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Delineating the critical role of acid additives in Mn-catalysed C-H bond functionalisation processes 
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Addition of co-catalytic Cy2NH to Mn-catalysed C-H bond activation reactions suggests that the conjugate acid, Cy2NH2X, influences catalysis. Here, acids are shown to positively influence C-H bond alkenylation catalysis involving alkynes. For certain types of alkynes an acid additive is critical to catalysis. In stark contrast, acids retard catalysis involving acrylates. [Cy2NH2]X salts also play a key role in thwarting catalyst degradation to manganese clusters. Our findings enable unreactive substrates to be alkenylated.
[bookmark: _Ref532895374][bookmark: _Ref532895233][bookmark: _Ref534721225]The Earth abundant element, manganese, holds much promise in catalysis and applied chemical synthesis, as demonstrated by an eclectic array of recently discovered reactions.1 Underpinning this rise to fame is a rich 40-year history2 of stoichiometric organomanganese chemistry, particularly cyclomanganation and subsequent reactions of manganacycles.  Catalytic C-H bond activation and functionalisation has grown from this base over the past 5 years, primarily inspired by Chen and Wang’s3 work reported in 2013, for which many important contributions have followed.4 MnI-catalysed ‘redox neutral’ C-H bond functionalisation of, for example 2-phenylpyridine (1), by BrMn(CO)5 (2), invoke Mn(ppy)(CO)4 (3, ppy = 2-phenylpyridyl) formation. Reaction with an unsaturated ‘acceptor’ substrate (4), for example, alkenes, alkynes, carbonyls, isocyanates and cyanides, have been widely reported (Scheme 1).5 Indeed, the synthetic methodologies developed far exceed detailed mechanistic studies, which have arguably lagged behind. However, recent mechanistic work6,7 has shed light on the importance of CO liberation (from 3), acceptor substrate (4) coordination (to give transient intermediate I) and migratory insertion leading to formation of 7-membered manganacycle (II), that can be characterised but only have a short relative lifetime.6  Very little is known about the last step in the general catalytic scheme, namely protonation of II by substrate 1 (the ‘acid’), to bring about liberation of product 5. 
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Scheme 1 Mechanistic picture for MnI-catalysed C-H bond activation and functionalisation, using a redox-neutral process.
[bookmark: _Ref534721306]The mechanistic picture detailed in Scheme 1 is not complete, as several reaction components can play the role of the acid,8 from the donor C-H substrate, acceptor substrate, H2O and the conjugate acid of the co-catalytic base, Cy2NH, typically needed for catalysis.
	In some reported methodologies, stronger carboxylic acid additives are required for productive catalysis,9 or to increase the rate of protonation to avoid alternative reaction pathways.7,10 It can also be envisaged that the conjugate acids of metal acetate type bases will have a similar effect in most reactions, when employed. The reason behind the effects of conjugate acids and acid additives in MnI-catalysed reaction have not been studied in detail, particularly in improving current promising synthetic methodologies. 
[bookmark: _GoBack]	To investigate the effect of additives in MnI-catalyzed C–H functionalisation reactions, Mn(ppy)(CO)4 (3) was initially chosen as the entry point to probe subsequent steps, as no base additive nor ‘Mn activation’ is required. We have confirmed that 3 is a validated intermediate in the activation pathway for internal alkynes,8 and a feasible entry point into the catalytic cycle for terminal alkynes. The reactions of 2-phenylpyridine 1 with unsaturated acceptor substrates (4a-c) mediated by 3, in the presence of various additives, are collated in Figure 1.  Reaction of 1+4a→5a under standard conditions (at 100 ⁰C, in n-Bu2O, 3 h) Cy2NH as the base, in the presence of BrMn(CO)5 (10 mol%) as precatalyst, gave 5a in 76% conversion (reported yield = 76%3).  Employment of 3 as pre-catalyst gave a lower conversion to 5a (55%). Addition of Cy2NH did not noticeably affect the conversion to 5a (58%), which is in line with previous proposals that the amine base is only required for activation of the MnI in the case of terminal alkynes. 
Adding the conjugate acid of Cy2NH, i.e. [Cy2NH2]Br, a side-product resulting from the initial C-H bond deprotonation in the reaction 1+4a→5a, did not impact upon the conversion to 5a (53%). The reaction is insensitive to changes in the anion, irrespective of the type of halide/pseudohalide (Figure 1). 
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Figure 1 The effect of base/conjugate acid additives in the reactions of 1+4a-c→5a-c. Reaction conditions (i): BrMn(CO)5 (2, 10 mol%), 1 (2 equiv.), 4a-c (1 equiv.), additive (20 mol%) – see figure legend key for details, n-Bu2O, 100 ⁰C, 3 h. 
