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Abstract 

Kinetic studies were conducted on three unrelated reaction types using traditional and 

modified reaction monitoring tools. The Aza-Piancatelli rearrangement was studied through 

ReactIR and HPLC-MS to obtain a better understanding of why the substrate scope was limited. 

It was found that the Lewis acid catalyzed reaction is often zero-order, dependent on the 

lanthanide metal used. Off-cycle binding of the nucleophile to the Lewis acid was proposed to 

help explain the zero-order profile. Differences between Lewis and Brønsted acid catalysts were 

found through subsequent experiments assessing catalyst deactivation and the chemoselectivity 

of the products in the Aza-Piancatelli rearrangement. An automated sampling system was created 

for hands-free reaction monitoring and offline analysis by HPLC-MS to provide detailed 

information about more complicated reactions.  

The automated sampling system was modified for the study of microwave assisted 

reactions. This application allowed for more information to be derived from the field of poorly-

understood microwave chemistry than allowed by previous technology. Comparisons were made 

between microwave-assisted and conventionally heated reactions, using a Claisen rearrangement 

as a model reaction. As expected, it was found that the Claisen rearrangement of allylphenyl 

ethers displayed similar kinetics between the two heating modes. The technology was also used 

briefly to search for the existence of non-thermal effects. It was shown that the sampling 

apparatus could be useful for collecting data observed from microwave-specific effects.  

Mechanistic studies were also conducted on the Kinugasa reaction to obtain a better 

understanding of why the reaction generally behaves poorly in regards to the formation of ɓ-

lactam product. To study the reaction, samples for HPLC-MS analysis were taken manually, then 

by a liquid handler, and then through direct-injection to the HPLC. It was found that its side-



iii  

 

product formation was directly coupled to the desired product formation, suggesting that both the 

product and imine side-product stem from a common intermediate. Another little-known side-

product was isolated, suggesting the common intermediate could be intercepted by select 

nucleophiles to form an amide. This finding will direct future attempts to find conditions to favor 

either ɓ-lactam or amide formation.  
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Chapter 1: Introduction  

  

Mechanistic studies in organic chemistry encompass a broad and nonspecific set of 

experiments that are done with the goal of further understanding a reaction of interest. In the 

simplest sense, a chemist may predict the effects of changing a reaction parameter or using a new 

additive based on his or her current proposal of the reaction mechanism. Changing variables and 

assessing the outcomes is common in the process of developing or optimizing reactions. 

However, more in-depth mechanistic studies are sometimes desired. For example, finding the 

rate-determining or enantioselectivity-determining steps can be nontrivial. Tuning electronic 

properties on a ligand in a catalytic system and quantifying the effects requires confidence in 

measurements of rate and yield. Depending on the reaction, traditional mechanistic studies such 

as measuring initial rates or kinetic isotope effect calculations can be tedious. Due to a great 

variety of reaction types, not all mechanistic studies or analytical methods will provide useful 

information about every class of reaction. In addition, traditional methods of discerning 

mechanisms can be unamenable to reactions that do not already work well due to complicated 

speciation. There is a need for increased access to tools that enable more complicated 

mechanistic studies, as well as experimental methodologies that reduce the number of 

experiments necessary to derive pertinent information. 

 One of the central themes of this dissertation is studying organic reactions in great detail. 

Mechanistic studies can be applied to widely-known reactions to those that are poorly 

understood and/or hardly working. After a catalytic system and rate-determining steps are 

proposed, conditions can be found to disrupt the catalyst or coax it into cooperating. The 

philosophy to continually question the validity of a catalytic system is prevalent. 



2 

 

Alongside conducting mechanistic studies, an auxiliary goal is to develop or alter tools to 

facilitate kinetic studies and obtain more detailed information. As a consequence of being limited 

to the blind spots of the instruments we have at any given time, it has been necessary to modify 

and couple tools together to increase the use of automation and the quality of data obtained. 

These tools should not be so convoluted such that other researchers cannot easily use them, and 

their parts should be commercially available. Also, similar experimental set-ups should allow for 

multiple types of chemical processes to be run, enabling easy reconfiguration for any user, 

instead of having a set-up that is only useful for one reaction type.  

