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ABSTRACT

Improving Efficiency by Using Continuous Flow to Enable Cycles: Pseudo-
Catalysis, Catalysis and Kinetics

Ryan Sullivan Advisor:
University of Ottawa, 2020 Stephen Newman

This thesis is centered around the use of flow chemistry to enable cycles in order to increase
reaction or process efficiency. Chapter two describes the development of a pseudo-catalytic cycle
in space; a strategy to achieve formal sub-stoichiometric loading of a chiral auxiliary. By
telescoping auxiliary attachment, asymmetric transformation and auxiliary cleavage into one
continuous flow process, coupled with separation of product and recovery of auxiliary, the reuse
of the auxiliary can be automated by returning the recovered auxiliary back to the start of the
process to achieve ‘turn-over.” An asymmetric hydrogenation mediated by Oppolzer’s sultam is

used to demonstrate this concept.

In order to achieve cycles such as the one discussed in Chapter two, the ability to telescope
reactions in flow is paramount. However, solid handling challenges are frequent when
transitioning to flow, leading to limitations in potential solvents or conditions in order to achieve
homogeneity. This complicates the ability to telescope reactions, and to address this challenge the
work in Chapter three focuses on the development of a general and simple solution to negate
precipitation problems arising from precipitation of base-HX salts, a frequent reaction by-product
of common reactions. By using bases that form low- to moderate-melting salts upon protonation,
precipitation is precluded while reactions are performed above the melting point of the base-HX
salt. This is shown to be applicable for a wide variety of substitution reactions and allow facile

reaction telescoping.

Chapter four focus on overcoming severe scope limitations in palladium catalyzed
transformations that result when rapid background reactions deplete the nucleophilic coupling
partner faster than catalyst turnover. This work starts with real-time MS investigations to

investigate why slow addition of Grignard or organolithium nucleophiles facilitates substantial
il



scope expansion in Kumada-Corriu or Murahashi cross-couplings, and then uses the information
gleaned from these studies to significantly expand the accessible scope of palladium catalyzed aryl
halide—diazo cross-coupling, through controlled addition of the diazo reagent at a rate that
approximates aryl halide oxidative addition, in combination with on-demand flow synthesis of

non-stabilized diazo reagents.

Chapter five focuses on improving efficiency in the collection of kinetic data in flow, by
developing a reaction cycling reactor. Conversion over time data is obtained by passing a discrete
reaction slug back-and-forth between two residence coils, with analysis performed each time the
solution passes from one coil to the other. In contrast to a traditional steady state flow system,
which requires >5 x the total reaction time to collect data, this reactor design collects all the data
during a single reaction. Multiple reactions can also be monitored at the same time by performing
multiple reactions as sequential slugs in the reactor. The reactor is demonstrated by application to

a wide variety of transformations and different methods of kinetic analysis.
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Chapter 1 Introduction

1.1 Continuous flow chemistry for improving reaction efficiency

In conventional batch chemistry reactions are performed by combining reagents in an
appropriate vessel — most commonly a round bottom flask — under suitable conditions. In
contrast, continuous flow chemistry is performed by pumping solutions/mixtures of reagents
through a reactor vessel equipped with an inlet and outlet — in an academic context typically a
coil of small diameter tubing (e.g., PFA, PEEK, stainless steel, etc.) but numerous reactor designs
are available for different purposes — and reactions proceed as the material moves through the
reactor.! Reaction ‘time’ is tied to residence time inside the reactor, which is in turn a direct
consequence of the flow rate of materials and volume of the reactor vessel. Continuous flow
chemistry is the norm in the bulk chemical industry due to the sheer volume of material produced.
However, despite numerous potential benefits from operating in continuous flow, batch methods

largely predominate at academic, pharmaceutical and fine chemical scales.

In the last couple decades however, interest in continuous flow chemistry within academia
and pharma has increased immensely in recognition of the benefits achievable in flow.! These
potential benefits include improved heat and mass transfer, access to wider temperature and
pressure windows, safer use of high energy intermediates, facile recovery and reuse of
heterogeneous catalysts, and the ability to telescope multi-step syntheses. As a result, the
application of continuous flow chemistry to improve reaction efficiency and decrease

environmental impact is becoming increasingly common.?
1.1.1  Improved heat and mass transfer

The improvement in heat and mass transfer realized with continuous flow systems stems
primarily from the decreased reactor dimensions that facilitate rapid mixing and efficient heat
transfer due to small diffusion path lengths and large surface area to volume ratios.!” In
combination with the tight control over residence times achievable in a flow system, this can
provide greatly improved selectivity and yield for very fast and exothermic reactions. The largest
impact in this area has been the seminal contributions from the Yoshida group in the development
of flash chemistry.* The most common application has been for the selective formation of

(unstable) organometallic reagents at non-cryogenic temperatures.
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For example, double functionalization of ortho-dibromobenzene (1.1) was achieved using a
flow reactor by sequential lithium-halogen exchange/electrophile trapping reaction sequences
(Scheme 1.1), whereas in a batch setup the degradation of ortho-bromophenyllithium to benzyne
cannot be prevented.’ Furthermore, the second lithium-halogen exchange and electrophile quench
can be performed at 0 °C, whereas in batch cryogenic temperatures are generally required to
control the reaction exotherms and prevent organolithium decomposition and other side reactions
for this family of transformations.® Numerous examples within academia have been demonstrated,*
and flash chemistry has begun to see use in the pharmaceutical industry for organolithium and
Grignard reagent formation and utilization.” Efficient heat transfer also, in principle, allows
reactions to be performed at higher concentrations due to efficient control of exotherms. However,
the need to avoid precipitation usually prevents the use of high concentrations from being realized

in practise. These concepts and limitations will be revisited in Chapter 3.

