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ABSTRACT: The ability of carboxylate groups to promote the direct functionalization of C–H bonds in organic compounds is unquestionably one of the most important discoveries in modern chemical synthesis. Extensive computational studies have indicated that this process proceeds through the deprotonation of a metal-coordinated C–H bond by the basic carboxylate, yet experimental validation of these predicted mechanistic pathways is limited and fraught with difficulty, mainly as rapid proton transfer is frequently obscured in ensemble measures in multi-step reactions (i.e. a catalytic cycle consisting of several steps). In this paper, we describe a strategy to experimentally observe the microscopic reverse of the key C–H bond activation step underpinning functionalization processes (viz. M–C bond protonation). This has been achieved by utilizing photochemical activation of the thermally robust precursor [Mn(ppy)(CO)4] (ppy = metallated 2-phenylpyridine) in neat acetic acid.  Time-resolved infrared spectroscopy on the ps–ms timescale allows direct observation of the states involved in the proton transfer from the acetic acid to the cyclometallated ligand providing direct experimental evidence for the computationally predicted reaction pathways. The power of this approach to probe the mechanistic pathways in transition metal-catalyzed reactions is demonstrated through experiments performed in toluene solution in the presence of PhC2H and HOAc. These allowed for the observation of sequential displacement of the metal-bound solvent by the alkyne, C–C bond formation though insertion in the Mn–C bond and a slower protonation step by HOAc to generate the product of a Mn(I)-catalyzed C–H bond functionalization reaction. 
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Introduction
The selective chemical functionalization of carbon–hydrogen bonds in complex organic molecules is one of the most important breakthroughs in modern synthetic chemistry.1 Transforming the C–H moiety from a structural unit to a functional group has enabled the development of step- and atom-efficient synthetic chemistry on previously inert substrates. One of the key factors underpinning these synthetic developments has been the use of carboxylate additives to facilitate the metal-mediated activation of carbon-hydrogen bonds.2 In pioneering studies, Fagnou demonstrated how carboxylate salts may both enhance reactivity and control the selectivity of palladium-catalyzed C–H bond functionalization reactions, Fig 1a.3-4 Following on from these findings, the use of carboxylate salts to promote C–H bond functionalization reactions are now legion,2, 5 being able to active sp2- and sp3 C–H bonds by a range of metal systems, including those based on 3d-elements.6 Many catalyst systems are either inefficient or ineffective in the absence of these additives and selected examples where this is the case are shown in Figure 1b-d.7-9
An important corollary to these findings is that carboxylic acids may have a similarly advantageous role in metal-catalyzed C–H bond functionalization (Fig 1e-f).10-11 The subtle interplay between the acid- and base-promoted facets of carboxylate/carboxylic acid chemistry is highlighted by the two manganese-catalyzed reactions illustrated in Fig 1g and Fig 1h, which differ only in the substrate oxidation-level. In the alkyne case, Fig 1g, acetic acid (HOAc) gave the greatest yield of the desired product,12 whereas NaOAc altered the reaction pathway to deliver an alternative product. Curiously, in the alkene example, Fig 1h, NaOAc gave the expected product in excellent yield.13
The current mechanistic hypothesis which underpins the remarkable role of carboxylate salts in catalysis is supported mostly by computational chemistry.5 Thus, coordination of a C–H bond in the substrate to an electrophilic metal center results in a decrease in its pKa to such a point that deprotonation in either an intra- or inter-molecular fashion by a carboxylate group becomes feasible (Fig. 2a-c). This process is referred to as concerted metalation deprotonation (CMD) or ambiphilic metal-ligand activation (AMLA), hereafter CMD,10-11 although related terms such as base-assisted internal electrophilic substitution14 (BIES) or eCMD15 (electrophilic CMD) are also employed in cases in which the dominant process is believed to be electrophilic in nature.16 



Figure 1 Frontier-leading examples of base- and acid-promoted C–H bond functionalization reactions in chemical synthesis.