  The work contained in this dissertation centers on primarily organic, homogenous 

reactions. Although our lab has some means of monitoring heterogeneous reactions, work 

concerning heterogeneous reactions has been mostly omitted. The specific reactions between the 

various projects have no relation to each other; however, the re-tasking of similar tools used to 

study them is common. 

 

1.1 Current in situ and ex situ analytical technology for the monitoring of homogenous 

reactions 

The first step to conducting a mechanistic study is finding an appropriate analytical tool 

to monitor the progress of the reaction of interest. There are several factors that need to be 

considered. For example, do the reaction conditions require mild or extreme heating? Is the 

reaction particularly air or moisture-sensitive? What sort of functional groups are present in the 

substrate(s) or product(s)? Which compounds are UV active? Is the substrate very expensive or 

exhaustive to make, potentially limiting how many experiments can be done? Are any solids or 

gases produced in the reaction, and how would they potentially interfere with the results from the 
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analytical method?  Would a nonreactive additive be necessary to be used as an internal standard, 

or can an inert compound already in the reaction function as an internal standard for kinetics? Is 

the analytical technique suitable for a reaction run without an internal standard? The following 

sections include a brief background on different spectroscopic techniques other groups have used 

to track organic reactions, as well as ways in which they have modified standard set-ups to 

accommodate more difficult conditions. 

 Nuclear magnetic resonance (NMR) spectroscopy 

Using NMR spectroscopy to monitor reactions in real time is a standard and widely-used 

technique, especially for 1H, 31P, and 19F nuclei. As most organic chemists have access to a 

spectrometer, NMR spectroscopy may be the one of the easiest reaction monitoring tools for 

homogenous reactions, as data collection is automated. The set-up may require few changes from 

a benchtop reaction, aside from exchanging the reaction flask and stirbar for the NMR tube. It is 

also convenient in that the NMR experiment can be set up without need for further attention. 

Higher quality and precision of data is correlated with longer delay times due to the relaxation 

time of nuclei. Unfortunately, this can also be a disadvantage, requiring longer acquisition times 

on what is often a shared instrument. The data analysis ï which requires converting peak area 

into concentration ï should also require no calibration curves, possibly even without an internal 

standard, if delay times are calculated.1 Solvent suppression techniques have also allowed NMR 

to be run on reactions without the use of expensive deuterated solvents.2 Peaks of interest may 

also overlap or drift in chemical shift with changes in pH. Fortunately, some NMR processing 

programs allow deconvolution of peaks in arrays, such as MestreNovaôs global peak 

deconvolution function. 
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 For relatively fast organic reactions (100 ms to a few minutes), the time between mixing 

the reactants and positioning the tube into the spectrophotometer is a detriment for good data 

acquisition, combined with infrequent acquisitions. To allow acquisition of of kinetic data on 

relatively rapid reactions, stopped-flow NMR experiments using custom-made probes allow for 

two streams of reactants to be rapidly injected and mixed in the NMR detection region. The 

delay can then be varied to allow a fresh stream of reactants to mix for varying amounts of time 

to see different timepoints. This method can reveal information about short-lived intermediates 

and provide a level of detail that would be completely missed on a longer time scale. This 

technique has proven useful by a few research groups, such as the Lloyd-Jones group.3 However, 

many research groups do not have access to such tools and would find it cumbersome and costly 

to obtain them for only a few experiments.  

 For reactions that require high temperatures (>120 °C) or require an intake of gas, NMR 

monitoring can be a poor choice of instrument. Experiments run at high temperature can cause 

boiling of the reaction solvent in the NMR tube, which may cause shimming problems or create 

a mess at the NMR probe if there is a leak. The standard NMR tubes are also not well-equipped 

for continuous gas intake at the standard spectrometer. The Landis group has also created a set-

up for high pressure NMR for gas-liquid systems. A sapphire NMR tube with a titanium tube 

holder (for pressures up to 68 atm) serves as the reactor. The reactor is connected to a gas 

delivery system, a pressurized injection system, a circulator, and a wash system.4 While this 

system is impressive, most organic or inorganic chemists would not put together such an 

elaborate system without the need to use it several times.  

