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ABSTRACT: Obtaining data dense reaction profiles for reactions performed under an inert atmosphere remains a significant 
challenge obfuscating mechanistic analysis. To this end, we have developed a reaction monitoring platform capable of auto-
mated sampling and online HPLC analysis to generate temporal profiles for reactions performed from within a glovebox.  The 
device allows for facile reaction progress analysis to aid in mechanistic studies of air-sensitive chemical transformations. The 
platform has demonstrated high reproducibility regarding sample mixing, dilution, delivery, and analysis. We employed the sam-
pling platform to acquire temporal profiles for a series of Buchwald-Hartwig aminations.  Parallel coupling reactions using iodo-
benzene and bromobenzene both exhibit complex kinetics. A competition reaction including both aryl halides demonstrated high 
selectivity for iodobenzene indicative of catalyst monopoly. The temporal profile for the difunctionalized substrate 1,4-iodobro-
mobenzene was unexpected based a priori and is indicative of a distinct underlying mechanism. We attribute this unanticipated 
reactivity to intramolecular catalysts transfer through the π system as seen in “living” polymerization transfer catalyst systems. 
This automated sampling platform has greatly increased mechanistic understanding by performing only a small subset of ex-
periments.  

INTRODUCTION 

The combination of automated sampling with online, chromatographic analysis represents an optimal method for gath-
ering temporal reaction data with minimal analyst intervention. The resolving ability of HPLC allows for the quantification of 
starting materials, intermediates, products, and byproducts from complex mixtures, making it an invaluable tool for reaction 
profiling to facilitate mechanistic analysis. Specifically, employing online HPLC for reaction monitoring facilitates the construction 
of accurate concentration vs time profiles of structurally similar components without a chemometric model. Online HPLC offers 
unmatched mechanistic information in a small subset of experiments not possible with other operando techniques such as in 
situ IR or calorimetry.   

Recently, we reported a reaction monitoring platform capable of autonomous aliquoting, sample delivery, and online 
analysis using HPLC to aid us in mechanistic investigations.1,2 The ubiquity of useful, air sensitive transformations coupled with 
the difficulty of gathering temporal data without compromising their inert atmosphere prompted us to modify our sampling device. 
We envisioned that we could expand the reaction monitoring scope of the system to allow for profiling of air-sensitive reactions. 
Herein, we present our modified reaction monitoring platform (Figure 1), which is capable of automated sampling and online 
HPLC analysis from reactions performed under an inert atmosphere (inside a glovebox). 

 

 
Figure 1: Cartoon schematic of automated the reaction monitoring platform used to gather time-course data from reactions 
performed within a glovebox.  
 

Once assembled we first probed the system’s ability to sample, dilute, mix, and analyze aliquots reproducibly collected 
within an inert environment. We then employed the platform to monitor a series of Buchwald-Hartwig amination reactions, a 
catalytic transformation for forming C-N bonds.3 This extremely useful transformation has become a fundamental tool in organic 
synthesis for the formation of C(sp2)-N bonds.3–6 Since the seminal reports by Buchwald7 and Hartwig8, the Buchwald-Hartwig 

Diluent
Pump

Glovebox

Reaction Vessel

Easysampler
Probe

Waste

Valve

Injection 
Loop

HPLC
Pump

HPLC-MS

Separate and 
quantify reaction 

components in 
real time



 

 

2 

amination has seen widespread use in the synthesis of pharmaceuticals,9–13 natural products,14,15  organic materials,16 and 
agrochemicals.17 

A simplified catalytic cycle for a Buchwald-Hartwig amination using Pd(OAc)2 as a precatalyst is depicted in Scheme 
1. First, activation of Pd(OAc)2 via a reducing agent forms the catalytically active Pd(0) species I. The cross-coupling catalytic 
cycle proceeds through four key intermediates (I-IV).  Phosphine ligated palladium I undergoes oxidative addition with the aryl 
halide to generate complex II. Coordination of the amine forms N-bound palladium complex III, which reacts with base to form 
the amido complex IV.  Reductive elimination of IV forms the key C-N bond, simultaneously liberating both the cross-coupled 
product and the Pd(0) species I, where it can reenter the catalytic cycle. This simplified model does not account for effects of 
off-cycle species or palladium aggregates, each of which can impact the overall reaction rate.18,19 

 

 

Scheme 1. Generic catalytic cycle for the palladium-catalyzed coupling of iodobenzene with arylamines. 

