et al. illustrated that introducing an oxo moiety within the
microstructure of carboxylatetype ILs or using acetone as solvent further improves the dissociation of Cul, due
to the coordination ability of the carbonyl group with Cu*.3!

One also notes the crucial role of the WO,2 anion, which provides a unique interaction with CO, that is
beneficial for CO, insertion and carbonate formation.>®!

Figure4a (Table S5) benchmarks the efficiency of somerelevant Cu'and Ag'dual systems (5 mol%) using [nBusNJ-
[PhQO] as basic IL (5 mol%) for the synthesis of DMACC at 40 °C and 15 bar of CO, for 1 h. The co-catalytic activity
of the metal salts follows in the order Agl > Cul > Ag2CO3 > AgOAc. Despite being limited to Ag salts, this trend
is also (partly) supported by Verpoort?3 and He,*® who utilized acetate-type and PPh; organic cocatalysts,
respectively. Finally, Figure 4b (Table S6) underlines the role of the base cocatalyst on the formation of DMACC
using AgOAc, which is one of the most frequently used Ag salts. ILs of weak basicity [hexsQP][Im] are required in
large amounts to drive the reaction slowly to completion under ambient conditions (rt and 1 bar CO,). The
ammonium salt [nHept;N][Br] appears to be a good compromise in terms of activity under mild conditions.
However, as this salt displays no basicity, we believe that an exchange between the acetate and bromine anions
occurs in the reaction medium yielding AgBr and [nHept4N][OAc], which were the catalytic species.™ In our
opinion, the systems based on phosphine (Dave Phos)?*! or expanded-ring NHC (Er-NHC),"? although not the
best performing and used in combination with a solvent, are remarkable catalytic options as they are active for
the transformation of the challenging primary, secondary, and internal propargylic alcohols and they present a
high tolerancetowards various functional groups(e.g. acetate, acrylate, carbonates). Their sensitivity to moisture
is pointed out as a weakness, and does not facilitate their recyclability (50 % loss of activity after the first reuse).
In a recent study, Schaub et al. proposed a recyclable catalytic system based on the use of lipophilic Ag- based
catalysts and a biphasic organic reactive medium (acetonitrile/cyclohexane). The catalyst is recovered by liquid—
liquid extraction in the cyclohexane phase, while the cyclic carbonates remain in the acetonitrile phase (average
yields of 86—90 %).>°!

Figure 4. Comparison of the activity of selected dual catalysts for the synthesis of DMACC. Dave Phos and Er-NHC

catalysts used in combination with ACN.
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3.3. Mixed Heterogeneous/Homogeneous Dual Activation Catalysts

As a result of the limited recyclability of homogeneous catalysts, most of the systems are costly, limiting their
industrialinterest. This limitation is overcome by using heterogeneous catalystswherein abaseor an active metal
is anchored onto an inert support or mixed heterogeneous/ homogeneous systems combining an immobilized
metal (salt) and a free base additive. These catalysts have the advantage of being easily separated and recovered
from products, in most cases by simple filtration. The preparation of heterogeneous catalysts relies on the
development of

efficient inert supports. A variety of supports exist, which includes polymers, carbon materials, and
metal/covalent organic frameworks (MOFs/COFs). The supports can either be nonporous, in which case the
catalytic reaction takes place at the surface, or porous, wherein the reaction takes place at the inner surface of
the pores and at the outer surface of the support. The porous supports have the advantage of a larger surface
area available for catalysis. Furthermore, they can either be directly grafted with an organic base or a ligand that
coordinates to the metal center or decorated with metallic nanoparticles or simply with a precipitated metal salt
and used in combination with a free base.

3.3.1. Ag°-Decorated (Porous) Supports

In 2016, Wang et al. underlined the ability of Ag® nanoparticles to activate the propargylic alcohol triple bond
and act as a cocatalystinits transformation with CO,.[® This discovery opened a new avenuein the development
of heterogeneous catalysts via the deposition of Ag® nanoparticles on various supports including (porous)
activated carbon,®® reduced graphene nanosheets (14),1! ion-exchange resin,®? (meso)porous polymers,©3-5¢l
and covalent organic frameworks (COFs)®®7-%8] (Scheme 7). The textural properties of the supports (meso-, micro-
, Or macroporosity, absence of porosity, support size, and shape) as well as the particle size (from 1 to 50 nm)
are the key features determining the distribution of Ag® either at the inner

surface of the pores (internal surface) and/or the outer surface of the support (external surface) and hence the
efficiency of the catalyst. Nanoparticles with small diameters (1-3 nm) aregenerally embedded within the meso-
to macropores (pore size in the range of 10 to 90 nm, with a pore size distribution centered at 26 nm) or
macropores (d > 50 nm) of the substrate (such as sulfonated resins 15), and at the outer surface of the support.
Exclusive outer surface decoration of the support is observed with Ag® particles of diameter >20-50 nm or when
carbon, COFs, or porous polymers with micro- and mesoporosity (pore diameter <9 nm) are used. The catalytic
activity also benefits from the presence of additional surface functional groups such as azo, phosphine, (16), and
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carboxylate.®*) These moieties favor the nanoparticle—support interactions, further enhancing the metal
dispersion, minimizing the metal leaching, and adjusting the catalyst activity/selectivity by the metal— support
charge transfer.[6°-71]

The presence of heteroatoms such as nitrogen or fluorine (17) lining the pores of the substrates favors
synergistichost (support)—guest(CO,) interactionsand consequently CO, adsorption.®> Indeed, the electron lone
pairon the N atom is an attractive site for the electron-deficient carbon atom of C0,.’! Fluorine interacts with
CO; through the interplay of 1) halogen bonding (O-:-F) between electron-deficient o- holes on fluorine and CO,
and 2) electrostatic C---F interactions between the electrophilic carbons of CO, and the electron-rich fluorine
atoms.73!

Similar to the metal salt/base dual systems, two catalytic scenarios can be distinguished: heterogeneous
supports with low Ag® content (0.01-0.14 mol%) in combination with a large amount of DBU (100 mol%) or
supports decorated with a high metal loading (3—10 mol% of Ag®) and 10— 30 mol% of DBU. All catalytic systems
operated at low CO, pressure (1-10 bar) and temperature (25 °C), affording DMACC in moderate to excellent
yields (78—100%) in 3 to 18 h. A general classification of their performances is rather difficult as the catalytic
activity results from a complex interplay between the Ag® particle size and the properties of the support. In
addition, the CO, adsorption capacity and turnover number (TON) are not reported for all systems.

Scheme 7. Types of supports used in the design of Ag®-decorated (porous) supports.
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Nonetheless, the Ag®-decorated (micro)porous organic polymer derived from Rose Bengal®®3! (18) and also Ag°
COF catalysts used in combination with DBU seem promising.7-% Remarkably, these catalysts were reused up
to 5-10 times without any significant loss in activity. This suggested the absence of leaching or aggregation of
the AgP particles. As illustrated by Wang, the next generation of this family of catalysts might rely on the
physisorption of AgX nanoparticles (X = Cl, Br, or I) onto supports; these catalysts were more efficient than
analogous mixed heterogeneous/ homogeneous catalysts made of Ag® nanoparticles.®°!