Scheme 1.1. Flash chemistry enabled double functionalization of ortho-dibromobenzene using sequential

lithium—halogen exchange/ electrophile trapping reactions.
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1.1.2  Access to wider temperature and pressure windows

The application of pressure in a continuous flow system is trivial, not requiring expensive,
specialized equipment or substantial infrastructure investment as is the case for batch chemistry.

Pressure in a flow system is achieved through application of a back-pressure regulator at the exit
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stream of the reactor, with the upper limit defined by either the material strength of the reactor
components or ability of pump(s) to deliver material against the set pressure. For example, a flow
reactor comprising HPLC pumps and stainless steel tubing can accommodate pressures of 200 bar
at 350 °C.* As a consequence, reactions can be easily conducted in flow at temperatures above the
atmospheric boiling point of the solvent, giving access to accelerated reaction kinetics.
Furthermore, reactions conducted at (highly) elevated temperature allow not just acceleration of
known chemistry, but also access to chemistries that are not possible in batch."?%° For example,
thermal deprotection of N-boc-protected amines 1.3 was achieved at neutral pH in flow by using
reaction temperatures of 300 °C, a transformation not realizable under batch conditions (Scheme
1.2).!° Numerous other novel transformations have been achieved using high-temperature, high-

pressure flow conditions and the reader is directed to reviews available on the subject.!®?

Scheme 1.2. A thermal boc deprotection developed by Bogdan and coworkers.

O
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Use of high pressure is also beneficial for gas-liquid reactions by increasing the solubility of
the gaseous reactant in the liquid phase. For example, hydrogenation reactions frequently occur
under biphasic (gas-liquid) or triphasic (gas-liquid-solid) conditions, with mass transport between
H> and the catalyst typically rate limiting. The application of pressure and efficient agitation is
often therefore essential to achieve desired reaction rates due to the low solubility of hydrogen in
most organic solvents.?’ Consequently, conducting a large-scale batch hydrogenation not only
requires the use of expensive, specialized high-pressure equipment, but also introduces
considerable safety risks due to the need for a pressurized headspace of highly flammable hydrogen
gas. In a flow system however, not only is the equipment cost to manufacture a reactor much
lower,!! but there is also no large headspace present, so safety risks are minimized. Furthermore
due to the ease of application of high pressures and small reactor dimensions mass transport
between hydrogen gas and the liquid phase or solid catalyst is greatly enhanced.?
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As a result, continuous flow hydrogenations are increasingly popular within academic,'?
medicinal chemistry,'* and process chemistry'# groups. Both heterogeneous (vide infra, section
1.1.4) and homogeneous catalyzed reactions are common. For example, researchers at Eli Lilly
developed a continuous flow, homogeneously catalyzed asymmetric hydrogenation of enone 1.5
to ketone 1.6 in the process route towards LY500307 (1.7, Scheme 1.3), achieving ~13 kg/day
throughput with a 73 L plug flow tubular reactor (Figure 1.1).4* The flow process was essential to
allow scale up since high pressures of hydrogen (70 bar) were required to reach complete
conversion of this challenging, tetrasubstituted enone, and large scale autoclaves capable of
handling this pressure were not available in the researchers’ manufacturing area, with prohibitive
capital expense deterring acquisition. The benefits of trivial access to high pressure to accelerate

hydrogenation reactions will be important in Chapter 2.

Scheme 1.3. Flow asymmetric hydrogenation for the scale up of ketone 1.6.
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1.1.3  Safe use of high-energy intermediates

In section 1.1.2 the use of continuous flow reactors to minimize risk by removing the
necessity for a large, pressurized headspace of flammable hydrogen was highlighted. Flow systems
can also minimize safety concerns for other hazardous chemistries as well. Implementation of a
flow process allows many of the safety risks associated with the use of high energy compounds to
be addressed. Not only does the high heat transport achieved in flow allow tight control over

reaction exotherms, minimizing the risk of reaction run-away, but the smaller dimensions of a flow
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Figure 1.1. 73 L plug flow reactor used at Eli Lilly for the continuous flow hydrogenation of enone 1.5.

Image reproduced from ref 14a with permission from ACS publications.'

reactor also mean smaller quantities of high energy species are present at any given time. By
combining flow generation with immediate quench of the reactive species into one process, further
safety concerns can be mitigated through removal of need to stock large quantities of the hazardous
chemical, and minimizing exposure risk since physical manipulations (e.g., loading or work up
and isolation) are not required. This makes it possible to consider atom economical synthetic routes

that would traditionally be discarded because of safety concerns in batch scale up.