RESULTS AND DISCUSSION 

The Reaction Monitoring Platform 
The automated reaction monitoring platform uses an Arduino microcontroller to initiate all sampling events. A computer 

executing a Python script communicates with the microcontroller to sequence events similar to what has been described previ-
ously.1,20–22 . A schematic displaying core components of the device is displayed in Figure 1. 

The sampling sequence begins by priming all fluidic lines with diluent (often the reaction solvent). Next, the slurry probe 
(Easysampler) is actuated to extend the sampling pocket into the reaction vial. After five seconds, the pocket containing reaction 
solution is retracted into the probe. The sample aliquot is then delivered via a Cavro syringe pump with an adjustable diluent 
volume and flow rate outside the glovebox via an air-tight union to an injection loop on a nanovalve. The microcontroller then 
switches the valve position aligning the sample loop between the HPLC pump and column for analysis. The system resets to its 
initial state and a wash cycle is performed (2.0 mL of diluent) to flush any residual sample from the fluidic lines and injection 
loop into the waste. This wash cycle also backfills the probe pocket with clean solvent before the next sample is taken. An 
important consequence of this wash cycle is dilution of the reaction. Every time the sampling probe extends the pocket into the 
flask the reaction becomes diluted proportional to the volume of the pocket. 

. 
Sample Reproducibility 
 Before we began acquiring progress curves of air sensitive reactions, we probed the sampling reproducibility by sam-
pling a vial of toluene within the glovebox and measuring the HPLC response on the benchtop. Since the sampling sequence 
begins with a dilution proportional to the volume of the sample pocket, we would anticipate a negative trend in the diode array 
detector (DAD) response as a function of the injection number. If observed, this trend would validate the ability of the platform 
to sample, dilute, and mix aliquots reproducibly, and has the additional benefit of allowing us to calculate the slurry probe pocket 
volume. 

Sampling a vial of toluene from within the glovebox 50 times resulted in a linear trend (R2 = 0.99) with a negative slope 
(Figure 2a). By using the initial response, slope of the line, and initial volume we were able to calculate the pocket volume of 
the Easysampler to equal 20.2 µL, which is in excellent agreement with product specifications. This similarity between expected 
and actual pocket volume demonstrates the ability of the platform to reproducibly collect, mix, dilute, and deliver an aliquot from 
within the glovebox to an HPLC on the benchtop for real-time analysis. 
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Figure 2: a) Relationship between detector response and sample number when a vial of toluene is sampled 50 times from within 
a glovebox. b) Relationship between diluent volume and detector response when a vial of toluene is sampled from within a 
glovebox. Each data point represents the average of a triplicate series. Error bars represent ± one standard deviation of the 

series. 

Earlier prototypes of our automated sampling platform displayed a unique relationship between diluent volume and 
detector response.1 Because of the similarity in design regarding sample mixing and delivery, we would anticipate a similarly 
shaped trend with this modified platform. By adjusting the diluent volume between 400 – 1200 µL and measuring the response 
at the detector, we observed a trend shape as anticipated (Figure 2b).  A volume in excess of 400 µL (the approximate dead 
volume between the sample pocket and injection loop) is required to deliver the sample from the reaction vial to the injection 
loop. Volumes between 400 – 700 µL correspond to a region of growing signal response until a maximum response was ob-
served with a volume of 700 µL. For diluent volumes >700 µL we observe a downward trending response until no signal is 
received at the detector (1200 µL), indicating that the entire sample has been flushed into the waste. The DAD response for 
each diluent volume was collected in triplicate and the standard error was plotted (Y error bars).  We were pleased to observe 
low relative standard deviations (often < 1 %) further evidencing the high degree of reproducibility the sampling platform can 
achieve. Therefore, we have demonstrated that by adjusting the diluent volume we can perform on-the-fly, reproducible dilutions. 
This dynamic dilution data can be utilized to optimize signal response at the detector depending on solution concentration. 
Concentrated reactions can be diluted more by using volumes either before or after the apex volume, whereas reactions of low 
concentration can receive maximum signal by using the apex delivery volume (700 µL). 

