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Realizing Metal-Free Carbene-Catalyzed Carbonylation Reactions with CO

Many organic and main group compounds, usually acids or bases, can accelerate chemical reactions when used in substoichiometric quantities, a process known as organocatalysis. In marked contrast, very few of these compounds are able to activate carbon monoxide and, until now, none of them catalyze its chemical transformation, a classical task for transition metals. Herein, we report that a stable singlet ambiphilic carbene activates CO and catalytically promotes the carbonylation of an ortho-quinone into a cyclic carbonate. These findings pave the way for the discovery of metal-free catalyzed carbonylation reactions.

At the end of the 19 th century, Sabatier discovered that thin slivers of reduced nickel could promote the addition of H2 to ethylene. Afterwards, it was widely accepted that a transition metal was required to activate small molecules in all chemical and biological systems [START_REF] Pilak | The Crystal Structure of the Apoenzyme of the Iron-Sulphur Cluster-Free Hydrogenase[END_REF] , and to promote their reaction with substrates. However, in the last decade, a handful of main group compounds have been shown to achieve the same task, 2 as exemplified by the hydrogenation of multiple bonds using a Frustrated Lewis Pair. 3 In 2007, we wrote that in possessing a lone pair of electrons and an accessible vacant orbital, singlet carbenes resemble transition metal centers, and thus could potentially mimic their chemical behavior. [START_REF] Frey | Facile splitting of hydrogen and ammonia by nucleophilic activation at a single carbon center[END_REF][START_REF] Martin | Stable singlet carbenes as mimics for transition metal centers[END_REF] Indeed, some stable electrophilic carbenes can split enthalpically strong bonds like BH, SiH, PH, NH, 6 and even CH [START_REF] Turner | Chemically non-innocent cyclic (alkyl)(amino)carbenes: Ligand rearrangement, C-H and C-F bond activation[END_REF] and CF bonds, [START_REF] Petrasiak | Activation of C-F, Si-F, and S-F Bonds by N-Heterocyclic Carbenes and Their Isoelectronic Analogues[END_REF] as well as challenging molecules like H2 and NH3. [START_REF] Frey | Facile splitting of hydrogen and ammonia by nucleophilic activation at a single carbon center[END_REF][START_REF] Moerdyk | Elucidation of carbene ambiphilicity leading to the discovery of reversible ammonia activation[END_REF] Additionally, it has recently been shown that a reductive elimination at carbon could also occur. 10 However, the third essential step of a classical transition metal catalytic cycle, namely the transformation of the reactants, is hampered by the lack of reactivity of CH and CF bonds. This analysis prompted us to turn our attention to catalytic carbonylation reactions with carbon monoxide, a task so far restricted to transition metals. 11 Although CO is one of the most inert molecules (bond-dissociation energy of 1072 vs 432 kJ/mol for H2), it is known to react with ambiphilic carbenes to give the corre-sponding ketenes. 12 The latter are very reactive, and thus the working hypothesis relied on the possibility that ketenes would react with a substrate, and that the resulting adduct would undergo a reductive elimination, releasing the product and regenerating the carbene. As a proof of principle, herein we report that selected singlet carbenes can promote the stoichiometric and even catalytic carbonylation of an ortho-quinone into a cyclic carbonate.

We started our investigation by performing stoichiometric reactions representing the different elementary steps of the putative catalytic cycle. First, the carbene must react with CO to form a ketene. From a computational study, Frenking et al. concluded that only carbenes featuring a sufficiently small singlet-triplet (S/T) gap could yield stable ketenes. [START_REF] Goedecke | When does carbonylation of carbenes yield ketenes? A theoretical study with implications for synthesis[END_REF] This result prompted us to consider the bicyclic (alkyl)(amino)carbene BiCAAC 14 and the cyclic (alkyl)(amino)carbene CAAC,[START_REF] Lavallo | Stable cyclic (alkyl)(amino)carbenes as rigid or flexible, bulky, electron-rich ligands for transition metal catalysts: A quaternary carbon makes the difference![END_REF][START_REF] Soleilhavoup | G. Cyclic (alkyl)(amino)carbenes (CAACs): Stable carbenes on the rise[END_REF] which feature a S/T gap of 45.7 and 49.2 kcal/mol, respectively. Indeed, these two carbenes instantaneously react with carbon monoxide in benzene or THF at room temperature to afford the corresponding ketenes Ket-1 and the previously reported [START_REF] Lavallo | CO fixation to stable acyclic and cyclic alkyl amino carbenes: Stable amino ketenes with a small HOMO-LUMO gap[END_REF] which were isolated in 85 and 90% yield, respectively (Scheme 1A).

The second step involves the reaction between amino-ketenes and an ortho-quinone to give the corresponding lactones, akin to the reactivity of alkyl and aryl substituted ketenes (RR'C=C=O). [START_REF] Allen | Ketenes and other cumulenes as reactive intermediates[END_REF] Indeed, the reaction of Ket-1 and Ket-2 with 9,10phenanthrenequinone (Quin) at room temperature quickly and quantitatively led to the corresponding [4+2] cycloadducts Lact-1 and Lact-2 as single diastereomers (Scheme 1A), despite the introduction of a new chiral center (vide infra).