3.3.2. Heterogeneous Catalysts Containing Metal—-N Chelates

N-heterocyclic carbene—Ag' or Cu' complexes have been immobilized onto multiwall carbon nanotubes (CNTs,
19), graphene nanosheets (GNs, 20),74' and polystyrene beads (PSs, 21)7>! (Scheme 8). These systems perform
remarkably for the carboxylation of propargylic alcohols without an added base. The CO, transformation is
realized at 30— 50 bar, 40-80 °C for 24 h. CNT-NHC- and GN-NHC-AgCl catalysts (Ag loading = 1.5 mol%) and PS-
NHC-AgCl (Ag loading 2 mol%) deliver DMACC with a yield of 96—99 %. With analogous heterogeneous systems
made of immobilized NHC-Cul complexes (Cu loading = 3 mol%) on the carbon-type supports, the conversion of
the propargylicalcohol decreased to 88—91 % under identical conditions and thereactionis slightly less selective.
Surprisingly, no reaction is observed with PS-NHC-Cul. All these catalysts can be reused for ten cycles without
any significant decline in activity.

Other Cu' or Zn" metal-anchored polymer catalysts, such as (dimethylamino)methyl-polystyrene-supported
copper(l) iodide (DMAM-PS-Cul, 22)"8 and Znl,-grafted benzene-benzylamine porous organic polymers
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(Zn@BBA-PA, 23),"have been alsoemployed as heterogeneous catalysts. 22 afforded DMACCwitha 97 % yield
under supercritical conditions (T=40 °C, pco, = 100 bar) within 24 h at 8 mol% loading of Cul. Unfortunately, its
reusability is affected by Cu leaching and destruction of the PS beads caused by the stirring. Catalyst 23 was only
effective in the presence of DBU (100 mol%) and delivered quantitatively DMACCin 6 h at 30 °C and 10 bar of
CO,. This heterogeneous catalyst can be reused up to five cycles with only marginal loss of activity. However,
none of these catalysts competes with the Ag' complexes of NHC immobilized onto CNT or GN or PS.

Scheme 8. Structure of selected heterogeneous carbon- and polymerbased catalysts reported for the synthesis
of aCCs.
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3.3.3. MOFs and COFs

In 2017, Duan et al. pioneered the utilization of MOF catalysts to synthesize aCCs (Figure 5). Ag' chains are
embedded in a tubular 3D framework with large quadrilateral channels.”8! The proximity of the Ag nodes
facilitated long-range charge and electron transfer endowing the support with strong activating capacity. The
specific MOF topology which embeds unsaturated metal sites and some defects, increased the CO, uptake and
is beneficial for the activation of the propargylic alcohol via rt-activation of the triple bond. The silver-metalated
MOF (24) (0.5 mol% loading of Ag) used in combination with PPh; (2.5 mol%) delivers quantitatively DMACC at
50 °C and 5 bar of CO, in 20 h."® 7°I More recent reports describe the design of Ag- metalated tubular porous
MOF distinguished by a curved 2D n-conjugated honeycombed metal framework with a dense distribution of Ag
cations at the tube surface (25)%%and organosulfonated 3D frameworks with cubic topology for dual CO,
capture/activation and Ag metalation (26).18% 82!

Figure 5. Selected MOF- and COF-based catalysts reported for the synthesis of aCCs. Acronyms of catalysts
reproduced from the original publications. 24 is reproduced from ref. [79]; 25 is adapted from ref. [80] with
permission from the Royal Society of Chemistry, Copyright 2020; 26 is reproduced from ref. [82] with permission
from the American Chemical Society, Copyright 2020; 27 is reproduced from ref. [85] with permission from the
Royal Society of Chemistry, Copyright 2020; 28 is reproduced from ref. [83] with permission from Wiley-VCH,
Copyright 2019; 29 is reproduced from ref. [84] with permission from the Royal Society of Chemistry, Copyright
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All MOF catalysts (0.1 to 10 mol% Ag loading) are mixed systems using 10 to 20 mol% of DBU to provide DMACC
in excellent yields (90-99 %) within 1 to 24 h at 1 bar CO, pressure and 25-40 °C.

Although unlikely to be used for the large-scale production of aCCs, systems embedding Cu,l, (with n=2 or
4) clusters,®324 Cu' chains,®>! or Cu'X moieties®® (with X = CN, Cl, 1) into various polyoxovanadate- (27),
lanthanide- (Dy" (28) or Gd""), and In-based MOFs (29) are also employed in combination with a base (DBU or
TEA) for the fixation of CO, onto propargylic alcohols. All these catalysts operate under similar conditions as the
Ag-type MOF/DBU dual catalysts (low CO, pressure < 10 bar, temperature = 25-50 °C) and deliver DMACC with
comparableyields. Although research on MOF catalysts for the synthesis of aCCs is very recent, some trends are
observed. Firstly, the presence of sulfonated or cyanide groups displaying electron-rich sites that interact with
the electrophilic carbon of CO, favors the adsorption of CO, within the MOF channels.”? Secondly, the
embedding of tetrahedral Cuyls clusters within the 3D framework seems preferable for the design of high-
performance catalysts. Lastly, the construction of heterometallic MOFs displaying additional Lewis acid sites
(Dy"™, zn", or In"") provides undeniable synergistic catalytic effects, thereby boosting the reaction.

Scheme 9. Transformations of aCCs.
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4. Chemical Transformation of Exovinylene Cyclic Carbonates in Organic
Synthesis

aCCs present two distinct reactive sites, i.e. the carbonate and the olefin group, which can undergo selective
reactions. Scheme 9 summarizes the main transformations of aCCs and the families of products that have been
obtained. The presence of the exovinylene moiety associated with the strain release enables the facile and
regioselectiveringopening of the cyclic carbonate by nucleophiles (amines, alcohols, thiols). The driving force lies
in the spontaneous tautomerization of an enol into the corresponding ketone upon ring opening. The olefin
group can also be involved in other transformations, such as thiol-ene and Heck coupling reactions, although
only few of them have been explored.