The employment of an alternative terminal alkyne, propargyl benzoate 4b with 3 as the precatalyst, formed only a small amount of product 5b, in the presence and absence of Cy2NH {Conv. to 5b 7% and 8% respectively (2.5x10-5 mol)}. The extent of product conversion appears to tally with the [MnTOTAL] = 10 mol% (2.5x10-5 mol), indicating that there is limited turnover of the Mn catalyst. By contrast, the reaction mediated by BrMn(CO)5 2 and Cy2NH gave 5b with 54% conversion, in keeping with Chen and Wang’s3 observations using Et2O solvent instead of n-Bu2O (under equivalent reaction conditions obtaining 48% yield of 5b). Limited catalyst turnover indicates an issue in either the protonation or recycling steps required for catalysis vide supra, leading to low product conversion and rapid catalyst degradation. The addition of [Cy2NH2]Br had a profound and unexpected effect on product conversion to 5b, increasing the conversion to 63%. The response was equally dramatic using [Cy2NH2]Cl, [Cy2NH2]I or [Cy2NH2]BF4 as acid additives. 
[bookmark: _Hlk520887400]	In the original reaction of 1+4c→5c, reported by Wang and co-workers,11 it was suggested that [Cy2NH2]Br acted as a proton source for the protonation step (not experimentally proven, but reasonably postulated within a reaction mechanism scheme). We thus assessed the impact of the base/conjugate acid additives in the reaction of 1+4c→5c, employing 3 as the precatalyst (Figure 1). When no additive was used in this reaction a lower conversion to 5c (44%) was recorded than when BrMn(CO)5 2 and Cy2NH were employed (79%). The lower product conversion can be rationalised as arising from no [Cy2NH2]Br being present in the reaction mediated by 3. Surprisingly, however, addition of [Cy2NH2]Br was found to negatively affect conversion to product 5c (27%). The negative influence of the conjugate acid is further compounded by altering the anion in [Cy2NH2]X to chloride or iodide. Intriguingly, the less coordinating BF4– counter-ion led to a product conversion similar to the reaction mediated by Cy2NH (40% versus 46%, respectively). 
	In operando studies using infrared spectroscopic analysis:  To gain insight into how [Cy2NH2][X] (X = Br, Cl, I or BF4) affects catalyst efficacy, the reactions of 1+4b-c→5b-c were monitored in operando employing in situ IR spectroscopy, using a Mettler-Toledo ReactIR® instrument with Si-probe. This method allows for changes in metal carbonyl peaks to be monitored (qualitatively and quantitatively), being excellent spectroscopic handles for the observation of the dynamic processes occurring at the manganese centre.  The reaction responding positively to acid, of 1+4b→5b, mediated by precatalyst 3 (Figure 2a) results in the initial appearance of two new species, with overlapping carbonyl bands, depicted by gold stars and closed red circles. After 30 minutes, a minor species with carbonyl bands at ῡ1996 and 1944 cm-1 (black triangles) forms once catalysis is complete. We note the relative slow loss of 3 (trace quantities seen after ca. 5 minutes, depicted by closed blue circles), which is consistent with an independent mechanistic study examining the reaction of 1+4a→5a.3 The species depicted by gold stars is most likely a deactivation product, i.e. manganese hydroxyl-containing clusters previously proposed to be deactivation products for catalysis (see Supplementary Information).12 While the species depicted by closed red circles evolves and then rapidly depletes, suggesting its involvement as a transient intermediate.
However, when [Cy2NH2][BF4] was added to the reaction (Figure 2b) the rate of formation of the previously observed deactivation species (gold stars) was greatly diminished. We note that another carbonyl-containing species is formed in this reaction (depicted by + symbols), which remains prominently after 30 minutes reaction time. It is noted that manganacycle 3 remains for the duration of the reaction (depleting to 30 minutes). The formation of manganese alkynyl-containing clusters is observed after 5 minutes reaction time (depicted by gold diamonds).
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Figure 2 Reaction monitoring using in situ IR monitoring using 3 as the pre-catalyst. (a) Reaction 1+4b→5b, without Cy2NH. (b) Reaction 1+4b→5b, with [Cy2NH2]BF4 (20 mol%). (c) Reaction 1+4c→5c, without Cy2NH. (d) Reaction 1+4c→5c with [Cy2NH2][Br] (20 mol%).

Monitoring the reaction of 1+4c→5c without Cy2NH (Figure 2c) showed that two new significant overlapping carbonyl bands (depicted by closed gold circles) formed, i.e. similar bands to the manganese hydroxyl-containing clusters seen when employing alkyne 4b but not identical. Furthermore, manganacycle 3 was seen to persist throughout the reaction. Addition of [Cy2NH2]Br to the reaction 1+4c→5c (Figure 2d), once again reduces the amount of manganese hydroxyl-containing clusters formed. Over longer reaction times Mn2(CO)10 is formed (ῡ2048 and 2015 cm-1, depicted by closed green circles), which is also known to be a competent precatalyst for this type of transformation. The formation of Mn2(CO)10 was not detected for the reaction conducted in the absence of [Cy2NH2]Br. 
The take home message from the in operando IR studies is:
· Addition of [Cy2NH2]Br hinders the formation of manganese hydroxyl-containing clusters, and related clusters. In the case of the acrylate 4c we note formation of Mn2(CO)10, after just 2 minutes, which becomes inactive as catalyst under these reaction conditions.