 A reason for concern in using a standard NMR set-up as a reaction monitoring tool is the 

lack of stirring, since the use of a magnetic stirbar is impossible inside the spectrometer. Kinetic 
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studies were done by Foley et al. at Pfizer to compare reactions in static NMR tubes (run as a 

standard NMR experiment), online NMR (where samples are automatically withdrawn from a 

mixed vessel and fed in-line to the NMR with a custom set-up), and in a NMR tube that was 

manually shaken at specific intervals for periodic inversion (P.I., Figure 1.1).5   

 

 

Figure 1.1: Model imine reaction monitored three different ways in the NMR 

spectrometer5 

 

 For a model homogeneous reaction, periodic inversion every 6-7 minutes is still not 

sufficient to mimic the online NMR experiment that has real stirring. The diffusion limited 

processes in the static NMR tube can change the kinetic analysis, and therefore have a large 

effect on what conclusions may be drawn from comparing static NMR experiments. Although 

static NMR experiments may be comparable to each other, the kinetic information we derive 

from them may not transfer well to larger, stirred reactions that are more synthetically relevant. 
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Unfortunately, at present, most people do not have the resources to use online NMR or stopped 

flow NMR techniques.  

 Benchtop NMRs with less powerful field strengths (60, 80, 90 MHz) are commercially 

available and have been used for monitoring reactions in flow.6 This relatively inexpensive set-

up can lessen the burden of booking large amounts of instrument time. It would also potentially 

allow for stirred reactions to be monitored by NMR. Unfortunately, the resolution of peaks is 

still not high, which can prohibit studying reactions more complex than a hydrolysis or 

condensation. 

 

 Heat-flow calorimetry  

A less commonly used but high throughput reaction monitoring technique is heat-flow 

calorimetry. Commercially available calorimeters (such as those from Omnical) have multiple 

slots in which reaction vials can be placed. The heat coming in or out of the reactor is recorded 

throughout the reaction at a high data rate (3 Hz). Calorimetry is a useful technique if the heat 

produced from the reaction directly corresponds to the catalytic activity, or is directly 

proportional to the rate of product formation.7 Hence, this involves an integral method of 

extracting reaction rate and then converting it to concentration (Figure 1.2). The heat ideally 

corresponds to the rate of product formation. The integral can be taken from the heat profile to 

mathematically derive the conversion of starting material to product. This assumes 100% (or 

near) conversion of starting material to product, and an endpoint sample should be taken for 

confirmation with analysis by another analytical method. 
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Figure 1.2: Data processing of heat output (rate) from calorimetry into conversion of 

starting material; a) zero order reaction, b) first order reaction 

 

Advantages to this technique include the ability to run several reactions simultaneously, 

allowing more reproducible experiments and less wasted material by using stock solutions. 

Instead of determining order in a substrate by running experiments individually, a set of 

experiments can be done on two substrates simultaneously.8 Catalyst deactivation can quickly be 

determined, as parallel runs can be conducted to assess catalyst robustness. Calorimetry is also 

useful for fast kinetic screens between different catalysts.9 Because of the high resolution of data 

collected, subtle differences are more distinguishable. Microcalorimetry can also be used, with 

detection limits nearing 1 nW. Although microcalorimetry units are more frequently used in 

biochemical laboratories, they also have a place in physical organic studies.10 
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 Unfortunately, if the heat evolved does not directly correspond to product formation, the 

calorimetry results must be interpreted carefully with extra steps in the mathematical analysis, or 

the results may not be useful at all.7 While the rate-limiting step for product formation may be 

exothermic, if other processes are not directly coupled but produce significant amounts of heat, 

the overall heat generated may be too convoluted for worthwhile processing. Another reaction 

monitoring technique (GC, HPLC, NMR) must be used to check at least a few single point 

samples to ascertain that the calorimetry data corresponds to product formation.  

 The majority of the projects in this thesis did not have reactions whose heat curves 

corresponded to product formation. Some reactions were isothermal (Aza-Piancatelli); others had 

exothermic side reactions that did not relate to desired product formation (Kinugasa) (Scheme 

1.1). As a result, calorimetry was not used as a major analytical tool for these reactions. 

