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Abstract 

 

 

Continuous monitoring of catalyzed reactions using infrared spectroscopy (IR) measures the 

transformation of reactant into product; while mass spectrometry delineates the dynamics of the 

catalytically-relevant species present at much lower concentrations, a holistic approach that 

provides mechanistic insight into reaction components whose abundance spans five orders of 

magnitude. Probing reactions to this depth reveals entities that include precatalysts, resting 

states, intermediates, and also catalyst impurities and decomposition products. Simple temporal 

profiles that arise from this analysis aid discrimination between the different types of species, 

and a hydroacylation reaction catalyzed by a cationic rhodium complex is studied in detail to 

provide a test case for the utility of this methodology. 
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Catalytic reactions are notoriously difficult to study directly under real reaction conditions, 

principally because the abundance of the catalyst is typically several orders of magnitude lower 

than that of the substrates. For example, a 1 mol% catalyst loading is at the limit of sensitivity 

for standard in situ NMR experiments. Although more sophisticated nuclear spin polarization 

methods can produce remarkable enhancements to signals (102–104) in NMR spectroscopy, 

such techniques are generally equipment and/or catalyst system specific.1 Few straightforwardly 

available techniques are sensitive enough to determine the catalyst speciation while at the same 

time not being overwhelmed by the large quantities of substrate, products and solvent present, 

though the combination of multiple methods is becoming an increasingly popular solution.2 The 

high dynamic range of electrospray ionization mass spectrometry (ESI-MS) enables detection of 

otherwise-invisible, catalytically-relevant species, 3  and pressurized sample infusion (PSI) 

provides a methodology to allow for continuous monitoring of catalytic reactions.4 However, 

when using ESI-MS to monitor substrates and products, the catalytic species observed are for 

the most part the resting state and/or the most abundant on-cycle species. This does not utilize 

the full potential of ESI-MS to probe deeper into even less abundant species, because the 

concentration range employed does not exercise the sensitivity limits of the instrument. The 

ideal approach would be to co-opt some other, less sensitive, orthogonal technique to monitor 

overall reaction progress, while using the ESI-MS to focus exclusively on the low abundance, 

catalytically relevant species. Infrared spectroscopy (IR) is the perfect complementary tool for 

this (especially under flow conditions), but comes with certain reaction design criteria for 

monitoring by flow IR/ESI-MS: 1) an IR spectroscopic handle in substrates/products; 2) a 

cationic catalyst, appropriate reaction times and catalysis concentrations (minutes to hours, 

catalyst at low mol% level; a charged catalyst circumvents the need for charge-tagging 

strategies);5 3) atom efficiency so products and substrates reciprocally track each other. The 

catalyzed hydroacylation reaction (the potentially 100% atom efficient C–H activation/C–C 

coupling between an aldehyde and olefin to form a ketone) offers an ideal platform to develop 

flow IR/ESI-MS as it is commonly catalysed by well–defined cationic Rh–phosphine systems at 

low catalyst loadings (0.1–5 mol%), and has the benefit of an aldehyde to ketone transformation 

which have well-defined IR–reporter carbonyl groups.6 

 

Catalytic chemists have always had strong intuitions about the temporal evolution of various 
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components of a reaction (Figure 1), and especially the temporal evolution of reactants and 

products.7 They expect reactant to be consumed and product to be formed that follow zero, first 

or second order kinetics (and sometimes more complex kinetics). Many methods, spectroscopic 

and otherwise, exist to establish these data.8 However, given that ESI-MS is able to probe 

temporal evolution of species at concentration levels several orders of magnitude lower than 

most other techniques, it is worth thinking about what behaviors might be expected to be 

observed of species directly or indirectly related to the precatalyst (Figure 1). The precatalyst 

itself might be expected to diminish at a rate related to the initiation period. Species that grow in 

over time and whose production is independent of substrate or product concentration can be 

quickly identified as decomposition products.6b Species that have a non–zero concentration at 

time = zero and whose abundance is largely unaffected as the reaction proceeds are most likely 

impurities or cross-contaminants. Species that track, in some form, substrate and product 

relative concentrations are the best candidates for participating in the catalytic cycle, either as 

transient intermediates that are substrate concentration dependent or persistent resting states (for 

example strong product–binding to the catalyst).5f Off-cycle species that are not decomposition 

products, such as inactive dimers that reversibly form monomeric active species 9 or species that 

derive from changing concentrations of reactants,10 may be affected by overall reaction progress 

depending on the equilibria involved. In this contribution we demonstrate many of these 

temporal speciation profiles can be observed for substrates, products and the very low relative 

concentrations of species related to the catalyst for the hydroacylation reaction of 1-octyne and 

the aldehyde 2-(methylthio)benzaldehyde as catalyzed by a cationic rhodium catalyst [Rh(L)(η6-