Monitoring Buchwald-Hartwig Aminations 
The series of Buchwald-Hartwig aminations we chose to monitor is outlined in Scheme 2. We sought to answer the 

following fundamental questions. First, how does varying the aryl halide between iodobenzene (1) and bromobenzene (2) effect 
the reaction profiles of the starting materials and products (Scheme 2a)? Next, what would the reaction progress of a competition 
reaction using both iodobenzene and bromobenzene look like (Scheme 2b)? And finally, what temporal profile would we observe 
for the cascade reaction using the dihalogenated substrate 1-bromo-4-iodobenzene (5) (Scheme 2c)? The structural similarities 
between compounds 1-8 complicate quantitation and profiling by spectroscopic methods because of expected signal overlap. 
By employing HPLC as an analytical tool, starting materials, products, and intermediates can be quantified over the reactions 
entirety to provide a more detailed mechanistic picture.  
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Scheme 2. Buchwald-Hartwig amination reactions to be investigated utilizing the automated reaction monitoring platform. Tem-

poral profiles generated from reactions performed under an inert atmosphere (inside a glovebox). R = p-methoxyphenyl 

COPASI Modeling  
Before monitoring the reactions described in Scheme 2, we created models using COPASI software for each case. 

These models provide a useful starting point to approximate trends based off assumptions made from literature precedence. 
Previous studies comparing oxidative additions of iodo- and bromobenzene to Pd(0) complexes occur with different kinetic 
behaviours. Aryl iodides undergo oxidative addition more rapidly than aryl bromides, indicating that the halide identity affects 
the reaction rate.23–26 Additionally, Buchwald demonstrated that reductive elimination of electron rich amines such as 3 is not a 
kinetically difficult step in certain Pd catalyzed C-N aminations. This observation further supports a paradigm where oxidative 
addition could be turnover limiting.27 Other mechanistic studies on aminations of aryl bromides revealed conclusively that the 
secondary amine component does not exhibit positive order kinetics, while a dependence of the rate on [aryl halide] was ob-
served.28 Considering both previous kinetic studies and energy differences between Ph-Br and Ph-I bonds29,30, we will assume 
that oxidative addition is turnover limiting. Therefore, differences in bond strengths between Ph-I and Ph-Br would manifest in a 
larger rate of consumption of PhI than PhBr. 

For the reactions completed in parallel (Scheme 2a) we assume that the oxidative addition of the aryl halide represents 
the turnover limiting step to form complex II (Scheme 1). To exemplify these differences in reactivity of the aryl halides, a 
simplified model in COPASI was constructed (Figure 3a). In this model we assumed that k1 with iodobenzene is threefold larger 
than k1 with bromobenzene. The trends in Figure 3a show first order decay of iodobenzene (1) and bromobenzene (2) with the 
rate of consumption of 1 being greater. Therefore, we anticipate that the kinetic profile for the parallel reactions described in 
Scheme 2a would resemble the temporal profile visualized in Figure 4a. 

 

 

Figure 3: COPASI modelling for the reaction network outlined in Scheme 2. a) Predicted reaction progress curves for competi-
tion / parallel aminations (Scheme 2a and b). b) Predicted reaction progress curves for the cascade reaction using 1-bromo-4-

iodobenzene (Scheme 2c).  

For the competition reaction using two aryl halides (Scheme 2b), we would anticipate simultaneous consumption of 
PhI and PhBr. Similarly, differences in lability of Ph-I and Ph-Br would result in a larger rate of consumption of iodobenzene vs 
bromobenzene. Therefore, we expect minimal differences in the kinetic profiles for the parallel and competition reactions de-
scribed in Scheme 2a and 2b, and that both will resemble the COPASI generated profile displayed in Figure 3a.  