4.1. Aminolysis

aCCs offer a new attractive alternative to toxic phosgene,®” carbamoyl chlorides, and isocyanates®® 2% for the
construction of (cyclic) carbamates, which are important scaffolds in the agrochemical and pharmaceutical
industries.®% Their transformation with primary amines delivers hydroxy-oxazo- lidones (Scheme 10a). The
heterocycle formation proceeds through a formal domino process involving ring-opening of the aCC to create an
oxo-alkyl carbamate intermediate. Then, the latest undergoes a spontaneous cyclization by reaction between
the secondary NH of the carbamate group and the adjacent ketone (Scheme 10b). With heptyl-, benzyl, or
cyclohexylamine, the whole transformationis complete within few hours at room temperature(r.T.) without any
catalyst (Scheme 11, 30 a—c).”" °? When heated at reflux in glacial acetic acid, the hydroxy-oxazolidone
undergoes quantitative dehydration into the corresponding a-alkyli- dene oxazolidone (31 a—c).”!! With
secondary amines, the catalyst-free aminolysis of aCCs at r.T. furnishes exclusively oxo-carbamates. This is
exemplified by the conversion of 4,4-dimethyl-5-methylene-1,3-dioxolan-2-one with N-methyl- butylamine® or
secondary diamines such as piperazine and N,N-dimethyl-1,6-hexanediamine (cf. Section 5.3).[>3] Optionally,
with less reactive primary or secondary amines, both transformations can be accelerated by addition of a
superbase (DBU).PY

Examples addressing the direct aminolysis of preformed aCCs are rare. To date, few multicomponent reactions
involving the in situ formation of aCCs from propargylic alcohols and CO, followed in cascade by their aminolysis
are privileged. These made it possible to access a portfolio of organic carbamates and oxazolidones with ample
structural diversity. To be successful, this concept necessitates the selection of an efficient catalyst to drive the
CO; fixation onto the propargylic substrate that does not impede the aCC’s ring-opening by the N-nucleophile,
as well as optimized conditions (high T, pco2, t) to drive both steps of the process to completion with a high degree
of selectivity.

Metal complexes (Ru, Ag, Cu etc.), organic bases, or cooperatives systems (as reported in Section 3.2)
represent valuable catalytic options for the preparation of the envisioned scaffolds. In this section, we will
illustrate the concept with selected examples, and we invite the reader to refer to Arshadi’s review for a more
exhaustive picture of the existing works.'®! As a main trend, the propargylic alcohol/CO,/primary amine three-
component reaction delivers alkylidene oxazolidones (31d and e) in moderate to good yields (42—-95 %) using
bases (phosphines,?> pyridines,®®! [DMIm]- [BF4],°"! etc.) or a cooperative system (CuCl,/ [BMIm][BF4])[°8] at
110-140 °Cand pcoz of 25-50 bar. Jiang et al. utilized Cul®® and AgOAc salts!*% to convert internal propargylic
alcohols into the corresponding alkylidene oxazolidones (products 31f and g) in moderate to high yields (70-96
%) at 80 bar of CO, and 60-120 °C. In these catalytic systems, the primary amine was used in excess and served
both as the reagent and the basic additive required to drive the carboxylative cyclization. As a variant, Xu et al.
have synthesized alkylidene oxazolidones with yields of up to 88 % in 48 h under metal-free conditions, by the
use of supercritical conditions (140 bar, 120 °C) with an excess of amine.[*0%]

When secondary amines replace primary ones in multicomponent reactions, oxo-carbamates with structural
analogy to those obtained by direct aminolysis of preformed aCCs are synthesized. Various metal complexes
([RuCl, (norbornadiene)],,22 ([Cu(MeCN)4]PFs)),1%3 cooperative systems (Ag2CO3/PPh3B® or (p-
MeOC6H4)3P,11% AgCl/ Et,NCI"0%), heterogeneous silver/copper-based catalysts (CNT-NHC-Ag/Cu),”* and even
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immobilized metallo-en- zyme (laccase) used in synergy with TEMPO™"% j||lustrate the large diversity of catalytic
options that have been engineered to fabricate the carbamate scaffolds. As a trend, Ru and Cu catalysts require
demanding operative conditions (40-50 bar, 70-100 °C) to deliver the envisioned products with high yields. Ag-
based catalysts appear more efficient under mild conditions (1 bar, 30-60 °C). Yields in carbamates up to 98 %
are generally achieved with tertiary propargylic alcohols are lower with secondary and primary propargylic
alcohols (40-57 %) under identical conditions (32 a—c). With CNT-NHC-Ag/Cu, Zhang et al. highlighted an
influence of the R substituent of the secondary amines on the yields, with a slight decrease in the order
pyrrolidine (99 %) > diethylamine > di-n-propylamine (96 %) > di-n- butylamine (92 %)."*! Remarkably, the
immobilized biocatalystis activeat low CO, pressure of 15 bar for 30 days and affords a large scope of carbamates
(32 d—h) with yields up to 99 %. This system can be reused 10 times without a significant loss of activity. %6

Scheme 10. a) Reactions of primary and secondary amines with aCCs and b) mechanistic aspects.
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Scheme 11. a) Synthetis of oxo-alkylcarbamates and oxazolidones from exovinylene cyclic carbonates or via

multicomponent reactions. b) Product scope (non-exhaustive list from refs. [91, 92, 98, 100, 103—- 106]).
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4.2. Alcoholysis

Acyclic carbonates are useful synthons in fine chemistry and deserve interest as solvents for organic synthesis
and in Li- ion batteries. These scaffolds are now accessible by the transformation of aCCs either from the
preformed substrate, or via the multicomponent cascade approach (Scheme 12). Unlike aminolysis, the

alcoholysis of aCCs is not spontaneous and requires a base to activate the weak O- nucleophile and promote the
ring-opening of the cyclic carbonate.

Dixneuf et al. pioneered the synthesis of oxo-alkyl carbonates from aCCs and primary or secondary
alcohols.'°71 By using triethylamine (70 mol% vs aCC), the

Scheme 12. Synthesis of oxo-alkylcarbonates and tetrasubstituted ethylene carbonates from aCCs and alcohols.
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Selected examples from refs. [31, 54, 107-109, 111].
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authors delivered the corresponding acyclic carbonates under relatively mild conditions (0-40 °C, 4-20 h) in
moderate to high yields (67-90 %, 33 a—f). The synthetic approach is also found to be tolerant to functional
groups, allowing the introduction of an olefin, alkyne, or ketone to the product skeleton (33 d—f). The same
research group further synthesized oxo-alkyl carbonates in good yields (60-70 %) from challenging bulky tertiary
and/or sterically congested alcohols, respectively, by switching from NEt; to KCN, 2- hydroxypyridine (10 mol%)
or DBN (40 mol%) catalyst at 20-60 °C (products 33g-j).[1°8] Recently, the alcoholysis of aCC was revisited by
Detrembleur who utilized an organic (super)base (DBU)™%! or nBusNOPh®* (5 mol% vs aCC). Various oxo-alkyl
carbonates were easily fabricated from aCCs and 1-butanol at 25 °C (within hours) or with less reactive benzyl
alcohol or cyclohexanol at 80 °C (within 15 min) (33 k—n).

In the multicomponent approach, the oxo-alkyl carbonates selectivity and yield are strongly dependent on
the catalyst. With DBU, TBD, and MTBD superbases, oxo-alkyl carbonates are exclusively formed at 100 °C under
supercritical CO, conditions with yields of 42—81 %in 24 h from mixtures of propargylicalcohol, CO,, and primary
(MeOH or 1-butanol) or secondary (butan-2-ol) alcohols (33 o—r).B!