PhF)][BArF
4] [L = MeN(PiPr2)2, ArF = 3,5-C6H3(CF3)2]. This serves to benchmark the technique 

as one that has potential to be of broad applicability in the study of homogeneous catalytic 

processes.  
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Figure 1. Idealized dynamic behavior for various reaction components over the course of a reaction. 
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Results 

The hydroacylation of 1-octyne (2) and the aldehyde 2-(methylthio)benzaldehyde (1) as 

catalyzed by a cationic rhodium catalyst [Rh(L)(η6-PhF)][BArF
4] (L = MeN(PiPr2)2, ArF = 3,5-

C6H3(CF3)2),
11 4[BArF

4], was studied using flow FTIR in 1,2–C2H4Cl2 solvent to measure the 

overall progress of reaction (tracking the disappearance of aldehyde 1 and the appearance of 

ketone 3, see supporting information figures SI3 and SI4 for more details) while also employing 

PSI-ESI-MS to measure the temporal evolution of catalytically-relevant species (Figure 2). This 

catalyst has been shown to give an good linear:branched ratio of the resulting ,–unsaturated 

ketone product (21:1) that simplifies the analysis of the reaction. NMR spectroscopy delivers no 

useful information at 298 K as at concentrations required to observe the organometallic species 

(10 mol%) the reaction is over before the first measured point.11 At 193 K the observed resting 

state is the product bound to [Rh(L)]+, i.e. [Rh(MeN(PiPr2)2)(κ
2-O,S-

CO(C6H4SMe)(CH=CH(CH)5Me)][BArF
4], and under these conditions of catalyst turnover no 

acyl hydride is observed, a likely intermediate that precedes the resting state. Such a species can 

be observed in low temperature stoichiometric experiments but rapidly decays to a reductive 

decarbonylation decomposition product at room temperature, [Rh(L)(SMePh)(CO)][BArF
4]. 

The catalyst will also work at 1 mol%, but this is below the limit of sensitivity for routine NMR 

spectroscopy under the temporal conditions required for monitoring the progress of the reaction, 

and no catalytically relevant species can be observed.5 Thus NMR spectroscopy provides some 

information on the progress of the reaction, but catalyst speciation is limited to the product–

bound resting state. 

 

The experimental set up to reveal these species under these lower catalyst loadings is 

conceptually simple: a pressurized flask has a capillary emerging through a septum and attached 

to the mass spectrometer. The pressure is set to generate a flow rate suitable for regular ESI-MS 

analysis (~10 μL min-1). Simultaneously, the reaction solution is circulated through an external 

IR flow cell (see supporting information for photograph of the setup). The IR data show clearly 

the disappearance of the aldehyde and generation of the ketone. The isosbestic points reveal that 

the reaction is a clean conversion of 1 → 3. 
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Figure 2. (a) IR spectral changes; (b) hydroacylation reaction under study: 0.075 M aldehyde 1, 

0.1125 M alkyne 2, 5% catalyst 4[BArF
4], 1,2-C2H4Cl2 solvent, 22° C. Reaction run to completion (1H 

NMR at the end of the reaction shows the aldehyde is no longer present); (c) ESI-MS spectrum at t = 2 

minutes. Inset shows calculated and actual isotope pattern of one of the intermediates; (d) Schematic of 

the instrumental setup. The blue/purple lines circulates the reacting solution through the IR flow cell at 1 

ml/minute. The red line pumps solution via pressurized sample infusion (PSI) directly into the mass 

spectrometer at ~10 μl min-1.  

 

Ten replicates with a 16 second scan time over ten minutes revealed a highly reproducible, fast, 

first order reaction with a half-life of 62±7 s (k = 0.011±0.001 s-1, Figure 3). Such a timescale 

makes it difficult to reliably obtain sufficient data density study the progress by standard NMR 

spectroscopic techniques. 
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Figure 3. Concentration vs. time profile for aldehyde and ketone.  

Error bars show standard deviations (10 replicates). 