Carboxylic acid-enhanced reactions may be rationalized through the promotion of the microscopic reverse of this process viz. the protonation of an M–C bond which aids product liberation. For example, Jones has exploited this effect by demonstrating that the addition of acids enables a thermodynamic distribution of products to be obtained in a CMD reaction.17 The presence of the acid presumably enhances M–C protonylsis (the reverse of CMD) ensuring that the metalation step is readily reversible.
However, understanding the proton-shuttling events within the coordination sphere of transition metals which lead to C–H bond activation (or M–C protonlysis) is fraught with difficultly (experimentally) as they are frequently predicted to have low barriers and other steps, such as the change in binding mode of carboxylate ligand may entail that mechanistic insight is lost in ensemble measurements.5, 18 In some cases large kinetic isotope effects (KIE) indicate that C–H bond cleavage may be rate-controlling although this can be strongly substrate dependent19 and the lack of KIE does not imply that the reverse is true.20 Also, there is a complex balance of kinetic and thermodynamic effects which control the selectivity of C–H bond activation and subsequent reactivity.21-22
The direct experimental observation of the states involved in the CMD process would represent a significant advance in the mechanistic understanding of C–H bond functionalization reactions. In addition to providing important validation of the predictions from computational chemistry, an evaluation of the factors controlling the proton shuttling events within the coordination sphere of metal complexes would ensure that future synthetic methods are built upon firm mechanistic foundations.
An experiment was devised to observe the microscopic reverse of CMD, viz. the protonation of a metal-carbon bond by a carboxylic acid. Our previous work has shown that photochemical activation of thermally robust [Mn(ppy)(CO)4], 1, can be used to observe key states in the C–C bond formation reaction (A, B and C, Fig 2d) which underpin Mn-catalyzed C–H bond functionalization reactions.23 It was envisaged that irradiation of 1 in the presence of HOAc would lead to ultra-fast dissociation of a CO ligand24-26 followed by coordination of the acid to the metal (Fig. 2e). The subsequent changes to the coordination environment of the metal could be monitored by observing the changes to the intensity and position of the MC≡O bands in the time-resolved infra-red spectra of the reaction mixture. We now report the successful implementation of this strategy and the first observation of the microscopic reverse of the CMD mechanism. Furthermore, we exploit the potential of the time-resolved multiple-probe (TRMPS) spectroscopy27 method to show the importance of metal-carbon bond protonation in manganese-catalyzed C–H bond functionalization reactions.
Results and Discussion
The viability of the proposed intramolecular proton-shuttling reactions within the coordination sphere of Mn(I) was validated using Density Functional Theory (DFT) methods (Figure 2d). These studies demonstrated the states invoked in related computational studies on the CMD process were feasible in this case.5, 21-22 Complex D, in which the HOAc is bound to the metal center in a 1(O)-fashion at the site previously occupied by the photochemically liberated CO, was taken as the reference state for the DFT calculations. The protonation event was predicted to proceed through the formation of E (−24 kJ mol-1) in which the O–H proton shows a weak interaction with the metal-bound carbon atom of the 2-phenylpyridyl ligand – similar structures have been predicted to be key states in the calculations conducted on an eclectic array of reactions involving CMD steps.28 As shown by a Dynamic Reaction Coordinate (DRC) analysis, protonation through TSEF (−10 kJ mol-1) gives F (−44 kJ mol-1), which contains a C–H 