With allylic alcohols, phenol or excess propargylic alcohol, the product selectivity switches to the exclusive
formation of the tetrasubstituted ethylene carbonate (63— 81 %) when MTBD is employed (34 a—c).’"
Cooperative catalysts made of zinc*? or silver®#111113l salts and basic additives are by far more selective and
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promote the formation of a large portfolio of asymmetric oxo-alkyl carbonates even with high yields (up to 98
%) (33 s—z). AgCl with 1-butyl-3-methylimidazolium acetate (acting both as a catalyst and solvent) promotes the
tandem reaction with a large scope of aliphaticalcohols atrt and 1 bar of CO,, delivering organic carbonates with
yields approaching 100 %.1*?! The Ag,CO3/PPh; catalyst is found effective (80 °C, 10 bar) in the formation of oxo-
alkyl carbonates (6197 % yields) from (hetero)aromatic alcohols, such as (substituted) benzyl alcohols, pyridin-2-
ylmethanol, and thio- phen-2-ylmethanol (33 s—v).['*3] More recently, catalytic amount of Agl with nBusNOPh
promoted thein situ formation of (sterically congested) aCCs and their cascade transformation into the acyclic
carbonates at 1 bar of CO, and 60°Cin 10 h.[>*] High yields (> 97%) were obtained for primary alcohols but
decreased to 60 % and 12 %, respectively, for less reactive secondary and tertiary alcohols (products 33 w-z).

4.3. Acetylenic Hydration

a-Hydroxy ketones are a class of biologically active fragments in natural or pharmaceutical products and are
important building blocks in fine organic chemistry.**4 Usually delivered by the nasty Hg-catalyzed hydration of
propargylic alcohols,*1>1%] these synthons are now accessible in a more sustainable way directly from CO»,
water, and propargylic alcohols through in situ hydrolysable aCC intermediates (Scheme 13a). Recent task-
specific ionic liquids ([BusP][Im]),**”! silver salt/base dual systems (AgOAc/DBU™8! and AgOAc/1-ethyl-3-
methylimidazolium acetate!**®!), ZnCI2/DBU,** and a Cu20/phosphine/DBU™?% ternary catalyst were used to
transform a series of diverse propargylic alcohols into the corresponding a-hydroxy ketones with moderate to
excellent yields under mild conditions (1-20 bar, 60-90 °C). However, all systems display sufficient activity at high
base loading (from 0.5 to 3 equivalent-fold excess) and/or with less hindered substrates. Scheme 13b illustrates
the scope of ketones derived from terminal (bulky) propargylic alcohols with different (cyclo- )alkyl, vinyl, and
aryl substituents (1 a—i) and from internal propargylic alcohols substituted at the acetylenic terminus by an
aromatic moiety (1 j—w).

Scheme 13. a) Formation of a-hydroxy ketones by hydrolysis ofin situ generated aCCs and b) product scope (non-
exhaustive list from refs. [117-120]).
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4.4. Carbonylation

aCCs serve as carbonylation agents in the construction of multifaceted heterocyclic compounds from secondary
ethanolamines or vicinal diols. Conceptually, the N- or O- nucleophile of the ethanolamine or diol substrate is
intercepted by the reactive aCC. This creates an oxo-alkyl carbamate or carbonate intermediate with an
additional hydroxyl functionality that undergoes a cascade domino cyclization to deliver an oxazolidone or cycdlic
carbonate, respectively (Scheme 14).

To date, the carbonylation of aminoalcohols was only achieved via the multicomponent approach; aCCs
were obtained in situ from propargylic alcohols and CO, prior to reaction with 2-aminoethanol and further
cyclization. Taskspecific basic ILs,2! Ag' salts with xantphos,*??!

guanidines,?3 or acetate-type IL additives,*?* as well as Cu'salt/1,10-phenanthroline/base*?*! and Cu'/IL*?!
systems were used to form oxazolidone scaffolds (Scheme 15, 35 a—g) with moderate to highyields (>97 %) even
at atmospheric CO; pressure, low metal salt loading, and mild temperatures of 60-80 °C in less than 24 h. As
illustrated by Verpoort, the overall reaction is influenced by the steric congestion of the aCC or propargylic
alcohol and slows down with bulky R and R? substituents (Et, Ph, ‘Bu, cyclohexyl).

Vicinal diols react in a cascade fashion with propargylic alcohols and CO; to deliver mono- or disubstituted
ethylene carbonates with high yields (63—98 %) (Scheme 16,36 a—m). This carbonylation utilizes similar operative
conditions and task-specific basicILs, cooperative Ag'*27- 128 or Cu' salt/ basicadditive/ligand*?* systemsas those
reported for ethanolamines, and Zn'"/superbase dual systems**? that were shown efficient in the formation of
oxo-alkyl carbonates and in acetylenic hydration. Recently, Lu et al. reported an elegant LB-CO,/MTBD tandem
catalyst for the CO,/propargylic alcohol/vicinal diol three-component reaction, which opened a route to
structurally diverse polycyclic carbonates with high chemo- and stereoselectivity from natural sugar polyols (e.g.
glycerol, erythritol, xylitol) (36 j— m).2°! The carbonylation of 1,3-diols is also proven in concept by the synthesis
of two six-membered cyclic carbonates either by using presynthesized aCCs (37 a)*°% or via the multicomponent
cascade scenario (37 b).[110. 127]

4.5. Addition of S-Nucleophiles

Organosulfur compounds play a key role in the biochemistry of most living organisms and are widely present in
synthetic drugs and bioactive natural products.!*3°1321 The construction of carbon—sulfur bonds from thiols and
aCCs was recently introduced. The presence of the carbonyl and olefinic site in aCCs, both of which react with R-
SH reagents, makes it possible to form structurally divergent products using appropriate catalysts and/or
operative conditions (Scheme 17). DBU promotes the fast thiolysis of aCCs, delivering oxo-thiocarbonates
(kinetic product) with high yields (89-99 %, 38 a—g) in less than 1 min at rt.[*33 The reversibility of the reaction is
proven in concept by the dynamic exchange of the thiol fragments of two structurally different oxo-
thiocarbonates, producing four new scaffolds. After an extended reaction time, oxo-thiocarbonates are almost
guantitatively transformed into elusive sulfur-containing tetrasubstituted ethylene carbonates (thermodynamic
product) with a medium to high selectivity (43—-100 %; 39 a—g). When DBU is replaced with 2,2-dimethoxy-2-
phenylacetophenone (DMPA) photocatalyst, i.e. a radical generator, the thiol addition onto the aCC occurs
exclusively via the thiol-ene reaction, furnishing a trisubstituted ethylene carbonate with a thioether moiety (40
a) at r.T. with high yield (95 %).1*33!