 

Having left the IR to take care of the gross solution changes at the millimolar level, we can turn 

the analysis of low concentration, catalytically-relevant species over to PSI-ESI-MS. The 

reaction is initiated by injection of a solution of the charged catalyst, 4, and within 20 seconds 

its presence is registered by the ESI-MS (the time it takes for the solution to move through the 

capillary). The first species to appear is the catalyst precursor itself, [Rh(L)(η6-PhF)]+ (4). It is 

rapidly consumed, disappearing almost completely within about 4 minutes, and is largely 

replaced by [Rh(MeN(PiPr2)2)(κ
2-O,S-CO(C6H4SMe)(CH=CH(CH)5Me)]+ (7). This is as 

previously observed by NMR spectroscopy at high catalyst loadings (10 mol%) as the resting 

state.5 Identification of this species during catalysis as being the product–bound catalyst was 

confirmed by comparing the MS/MS of the compound made when the product 3 was mixed 

with the precatalyst 4 independently (see SI12). The traces in Figure 4 were averaged from 

seven different runs, four of which were run simultaneously with the IR analysis. Figure 5 

presents the graphical representation of these species observed, as related to the proposed 

catalytic cycle. 
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Figure 4. Real-time abundances from IR of (a) substrate and product, and from PSI-ESI-MS; (b) 

precatalyst and resting state; (c) catalyst impurities (both poisoned and active precatalysts) and off-cycle 

species; (d) intermediate; (e) catalyst decomposition products. Concentrations span from 0.07 M down 

to parts-per-million. An animated version of these data is available in supporting information as a short 

movie. 
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PSI-ESI-MS is quite capable of collecting real-time data on catalyst resting states while also 

collecting information on overall reaction progress if the substrate is charge-tagged.12 However, 

this requires running the experiment at the low substrate concentrations (millimolar), which is a 

very high concentration for ESI-MS purposes.13 Avoiding saturation and suppression effects at 

this concentration requires careful selection of experimental conditions and running at high 

substrate concentrations is not feasible.14 As such, a dynamic range of only ~2-3 orders of 

magnitude is possible. Modern mass spectrometers run at more appropriate concentrations 

(micromolar and below) are capable of dynamic ranges of 3-5 orders of magnitude, but to 

harness these capabilities in a catalytic context requires some other technique to handle the 

overall progress of the reaction. By leaving the IR to take care of substrate and product 

concentrations, we can therefore delve deeper into the catalytic cycle: beyond the catalyst 

resting states to measure the low abundance species in real time. So what appears when we 

mine still further? Descending into the baseline (<1% of that shown in Figure 4b), we find rich 

dynamic behavior (Figure 4c). The most abundant trace in this plot is of [Rh(L)(MeSPh)]+ (8) 

which is the expected decarbonylation product as well as [Rh(L)(O)(cyclooctadiene)]+ (9), an 

oxidized impurity that presumably arises from the synthesis of 4[BArF
4]. These two compounds 

could not be resolved as their exact masses differ by 0.06 Da, but by MS/MS analysis the 

species shows two clear pathways of dissociation corresponding to the two different compounds, 

with 8 being predominant species (SI 14). The persistence of 8 in the trace suggests that the 

MeSPh generated in the formation of 8 remains in solution to continue to compete for 

coordination to the rhodium. Two of the other species are easily identified catalyst impurities, 

both present at less than 0.5% of the starting catalyst concentration. [Rh(L)(η6-benzene)]+ (10) 

arises from trace benzene impurity in the fluorobenzene, and binds much more strongly to 

rhodium than PhF does.15 [Rh(L)(cyclooctadiene)]+ (11) likely comes from the synthesis of 

4[BArF
4], for which 11 is a precursor. Deliberate addition of one equivalent of cyclooctadiene to 

the reaction mixture prior to adding catalyst results in abundant formation of 11 (SI 17), and the 

reaction is considerably slower. 