The temporal profile for the cascade reaction using the dihalogenated substrate 5 (Scheme 2c) would be an extension 
of the same hypothesis, where the Ph-I bond engages more readily than Ph-Br leading to a buildup of intermediate 6. A model 
was made in COPASI which assumed that coupling would occur exclusively at the C-I position of 6 due to differences in bond 
strengths of the two halogens (Figure 3b). The additional assumption was made that the rate of oxidative addition for iodoben-
zene is threefold larger than for bromobenzene. The COPASI model displayed first order decay of 5 as monocoupled interme-
diate 6 is formed. Eventually 6 hits a maximum concentration as the [5] continues to decrease. Next, intermediate 6 enters a 
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new regime where its rate of consumption exceeds its rate of formation resulting in  an inflection point in the [6]. The model 
predicts a sigmoidal profile for the formation of the dicoupled product 8 as 6 is a necessary precursor.  

 
 
 

Parallel reaction data 
To demonstrate the ability of our automated sampling device to monitor reactions performed from within a glovebox, 

we acquired progress curves for a series of Buchwald-Hartwig aminations (Scheme 2). Many developments have been made 
in optimizing the Buchwald-Hartwig amination to expand the scope and utility of this transformation, but ultimately the selection 
of the optimal solvent, base, Pd source, and ligand mostly depend on the nature of the substrates.31 For our studies we selected 
the bis(4-methoxyphenyl)amine (3) as our amine coupling partner. We opted to use Pd(OAc)2 as a precatalyst, as after in situ 
reduction a highly active Pd catalyst is generated providing superior results to Pd2(dba)3, Pd(OAc)2/PhB(OH)2 or [(allyl)PdCl]2 

for the arylation of anilines.32 As a ligand we chose the sterically hindered alkyl phosphine P(t-Bu)3 as it is competent for coupling 
aryl halides and aryl amines.33,34 The pyrophoricity and ease of oxidation of P(t-Bu)3 necessitate its usage under an inert atmos-
phere, providing an excellent test case for our sampling system. Commonly employed bases in the Buchwald-Hartwig amination 
include NaOtBu,35 LiHMDS,36 and Cs2CO3.37 We selected the base/solvent combination of LiHMDS and THF to improve repro-
ducibility, as physical properties such as base particle size can affect the reaction rate in heterogeneous palladium-catalyzed 
aminations.38 The moisture sensitive nature of LiHMDS further incentivized the use of an inert atmosphere when performing 
these coupling reactions, thereby additionally validating the use of a glovebox.  

We began our reaction monitoring studies using a model system to compare the rates and reaction profiles of C-N 
coupling with diarylamine bis(4-methoxyphenyl)amine (3) and both iodobenzene (1) and bromobenzene (2). Performing two 
coupling reactions using identical experimental conditions but with different halide substituents (1 or 2) produced two distinct 
reaction profiles (Figure 4). Concentrations for 1, 2, 3, and 4 were calculated from external calibration curves created for each 
component (See SI).  

 

 
Figure 4: Online HPLC Data for the parallel coupling reactions including aryl halides 1 or 2. Reaction conditions: [1]0 or [2]0 = 
[3]0 = 0.11 M; [LiHMDS]0 = 0.165 M; [Pd(OAc)2]0 = 2.8 mM; [P(t-Bu)3] = 5.6 mM in THF/toluene (17:1) at 60 °C in a glovebox.  
 

The data in Figure 4 show that neither reaction displays a simple kinetic profile. Interestingly, after the first 30 minutes, 
the rates for both reactions were comparable. This observation contests our straightforward hypothesis that lability of the C-X 
bond will dictate the reaction rate. After 3 hours the rate of consumption of bromobenzene decreased until a constant reaction 
rate was observed, corresponding to 33% conversion of 2.  This unchanging rate despite continual reaction progress could 
indicate a change in the catalyst resting state as a function of turnover for the bromobenzene reaction. Alternatively, the reaction 
progress when iodobenzene is employed displays a relatively constant reaction rate indicating that the halide identity effects the 
reaction mechanism. This conclusion is within agreement by rate studies completed by Hartwig, which indicated that the mech-
anism of oxidative addition differs when iodobenzene and bromobenzene are subjected to identical reaction conditions.24  

The non-classical behavior observed in both cases could be a result of catalyst activation/deactivation, formation of 
aggregates, or a change in the catalyst resting state. Simply performing initial rate measurements would result in the oversim-
plification of complex kinetic behaviour as observed here. Therefore, the ability of our reaction monitoring platform to observe 
trends over the entire reaction has unparalleled value for increasing mechanistic understanding, especially in systems that 
display complex kinetics.  