For example, diazo compounds are very versatile reagents that enable a wide variety of
interesting transformations, typically with high atom efficiency.!® Nonetheless, the health and
safety concerns due to high toxicity and tendency to decompose explosively have traditionally
precluded application of diazo compounds at scale.!” Furthermore, the necessity for a stabilizing
electron withdrawing group alpha to the diazo functionality places severe limitations on the types
of diazo compounds that are accessible even at small scale. Continuous flow processes for the safe
synthesis and immediate consumption of diazo compounds are brokering a renaissance of diazo
chemistry, demonstrating assess to a wide variety of diversely functionalized diazo compounds, '
including at industrially relevant scales.!” For example, recent work by the groups of Ley'® and
Charette?® has demonstrated the ability safely synthesize non-stabilized diazo compounds (1.9) by
on-demand oxidation of hydrazones (1.8) in flow, and apply these diverse reagents in atom
economical syntheses of a variety of densely functionalized compounds, including diverse
pyrazolines and pyrazolidines (1.10), esters (1.11), cyclopropanes (1.12), allenes (1.13), and
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secondary or tertiary alkanes (1.14) (Scheme 1.4). The ability to safely access diazo compounds

using continuous flow will be important in Chapter 4.

Scheme 1.4. On-demand flow synthesis of non-stabilized diazo compound by oxidation of hydrazones for

the synthesis of varied chemical products.
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[0] =MnO,

1.1.4  Efficient application of heterogeneous catalysts

In most cases converting a reaction to continuous flow can facilitate process intensification
due to improved heat and mass transfer, allowing higher concentrations and shorter reaction times
to be used. For heterogeneously catalyzed processes however, the potential benefits of operating
in continuous flow are much greater. This is for two reasons. First, a heterogeneously catalyzed
process is necessarily operative in different phases (e.g., solid-liquid, solid-gas or solid-liquid-gas)
and as such mass transport plays a large role in the reaction kinetics. The smaller dimensions of
continuous flow reactors greatly improve mass transport, accelerating heterogeneously catalyzed
reactions as already mentioned (vide supra, section 1.1.2). Second, and perhaps more significant,
the effective catalyst loading in a flow process is substantially higher than in a batch case. This is

a consequence of reactor design.



To perform a heterogeneously catalyzed reaction in flow one typically uses either a packed
bed or fluidized bed reactor. A packed bed reactor is filled with catalyst particles and capped with
porous frits on either end. Reaction fluids are pumped through the bed, travelling through the void
spaces (Figure 1.2A). A fluidized bed reactor is quite similar but is only partially filled with
catalyst and the reaction fluids are pumped in from the bottom at a sufficiently high flow rate to
agitate the solid catalyst particles, ‘fluidizing’ the bed (Figure 1.2B). In both cases, the entirety of
the heterogeneous catalyst but only a very small portion of the reaction solution is present at any
given time. This results in super-stoichiometric effective catalyst loadings, greatly increasing

reaction rates.

A) Packed bed reactor B) Fluidized bed reactor

products out

!

products out

!

reagents in

!

reagents in

Figure 1.2. Simplified schematic of a packed bed (A) vs. fluidized bed (B) reactor.

An example from our laboratories highlights the rate acceleration achievable. A collaborator
in industry was pursuing a synthetic route that included a nitro reduction step of a functionalized
aromatic nitroarene 1.15 (Scheme 1.5A). In batch the reaction was slow, requiring 22 h at room
temperature, while attempts to accelerate the reaction by applying more forcing conditions led to
erosion of product selectivity due to over reduction of the aryl halide groups. By converting to a
continuous flow process using a packed bed reactor the contact time necessary between the

reaction solution and the catalyst could be drastically decreased. Furthermore, due to the ability to



tightly control the contact time, use of elevated temperatures was feasible without leading to
overreduction, allowing a further decrease in necessary contact time with the catalyst to only ~3
min (Scheme 1.5B).2! Given the drastic decrease in reaction time possible it is therefore
unsurprising that performing heterogeneously catalyzed reductions in continuous flow has
attracted considerable interest in the pharmaceutical and agrichemical industries.?? Efficient use of

heterogenous catalysts and packed beds of reagents will be important in both Chapters 2 and 4.

Scheme 1.5. Nitro reduction of an industrially relevant intermediate was greatly accelerated by converting
from a batch to flow hydrogenation.

A) Nitro reduction in batch was slow B) Converting to flow allowed substantial rate

acceleration
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1.1.5 Telescoped multi-step reaction sequences

Synthesis of complex, functionalized molecules typically requires multi-step reaction
sequences. Non-quantitative yields and losses during purification and isolation at each step quickly
add up to give low overall yields from start to finish. In addition, the isolation and purification of
numerous intermediates makes the process labor intensive. Consequently, development of
synthetic routes that are shorter and require fewer intermediate isolations are major goals during
process scale up and total synthesis to improve efficiency. One approach to cut down on
intermediate isolations is to use the crude reaction mixture from one reaction directly as the starting
material for the next reaction by performing reactions back-to-back in continuous flow.>* This
‘telescoping’ of reactions into a single process can improve the efficiency and decrease the manual

labor involved in a multi-step synthesis.