 

 

Scheme 1.1: The Aza-Piancatelli rearrangement (top) is isothermal. In the Kinugasa 

reaction (bottom), the product formation did not match calorimetry heat output. 
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 Fourier transform infrared s pectroscopy (FT-IR)  

FT-IR can be used as a reaction monitoring tool that is noninvasive, fast, and requires no 

sampling. Peaks corresponding to characteristic stretching or bending frequencies in reactants, 

products, and intermediates can be shown with time. Sampling can be done by gas 

chromatography (GC) or LC to check that inverted product formation and substrate consumption 

trends overlay.11  Commercial FTIR instruments have also become available for the purpose of 

reaction monitoring, such as the ReactIR. The standard ReactIR has an IR probe that is immersed 

into the reaction vessel. The probe contains a fiber optic cable fitted with a gold sealed diamond 

window. The ReactIR flow cell has also become available, requiring small amounts of fluid so 

that flow processes can be monitored instead of only immersing a probe in a batch reaction.12 

Aside from Mettler Toledoôs ReactIR, some current FTIR spectrometers can be outfitted with a 

detector and flow cell for inline monitoring (Figure 1.3).13,14  

 

 

Figure 1.3: Flow cell for the ReactIR. a) flow cell with inlet/outlet fittings on; b) fittings 

taken off the flow cell; c) fittings head taken off12 

 

 

A disadvantage of using FTIR is that certain probes have different ñblindspotò windows 

where part of the spectra cannot be absorbed. The ReactIR diamond probe has a spectral window 

of 650-1950 cm-1 and 2250-2500 cm-1, with a blind spot around 1950-2250 cm-1 with weak 

absorbance due to the diamondôs C-C bond stretches (Figure 1.4).13 The commercially available 
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flow cell widens the ranges to 650-1950 and 2250-4000 cm-1. While the silicon probe does not 

have the same  blind spot, it is less chemically resistant.15  

 

Figure 1.4: Window for a FTIR with diamond window12 

 

  In addition, reactions that are strongly corrosive or produce iodide can etch certain probes 

or destroy the gold seal inside the probe. The commercial ReactIR diamond probe is rated from 

pH range 1-14, but the silicon probe has a smaller range of 1-9.  

Another disadvantage may be that a reaction does not have large or distinct IR-active 

peaks that track with the formation of product or disappearance of substrate(s). This is especially 

common with molecules without heteroatoms, or reactions that do not include bond forming or 

breaking with those heteroatoms. Overlapping peaks may also be a concern, but often enough 

mathematical processing and individually collected spectra of overlapping species can allow 

deconvolution. In particular, principle component analysis may be included in software packages 

to allow mathematical deconvolution. 

Despite the above disadvantages, reaction monitoring by FTIR is still a common choice. 

Being relatively affordable and easy to maintain and transport, it is more likely for a research 

group to own or borrow a ReactIR than some other spectroscopic instruments for kinetic 
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experiments. The low barrier to using the instrument and processing the data, along with the in 

situ collection of data, makes FTIR a good choice for not only mechanistic studies but also for 

monitoring reactions done in batch from a process standpoint.16,17,18 

 

 Raman spectroscopy 

Less popular than its complementary spectroscopic method FTIR, in situ Raman reaction 

monitoring has also been used. An example by Leadbeater uses in situ Raman in an open-flask 

microwave reactor.19 Unfortunately, Raman spectra can require an extra processing step before 

analysis due to large variances in the fluorescent background between experiments.20 However, 

Raman spectroscopy can be a useful tool for monitoring large-scale heterogeneous reactions with 

inorganic solids, where taking samples for HPLC can lead to uncertainty of whether the sample 

is representative of the whole reaction. Such was the case with an etherification reaction run with 

potassium carbonate, as shown by AstraZeneca. After calibration with HPLC, in situ Raman was 

enough to monitor the reaction on a 1500 L pilot scale.20 

 

 High performance liquid chromatography (HPLC) 

HPLC is less commonly used as an in situ reaction monitoring technique. While it is 

often used to give an estimate of conversion by way of taking and diluting a few aliquots for 

analysis, it is not often used as an online/in-line monitoring technique for organic chemistry. 