Scheme 14. Oxazolidones and cyclic carbonates synthesized by carbonylation of diols and ethanolamines with
aCCs.
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4.6. Heck Coupling

The palladium-catalyzed Heck reaction, which couples organohalides to vinylic compounds, has been exploited
to fabricate functional aCCs with stereo-defined alkylidene substituents (Scheme 18). Dixneuf has synthesized
trisubstituted alkylidene (bis)cyclic carbonates with stereoselective Z configuration in moderate to good yields
(40-87 %, 41a— g) by treating preformed aCCs with various aryl iodides

using PdOAc, PPhs, and CF;COOAg as the catalytic system at 100 °C.[*3**] However, with classical aryl bromide
Heck substrates, no reaction was observed. In one-pot approaches, a single Pd catalyst combined with a base
promotes both the carboxylation of propargylic alcohols and the Heck coupling. For example, the Pd(PPhs)s/NaH
system allows the stereoselective formation of E-trisubstituted alkylidene carbonates with moderate yields (9—
68 %) from bromo- or iodoaryl reagents, terminal tertiary propargylic alcohols, and 10 bar of CO, at 100 °Cin 8
h (41h-j). Switching to a strong base (Buli, LiO'Bu) and a Pd" complex (PdCl,(MeCN),, Pd,(dba)s) permits the
formation of E-tetrasubstituted alkylidene carbonates (50—-92 % yield) from internal prop- argylic alcohols and
aryl or alkyl halides under atmospheric pressure of CO, (41 k—u).[*3% 136

Scheme 18. Synthesis of tri- or tetrasubstituted alkylidene cyclic carbonates by Heck-type reaction: a) general
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5. Exovinylene Cyclic Carbonates in Macromolecular Engineering

The multiple transformation options of aCCs with carboncentered radicals, nucleophiles, and aryl halides are
extended to the construction of a multitude of polymers with diverse functionalities. Remarkably, from a limited
set of monomers, a library of polycarbonates of different microstructures, polyurethanes, elusive sulfur-
containing polymers, functional poly(vinyl alcohol)s, and even polar poly-

ethylene analogues is now accessible, most often under mild operating conditions.

5.1. Chain-Growth Polymerizations

The olefinic moiety of aCCs offers a site for radical attack. This feature is exploited to polymerize 4-methylene-
1,3- dioxolan-2-one, i.e. the simplest aCC structure (R'=R?=H) via a free-radical pathway using conventional azo
or peroxide initiators at 65 °C and fabricate polyvinylic chains with pending cyclic carbonates (Scheme 19).1%37
Further extension of the radical process to sterically congested aCCs is challenging. The presence of bulky
substituents (methyl or phenyl) creates a sterically congested environment and a highly stabilized propagating
radical is formed upon decarboxylation (with R = aryl group) which prevents the polymerization of the monomer
units at low temperature. Only 4,4-dimethyl-5-methylene-1,3-dioxolan-2-one (R'=R*’=Me, DMACC)
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homopolymerizes when thetemperatureisincreased to 120 °C, affording oligomers (M, = 11002100gmol *) with
microstructures of alternating cyclic carbonates and ketones repeating units, the latest being formed upon
decarboxylative radical ring-opening of aCC.[137,138]

Decarboxylations can be suppressed by driving the controlled cobalt-mediated radical copolymerization
(CMRP)13%1 of DMACC with vinyl acetate (VAc)™*% or ethylene (E)**Y as co-monomers (Scheme 20). With the Co
compley, it is possible to lower the operative temperatureto 40 °C and design various random copolymers of
precise composition (= 6to62% of DMACCinsertion) and controlled molar masses (2000 gmol * <M,<20000 gmol
1). The selective hydrolysis of VAc units of P(VAc-co- DMACC) furnished a poly(vinyl alcohol) (PVOH) bearing cyclic
carbonate pendants that are further post-functionalized into hydroxyurethanes by aminolysis.[**? Under basic
methanolysis, both VAc and DMACC units are hydrolyzed, leading to PVOH bearing vicinal diols. Similar
procedures applied to P(E-co-DMACC) yielded polar polyethylene with vicinal diols. 41!

5.2.  Polyadditions
5.2.1. Synthesis of BisaCCs

Scheme 19. Free-radical polymerization of aCCs.
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Scheme 20. Cobalt-mediated radical polymerization of DMACC with VAc or E, and further copolymer
derivatizations.
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Scheme 21. Synthetic pathways to bisaCCs and product scope.

- via carboxylative coupling

path a
\\|,R4/// )\\’/R\{/[(
OH OH 0O 4 0\«0
—
O»’ o]
C02 2 HO\/\OH O»‘O O/«O
= O\)\/\ /\/k/o
R NS R =
SN (o) (0]
pathb

- via Heck coupling

(0]
I—< :)—I
2%0 OAO oko
1 1
T “",’f;f’fie RR’Q’ -\ O 2 R‘ R
____________________________________________ commmamemraenne-
Oxy-0 Oy-0 A N
\:f; o Y i Q"% qQ 0
A, (% W
M1 =72% M2 = 80% M5 = 45%
(o] 0]
o8 4
O O
M4 = 95%
(0] (0]

OH OH
M3 = 90%

Capitalizing on the catalyst findings for the CO, transformation (Section 3) and the transformation of aCCs
(Section 4), bis-a-alkylidene cyclic carbonates (bisaCCs) have been synthesized either by carboxylative cyclization
of CO, with bispropargylic alcohols or via Heck reaction of aCCs with 1,4-diiodobenzene (Scheme 21). For the
first methodology, bispropargylic alcohols with terminal or internal alkyne functionality have been synthesized
by the Grignard reaction of diketones with ethynylmagnesium bromide (path a)®®%92: 1% or via the ring-opening
of bisepoxides by butynediol (an industrial waste) (path b).4? These templates have been further transformed
into the corresponding bisaCCs M1-M4 with yields of 72-95 % by catalytic CO, fixation (p€0O2 = 20-100 bar,
T=25-40 °C) using binary catalysts (Cul/nBusNPhO or AgOAc/Dave Phos). The Heck approach exploits Dixneuf’s
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catalysts and provides the aromatic bisaCCs M5 with 45 % yield (path c).P%34

5.2.2. Polyurethanes

Polyurethanes (PU) are key constituents of paints, adhesives, and foams.[*43-14¢ They are industrially produced
by the polyaddition of diols to diisocyanates.*”! However, isocyanates are nasty toxic compounds facing
restrictive changes in REACH regulations. This urges researchers to develop alternative isocyanate-free routes
for their production, for example the transurethanization of dialkylcarbamates, the ring-opening polymerization
of cyclic carbamates, and the polyaddition of bicyclic carbonates with diamines.*® In this context, the reactivity
of bisaCCs towards amines provides new opportunities for the design of non-isocyanate polyurethanes under
mild conditions.