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Figure 2 (a)-(c) mechanistic proposals that underpin carboxylate-assisted C–H bond activation (d) previous work allowing direct observation of C–C bond formation (e) the principal results from this study allowing direct observation of proton transfer (f) DFT-calculated intramolecular protonation pathway. Energies are Free Energies at 298 K in kJ mol-1 at the D3-pbe0/def2-TZVPP//bp86/SV(P) level with COSMO solvation in HOAc. (g) comparison of transition state structures related to TSEF for a range of metal systems.5, 29
agostic interaction and a 1-acetate ligand. A lower energy isomer G (−70 kJ mol-1) with a 2-acetate ligand was located, formed through a change in the binding mode (1-2) of the acetate ligand in TSFG (−40 kJ mol-1). The forward pathway (D → G) corresponds to the intramolecular protonation of the 2-phenylpyridyl ligand, whereas the microscopic reverse (G → D) represents the C–H bond activation event within a CMD pathway. As G is the lowest energy calculated state it will not be possible to observe the intermediates in the (endergonic) CMD pathway, whereas, monitoring the nature of the proton-transfer events from D is viable. Bond metrics within the key transition state for hydrogen transfer for a number of common metal systems which exploit the CMD mechanism are presented in Fig 2g. Analysis of these data indicate than the TSEF is typical of Rh-, Co- and Pd-based systems, with the hydrogen atom essentially equidistant between the oxygen 
[image: ] Figure 3 (a) Reaction scheme showing products formed on irradiation of 1 in neat HOAc with experimental and scaled calculated (in parenthesis) IR bands, br = broad, sh = shoulder. The scaled predicted bands for F are 1925, 1942 and 2031 cm-1.  (b) Bottom ground state IR spectrum of 1 in toluene solution, above TRIR data for 1 in HOAc recorded at various pump-probe delays. (c) Bottom ground state IR spectrum of 1 in toluene solution, above TRIR data for 1 in n-PrCO2H recorded at various pump-probe delays. (d) kinetic data showing the formation of G in the presence of HOAc and DOAc the dashed lines show a fit to a mono-exponential growth function. (e) expansion of the TRIR for 1 in n-PrCO2H recorded at various pump-probe delays showing the interplay between species D, E, H and G. The small changes in the band position for D are due to overlap with the ground state bleach for 1. 
of the acetate and carbon of organic ligand, as opposed to the “early” transition state found in the Ru-system with a much shorter C–H bond distance. This, taken with the established effects of acetate/acid additives in Mn-catalyzed reactions12, 13 indicates that this is a representative system to study the CMD process.
Having established the viability of the proposed intra-molecular proton-shutting pathway, the process was explored experimentally. [Mn(ppy)(CO)4], 1, was dissolved in neat 

Table 1. Rate constants and kinetic isotope effects for the photolysis of complexes 1 - 5 in neat HOAc. The rate constants refer to the processes in Figure 3. In some instances, k1 and k2 could not be determined due to overlapping bands. 
	Precursor
	Acid
	k1 / s-1
	k2 / s-1
	k3 / s-1
	KIE for k3

	1
	MeCO2H
	(5.61 ± 0.39) × 1010
	-
	(1.27 ± 0.11) × 108
	(5.8 ± 1.0)

	2
	MeCO2H
	(6.68 ± 0.57) × 1010
	(7.34 ± 2.21) × 108
	(1.61 ± 0.43) × 107
	(8.7 ± 2.7)

	3
	MeCO2H
	(6.15 ± 0.63) × 1010
	-
	(2.77 ± 0.35) × 108
	(4.1 ± 0.7)

	4
	MeCO2H
	-
	-
	(4.80 ± 0.69) × 106
	(4.1 ± 0.7)

	5
	MeCO2H
	-
	-
	(3.43 ± 0.61) × 106
	(5.6 ± 1.6)

	1
	EtCO2H
	(4.93 ± 1.64) × 1010
	(3.58 ± 0.97) × 109
	(2.48 ± 0.47) × 108
	-

	1
	n-PrCO2H
	(2.09 ± 0.10) × 1010
	(1.64 ± 0.82) × 109
	(3.12 ± 0.57) × 108
	-