HPLC (along with NMR) is one of the most commonly used techniques for offline analysis, 

although not necessarily for the construction of reaction progress curves. Rather, HPLC-MS is 

extremely widespread for inspecting reaction progress at a few time-points and in the use of 

searching for target masses in high throughput screening experiments. It is also often used to 
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validate another in situ technique (calorimetry, FTIR). For offline analysis, Amigo Chem is a 

commercially available reactor unit with a liquid handler for automated sampling, although 

researchers could potentially create their own unit. The samples are then suitable for offline 

analysis by HPLC or GC. 

Most online HPLC applications have been in bioprocesses, or with permanently installed 

equipment for pilot plants.21 A mobile, all-in-one sampling unit with direct injection to HPLC 

has been developed through a collaboration with Merck and Eksigent Technologies, Inc. in 2007 

(Figure 1.5).21 The unit was capable of collecting data on homogeneous samples, and used a frit 

with limited success for reactions that contained solids. The set-up was also able to monitor 

enantiomeric excess of the racemization of a drug with time, which instruments such as FTIR 

and calorimetry cannot track. Later, the set-up was used for sampling the exit stream for a 

reaction done in flow.22 However, the need for a close collaboration to work on the 

instrumentation side to enable the online direct injection is prohibitive for many researchers.  

Another online sampling system has been made before without direct collaboration with 

an instrumentation vendor. It utilized a push-pull capillary sampling system. Unfortunately, this 

system had significant delay times between sampling and online analysis, as well as potential for 

leaking into the reaction.23 Progress in this endeavor seems to have slowed since, as direct-

injection for HPLC-MS is largely limited to dedicated set-ups in process chemistry settings.   
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a)  

      

 

Figure 1.5: Reaction progress from the Merck/Eksigent direct-injection HPLC . a) the 

HPLC spectra stacked for display as a surface; b) The relative conversions correlating to 

the indicated peaks from the HPLC surface21 

 

 

 Unfortunately, compounds without UV-active chromophores are invisible by HPLC 

(unless coupled to an ELSD) and may be more suitable for analysis by GC. Many chemists lack 

an automated method of taking reaction samples for offline analysis, and manually taking 

samples can be very time-consuming and can lead to scattered data. Especially for gas 

chromatography, samples often need filtering to avoid inorganic build-up, leading to degradation 

of columns. However, for reactions using volatile compounds with no UV-active chromophore 

and paramagnetic metals, GC can be one of the last remaining options.24  
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 A disadvantage to both HPLC and GC is that both require the user to take into account 

response factors of each compound of interest. This usually requires making calibration curves 

and ascertaining that the mass balance of the reaction makes sense. This can be tedious, as every 

new compound put into the reaction (and corresponding product(s)) requires an extra step to 

appropriately account for their concentrations.  

 In this thesis, HPLC was a vital tool, particularly for the creation of reaction progress 

tools. We hope to show that although it may be more labor intensive to analyze the HPLC data, 

the richness of data is worth the effort. It can be possible to take samples of slurries for analysis 

by HPLC followed by full dissolution in another solvent, although the representation of the 

reaction as a whole can be still be questionable. With the column technology rapidly improving, 

separation times decrease and the ability to separate more compounds increases. In addition, 

compounds that overlap by 1H-NMR or FTIR can potentially be separated by HPLC. 

 

 Electrospray ionization ï mass spectrometry (ESI-MS) 

ESI-MS has been used without its HPLC counterpart as a reaction monitoring tool.25,26,27 

While it was first used as an in situ technique in 1994, it has seen little use until the past decade 

or so. Since it is a soft ionization technique, many compounds of interest can be observed 

without too much difficulty arising from fragmentation, as often observed with electron 

ionization (EI). For example, losses of ligands from an organometallic compound can be 

predicted easily, making identification of compounds relatively intuitive. 

 Advantages to the technique include its great sensitivity to charged ions, which can be 

made possible by the addition of an external aqueous acid source. Its need for only micromolar 

concentrations allow catalytic intermediates to be seen that would otherwise be baseline by other 
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spectroscopic methods (NMR, IR, HPLC). While nonpolar solvents may prove difficult (possibly 

due to lack of conductivity), ionic liquids can be added to the reaction solution that do not 

interfere with the chemistry.28 However, a control reaction without the additive should be 

monitored by a different analytical tool to ascertain that the additive indeed has no effect on the 

reaction. 