 

The species at m/z 433.1 (12) and around m/z 478 (13 and 14) were initially a puzzle. The ion at 

m/z 433.1 (12) exhibited intensity that varied considerably from one experiment to the next. Its 

behavior under MS/MS conditions was consistent with an ion of the form [Rh(L)(neutral)]+, 
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where neutral has a mass of 67.09 Da, corresponding to C4H5N. There are few molecules with 

this formula, pyrrole being the most commonly encountered, and MS/MS of the m/z 433.1 ion 

generated when pyrrole is mixed with 4 closely resembles that of the species we observe during 

catalysis (SI 19). Neither pyrrole nor any other C4H5N molecule are reagents we use in the 

laboratory. The most likely source of the pyrrole is as a stabilizer in the C2H4Cl2 solvent, for 

which it is an antioxidant preventing decomposition reactions.16 12 does however go away 

quickly during the reaction, being almost entirely consumed within 2 minutes, suggesting that 

the neutral molecule is weakly bound and easily displaced by a stronger ligand (the product, 

resulting in 7). As such, its profile closely resembles that of the [Rh(L)(η6-PhF)]+ (4) precatalyst. 

There are two signals that display contrasting behavior at m/z 477.2 and m/z 478.1. The peak at 

m/z 477.2, 13, displays the characteristics of a tenaciously bound impurity, as its dynamic 

behavior is very similar to the cyclooctadiene and benzene complexes. The additional mass over 

and above that of [Rh(L)]+ of 111.1 Da corresponds to C7H13N, for which there are a large 

number (hundreds) of possible compounds, including heptanonitrile, quinuclidine, pyrrolizidine, 

and methyldiallylamine. Given the dissimilarity of the behavior of this impurity compared to the 

pyrrole complex,all we can really say about this compound is that it is most likely not a 

secondary amine.. The peak at m/z 478.1, 14, disappears rapidly, fragments by loss of a neutral 

mass of 96 Da (almost certainly fluorobenzene) and probably represents an oxidized form of the 

precatalyst (loss of 96 Da leaves [Rh(L)O]+). Most likely the oxygen has oxidized one of the 

phosphorus atoms of the ligand to leave a chelating bisphosphinemonoxide.17  

 

Drilling still deeper into the baseline, at approximately 1/50,000th of the abundance of the 

substrate, we observe a trace that is especially interesting because its abundance tracks very 

closely with the overall rate of reaction (Figure 4d). It is most abundant when the reaction is 

fastest and drops to zero upon exhaustion of the substrate. This corresponds to intermediate 5, 

which is the product of oxidative addition of the aldehyde to form a reactive acyl hydride, 

[Rh(L)(H)(MeSC(O)C6H4)]
+. Again, at these loadings the concentration and the temporal 

requirements of the reaction mean that NMR spectroscopy cannot capture this intermediate; 

although they can been observed under stoichiometric conditions, using these and related 

systems, stabilised by coordination of a Lewis base (such as acetone or NCMe).4b, 5 A final 

collection of low abundance compounds steadily accumulate for the 10 minutes of reaction, 
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suggesting decomposition products (Figure 4e). One involves overall addition of two Cl atoms 

(which have a characteristic effect on the isotope pattern) (15) and likely arises from reaction 

with the solvent, 1,2-Cl2C2H4, and 16 involves additional alkyne, presumably from a subsequent 

carbothiolation 18 of the product ketone with another alkyne. 16 is in turn susceptible to O2 

addition to form 17. 

 

The reproducibility of the traces obtained through PSI-ESI-MS varied depending on their 

abundance. For the most abundant species, 4 and 7, the traces matched each other well across all 

seven runs (see figure SI10). However, as the abundance dropped, percentage variability in each 

signal increased (see figure SI22). This observation was predictable; the low abundance species 

are most likely to be affected by fluctuations in impurity levels due to solvent contamination, 

trace amounts of O2, etc. 

 

Discussion 

With the power of modern instrumentation working in tandem on aspects of measurement to 

which they are best suited, the accepted wisdom “if you can see something during a catalytic 

reaction it is not an intermediate” is weakening.19 However, this study has revealed more than 

was initially intended: when probing speciation at very low concentration, the analyst has to 

accept that species other than those thought to have been added may also be detectable.  

 

So what does the “at-a-glance” approach outlined in Figure 1 tell us about the mechanism of the 

reaction under study here? Figure 5 shows the proposed catalytic cycle based on previous work, 

elaborated to include the off-cycle species and impurities. 
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Figure 5. Catalytic cycle. Catalyst impurities boxed off. [Rh]+ = [Rh(L)]+ where L = MeN(PiPr2)2. Color 

scheme correlates with Figure 4. 