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HOAc and the subsequent light-initiated ( = 355 nm) reaction studied using time-resolved multiple probe spectroscopy (TRMPS) with pump-probe delays between 1 ps – 800 s and detection in the region 1850 – 2100 cm-1. The resulting data are shown in Figure 3b as difference spectra, the negative peaks corresponding to the ground state spectrum of 1, which characterizes its consumption on photolysis. The photoproducts (characterized by positive peaks in the difference spectra) showed sharp features at ca. 2010 cm-1 and broader bands at 1900 cm-1,consistent with the light-induced loss of a CO ligand from 1 and formation of complexes with general structure fac-[Mn(ppy)(CO)3S] (S = solvent).26 At short pump-probe delays (< 10 ps) the spectra are broad which we assign as an initial unselective binding event to form species such as H (Figure 3a), the frequency of the bands being typical for a C–H bound sigma complex, such as that found in fac-[Mn(ppy)(CO)3(2{C–H}-heptane)].26 Over the course of 50 ps, the spectra sharpened to display two bands at 1901 and 2005 cm-1. These features are essentially identical to those observed for fac-[Mn(ppy)(CO)3(1{O}-ethylacetate)] and hence the species responsible for these bands was assigned to structure D. The formation of D corresponds to an isomerization (at least in-part) from a C–H sigma-bound to a 1{O}-bound HOAc ligand on an ultra-fast timescale, k1 = (5.16 ± 0.73) × 1010 s-1. Given the broad nature of the spectra recorded at short pump-probe delays (< 20 ps) then we cannot exclude that the initial binding of HOAc is stochastic in nature and some D is also present and/or binding through the –OH group occurs. Spectra recorded with a pump-probe delay of 500 ps provided evidence for the formation of a third photoproduct with a MnCO symmetric stretching band at 2011 cm-1; a shoulder on the broad peak centered at ca. 1900 cm-1 was also observed at 1886 cm-1. These bands were assigned to E (q.v.) in which the HOAc ligand has engaged in hydrogen bonding to the metal-bound carbon atom of the 2-phenylpyridine. The barrier for the conversion of D to E corresponds to the cleavage of hydrogen bonding found between the coordinated acetic acid and solvent molecules, and formation of the new intramolecular interaction.30
Over the course of 500 ns, the bands for species D and E decrease in intensity, being replaced by a single photoproduct (peaks at 1925, 1948 and 2040 cm-1) that persisted for the remainder of the experiment.31 Repeating the experiment with DOAc confirmed that the step (E → G) had a significant kinetic isotope effect (KIE) of (5.8 ± 1.0),32 (Figure 3d) a value consistent with this step involving O–H bond cleavage. The large kinetic isotope effect and spectroscopic shift in the stretching bands to higher energy when compared to E is consistent with the new species being either F or G which contain 1 and 2-OAc ligands respectively, as (1): the formation of both F and G requires O–H bond cleavage; and, (2) the shift in the position of the M–CO stretching band is mirrored in the calculated vibrational modes by DFT (Figure 3). However, F (-44 kJ mol-1) is predicted to have a very short lifetime as it sits in a shallow energy minimum with the transition state connecting it to G (TSFG) at low energy (-40 kJ mol-1). The long-lived species was therefore assigned to structure G which is the lowest energy point on the calculated potential energy surface (by DFT). An experiment performed at half-concentration of 1 did not affect the observed rate constants, implying that all steps were unimolecular in manganese(I).
In order to gain further support for the assignment of E, and insight into the factors affecting the proton transfer, the interaction between 1 and EtCO2H and n-PrCO2H was explored. Photolysis of 1 in the presence of either EtCO2H or n-PrCO2H gave essentially identical results. The spectra for 1 in n-PrCO2H (Figure 3c and 3e) displayed analogous features to the experiment performed in HOAc. It was now possible to effectively discern the sequential growth and decay of D and E. The shift of the MC≡O bands of E to higher energy to be observed, consistent with the changes predicted by the DFT calculations. Analysis of these spectra indicated that k2 was much faster than the formation of k3, supporting the approach that the latter rate constant could be approximated by fitting the rate of growth of G to a monoexponential function. In the case of both EtCO2H or n-PrCO2H the rate constant of protonation (k3) was greater (Table 1) than for HOAc. 