As a reaction monitoring tool, great success has been seen by the McIndoe group by 

pressurizing a reaction flask with an inert gas and slowly cannulating the reaction mixture 

through HPLC tubing into the mass spectrometer (Figure 1.6). Unfortunately, this technique 

requires reactions to be run at micromolar concentrations, which is generally not synthetically 

relevant. Catalyzed reactions that can be studied under this technique would need to be quite 

robust under ultra-dilute conditions, which does apply to many palladium catalyzed cross-

coupling reactions.28 FTIR has also been used in tandem to analyze reactions at higher 

concentrations, allowing FTIR detection of the major components while ESI-MS detects 

intermediates in lower concentrations.29  

 

Figure 1.6:  Right: Set-up for direct injection of a reaction to the ESI-MS for reaction 

monitoring. Left: percent conversion calculated from processed ESI-MS data28  
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An example of a process-scale reaction with online ESI-MS was demonstrated in 1999. 

The apparatus was able to take a sample, quench it, dilute it 3000-fold, and add a buffer for 

ionization and analysis. The data obtained at the time was noisy, but it showed detailed 

speciation of the compounds of interest in the reaction.30 

 

 Dual methods of reaction monitoring 

The above mentioned tools are often used in industrial settings as part of Process 

Analytical Technology (PAT), which refers to the tools used for rapid analyses of processes. 

PAT is used to improve efficiency of modifying reactions in batch and studying the stability of 

potentially hazardous or transient intermediates and byproducts that may be produced. While 

most research groups might not use more than one analytical tool for mechanistic studies, 

pharmaceutical companies may have the resources to access several of them. Often, multiple 

spectroscopic tools can be used simultaneously to monitor a reaction, allowing one to either 

obtain more information than one tool could provide, or to more quickly decide which tool 

would be the most useful for the process at hand. 

 

1.1.7.1 MS, FTIR, FBRM used together in a batch reactor 

In a successful example, four techniques were used to monitor a heterogeneous batch 

reaction of a sulfonyl chloride reacting with aqueous ammonia to form the corresponding 

sulfonamide (Figure 1.7).31 MS was used to assess the composition of gases in the headspace. 

FTIR was used to see the product formation in the liquid phase, followed by a drop in 

concentration when product precipitated out. Calorimetry was used to monitor the heat output 
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and watch for exotherms. Focused Beam Reflectance Measurement (FBRM) was used to analyze 

the solid phase, especially as crystallization occurred.  

 

 

 
 

Figure 1.7: A batch reaction monitored by multiple methods: FTIR, MS, FBRM 31 
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1.1.7.2 NMR and HPLC  

Unfortunately, many analytical instruments use detectors that are not inherently 

quantitative, such as HPLC (UV detector) and GC (FID).  Because even structurally similar 

compounds can have different relative response factors (RRF), samples of all the compounds of 

interest must be prepared or obtained to construct calibration curves against a standard to 

calculate RRF values. This can be tedious and time-consuming, especially compared to 

inherently quantitative techniques such as NMR. Coupling two such instruments together can 

account for the weaknesses in both. By creating a set-up that allows both in-line HPLC and in-

line NMR through a flow cell, Foley and coworkers at Pfizer were able to calculate RRF values 

from one experiment by comparison to NMR, as well as monitor reactions by two orthogonal 

analytical methods.32 The reaction is stirred in batch, allowing monitoring using synthetically 

relevant conditions. This set-up seems to work well for room-temperature, homogenous 

reactions.  

 NMR and FTIR have also been coupled together in use to monitor batch reactions. While 

in situ FTIR is widely accepted and used in PAT, online NMR is used less frequently, albeit it is 

becoming more prevalent.33 Potentially, this may be because ReactIR is relatively easy to 

incorporate into a batch reactor set-up, whereas in-line NMR analysis can take a more dedicated 

set-up. In addition, taking samples for offline NMR analysis can be intrusive for unstable 

intermediates of interest. Online NMR would be much more informative if it can show sensitive 

species, unaltered by a quench. In contrast, FTIR is often unable to pick up all species in low 

concentrations, whereas NMR often can. NMR can also be used to identify and validate peaks 

observed by FTIR. Interestingly, in two recent examples of in-line NMR and FTIR, the progress 

reaction curves between the instruments are not compared, and experimental data fit poorly to 
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computationally optimized data.34,33  While both projects could have been mainly characterized 

and monitored their reactions by NMR alone, the identification and validation of FTIR peaks by 

tandem NMR allows subsequent experiments to be monitored by ReactIR alone. 