 
Competition Reaction Data 

To further probe the ability of the reaction monitoring platform to profile complex multicomponent reactions, we devised 
a Buchwald-Hartwig competition reaction using two aryl halides. Competition reactions can be a useful strategy for delineating 
mechanisms, as they can provide insight to multistep catalytic pathways which cannot be obtained via completing reactions 
singly.39 
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Figure 5: Online HPLC data displaying progress curves for the competition reaction using coupling partners 1 and 2. Reaction 
conditions: [1]0 = [2]0 = 0.055 M; [3]0 = 0.11 M; [LiHMDS]0 = 0.165 M; [Pd(OAc)2]0 = 2.8 mM; [P(t-Bu)3] = 5.6 mM in THF/toluene 
(17:1) at 60 °C in a glovebox. 
 

Both iodobenzene (1, 0.5 equiv) and bromobenzene (2, 0.5 equiv) were included as coupling partners with arylamine 
3 (1 equiv) to form the single triarylamine product 4. Finding a means to gather time-course data for competition reactions such 
as this is nontrivial. More routine reaction monitoring techniques such as IR and NMR would likely be incapable of quantifying 
the reaction species due to signal overlap of structurally similar compounds. Our system, however, is ideally suited for monitoring 
this multicomponent reaction because it is capable of quantifying 1, 2, 3, 4, and toluene throughout the entire reactions progress 
(See SI).  

Utilizing the parallel coupling data and COPASI modelling as templates to predict reactivity for the competition reaction, 
we anticipated simultaneous consumption of both 1 and 2, with the rate of consumption of 1 being greater (Figure 3a). Instead, 
we observed a reaction profile with two distinct reactivity regimes (Figure 5). Complete consumption of iodobenzene was ob-
served in under four hours and displayed exponential decay. During this time, the consumption of bromobenzene was minor, 
indicating high selectivity for coupling 1 over 2 when both are present in similar concentrations. Upon exhaustion of iodobenzene, 
the rate of consumption of bromobenzene first increases, then decreases until complete consumption was observed after ~14 
hours. This sigmoidal profile of 2 was unexpected based off the reactions performed in parallel, and further reinforces the 
importance of robust time-course data for understanding reaction mechanisms. Often chemical processes are more complex 
than initially expected and making mechanistic proposals for systems based solely on initial rate or endpoint analysis can lead 
to faulty understanding. We are confident in the accuracy of the acquire time-course data as we observed a conservation of 
mass balance throughout the reactions progress. Additionally, the near overlaid trends of 2 and 3 at times >4h exemplify the 
quantitative accuracy of the platform by accounting for the 1:1 stoichiometry of the reaction.   

The observed selectivity for depleting iodobenzene over bromobenzene at the early stages of the reaction is indicative 
of catalyst monopoly and can be rationalized by either comparing the rates of oxidative addition or the reactivity of downstream 
intermediates. The competition reaction mechanism can be described as two separate catalytic cycles, one for each aryl halide, 
and with each beginning at LnPd(0) (I, Scheme 3). Interestingly, both catalytic cycles form the same amido-complex IV, so the 
rate of reductive elimination to form the final product 4 should have negligible effects on the reaction progress.  

 

Scheme 3. Reaction mechanism for the competition reaction using iodobenzene (1) and bromobenzene (2). R = p-methoxy-
phenyl 
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Differences in the facileness of the oxidative addition of iodobenzene and bromobenzene could account for the ob-
served catalyst monopoly. If the magnitude of k5 >> k6, then oxidative addition complex IIa would form preferentially over IIb. 
However, this discrepancy of rate constants between oxidative addition is not supported by the parallel studies, where initial 
rates for coupling PhBr and PhI were comparable. Alternatively, reactivity differences of later intermediates could account for 
the observed monopoly. For example, differences in the rate constants k7 and k8 to form coordination complexes IIIa and IIIb, 
respectively, could manifest as a higher rate of consumption of IIa over IIb. A final consideration regarding the catalyst monopoly 
is the possibility that oxidative addition of the C-X bond is reversible. Several examples have been reported indicating that 
oxidative addition of C-Br is reversible when the bulky ligand P(tBu3) is used.40–42 Therefore if formation of IIb from I and 2 is 
reversible, and IIa is more reactive than IIb, the observed monopoly could be a result of a Curtin-Hammet type paradigm. 
Differences in the stability of oxidative addition complexes IIa and IIb becomes less relevant, as reactivity of these intermediates 
is the main driving force for the observed selectivity.  