5.2.2.1. Poly(hydroxy-oxazolidone)s and Poly(oxo-urethane)s

Poly(oxazolidone)s, i.e. polymers characterized by cyclic carbamate repeating linkages, display unique thermal
and chemical features making them valuable options for the design of new high-performances materials.[4% 150
Commonly prepared through the thermal copolymerization of epoxides with isocyanates, %' they are now
accessible by the r.T. polyaddition of bisaCCs (M1, M2, M5) to primary diamines under catalyst-free conditions
(Scheme 22a).P% 22 The resulting polymers, showing M, up to 79 000 gmol ?, differ slightly from conventional
polyoxazolidones owing to the presence of additional hydroxyl moieties and undergo facile postdehydration in
acetic acid at reflux.®Y This results in poly(a-alkylidene oxazolidone)s with remarkable thermal stability up to
400 °C. By analogy to the transformation of aCCs with primary amines, the polymerization follows the same
mechanistic pathways and is accelerated by addition of DBU (5 mol%). However, less reactive or sterically con-
gested diamines, e.g. 1,4- or 1,2-cyclohexanediamine, induce only partial intramolecular cyclization, furnishing
chains with randomly distributed hydroxy-oxazolidone and oxourethane linkages. Secondary diamines are also
exploited to construct regioregular poly(oxo-urethane)s by r.T. polyaddition with the bisaCCs M1-MS5 (Scheme
22b).P2 142 strycturally, the location of the ketone within or along the polymer backbone is guided by the bisaCC
monomer. M1 and M2 with terminal exovinylene groups provide the corresponding PUs with pending ketone
moieties, while M3—M5 with internal exocyclic olefins promote the ketone insertion within the main skeleton.
Linear poly(oxo-urethane)s with M,, from 4000 to 25 000 gmol ! and no noticeable defects were reported.

Scheme 22. Synthesis of poly(hydroxy-oxazolidone)s, poly(alkylidene oxazolidone)s and poly(oxo-urethane)s. *

Polymer structure with M2 not represented.
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5.2.3. Polycarbonates

Aromatic polycarbonates (PCs) are commodity polymers used mainly in electronics, construction, and the
automotive industry. Traditionally they are fabricated by polycondensation of the controversial bisphenol A or
other aromatic diols with phosgene or dimethyl (or diphenyl) carbonate. Aliphatic polycarbonates are finding
applications in the biomedical sector,*>3 as building block (e.g. Cardyon®) for the construction of polyurethane
foams,*? 154 and as solid electrolytes for batteries.*>> They are produced by the ringopening polymerization
(ROP) of cyclic carbonates,*>>*>"Ithe polycondensation of dialkyl/arylcarbonates with aliphatic diols,**®! and the
ring-opening copolymerization (ROCOP) of epoxides with CO,.l”" 8 Complementary to these approaches, the
remarkable reactivity of bisaCCs gives momentum to the facile production of functional PCs.

5.2.3.1. Poly(oxo-carbonate)s and Poly(alkylidene cyclic carbonate)s

Similarly to poly(oxo-urethane)s, bisaCCs M1-MS5 copolymerize with diols via polyaddition to form linear
regioregular poly(oxo-carbonate)s.®? 1% 142 Thjs polymerization necessitates a base catalyst (DBU) to activate
the alcohols and promote the ring-opening of the cyclic carbonate. Introduced with 1,4-butanediol and M1 or
M5 monomers, the concept was extended to bio-renewable diols derived from sugar (e.g. isosorbide) and lignin
(e.g. 1,4-benzenedimetha- nol, 1,4-cyclohexanediol)*? and to the utilization of M3 or M4 monomers (Scheme
23a).2 Alibrary of structurally diverse PCs with pending or in-chain ketones, with M, of 2000 to 27 600 gmol %,
have been fabricated, some of them are semicrystalline with a T, ranging from 60 to 343 °C. Extension to a,w-
hydroxyl telechelic poly(ethylene glycol) with M1 has enabled the design of low T; flexible polymers serving as
solid electrolytes for Li-ion batteries.*>® Recent works have also demonstrated that cascade polymerization was
possible starting from a bis(propargylic alcohol), CO,, and a diol at 60 °C and 15 bar using a nBusNPhO/Agl binary
catalyst.®¥Inthis case, the bisaCCintermediate was formed in situ and subsequently ring-opened by alcoholysis,
furnishing poly(oxo-carbonate) oligomers with M,, < 3000 gmol ! in a one-pot process.

Scheme 23. a) Synthesis of poly(oxo-carbonate)s and b) poly(alkylidene cyclic carbonate)s. * Polymer structure

with M2 not represented.
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Inspired by the Heck transformation of aCCs that couples aryl halides with the exocyclic olefin without
damaging the structure of the five-membered carbonate ring, Tang has engineered a r.T. three-component
cascade process utilizing di- or polyfunctional precursors and atmospheric CO; for the synthesis of linear and
hyperbranched poly(alkylidene cyclic carbonate)s, i.e. PCs with intact inchain aCCs linkages (Scheme 23b).1*6% To
do this, various bis(propargylic alcohol), CO,, and aryl dihalide formulations have been investigated using a
PdOACc/LiO'Bu catalyst and delivered chains displaying M, of =~ 6000 to 15000 gmorl™. Through the suitable choice
of the (poly)aromaticdihalide (binaphthylhalide or tetrakis(4-bromophenyl)methane)), it is possibletointroduce
chirality within the polymer microstructure as well as aggregation-induced emission properties making the PCs
luminescent. Complementarily, the quantitative and regioselective post-polymerization aminolysis by secondary
amines can be used to turn these poly(alkylidene cyclic carbonate)s into new poly(oxo-urethane)s.

5.2.4. Sulfur-Containing Polymers

Sulfuris a key elementin macromolecular engineering with the possibility to createa vast array of polymers such
as poly(thioester)s, poly(thioether)s, poly(thiocarbonate)s, poly(thiourethane)s, and
poly(sulfone)s/poly(sulfoxide)s for multiple purposes (biomaterials, vitrimers, self-healing, etc.).**] Among
them, poly(thiocarbonate)s, accessible from the ROCOP of COS or CS, with epoxides, are attractive for optics
applications due to their high refractive index,*6% 1631and for water purification due to strong metal—sulfur
binding.[164,165]

The polyaddition of bisaCC with thiols represents an alternative pathway for the fabrication of these sulfur
polymers.*331 Using DBU catalyst (5 mol%) at r.T., novel poly(cyclic carbonate-co-thioether)s, with M, of 16 000
to 75 000 g mol !, were obtained. By analogy to the thiolysis of aCCs (cf. Section 4.5), it is hypothesized that
thiocarbonate linkages are initially formed, but progressively rearrange into the cyclic carbonate linkages during
the polymerization. When a fluorinated alcohol (1,3-bis(2-hydroxyhexa- fluoroisopropyl)benzene; 3 mol%) is
combined with a reduced amount of DBU (1 mol%), the linkage transformation is slowed down and sulfur
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polymers enriched in thiocarbonate entities (up to 82 mol%) are prepared (Scheme 24). The modulation of the
thiocarbonate/cycliccarbonate linkages strongly influences the thermal properties of the materials. For example,
the poly(cyclic carbonate- co-thioether) made from M1 and 1,4-phenylenedimethane- thiol presentsa T; of 126
°C compared to 61 °C for the complementary poly(monothiocarbonate) of similar M, ( = 20000 gmol™?) and
contains 19 mol% of cyclic carbonate defects within its microstructure. The concept is extended to the DBU -
catalyzed terpolymerization of bisaCCs (M1) with a mixture of a dithiol and PEGdiol to produce a hybrid polymer
containing both oxo-carbonate and cyclic carbonate linkages which can serve as an electrolyte for Li-ion
batteries.[!