· [Cy2NH2]Br increases the lifetime of manganacycle 3 in both reactions 1+4b-c→5b-c, respectively. 

[bookmark: _Ref534727061]Further studies on the acid additives – effect of pKa: We extended our studies on the reaction of 1+4b→5b, mediated by precatalyst 3 along with propionic acid (pKa = 4.9 in H2O13) as a co-catalyst (20 mol%), affording 5b in 82% conversion – an enhancement of 75% when compared against the reaction without any additive (7%, vide supra, see Figure 3). Switching to HCl (pKa = -8 in H2O) as the acid additive led to no enhancement in catalysis (5% conversion to 5b recorded), while even stronger acids HBr (pKa = -9 in H2O13) and HI (pKa = -10 in H2O13) resulted in negligible product formation (≤1%). Interestingly, HBF4•OEt2 (pKa = -4.9 in H2O13) enhanced product formation, affording 5b in 62% conversion. This latter result possibly indicates that the relatively non-coordinating BF4– can assist catalysis in some way, i.e. providing protons without catalyst degradation or by minimising halide coordination to MnI, consistent with the results presented in Figure 1.
	Examination of the reaction of 1+4b→5b mediated by BrMn(CO)5 2, with Cy2NH (20 mol%) in the presence and absence of propionic acid (20 mol%), provided further evidence for an acid effect in enhancing the conversion of 5b from 54% to 78% (Figure 3). 
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Figure 3 The effect of additives in the reactions of 1+4a-c→5a-c (see Figure 1). General reaction conditions are detailed in Figure 1, with the exception of the Mn precatalyst used: reactions mediated by BrMn(CO)5 (10 mol%) are highlighted in red, and those mediated by manganacycle 3 (10 mol%) are highlighted in blue – see figure legend key for details of the additive.
The positive promoting effect of propionic acid in the reaction of 1+4b→5b led us to examine the other acceptor substrates 4a and 4c (Figure 3), for both BrMn(CO)5 2 and manganacycle 3 precatalysts. For phenyl acetylene 4a we find that propionic acid enhances catalysis for both 2 and 3, in the case of the latter, significantly (i.e. 95% conversion to 5a, as compared to 55% in the absence of propionic acid). It is striking that the conjugate acids [Cy2NH2]X do not positively influence catalysis under the same reaction conditions.
	In the reaction of 1+4c→5c, mediated by both BrMn(CO)5 2 and manganacycle 3 precatalysts, led to a significant reduction in product 5c formation, which is consistent with the net negative effects of the conjugate acids [Cy2NH2]X vide supra. 
Promotion of substrates previously determined to be problematic for catalytic C-H bond alkenylation using MnI catalysis: We have previously determined that internal alkyne 6 strongly prefers reductive elimination pathways over protonation (in a reaction with 2-phenylpyridine 1), thus rendering formation of alkenylated product 7 inaccessible.8 Drawing on what had been learnt from this study we postulated that the protonation step could be assisted by EtCO2H, bringing about the formation of alkenylated product 7. Pleasingly, under the reaction conditions given in Scheme 2, 7 is formed in 20% yield (isolated product after chromatography), showcasing the ability of acid additives to form otherwise unachievable products for the MnI catalysis. The modest amount of 7 formed highlights the difficulty associated with the protonation step within the catalytic cycle, explaining why substrate sensitivity is sometimes observed.



Scheme 2 (a) Effect of addition of EtCO2H to a reaction with diphenylacetylene 6. (b) Effect of addition of EtCO2H to a reaction with 8. 
We next turned our attention to the reaction with substrate 8, which had previously allowed us to characterise a key 7-membered manganacyclic intermediate, the anvil point to subsequent protonation or reductive elimination,6 with the latter being preferred under typical catalytic reaction conditions (Scheme 2b). Quite remarkably we discovered that the reaction 8+4a→9 was made feasible by the addition of propionic acid affording in 9 in 43% yield (isolated product after chromatography) (Scheme 2b). This result highlights the ability of acid additives to promote the protonation pathway, with concomitant formation of alkenylated products.
	To summarise, we set out to understand the role of the conjugate acid, [Cy2NH2]X, formed by protonation of co-catalytic Cy2NH base, in influencing C-H bond activation catalysis at MnI. We conclude that conjugate acids positively influence C-H bond alkenylation catalysis involving terminal and internal alkynes, which are found to be critical to productive catalysis. Importantly, the promotional effect of acid did enable unreactive substrates to be alkenylated involving both internal and terminal alkynes (Scheme 2). A dichotomy in behaviour is seen on switching from alkynes to an acrylate substrate, where catalysis is hindered by the presence of the conjugate acid containing a halide anion (cf. not a non-coordinating BF4 anion).  A secondary benefit of the [Cy2NH2]X salts is to thwart MnI catalyst degradation to form inactive manganese clusters, which is an issue requiring attention in future catalyst design studies.8
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