Performing the experiment with complexes 2-5 (Table 1), which contain different cyclomanganated ligands gave similar outcomes, supporting the over-arching conclusions. Both the KIE and rate of formation of the respective species G showed a marked dependence on the nature of the cyclomanganated ligand. Indole-substituted complex 2 exhibited the largest KIE (8.7 ± 2.7) and evidence for the sequential process H → D → 
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Figure 4 (a) Reaction scheme showing products formed on irradiation of 1 in a toluene solution of HOAc, [HOAc] = 0.791 mol dm-3. (b) Bottom ground state IR spectrum of 1 in toluene solution, above TRIR data of 1 in a toluene solution of HOAc recorded at various pump-probe delays. (c) pseudo-first order analysis for the formation of G at different HOAc concentrations. (d) Spectra of 1 in toluene solution, toluene and HOAc in toluene and TRIR spectra recorded in the region between 1400-1750 cm-1. The region demarked by the dashed lines in the TRIR spectra has been omitted due to the presence of strong bands due to the solvent. The arrow in the spectrum with a pump-probe delay of 500 ns highlights the loss of HOAc.
E →G was again obtained (Figure S8). In the case of complex 3, 4 and 5 clear evidence for the formation of G was obtained, but due to the presence of overlapping bands definitive assignments for D and E could not be made (see ESI for details). However, give that in all other cases the k2 >> k3 it is proposed that the rate of formation of G in these systems approximates to k3, providing direct insight into the protonation event.
In order to further investigate the nature of the interaction between 1 and HOAc under more catalytically relevant conditions, an experiment was conducted in toluene at a range of different acetic acid concentrations. At short pump-probe delays (Figure 4b) the toluene adduct, [Mn(ppy)(CO)3(2-toluene)] I, was formed, which was identified by comparison with an identical experiment performed in the absence of HOAc.23 Over the course of ca 100 ns the MnCO bands for I decreased in intensity to form G. Analysis using pseudo-first order kinetics demonstrated that the second order rate constant for this transformation, k4, was (1.62 ± 0.42) × 107 mol-1 dm3 s-1 (Figure 4c). Experiments performed with HOAc and DOAc at the highest concentration of acid used revealed a KIE of (1.41 ± 0.19) in the observed pseudo first order rate constants. This is consistent with the rate of proton transfer being fast compared to the substitution of toluene, even in the presence of high concentrations of HOAc when the rate of this process is faster, and highlights how the intricacies of multistep processes can be obscured in ensemble measurements. 
Analysis of the region 1400 – 1850 cm-1 (Fig. 4d) demonstrated that a new ground state bleach band for HOAc was present at 1714 cm-1. The intensity of this bleach increased with the formation of the bands for G in the MnCO region, consistent with the substitution of a coordinated toluene ligand by HOAc. A new stretching band at 1470 cm-1, which again formed with the MnCO modes for G, was tentatively assigned to the C–O symmetric stretching mode of the 2-OAc coordinated ligand.33-34 A number of weaker negative features were observed for the vibrational modes of the metalated 2-phenylpyridine ligand, which is consistent with the consumption of 1 on photolysis. Evidence for a new ligand-based mode in I was observed at 1600 cm-1 (green circle, Figure 4d) however the absence of additional strong transient peaks for 
[image: ] Figure 5 (a) Reaction scheme showing products formed on irradiation of 1 in a toluene solution of PhC2H and HOAc. (b) Bottom ground state IR spectrum of 1 in toluene solution, above TRIR data of 1 in a toluene solution of PhC2H and HOAc recorded at various pump-probe delays. (c) kinetic data showing the conversion of C into J.

the ppy ligand, particularly at longer pump-probe delays, precluded employing these modes in a diagnostic fashion.