5.3. Polycondensations

Structurally, the carbamates synthesized by the regioselective addition of secondary amines with aCCs bear a
ketone functionality (cf. Section 4.1), which like other ketones can be further transformed into imines by
dehydrative condensation with primary amines. This feature is exploited by Detrembleur who has designed two
novel polymerizable bis- oxo-carbamates by reacting N,N-dimethyl-1,6-hexanedi- amine or piperazine with 4-
methylene-1,3-dioxolan-2-one at 25 °C (Scheme 25a).[°*] Both monomers M6 and M7 were collected in 69-75 %
yield and served to construct degradable PUs with in-chain pH-sensitive imine bonds by dehydrative
polycondensation with a primary aliphatic or aromatic diamine, e.g. 1,8-octanediamine, m-xylylenedi- amine.
When Ti(OEt), was used as a desiccant, chains that are free of structural defects displaying M, = 3400 to
8300gmol™ were obtained at 60°Cin 24 h (Scheme 25b). These materials completely degrade into the native
bis(oxo- carbamate)s in 1 h when immersed in an acidic water solution (pH of 1) but the depolymerization rate
decreased when the pH was adjusted to 4 and 7.1°%!

Scheme 24. Synthesis of sulfur-containing polymers by polyaddition of bisaCCs with dithiols.
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Scheme 25. a) Synthesis of new bis-oxo-carbamate monomers and b) access to degradable polyurethanes.
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6. Conclusion and Outlook

Herein, we have reviewed the advances made in the synthesis of a-alkylidene cyclic carbonates (aCCs) from CO,,
their multiple options for transformationinto structurallydivergent organicscaffolds, and their brilliant potential
for the construction of a broad diversity of novel polymers. The emerging success of aCCs in contemporary
sciences highly depends on the catalytic breakthroughs needed to prepare them from CO, and propargylic
alcohols. The state- of-the-art testifies that a large diversity of highly efficient and selective catalysts have been
developed to promote this transformation. However, the lack of standardized protocols to access aCCs makes
the benchmarking of the catalyst performancedifficult. Inthis context, we have utilized customized spider charts
to highlight the strengths and weaknesses of selected relevant homogeneous systems and propose further
guidelines to improve their efficiency.

Single component catalysts including organic bases, taskspecific ionic liquids, and Lewis base—CO, adducts
generally display moderate to good activity under demanding operative conditions. To overcome these hurdles,
high loading or even excess of catalyst are proposed as a means to promote the transformation at milder
temperature and/or under low CO, pressure. This feature is typically exemplified with ILs that are not only easy
to recycle but also offer the benefit of solubilizing high contents of CO, which favors the overall CO, fixation.
Binary catalysts using Ag' or Cu' salts in synergy with organic bases are by far more competitive, producing aCCs
under milder conditions, even at room temperature and/or atmospheric CO,. Ways to activate CO, (e.g. by using
WO0,2 ions), and enhance salt dissociation (e.g. by utilizing ketone solvents) or the CO; solubility/ concentration
within the reaction mixture (e.g. by using fluoro compounds) have been identified as some valuable options to
further facilitate the reaction.

When the preparation of aCCs from tertiary propargylic alcohols is envisioned, one recommends the
utilization of dual catalytic systems made of a Ag'X or Cu'X salt in combination with an organic base (superbase
or basic ILs combining ammonium, phosphonium, or imidazolium cations, and carboxylate or phenolate anions).
These catalysts are operative under mild conditions (pco» < 5-20 bar, T=25-40 °C, t < 24 h) and generally provide
the cyclic carbonates with high yields and excellent selectivity. For instance, Agl/[nBusN][PhO] is commonly used
in our laboratory to produce mono-a.CC (product c with R%,R? = CH3, Scheme 1)%?! or bis-aCCs (products M1 and
M2, Scheme 21) at the 10-100 g scale per batch.!*% The catalyst is facile to produce and to handle; however, its
recovery and reuse has to be investigated.
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Recent trends in catalyst developments rely on the development of heterogeneous systems embedding
metal (Ag®) nanoparticles within or onto porous polymeric or

silica supports. These are complemented by approaches focusing on the metalation of 3D frameworks (MOFs or
COFs) with specific channels/cavities, shapes, and sizes or by surface immobilization of metal—nitrogen chelate
complexes onto polymers or carbon-based materials. However, most of these systems requires the utilization of
additional (large) amount of free bases to display sufficient activity under mild conditions. By now, classifying
these catalysts according their performances and making any correlation to their textural properties and type of
support is far from trivial. TON numbers, when mentioned, are not calculated under the same similar conditions,
preventing us from drawing valuable guidelines to further develop more effective catalysts. Establishing a
standardized methodology to calculate these TONs is now an absolute priority for further benchmarking the
performances of future heterogeneous catalysts. One may suggest that theintroduction of groups favoring host—
guest interactions within the cavities or at the surface of the support may increase the catalyst efficiency by
increasing locally the CO, or propargylic alcohol concentration close to the active sites. Although the fabrication
of these MOF- or COF-based catalytic systems requires complex and multiple-step procedures and are far from
being sustainable, there is room for improving the synthesis protocols. Moreover, the immobilization of the base
additive is now needed to deliver fully heterogeneous systems. We believe that these fully heterogenized
catalysts have the potential to be used for the continuous production of aCCs, for instance in flow devices. The
purification of the final products (aCCs) will thus be facilitated and the production cost of the process will be
minimized, provided that the catalyst does not deactivate significantly during multiple reuse. These fully
heterogenized catalysts arethus particularly advantageousover homogeneous ones when largeamounts of base
are needed to catalyze the reactions.

Nonetheless, most of the homo- and heterogeneous catalysts are mainly efficient for the carboxylative
coupling of CO, to tertiary propargylic alcohols. Recent findings utilize a smart catalyst made of a silver salt
complexed by sterically congested phosphines or an expanded-ring NHC mimicking the “gem” effect
encountered with tertiary alcohols to allow the transformation of challenging secondary and primary propargylic
alcohols. When the large-scale carboxylation of secondary or primary acetylenic alcohols by CO; is considered,
Ag(OAc)/Dave Phos systems?>! or Er- NHC complexes?®! of Cu' used in synergy with CsF are currently the best
options. They operate under mild conditions (r.T., pco2 < 15—20 bar, t < 24 h) and provide the corresponding
product in moderate to good yields with excellent selectivity. Moreover, when the Dave Phos ligand is modified
with hydrophobic alkyl chains, the catalyst can be recycled by liquid—liquid extraction and reused a few times;
this is a significant step towards the design of costeffective catalytic processes.?!