 

The IR data reveals that the reaction is clean and produces minimal byproducts, and that it is 

first order overall under the conditions used. The precatalyst is entirely consumed within 

minutes and the resting state of the catalyst involves the product binding to the metal. A variety 

of catalyst impurities at the <1% level are observed and fall into two categories: poisoned 

catalysts (that do not change intensity over time) and precatalysts (with a different ligand set 

than the intended precatalyst but which display the same behavior). Decarbonylation products 

are observed at low level suggesting that the slight excess of alkyne used is successfully 

discouraging this unproductive pathway, that has been shown to operate when an excess of 

aldehyde is used.5 The steady accumulation of decomposition products pointed towards the 

value of knowing exactly when the reaction is over by use of tandem infrared measurements – 

excess alkyne shuts down decarbonylation but introduces the risk of double insertion reducing 

the yield of desired product, and there are no signs of this rate diminishing once all of the 

aldehyde was consumed. 
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Intermediates 6a, 6b and 7 all have the same m/z value, and are hence indistinguishable by 

ESI-MS mass spectrometry. 6a and 6b may well contribute to the signal dominated by 7, but 

not sufficiently to provide evidence in the MS/MS spectrum. We would expect loss of 110.1 Da, 

corresponding to octyne 2 in the case of 6a. What we see in the MS/MS spectrum is clean loss 

of the product, 3 (262.5 Da, see supporting information Figure SI 11) suggesting that the 

carbon-carbon bond-forming reaction has already occurred and we are indeed observing 7. Note 

however that it is possible that 6b prefers to decompose by reductive elimination and ligand 

dissociation rather than by β-elimination of the alkyne, in which case its MS/MS spectrum will 

resemble that of 7. 

That 7, an on-cycle intermediate, is also the resting state is consistent with previous 

observations from NMR spectroscopy, in which. D–labelling experiments also show that -

hydrogen elimination from vinyl intermediate 6b, is unlikely.5 In addition for a 

{Rh(DPEphos)}+ system kinetic modeling and labeling experiments support that the hydride 

insertion is also irreversible,20  although in this system reductive C–C coupling is turnover 

limiting. Reversible hydride insertion into alkynes is rare.21 These observations combine to 

suggest that 7 is the resting state. Under this assumption that hydride insertion into the alkyne is 

irreversible, the observation of a species consistent with acyl–hydride 5 as an intermediate, 

rather than 6b, suggests that it precedes the turnover–limiting step. Initial–rate studies at 

loadings of 1 mol% using NMR spectroscopy showed a positive order on the alkyne,11 

suggesting reversible binding of this substrate prior to the turn–over limiting step, while a 

relatively small KIE when deutero(1) is used (1.6±0.2) that suggests that irreversible aldehyde 

oxidative addition is not turnover-limiting. This measured KIE could be consistent with 6a to 

6b being turnover limiting (i.e. hydride insertion). Such a scenario has been suggested to be 

occurring in using salicylaldehyde alkene hydroacylation,22 while the small KIE measured is 

similar to that proposed for hydride migration step in the hydroformylation of 1-octene.23 

Hofmann and co-workers have demonstrated increased barriers to alkyl migration in related 

small bite angle systems,24  consistent with this scenario. Hydride insertion being turnover 

limiting in this alkyne hydroacylation is in contrast to alkene hydroacylation using aldehyde 1 

and small-bite angle diphosphine Rh-catalysts in which fast and reversible hydride insertion is 

indicated.4b, 4f We have previously used ESI–MS/MS to study the temporal evolution of a slow 
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(~1 hr) stoichiometric hydroacylation reaction between 1 and methylacrylate using a 

[Rh(DPEphos)]+ based catalysts, that shows an intermediate species assigned as species that 

follows hydride insertion, but precedes reductive elimination, i.e. the analogue of 6b. As is 

becoming increasingly apparent the turnover–limiting step, and reversibility of hydride insertion, 

is very system- and substrate-dependent in hydroacylation. 

 

Of the substances assigned as catalyst impurities, 11, the COD complex, displays the most ideal 

behavior (a near perfect step-function). 8 and 9 overlap, and it is quite possible that the trace in 

Figure 4c is a composite of 8 slowly diminishing (e.g. displacement of the monodentate ligand 

by) while 9 stays steady. 10 also shows some slight diminishment over time, perhaps also 

through slow displacement by a better ligand (e.g. 3). 