For example, Jamison and coworkers reported a telescoped seven-step synthesis of Linezolid

(1.26), a last-line-of-defense antibiotic for multi-drug resistant gram-positive bacteria (Scheme
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1.6).2* The conversion to a telescoped continuous flow process allowed shortening the reaction
time from start to finish to 27 min, achieving an overall 73% yield of 1.26 compared to >60 h and
50% overall yield obtained in the optimized batch process.>> With such substantial improvements
possible, it is no surprise that a major research focus in the pharmaceutical industry has been
investigating feasibility of telescoping continuous flow syntheses of APIs.?® The ability to

telescope reactions plays a crucial role in Chapters 2 and 4, and is also featured in Chapter 3.
1.2 Implementing cycles to improve efficiency

1.2.1  Cycles by reagent design: Catalytic cycles

While use of continuous flow chemistry can be an excellent way to improve reaction
efficiency by facilitating process intensification and/or accessing shorter synthetic routes, it is by
no means the only approach available. The construction of closed cycles is another powerful
strategy used to improve efficiency and reduce waste. The most common context of this approach
is the development of catalysts that interact with reagent(s), enable a desired transformation, and
re-emerge unaltered after releasing product(s). This allows the catalyst to subsequently engage
with a new set of reagents, generate additional product, etc. until all reagents are consumed, or the
catalyst dies through a non-productive pathway. This type of closed cycle is operative in time; the
catalyst remains in the same place (e.g., the flask) but continuously ‘travels’ through the cycle as

time passes, affecting multiple net transformations (Scheme 1.7).

While an incredibly elegant and powerful solution to enable numerous important reactions,
development of new catalytic transformations is not trivial. A functioning catalytic cycle requires
numerous elementary reaction steps to operate in a carefully balanced harmony under a single set
of reaction conditions, in competition with a myriad of unproductive side reactions and catalyst
decomposition pathways.?” As a result, it is very common that small changes to reaction
components or conditions result in large changes in reaction outcome. The most frustrating
consequence of this is the high tendency to encounter scope limitations when applying reported
catalytic methods to highly functionalized substrates. For example, the Buchwald-Hartwig
amination is an intensely studied, well developed, and well understood catalytic reaction to form

a new carbon—nitrogen bond, and yet a 55% failure rate is reported for Buchwald-Hartwig



Scheme 1.6. Telescoped seven step continuous flow synthesis of Linezolid reported by Jamison and

coworkers.
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Scheme 1.7. A generic catalytic cycle — a cycle in time.
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aminations on densely functionalized drug intermediates in the pharmaceutical industry.?® As a
result, there is a constant need for research to overcome scope limitations in existing catalytic
reactions through the identification of new catalysts, alternate reaction conditions and novel

transformations.
1.2.2  Cycles by reactor design: Recycle loops

While catalysis is perhaps the most obvious and elegant example, it is not the only instance
where cycles are used to increase efficiency in chemical processes. The continuous recycling of
unreacted reagents in industrial processes operated at partial conversion is also a case where
implementation of cycles is used to maximize efficiency and minimize waste. In this case however,
the cycles are operative in space; material is physically moved in a circular path, returning
unreacted material exiting a process back to the beginning, while products are continuously

removed.

Implementation of cycles in space is common at the bulk chemical scale, where chemical
processes operate continuously. For example, in catalytic hydrocracking operations heavy
fractions of crude oil are treated with H> over catalyst beds to facilitate the production of lighter
naphtha fractions. Upon exiting the reaction zone, the material is a mixture of various
hydrocarbons ranging from low boiling (light fractions) to high boiling (heavy fractions). The
problem of low selectivity during the cracking is overcome by incorporating a closed recycle loop
to recover and retreat the fractions that are heavier than desired. After separation of the various

product cuts by distillation, the heaviest fractions of material are sent back to the reaction zone for
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re-cracking via a recycle loop to increase the production of the desired, lighter products (Figure

1.3).%

Another example of a very important chemical process that utilizes a cycle in space is the
Haber-Bosch process to produce ammonia. In this case the reaction suffers from low conversion
due to the equilibrium favoring the reactant N> and H» gasses rather than the product. The
disadvantaged thermodynamics are overcome by accepting low conversion and using looped

reactor designs to continuously recover and recycle the unreacted N> and H» (Figure 1.4).%°

1.3 Using continuous flow to enable cycles

1.3.1 Implementing cycles in space to turnover stoichiometric reagents

It is only possible to implement cycles in space such as those discussed above if operating a
continuous process. However, since most new chemical transformations are developed using
traditional batch approaches (e.g., in round-bottom flasks), implementing looped reactor designs
is not generally considered when faced with problems in synthetic organic chemistry. The

development of new catalysts or catalytic transformations on the other hand is a frequently targeted