To check the feasibility of the reductive elimination, we first treated Lact-1 and Lact-2 with elemental sulfur, a classical trapping agent for singlet carbenes. 10a In the case of Lact-1, heating at 80 °C for 16 hours in THF was necessary to obtain Thio-1 along with the release of the cyclic carbonate Carbo-1 (Scheme 1B). With Lact-2 derived from CAAC, we were pleased to observe the clean formation of the thiolactam Thio-2 along with a quantitative amount of carbonate Carbo-1 after 16 hours at room temperature. Since Lact-1 and Lact-2 can be regarded as products resulting from the insertion of carbenes into the C-O single bond of the corresponding cyclic carbonates, we also investigated the reaction of BiCAAC and CAAC with Carbo-1 and observed the clean formation of the corresponding spirolactones Lact-1 and Lact-2, again as a single diastereomer (Scheme 1C). These results demonstrate the reversibility of the reductive elimination step. Scheme 1. Stoichiometric reactions mimicking the elementary steps of the postulated catalytic cycle.

To understand the diastereoselectivity of the process, we reacted BiCAAC with ethylene carbonate (Carbo-2) in C6D6 at room temperature. The 1 H NMR analysis showed the formation of a 74/26 mixture of Lact-3'/Lact-3 diastereomers (Scheme 1D). By heating the mixture at 80 °C the ratio was reversed towards the thermodynamic product (Lact-3). This mixture also reacted at 80 °C with elemental sulfur leading to Thio-1 and Carbo-2. Importantly, these observations strongly suggest that unlike in organometallic catalysis, [START_REF] Troisi | Synthesis of benzofused five-and six-membered heterocycles by palladium-catalyzed cyclocarbonylation[END_REF] the reductive elimination involves a polar stepwise process via opened (o-Bet) and closed betaines (c-Bet). [START_REF] Falivene | Guidelines to select the N-heterocyclic carbene for the organopolymerization of monomers with a polar group[END_REF] We believe that the diastereoselectivity observed with the orthoquinone is due to the better leaving group ability of the phenoxy anion, which facilitates the formation of the opened betaines, and thus hampered the observation of the kinetic diastereomers. To close the catalytic cycle, we reacted the spirolactones with carbon monoxide (Scheme 1E). With Lact-1, no reaction was observed at room temperature, even under 4 atm of carbon monoxide. However, heating a C6D6 solution of Lact-1 under 4 atm of CO at 80 °C for 16 hours led to Carbo-1 and a black residue from BiCAAC decomposition, which was not characterized. With Lact- 2, under 4 atm of CO, at room temperature, the solution turned slightly blue, indicating the formation of Ket-2, which was confirmed by the observation of the characteristic 13 C NMR CCO signal at 278.8 ppm. 12a Notably, 1 atm of CO was insufficient to observe any reaction, which demonstrates that this process is CO pressure-dependent. Scheme 2. Proposed mechanism and energy diagram. DFT calculations at B3LYP-D3/def2-TZVP level (Gibbs energies in kcal/mol). For clarity, ortho-benzoquinone is shown, although all calculations have been done for 9,10-phenanthrenequinone (Quin).

Encouraged by these results, we investigated the hypothetical catalytic process computationally (B3LYP-D3/def2-TZVP), as shown in Scheme 2, employing BiCAAC, sterically encumbered CAAC and small CAAC Me for comparison. The formation of ketenes is predicted to be exergonic in every case. Similarly, the reaction between the ketenes and 9,10-phenanthrenequinone (Quin) leading to spirolactones (Lact) are exergonic; the latter are the most stable intermediates, and thus can be regarded as the resting state of the catalytic cycle. Note that the relative energies between o-Bet, c-Bet and free carbonate plus CAAC are negligible and the overall transformation is exergonic. Importantly, calculations indicate that the reductive elimination step should be possible with all carbenes, although significantly easier with the bulky CAAC than with BiCAAC and CAAC Me . Together, the experimental and computational results discussed above suggested that a catalytic reaction should be achievable. We were delighted to find that indeed, with only 10 mol% CAAC in benzene after 40 hours at 60 °C under 4 atm of CO, the carbonylation of 9,10-phenanthrenequinone (Quin) was achieved and gave Carbo-1 in 80% isolated yield (Scheme 3). Scheme 3. Organocatalytic carbonylation of Quin-1.

On the other hand, all attempts to use BiCAAC and CAAC Me as catalysts failed, even upon using more forcing experimental conditions. We discovered that BiCAAC and the small CAAC Me readily react with Quin leading irreversibly to adducts I, 20 and II, 21 respectively, thus quenching the catalytic cycle (Scheme 4). As a control experiment, we confirmed that the bulky CAAC did not react with the o-quinone even at 80 o C and thereby leads to a viable catalyst.

Scheme 4. Deactivation of BiCAAC and CAAC Me

Until now, carbene organocatalysis was limited to weakly basic carbenes featuring large HOMO/LUMO gaps, allowing them to behave as good leaving groups (e.g., thiazol-2-ylidenes, [START_REF] Breslow | On the Mechanism of Thiamine Action. IV. Evidence from Studies on Model System[END_REF] 1,2,4triazol-5-ylidenes, 23 and 1,2,3-triazol-4-ylidenes 24 ). However, this work demonstrates that strongly ambiphilic carbenes such as CAACs are highly desirable in small molecule catalysis. Their electronic properties allow for mimicking all of the elementary steps involved in transition metal catalytic cycles, but their mechanism can be different, as shown by the reductive elimination process described herein, thus opening up new possibilities in catalytic transformations. TM-catalyzed carbonylation reactions are widely applied in industry in large scale employing CO gas as C1-source. 11 We are aware that the carbonylation of quinones is not of synthetic utility, but since not only carbenes, but also other low-valent maingroup compounds, such as silylenes, phosphinidenes and borylenes are able to bind CO, 25 these findings pave the way for the discovery of other metal-free catalyzed carbonylation reactions.
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