 

1.1.7.3 Comparison of reaction monitoring methods 

A chart comparing disadvantages and advantages between the aforementioned reaction-

tracking methods mentioned in this thesis has been constructed for convenience (Table 1.1). 

Unsurprisingly, NMR has a unique set of advantages that make it an extremely desirable tool for 

reaction monitoring; unfortunately, paramagnetic metals can make the process more difficult. In 

addition, there are several faster techniques listed.  

 

Table 1.1: Comparison of multiple reaction monitoring techniques 

 

1.2 Methods of mechanistic analysis 

Many reactions used in organic chemistry today have generalized mechanisms or 

catalytic cycles that include well-known elementary steps; however, reactions will often differ in 

their catalyst resting states, rate-limiting steps, and off-cycle processes. Most chemists focus on 

the productive on-cycle processes that afford them their desired product. Although robust 
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reaction are appreciated, equally interesting is how the catalyst spends its time off-cycle, as well 

as how the selectivity between desired products and potential side products may change with 

time (Scheme 1.2).  

 

Scheme 1.2: A generalized catalytic cycle with several off-cycle processes 

 

 Some chemists screen catalysts with the mindset to find one that gives at least a trace of 

the desired product, and then further optimizes conditions with the same catalyst. Although many 

chemists will mix precatalyst and ligand pairings according to what they intuit would work for 

their reaction, identifying optimal conditions might only be possible by testing more possibilities 

and then working backwards. A more complete picture of the catalystôs resting state, as well as 

the reaction progress of the entire reaction, could help provide insight into how the reaction can 

be improved before disregarding potentially cheaper and more selective catalyst and ligand 

combinations. As the possibilities are nearly limitless, high throughput screening armed with 

some mechanistic insight could be much efficient than setting up numerous screens. 

Rather than only studying by any single analytical technique or methodology, we were 

more interested in applying a plethora of tools to look at a reaction and then narrowing down to 

the most informative tools for the specific reaction. Often, simply looking at the kinetic 
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speciation throughout the entire reaction by a different analytical method allowed us to know 

something about the reaction that evaded those who originally developed the reaction.  

Figure 1.8 shows examples of kinetic profiles of chemical species exhibiting different 

roles within a catalytic reaction. These profiles can help guide an initial guess of a moleculeôs 

role in a complicated web of reactions.29  

 

Figure 1.8: Examples of kinetic profiles of species with different roles in the reaction29  
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 Michaelis-Menten kinetics 

One of the simplest and widely-used models for catalytic reactions is the Michaelis-

Menten model. Although it is described in terms of catalysis with enzymes, its principles are 

used in mechanistic organic chemistry. While its models may oversimplify catalytic cycles, it 

provided a preliminary methodology to model catalyzed reactions.  

The model utilizes a simple catalytic system where the substrate (S) and catalyst (E for 

enzyme) form a substrate-catalyst complex (E:S). (Scheme 1.3) This complex undergoes a rate-

limiting step to form a product-catalyst complex (E:P), which then releases the product. This 

model assumes that the rate-limiting step is the transformation from the substrate to the product 

(with rate (kcat)); the Michaelis-Menten will not work if the rate-limiting step refers to another 

step. 

 

Scheme 1.3: Michaelis-Menten catalytic system  

 Because the rate-limiting step is from E:S to E:P, the rate law for product formation can 

be expressed as: 

�b�T

�b�r
 = kcat [E:S] 

The steady state approximation can be used for [E:S]:  

�b�>�I �ã�W�?

�b�r
 = k1([E]0 - [E:S])[S] ï k-1[E:S] - kcat[E:S] = 0 

Solving for [E:S] and substituting into the equation for product formation provides the 

Michaelis-Menten equation: 

�b�T

�b�r
 = ��
kcat[E]0[S]

[S] + KM

 


















































































































































































































































































































































































