Makeup hydrogen

Hydrogen recycle gas

— Gas
eb LPG
Light

. naphtha
g| . Heavy
I c naphtha
. tj —— Gas oil
Feed f

Product recycle

Figure 1.3. Schematic of a two-stage catalytic hydrocracking operation: a) hydrogen heater; b) first-stage
reactor (hydrotreating); c) second-stage reactor (hydrocracking); d) high-pressure separator; e) hydrogen
compressor; f) low-pressure separator; g) fractionator with recycle of highest boiling fractions back to
hydrocracker for subsequent re-treatment — a cycle in space. Image adapted from ref 29 with permission

for J. Wiley and Sons.
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Figure 1.4. Schematic of a typical Haber-Bosch process loop: a) ammonia converter with heat exchangers;
b) ammonia recovery by chilling and condensation; c) synthesis gas compressor; d) recycle compressor.
Unreacted H, and N» gasses are continuously recycled back to the reaction zone — a cycle in space. Image

adapted from ref 30 with permission from J. Wiley and Sons.

solution to develop new reactions and improve efficiency. Furthermore, implementation of
catalytic processes rather than using stoichiometric reagents is one of the twelve principles of
Green Chemistry to reduce environmental impact by limiting waste production and resource
consumption.>! We considered that since catalysis is implementation of a cycle operating in time,
implementing a cycle operating in space using recycle loops in continuous flow could, in principle,
achieve comparable benefits. We hypothesized that designing a cycling reactor to ‘turnover’ a

stoichiometric reagent could realize the same benefits as developing a new catalyst (Figure 1.5).

This concept is in part inspired by the recovery and reuse of homogenous catalysts in
continuous flow systems, which has been well documented using strategies such as scavenging
columns, liquid-liquid biphasic reaction conditions and organic solvent nanofiltration.*?
Furthermore, at the industrial scale, liquid-liquid biphasic conditions to recover and reuse
homogeneous catalysts in continuous processes are used at the 10° t/a scale in, for example, the
Ruhr Chemie/Rhéne-Poulenc process for hydroformylation of propene to butanal®* and the Shell
Higher Olefin Processes (SHOP) for ethylene oligomerization.>* However, while continuous
recovery and reuse of homogenous catalysts is clearly beneficial from a cost perspective, through
a conceptual lens the consequence of implementing a cycle in space to facilitate catalyst reuse is

simply to increase turnover number (TON) of a reagent that already exhibits turnover. We
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A) A catalytic cycle turns over in time

Q Q

B) A cycle in space can also achieve turnover
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Figure 1.5. A) A catalyst turns over in time to improve reaction efficiency. B) Facilitating reagent turnover
by designing a continuous process with recycle loop is hypothesized to realize the same efficiency benefits

in direct analogy to a catalytic cycle, but operative in space.

envisioned that more challenging problems could be overcome by using flow chemistry to

implement closed cycles and these ideas are explored in Chapters 2 and 5.
1.3.2  Using controlled reagent addition to facilitate catalytic cycles

Catalytic transformations are incredibly powerful but the complexity of balancing multiple
productive elementary steps in competition with numerous undesired side reactions often results
in scope limitations. Possible reasons for reaction failure include the catalyst suffering from
competitive inhibition, off-cycle sequestration or decomposition.?’® However, there are other
situations where the reason for reaction failure lies not with the catalyst become inactive, but rather
with one or more of the substrates decomposing before engaging in the desired, catalyzed pathway.
Specifically, when one or more substrates undergo uncatalyzed background reactions, the ability
to obtain a high yield or selectivity of the desired product depends on the relative rates of these
catalyzed (desired) versus uncatalyzed (undesired) pathways. This is most commonly appreciated
in the context of enantioselective catalysis, where the presence of uncatalyzed, and therefore non-
enantioselective, background reactions erode product ee but not necessarily yield.>> In order to
achieve high enantioselectivity it is necessary to have negligible background reaction on the time

scale of the catalyzed transformation.
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This concept is not limited to asymmetric catalysis but is also encountered in cases of reagent
incompatibility, where substrates can react directly via uncatalyzed background reactions.*® In
these cases, the background reactions result in low yields of the desired product. Similar strategies
can be employed in either case to vary the relative rates of desired (catalyzed) versus undesired
(background) reactions. For example, inclusion of additives or screening of solvents are common
approaches to optimize yield and selectivity. Nonetheless, the most effective solution is often to
develop a better catalyst with faster turnover (Scheme 1.8). In this way the reactive substrate is
consumed by the desired pathway before having the chance to undergo unwanted background

reactions.

Scheme 1.8. Substrate scope failures resulting from competing side reactions that deplete one of the
substrates can be overcome by accelerating the desired chemistry (development of a faster catalyst,

conventional) or slowing of the undesired side reactions via slow addition of the substrate (proposed).

_________________________

. conventional solution:

+ speed up desired reaction
' develop a faster catalyst
i

non-trivial
product >/ [cat.] &reagent 1
int. 4 int. 1 hypothesis: side reactions deplete
the reactive reagent while waiting |
! for the catalyst to turnover !
reagent 2 > _ decomposition or
W e side products
int. 3 int 2 proposed solution:
~— slow down undesired reaction

match substrate addition rate to
rate of catalyst turnover
easily-implemented

However, while this is elegant and seemingly straightforward, development of new catalysts
is a laborious experimental exercise. While rational design can play a role,’” often brute force
screening and serendipity are the driving forces in new catalyst discovery.?”® We hypothesized that

as an alternative to accelerating catalyst turnover, slow addition of the substrate prone to
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background reactivity could be used to slow the undesired reaction(s). This follows from the
hypothesis that background reactions occur while waiting for the catalyst to turnover. If the
troublesome substrate is added slower than the catalyst turns over, the substrate won’t need to wait
for the catalyst because the catalyst will already be present as the correct intermediate on the
catalytic cycle, ready to consume the reagent as it is added. Slow addition of reagents is common
in catalytic reactions using reactive organometallic substrates,®® but mechanistic reasoning is
seldom given, and to our knowledge the strategy of matching addition rate of a reagent to catalyst
turnover had not been previously described. This hypothesis will be further elaborated on the

introduction to Chapter 4, where these concepts will be central to the work discussed.
1.4  Research goals