One of the most significant applications of CMD is promoting the formal insertion of unsaturated substrates (e.g. alkenes and alkynes) into C–H bonds. The carboxylate additive promotes metalation of the substrate to give metallacycles, such as 1: the unsaturated substrate then inserts into the M–C bond (corresponding to steps A → C in Fig 2d) and protonation of the M–C bond releases the product. This mechanistic process is thought to underpin a host of Mn-,35-36 Rh-,20, 37-40 Ru-41-44 and Co-catalysed45-47 reactions. In addition, acidic additives play a positive role in promoting Mn-catalyzed C–H bond functionalization reactions,12, 35, 48 and we have recently demonstrated that water, 2-phenylpyridine and terminal alkynes can liberate the product from the metal via Mn–C bond protonolysis and this step has a profound effect on long-term catalyst stability.49 Carboxylic acid additives may also be used to alter the outcome of a reaction, presumably by promoting Mn–C protonyolsis.50
The observation of the intramolecular proton-shutting reactions, along with our previous observations of complexes A, B and C, related to alkyne insertion offered a unique opportunity to probe these mechanistic aspects. Experiments were devised to observe the stepwise C–C bond formation through insertion of the alkyne into the M-C bond in metallacycle 1, followed by Mn–C protonlysis, mirroring the mechanistic processes underpinning these coupling reactions and, specifically, product liberation by acid additives. A toluene solution of 1, HOAc and PhC2H was irradiated and, given that acids additives are normally used in sub-stoichiometric amounts, PhC2H was in a large excess. The resulting spectra (Figure 5b) demonstrated the remarkable temporal flexibility of TRMPS which permits the observation of multiple reaction steps over a wide temporal range. The initial photoproduct was the toluene complex I which was observed at the shortest pump-probe delays. As the solvent is the greatest component of the reaction mixture it is statistically most likely to bind to the vacant coordination site generated on CO-loss. Substitution of the solvent by PhC2H occurs to give the previously characterized 2-alkyne complex B which undergoes C–C bond formation via the formal insertion of the alkyne into the Mn–C bond to give metallacycle C.23 This process was unaltered by the presence of the HOAc additive at the concentrations examined and presumably the alkyne (rather than the acid) initially displaces the toluene due to it being present in excess.
Over the course of several 100 s, the MnCO stretching bands due to C decreased in intensity to be replaced by peaks at 1909, 1936 and 2039 cm-1 which were assigned to J (Figure 5a) on the basis of its similar spectroscopic signature to G. The formation of J corresponds to the protonolysis of the Mn–C bond in metallacycle C to give a complex with a 2-acetate and the product of the Mn-catalyzed alkenylation reaction bound to the Mn through the pyridine moiety. Performing the experiment under a range of alkyne and acid concentrations (Figure 6) demonstrated that the rate of the conversion of C → G showed little dependence on alkyne concentration, but was first order in acetic acid k5 = (1.47 ± 0.32) × 105 mol-1 dm3 s-1. 

[image: ]Figure 6 Pseudo first-order kinetic analysis for the formation of J. Open squares, experiments performed at constant [PhC2H] (1.365 mol dm-3) and variable [HOAc] (top axis), open circles, experiments performed at constant [HOAc] (6.25 × 10-3 mol dm-3) and variable [PhC2H] (bottom axis).
These data correspond to the observation of a solvent adduct I, followed by sequential toluene substitution by substrate (I → B), C–C bond formation (B → C) and protonation of the Mn–C bond (C → J) to give a complex containing the coordinated product of the Mn-catalyzed C–H bond functionalization reaction. The data therefore provide direct evidence for the mechanistic pathways that underpin the positive effect of acetic acid in Mn-catalyzed C–H bond formation reactions. 
Conclusions
The TRIR data obtained from the photolysis of 1 in neat HOAc provide direct and compelling experimental evidence for all the key states predicted in the CMD mechanism (for C–H bond activation), including the presence of the important intermediate, E, in which there is a hydrogen bond between the acetic acid and cyclometallated ligand. Furthermore, the methodology presented demonstrates the power of using a photochemically activated metal precursor to study such a process. Following initial departure of a CO ligand, coordination to the manganese(I) occurs in a statistical fashion, hence toluene present in vast excess predominates coordination to the metal center. As the rate of substitution of toluene by HOAc is slow compared to the rate of intramolecular protonation, the mechanistic insight into the elementary steps of proton transfer is lost. This approach reveled that the KIE for the proton transfer in neat HOAc was (5.8 ± 1.0) whereas in toluene solution (with [HOAc] = 0.395 mol dm-3) it was found to be of (1.41 ± 0.19) illustrating how mechanistic detail is lost in the ensemble measurement. Djukic and co-workers have recently shown that the KIE for a multistep cobalt-promoted cyclometallation reaction was (1.4 ± 0.1) and analysis of their computation results using the simplified Bigeleisen equation predicted a KIE for the proton transfer step of 7.1.29 Our results provide direct experimental support for these findings. 