An expanded model in COPASI was created to rationalize the observed catalyst monopoly. In our model, we observed 
excellent fit for the reaction profiles of all measured species throughout the competition reaction (See SI). Using the model we 
report that differences in the magnitude of oxidative addition (k5 vs k6) accounts for the observed catalyst monopoly, a proposal 
consistent with previous studies.29 

 
Cascade Reaction Data 

To further solidify the capability of the automated sampling platform to generate reaction profiles of complex chemical 
systems, we chose to monitor an additional C-N coupling reaction using the difunctionalized aryl halide 1-bromo-4-iodobenzene 
(5). Data from the previous parallel and competition reactions would suggest that C-N coupling at the iodo- position of 5 would 
out-compete coupling at the bromo- position to accumulate a detectable amount of mono-coupled intermediate 6 (Scheme 2c). 
We would then expect a second regime to predominate involving the coupling of intermediate 6 with an additional molecule of 
3 to afford the dicoupled product 8 (Figure 3b).  

Combining equimolar amounts of 3 and 5 under coupling conditions instead resulted in another unexpected reaction 
profile (Figure 6). Strikingly, we observed the dicoupled product 8 on our first collected data point. This result further exemplifies 
that proposing reaction mechanisms using temporal data of similar catalytic systems is insufficient and can lead to simplified 
and erroneous understanding. Collecting time course data of each modified system is the only way to truly elucidate mechanistic 
subtleties. We observed overall zero order decay for the consumption of both starting materials 3 and 5. The consumption rates 
of 3 and 5 were 4.4 mM/h and 2.9 mM/h, respectively. This discrepancy between consumption rates can be rationalized mech-
anistically as 5 reacts only with 3 to form 6, whereas 3 also reacts with 6 to form 8.  

 

Figure 6: Progress curves when 1-bromo-4-iodobenzene (5) is used as the aryl halide coupling partner. 

To account for the observed kinetic profile when 1-bromo-4-iodobenzene (5) was selected as the halogenated sub-
strate (Figure 6) a linear reaction network was assumed comprising two sequential catalytic cycles.  Using COPASI, three 
models were generated where the magnitudes of k12 and k13 were adjusted to attempt to match the model with the observed 
profile. First, k12 = 10k13 (Figure 7a), then 10k12 = k13 (Figure 7b), and finally k12 = k13 (Figure 7c). 
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Figure 7. COPASI models for a linear reaction network describing reactivity of 5. k12 and k13 values were varied to attempt to 

match the trends in Figure 6. a) k12 = 10k13 = 1 Ms-1; b) 10k12 = k13 = 1 Ms-1; c) k12 = k13 = 0.1 Ms-1 

The COPASI models generated in Figure 7, which assumes a linear reaction network, provide a simple but useful 
approach to delineating the coupling cascade depicted in Figure 6.  When the magnitude of the rate constant of the first catalytic 
cycle (k12) is tenfold larger than that of the second cycle (k13), we would observe 6 as the major product with less than 20% of 
the dicoupled product 8 being formed (Figure 7a). The large discrepancy of concentrations between 6 and 8 at the end of the 
reactions progress out this scenario. When the magnitude of the rate constant of the second catalytic cycle (k13) is tenfold larger 
than that of the first cycle (k12), we observe a change in the selectivity of the major product (Figure 8b). In this scenario, formation 
of the dicoupled product 8 predominates, while the concentration of intermediate 6 remains low. A maximum [6] is observed 
corresponding to ~10%. Finally, when the magnitude of the rate constants for the first and second catalytic cycle are equal (k12 
= k13, Figure 7c), the dicoupled product 8 forms only after an appreciable quantity of 6 has been generated. Interestingly, at the 
end of the reaction [6] = [8].  The nonzero-order profiles predicted in all three of these scenarios, coupled with the product 
distributions, lead us to believe that this linear model does not accurately account for the observed trends.   