The motivation of this thesis is to explore these two unconventional strategies to enable
‘turn-over’ — designing continuous flow reactors/processes that incorporate ‘cycling’ and
matching reagent addition rate to rate of catalyst turnover enable catalytic transformations. The
ability to telescope reactions, safely access high-energy intermediates, and accelerate chemical
transformations by leveraging the other benefits of continuous flow discussed in Section 1.1 will

be central to realize these goals.

Chapter 2 explores the hypothesis that design of a telescoped continuous flow process
incorporating a recycle loop can achieve formal ‘catalytic’ loading of a stoichiometric reagent. An
asymmetric hydrogenation mediated by Oppolzer’s sultam is used for this proof of concept work,
which is accomplished by telescoping the three reactions of auxiliary attachment, hydrogenation,
and auxiliary cleavage into an efficient continuous flow process with incorporation of recovery

and reuse of the auxiliary to achieve ‘turn-over’.

Chapter 3 focuses on enabling reactions to be conducted in continuous flow, a prerequisite
to implementing strategies such as continuous recycling of reagents described in Chapter 2. Solid
handling in flow is a great challenge, particularly problematic for substitution reactions that
generate stoichiometric acid by-products, therefore requiring quenching with a base and producing
insoluble base-HX salts. It was hypothesized that this problem could be overcome by selecting
organic bases for which the base-HX salt is molten at the reaction temperature, and this strategy is

demonstrated to be easily implemented for acylation, SyAr, Sn2, and silylation reactions.
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Chapter 4 explores the second hypothesis, that matching reagent addition rate to rate of
catalyst turnover can enable catalytic reactions that would otherwise fail due to competing
background reactivity. Mechanistic understanding to provide support for the hypothesis is gleaned
from real-time ESI-MS monitoring to track relevant intermediates on the catalytic cycle as a
function of organometallic reagent addition rate for Kumada-Corriu and Murahashi cross-coupling
reactions enabled by Grignard or organolithium slow addition respectively. The strategy is then
extended to substantially broaden the scope of palladium catalyzed cross-coupling of aryl halides
and diazo reagents, in combination with on-demand continuous flow synthesis of non-stabilized

diazo compounds.

Lastly, Chapter 5 returns to the idea of cycling materials in space. This time cycling of an
entire reaction solution is targeted to efficiently obtain conversion over time data using continuous
flow equipment. Sequential analysis as a reaction progresses is challenging in continuous flow
because reaction ‘time’ is coupled with movement in space. It was hypothesized that if a reaction
solution could be moved in a cyclical path, it would be possible to perform analysis once each
‘loop’, and therefore efficiently obtain conversion over time data. A reactor that accomplishes this
goal is developed and demonstrated for the kinetic analysis of a variety of reactions using various

methods of kinetic analysis.
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Chapter 2 Creating a Pseudo-Catalytic Cycle in Space: Automated Recycling

and Reuse of Oppolzer’s sultam?

2.1 Introduction

Accessing enantiopure molecules remains one of the toughest challenges in synthetic organic
chemistry. There are three general approaches to achieve this goal. The first option is to use the
chiral pool, i.e., select as a starting material a chiral molecule that is readily available from nature
in enantio-pure form (e.g., amino acids, sugars, or terpenes).! This can be the most cost-effective
strategy if a short synthetic route can be envisioned to produce the desired product from one of the
small handful of chiral pool molecules available cheaply on commercial scale. This strategy is
convenient if the product closely resembles an available chiral pool starting material, and when

applicable is a very powerful technique that maintains current industrial relevance.?

The second option is to use a chiral auxiliary, i.e., an enantiopure, chiral molecule that is
covalently attached to a substrate to impact diastereoselective control during a subsequent
asymmetric transformation (Scheme 2.1). This is a very powerful strategy for a wide array of
transformations but is generally seen as wasteful because chiral auxiliaries are necessarily
stoichiometric reagents, and their use adds additional reaction steps to the synthetic route for the
required auxiliary attachment and cleavage. Nonetheless, chiral auxiliaries remain a core tool for
asymmetric synthesis due to their ability to enable predictable, robust, highly stereoselective
transformations, in many instances for reactions where catalytic methods do not exist or are
inefficient,’ and continue to be used in the pharmaceutical industry for large scale synthesis of

APIs.*

The third option is to use a chiral catalyst, i.e., address the shortcomings of the chiral
auxiliary strategy though implementation of a closed cycle (Scheme 2.2). The reaction steps used
in the auxiliary mediated approach (auxiliary attachment, diastereoselective transformation,
auxiliary cleavage) become the elementary steps of a catalytic cycle operating under a single set

of conditions, requiring transient rather than covalent interactions between the enantiopure reagent