Additional issues still remain unsolved, such as the evaluation of the catalyst toxicity and the sustainable
supply of propargylic alcohols from bio-based or waste feedstocks. Currently, various propargylic alcohols are
synthesized on the multi-thousand ton scale, for example by BASF, the

world’s largest producer of propargylic alcohols, by alkyny- lation of ketones or aldehydes.[*” This company also
produces 1,4-butynediol from CaC, and formaldehyde,'?*'thus valorizing industrial wastes. The sourcing of these
important products does not seem a limitation of the technology; however, further reducing their carbon
footprint requires the utilization of renewable acetylene and ketones which currently necessitates further
developments. Promising solutions are emerging to produce green acetylene, for example by electrochemical
reduction of CO, and water.!*®8 |t is attractive; however, the process must be optimized to increase yields and
selectivity, and should use renewable electricity to decrease the carbon footprint. Ketones and aldehydes can be
easily obtained by oxidation of alcohols, 6172l ybiquitous scaffolds largely found in nature.

aCCs display two reactive sites that are easily discriminated to drive selective transformations, rendering
them unique building blocks for organic synthesis and polymer design. The ring-strain release and the keto—enol
equilibrium are the main driving forces that facilitate regioselective ring-opening, even at room temperature, by
N-, O-, or S-nucleophiles. In reactions with amines, aCCs are converted into (a)cyclic carbamates (oxazolidones
and oxocarbamates) under catalyst-free conditions or with an added organobase catalyst. With alcohols or thiols,
the base is mandatory to produce acyclic (thio)carbonates or tetrasubstituted ethylene carbonates with a
(thio)ether moiety. Importantly, these scaffolds are also accessible by the catalytic cascade in m ulticomponent
reactions, in which aCCs are generated in situ prior to further transformation. The scope of ring-opening
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reactions is further complemented by the use of aCCs as carbonylation agents for vicinal or 1,3-diols and
ethanolamines, furnishing five- or six-membered cyclic carbonates and oxazolidones, and as reactive
intermediatesin acetylenic hydrations todeliver a- hydroxyketones. Inaddition, the exovinylene moiety was also
exploited for the thiol—ene “click” reaction and Heck coupling, further extending the product scope.

Most of these works concern the utility of aCCs for constructing important organic building blocks, not the
applications of the resulting compounds. However, since these products are similar to conventional ones
(carbamates, carbonates, hydro ketones, etc.), the applications are expected to be similar. This is exemplified by
the easy access to oxazolidones, which are templates found in drugs, rendering aCCs attractive building blocks
for designing therapeutics. Also, aCCs are efficient carbonylation agents, offering alternatives to toxic phosgene
and derivatives, as well as to low-reactivity dialkyl- or diarylcarbonates.

The extension of this aCC chemistry to polymer synthesis is in its infancy; however, a diversity of functional
polymers (polyurethanes, polycarbonates, polyvinyls and sulfur-containing polymers) are now easily accessible
under mild operating conditions. First, the reactivity of the exovinylene moiety towards radicals is exploited for
producing polymers bearing cyclic carbonates by (controlled) radical polymerization. Hydrolysis or aminolysis of
the cyclic carbonate groups has given access to multiple modification possibilities, enlarging the scope of
functional polymers. For

instance, polyethylene bearing polar 1,2-diol groups are now accessible by copolymerizing aCCs with ethylene
followed by hydrolysis of the cyclic carbonate hydrolysis, opening new perspectives in the preparation of polar
polyolefins. Second, the facile regioselective ring-opening of aCCs by various nucleophiles has been utilized to
furnish various regioregular polymers by step-growth copolymerization of bis(a-alkylidene cyclic carbonate)s
(bisaCCs) with (biobased) nucleophilic co-monomers (i.e. diamines, diols, or dithiols). Remarkably, from a given
bisaCC, five different polymer microstructures were prepared via the selection of the nucleophilic co-monomer,
and from a given bisaCC/ nucleophile pair, the type of polymer linkages can be modulated on demand by the
choice of the catalyst.

As most of the polymers accessible from (bis)- exovinylene cyclic carbonates are produced by conventional
polymerization methods virtually compatible with existing industrial equipment, their cost will mainly depend on
the production cost of the monomersand on the ability to easily and efficiently recycle the catalyst. Much effort
must thus be devoted to utilizing cost-effective propargylic alcohols and to developing efficient routes to recycle
the catalysts. We have to emphasize that most of the polymerizations involving (bis)exovinylene cyclic
carbonates are performed under mild operating conditions (25 °C, ambient atmosphere), which is beneficial to
decrease the carbon footprint of the process in comparison to the conventional procedures that involve high
temperatures and vacuum, e.g. for the preparation of polycarbonates by polycondensation.

Currently, the sourcing of the bispropargylic alcohols remains the main bottleneck to accessing a wide range
of bisaCCs monomers at reasonable cost and large volume in order to scale up the technology. Recent
contributions by BASF have shown that the cheap bulk chemical 1,4- butynediol can be used to produce bisaCCs,
which should contribute to accelerating the developments in the field.?®! Many questions still remain
unanswered. For example, how can we design high-molar-mass polymers? What are the properties of these
materials? How can we increase the range of bisaCCs from biosourced or waste chemical products? These
answers are essential to define the scope of applications, e.g. for foams, adhesives, biomaterials, pack aging, etc.
Some poly(carbonate)s prepared by this aCC chemistry have already been evaluated as solid electrolytes for
lithium-ion batteries working at room temperature with excellent cycling performance*>® 11 and for
luminescent materials.'®%! [socyanate-free polyurethanes that are degradable on-demand by using pH as a
trigger®> and that present a high thermal stability®* have also been developed.*”3 It is important to note that
not enough data are currently available to fairly compare the properties of the polymers prepared from aCCs to
those obtained by the conventional techniques. They are also structurally different, e.g. aCC- based
polycarbonates contain pendant or in-chain ketone groups, poly(oxazolidone)s contain hydroxyl moieties—
functionalities that are difficult to obtain in a direct way by the conventional techniques. The properties of the
new polymers are thus expected to be different; however, further investigation is needed here.

In conclusion, we have highlighted the extremely rich aCC chemistry that is expected to be impactful in the
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fields of organic and polymer chemistry as a multitude of important chemical groups can be easily installed
mostly by 100 % atom economy reactions under mild operating conditions. This chemistry is nolonger a curiosity
and new products are expected in the next future in view of the recent patents of Henkel and BASF.[}74-178]
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