By combining experiments in neat substrates, which in essence reveals the details of such fast molecular processes, with those in solution that mimic catalytic conditions, TRIR can be used to provide mechanistic insight into sequential reaction steps occurring over many orders of magnitude in time, information and insight that is typically lost in ensemble measurements so common to mechanistic studies.
Experimental 
Complexes 1, 2, 3, 4 and 5 were prepared as described previously.51,23 Toluene (anhydrous, 99.8%), phenyl acetylene (98 %), acetic acid (puriss.) were purchased from Sigma Aldrich. 
Time-resolved infra-red spectra were recorded on the LIFEtime instrument in the ULTRA facility at the Rutherford Appleton Laboratories.52 The pump source was the output of a Yb:KGW amplifier providing 15W, 260 fs pulses at 1030 nm with a 100 kHz repetition rate (Pharos) that is divided down to 1 kHz.. This was used to drive a BBO-based 515 nm pumped optical parametric amplifier (OPA) to deliver pulses at 355 nm. The pump beam was collimated, travelled over a computer programmable 0 - 16 ns optical delay (1200 mm long, double pass), and focused onto the sample. The pump energy at the sample was attenuated down to 500 nJ and focused down to a 120 μm diameter spot. The probe source was the output of a Yb:KGW amplifier providing 6 W, 180 fs pulses at 1030 nm with a 100 kHz repetition rate (Pharos). This drove two 3 W BBO/KTA based OPAs. The two Pharos sources share a common 80 MHz oscillator to allow for pump-probe delay steps of 12.5 ns. The probe beam was split to provide probe and reference pulses. To go beyond pump-probe delays of 12.5 ns, subsequent seed pulses were selected from the 80 MHz oscillator. Data were collected using pump-probe delays ranging from 1 ps to 988.5 μs. The probe beams were collimated, synchronized by a fixed optical delay, and focused by a gold parabolic mirror onto the sample. The three beams were overlapped on the sample using a 50 μm pinhole. The probe beams were measured by two separate spectrometers and 128-element detectors. To cover the full spectroscopic window required, data from different detector positions were combined to generate the required spectra. The probe window in experiments performed in DOAc was limited to 1875 – 1975 cm-1 due to the strong absorbance by the D-O stretching mode between 2000 and 2600 cm-1.53
Solutions of the manganese complexes were prepared in acetic acid (typically 14 mg of 1 in 25 ml acetic acid) in a thick-walled Duran flask from which light was excluded by covering in aluminum foil. The solution was then flowed (peristaltic pump) through a Harrick cell fitted with a 100 m Teflon spacer. To ensure that the photoproducts were not themselves irradiated, data were acquired while continuously flowing and rastering the sample. The samples used for concentration-dependent experiments were prepared by dilatation from stock solutions prepared using volumetric flasks and run in a randomized order. Typically, 10 ml of a stock solution of 1 (121.4 mg in 100 ml of toluene) and the appropriate amount of a HOAc stock solution (2.3738 g in 25 ml toluene) were mixed and then diluted to a volume of 20 ml. This was then transferred to a Duran flask for the TRIR experiment. 
Data were initially visualized in the ULTRA View version 2 software,54 where baseline-correction was undertaken. The resulting spectra were then exported as comma-separated variable files into Origin2019.55 The spectra were calibrated against samples of polystyrene (200 m thick) and 1,4-dioxane. Kinetic analysis was performed by fitting to the expgro, expdec or expgrodec functions in Origin2019. All quoted errors are 95 % confidence limits.
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