2 Parts of this chapter have appeared in print: Sullivan, R. J.; Newman, S. G. Chiral auxiliary recycling in continuous
flow: Automated recovery and reuse of Oppolzer’s sultam. Chem. Sci. 2018, 9, 2130-2134. Excerpts from the results
section and Figure 2.1 have been adapted from Sullivan, R. J.; Newman, S. G. Chem. Sci. 2018, 9, 2130-2134. —
published by the Royal Society of Chemistry, under a Creative Commons 4.0 license.
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(i.e., the catalyst) and substrate. This elegant approach is generally seen as less wasteful and is

therefore the preferred strategy.

Scheme 2.1. A) Common chiral auxiliaries. B) The three reaction steps needed for a generic chiral auxiliary
mediated transformation: auxiliary attachment, diastereoselective reaction to set a new stercocenter, and
auxiliary cleavage. C) An industrial example: Evan’s auxiliary mediated aldol reactions used in the large-

scale synthesis of (+)-Discodermolide by Novartis.
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Scheme 2.2. A) A generic catalytic cycle. B) An industrial example: Knowles asymmetric hydrogenation
for the synthesis of L-Dopa (the first industrial chiral catalytic process; recognized with part of the 2001
Nobel Prize shared between Knowles (asymmetric hydrogenation) Sharpless (asymmetric oxidation) and

Noyori (asymmetric hydrogenation).®
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We envisioned that implementation of a catalytic cycle operating in time was not the only
way to address the inefficiencies of using a chiral auxiliary mediated approach. With the central
hypothesis that implementing any type of cycle would realize the same benefits, we envisioned
creating a pseudo-catalytic cycle in space by using continuous flow chemistry (Scheme 2.3A).
This necessitated telescoping the three reaction steps of auxiliary attachment, diastereoselective
transformation, and auxiliary cleavage into one continuous flow process and incorporating
automated recovery and recycling of the auxiliary to facilitate ‘turnover.” An Oppolzer’s sultam
(camphorsultam, 2.5) mediated hydrogenation (Scheme 2.3B) was selected to demonstrate this

concept.
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Scheme 2.3. A) A flow-enabled pseudo catalytic cycle in space. In contrast to the conventional catalytic
cycle, wherein a series of reaction steps are separated by time, the pseudo-catalytic cycle can be realized
because a series of continuous reaction steps are separated by space. B) The envisioned pseudo-catalytic

cycle in space for an Oppolzer’s sultam mediated hydrogenation.
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2.1.1  Oppolzer’s sultam (Camphorsultam)

Camphorsultam (2.5) is a very versatile auxiliary, exerting high diastereo-control in a wide
variety of transformations ranging from alkylation to cycloaddition to oxidation state
manipulation.” It is inexpensive, available commercially as both enantiomers, and there is good
precedent for recovery of the auxiliary after a variety of cleavage protocols.® This last condition is
essential for implementation of our proposed pseudo-catalytic cycle, but is not always a common
feature of popular auxiliaries, with many suffering racemization or destruction during cleavage
except under specifically tailored conditions.” This is an artifact of historical research efforts
focused mainly on achieving high diastereoselective control, crystallinity of products (to facilitate
recrystallization), and the ability to cleave auxiliaries under mild conditions, since these features
are the most crucial for broad synthetic utility. Emphasis is generally placed on auxiliary recovery
more during process design if applying auxiliary chemistry at large scale, with modification of

cleavage conditions, if necessary, to prevent auxiliary destruction. !’
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2.1.1.1 Camphorsultam mediated nucleophilic attack with the auxiliary installed

on the nucleophile

2.1.1.1.1 Alkylation and related chemistry

The use of camphorsultam to control face selectivity of an electrophile’s approach to a
sulfonimide enolate is a very selective method to set a new alpha stereocenter. This has been
applied to alkylation and allylation of 2.19 using alkyl and allyl halides respectively on route to
enantiopure carboxylic acids 2.21 or alcohols 2.22 following either hydrolysis or reductive
cleavage of the auxiliary (Scheme 2.4),!! including at kilogram scale'? and extensively in the total
synthesis of natural and biologically active products.'> Alpha-alkylation mediated by
camphorsultam has also been applied to the synthesis of unnatural and isotopically labelled amino

acids 2.23 (Scheme 2.5) and other biologically active molecules.!'