 

ESI-MS is of course blind to neutral species, and while this is convenient in the sense that the 

catalytic species are not overwhelmed by the vastly more abundant solvent, substrate and 

product, it does mean that the method will not detect any reduced, Rh(0) complexes, and signal-

to-noise considerations also prevent the detection of nanoparticles. 

 

Conclusions 

There are certain fundamental questions which chemists studying catalytic mechanisms want 

answers to. What is the turnover-limiting step? How is the catalyst dying? What are the catalyst 

resting states? What are the intermediates? Is this species observed spectroscopically relevant to 

the catalytic cycle? The application of multiple real-time orthogonal techniques to this sort of 

problem, especially when one of them is as sensitive as ESI-MS, offers the most profound 

answers to these questions to date. The possibility of using other spectroscopic methods with 

ESI-MS to provide similarly powerful insights is an obvious extension in cases where reactions 

lack a suitable FTIR handle. 

 

Methods 

General. All reactions were performed under nitrogen or argon using Schlenk technique and an 

inert atmosphere glovebox (MBraun LabMaster 130). Dichloromethane and hexane were HPLC 

grade and purified by an MBraun solvent purification system. Fluorobenzene and 1,2-
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dichloroethane was dried over calcium hydride, distilled, then stored over 4 Å molecular sieves. 

2-(methylthio)benzaldehyde (1) was prepared according to a literature method 25 and vacuum 

distilled prior to use. The rhodium precatalyst 4[BArF
4] was prepared according to a literature 

method.5 1-octyne (2) was dried over calcium hydride, and distilled before use. All other 

chemicals were purchased from Sigma-Aldrich and used without further purification.  

Monitoring by IR.  IR measurements were done on a Bruker Alpha FT-IR fitted with a Harrick 

demountable transmission flowcell with BaF2 windows, a 100 m pathlength, and a 5 L cell 

volume. The reaction solution was circulated through the flow cell via tubing of 250 m inner 

diameter using a Simdos 02 Pump at a flow rate of 2.5 mL/min. A background of 1,2-

dichloroethane was collected prior to each experiment, after which the pump was purged with 

argon before introducing reaction solution.  

Monitoring by ESI-MS. ESI-MS measurements were done on a Micromass Q-Tof micro mass 

spectrometer in positive ion mode using pneumatically assisted electrospray ionization: scan 

time 1 second; capillary voltage 2900 V; sample cone voltage 15 V; extraction voltage 0.5 V; 

source temperature 84°C; desolvation temperature 184°C; cone gas flow 100 L/h; desolvation 

gas flow 200 L/h; collision voltage 2 V; MCP voltage 2400 V. Reaction solution was 

continually fed from the reaction flask into the mass spectrometer via 125 m inner diameter 

PEEK tubing. Spectral assignment was aided by the free tools available at chemcalc.org.26 

Intensity vs. time traces in the paper were assembled from averages of seven independent runs 

carried out over a period of several months to ensure reproducibility. 

Typical IR-MS reaction procedure. An overpressure of 2 psi of argon gas was applied to a 

Schlenk flask containing 1,2-dichloroethane. The flask was connected to the inlet of the 

circulation pump by PEEK tubing, the outlet of the circulation pump was connected to the 

entrance of the IR flow-cell, and the outlet of the flow cell was connected via tubing to a waste 

flask. The pump was turned on and solvent ran through the pump and flow cell into the waste 

flask. After 2 ml of solvent had passed through the system, the exit tubing from the flow-cell 

was inserted into the Schlenk flask, creating a continuous loop. A background IR spectrum of 

solvent circulating through the flow-cell was collected. The solvent was purged from the flask 

by removing the exit tubing and placing it into a waste flask. After all the solvent had been 

removed and the system purged with argon, the exit tubing was re-inserted into the Schlenk 

flask. A solution of 2-(methylthio)benzaldehyde (90 mmol/L, 0.225 mmol) and 1-octyne (135 
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mmol/L, 0.338 mmol)  in 1,2-dichloroethane (2.5ml) was added to the argon filled Schlenk 

flask. The flask was connected to the mass spectrometer via a short length of PEEK tubing and 

mass spectra collection was initiated followed by initiation of collection on the IR spectrometer. 

A solution of [Rh(L)(FPh)]+ [BArF
4]

– in 1,2-dichloroethane (0.5 ml, 22.5 mmol/L,  0.0113 

mmol) was injected into the pressurized Schlenk flask through the septum, while the solution 

was well stirred, this commenced the reaction. 
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