To more accurately model the temporal profile observed in Figure 6, we propose an alternate reaction network (Scheme 
4). This mechanism invokes π-coordination complex 9, which is formed after C-N coupling at the iodo- position. We propose 
intermediate 9 is in equilibrium with 6 and Pd(0). 

 

 

Scheme 4. Alternate reaction network invoking ring-walking to synthesize 8. 

Invoking 9 allows 8 to be generated directly via a catalyst transfer type mechanism, therefore beginning the second 
catalytic cycle without liberating 6. This intramolecular catalyst transfer has been implicated in multiple examples of Pd catalyzed 
polymerizations of multifunctionalized aryl halides and is commonly referred to as catalyst-transfer polymerization (CTP).43 This 
methodology is especially useful for the synthesis of π-conjugated polymers with narrow polydispersity. The key difference 
between step-growth polymerization and CTP is ring-walking, wherein the catalyst remains bound to the π-system (9) before 
migrating to the next C-X terminus.44 After migration, intramolecular oxidative addition at the C-X bond then repeats the catalytic 
cycle. This cycle continues until all C-X sites have been coupled. The ring-walking behavior of CTP systems has also been 
supported by both experimental and computational data.45  
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Creating a mechanistic model in COPASI using the reaction network in Scheme 4, which invokes 9 as a key interme-
diate, allows the formation of reaction profiles not possible using the previous linear pathway (Figure 8). Accounting for the 
equilibrium process between 6 and 9 resulted in the closest fits yet to match the trends associated with 6 and 8 (Figure 8b). This 
updated model better recapitulates the observed profiles but does not accurately match the zero order profiles of each species. 
To more accurately model the observed reaction profile, additional mechanistic inferences must be included in the model, such 
as off-cycle equilibria or product effects.  

 

Figure 8. Comparing observed kinetic data with a COPASI model for the coupling cascade reaction using 5. a) Reaction profile 
described in Figure 6. b) COPASI model generated using reaction network in Scheme 4. 

Considering whether the linear reaction network in Figure 7 or the catalyst transfer process (CTP) in Figure 8 best 
describes the cascade reaction with substrate 5, we believe the CTP pathway is occurring. The combination of a better COPASI 
product distribution and literature precedence lead us to this conclusion. To the best of our knowledge, this catalyst-transfer 
type behavior has not been reported in Buchwald-Hartwig aminations, or for any coupling reaction using a heteroatom. 

CONCLUSION 

We have developed a modular reaction monitoring platform capable of automated sampling from reactions performed 
within a glovebox and coupled it with online HPLC analysis. The ability of the platform to dilute, deliver, and analyze reaction 
aliquots was demonstrated to be highly reproducible by trending the response when a vial of toluene was sampled from within 
a glovebox and analyzed 50 times. We also observed a characteristic relationship between diluent volume and detector re-
sponse which allows for a wide range of reaction concentrations to be monitored. We used the sampling platform to generate 
reaction profiles for a series of Buchwald-Hartwig aminations. Reactions with aryl halides iodobenzene and bromobenzene 
performed in parallel demonstrate distinct profiles, neither of which displayed classical kinetics. A competition reaction using 
both aryl halides displayed unexpected catalyst monopoly by coupling iodobenzene over bromobenzene when both were pre-
sent in similar concentrations. An additional unanticipated reaction profile was observed when the dihalogenated substrate 1-
bromo-4-iodobenzene was employed. The temporal profiles of each component displayed 0 order kinetics. Additionally, the 
product after two sequential aminations was observed at the first data point demonstrating the formation of the dicoupled product 
is facile. We invoke ring-walking behavior of the Pd catalyst in this system to rationalize the observed trends. To the best of our 
knowledge this is the first example of ring walking behavior in coupling reactions involving heteroatoms.  
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