Scheme 2.4. Camphorsultam mediated diastereoselective alkylation.
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Scheme 2.5. Synthesis of enantiopure amino acids using a camphorsultam mediated alkylation to set the

alpha stereocenter.
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2.1.1.1.2 Aldol and related chemistry

Camphorsultam is a highly effective chiral auxiliary for stereoselective aldol reactions, with
complimentary product selectivity (either syn or anti) achievable through selection of various
tailored reaction conditions (Scheme 2.6).!° As a result camphorsultam mediated aldol chemistry
has been extensively used in stereoselective total syntheses of natural products and molecules of
biological interest.'® The extension of this strategy to control of stereocenter formation at the beta
position has also been demonstrated with the use of zinc enolates in the Dreiding-Schmidt reaction

to produce lactones 2.28 (Scheme 2.7).!7

Scheme 2.6. Complimentary selectivity in camphorsultam mediated aldol reactions through selection of

Lewis acids.
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Scheme 2.7. Camphorsultam mediated Dreiding-Schmidt reaction.
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2.1.1.1.3 Amination, hydroxylation and related chemistry

Alpha amination'® and hydroxylation'® have also been achieved with high stereoselectivity
using the camphorsultam auxiliary, providing an alterative route to unnatural amino acids 2.23
(Scheme 2.8) or enantiomerically pure o-hydroxy carbonyl compounds 2.30 (Scheme 2.9).
Camphorsultam mediated aza-Darzens reactions have also been reported with excellent

diastereoselectivity for the synthesis of aziridines 2.32 (Scheme 2.10).%°

Scheme 2.8. Synthesis of enantiopure amino acids using a camphorsultam mediated amination to set the

alpha stereocenter.
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Scheme 2.9. Diastercoselective a-hydroxylation using a camphorsultam mediated strategy.
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Scheme 2.10. Stereoselective aza-Darzens reaction mediated by camphorsultam.
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2.1.1.2 Camphorsultam mediated nucleophilic attack with the auxiliary installed

on the electrophile

2.1.1.2.1 Nucleophile attack at the alpha position

The same principles that control facial approach of an electrophile towards a camphorsultam

derived sulfonimide enolate can also control nucleophile approach to a camphorsultam derived o-

keto sulfonimide 2.33 or 2.38, or a-imine sulfonimide 2.36. This strategy has been demonstrated

for allylation (Scheme 2.11),2! alkoxylation (Scheme 2.12),% nitroaldol (Henry) reactions (Scheme
2.13),% and Friedel-Crafts chemistry (Scheme 2.14).24
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Scheme 2.11. Allylation of a-keto N-acyl camphorsulfonimides.
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Scheme 2.12. Hydroxylation of a-imine N-acyl camphorsulfonimides.
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Scheme 2.13. Camphorsultam mediated Henry reactions.
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Scheme 2.14. Camphorsultam mediated Friedel-Crafts chemistry.
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SN2 type nucleophilic substitution on a-bromo sulfonimides 2.42 has also been reported,
with dynamic kinetic resolution from a mixture of starting diastereomers possible if using the
sterically hindered nucleophile 2.43 (Scheme 2.15).2> Sx2' type nucleophilic substitutions have

also been developed starting from y-bromo-a,B-unsaturated camphorsultam sulfonimides 2.45
(Scheme 2.16).2°

Scheme 2.15. Camphorsultam mediated dynamic kinetic resolution during Sx2 of a-bromo substrates.

O O
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Scheme 2.16. Camphorsultam mediated Sx2' reaction of y-bromo-a,B-unsaturated substrates.

O . O
M(B; —»RZCU(CN)LIZ )K(\(
N Xc N
S/ R
O,

=
2.45 2.46
72-90% yield
d.e. >99%

1,2-Hydride reduction of the a-carbonyl to form diastereomerically enriched o-hydroxy

products 2.47 and ent-2.47 has also been reported with either (R) or (S) configuration for the
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product accessible from the same auxiliary enantiomer by selection of appropriate reducing agent

(Scheme 2.17).77

Scheme 2.17. Camphorsultam mediated 1,2-hydride reduction of a-carbonyl sulfonimide substrates.
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2.1.1.2.2 Nucleophile attack at the beta position

Analogous control of nucleophile approach at the beta position is also possible using
camphorsultam to mediate Michael additions to compounds 2.48 or 2.50.® Two contiguous
stereocenters can be created at both the alpha and beta positions by quench of the resulting enolate
following nucleophile attack with an alkylating agent (Scheme 2.18A) or by stereoselective
protonation if the enolate is already substituted at the alpha position (Scheme 2.18B). Interestingly,
both strategies result in the same final stereochemistry for the products due to divergent formation
of either (Z)- or (E)-enolates depending on the substitution of the alpha position in the Michael
acceptor. These practical approaches to set new beta-stereocenters and have found use in a variety
of syntheses of natural and medicinal products.?’ This strategy has also been extended to include
1,4-addition of sulfur nucleophiles (Scheme 2.19)*° and Michael initiated ring formation (MIRC)
reactions (Scheme 2.20 and 2.21).3!
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Scheme 2.18. Camphorsultam mediated Michael addition. A) When there is no substituent at the alpha

position of the unsaturated sultamamide a (Z)-enolate forms as the intermediate after nucleophilic attack.

B) When the alpha position of the unsaturated sultamamide is substituted by with an R group an (£)-enolate

forms after nucleophilic attack due to torsion of the  system from steric interactions between R? and the
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Scheme 2.19. Camphorsultam mediated 1,4-addition of thiols or thiolates.
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Scheme 2.20. Camphorsultam mediated, rhodium catalyzed 1,4-addition with subsequent cyclization of the

rhodium enolate.
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Scheme 2.21. Camphorsultam mediated MIRC cyclopropanation.
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Similar stereo-control is also achieved in 1,4-hydride reduction chemistry of 2.16 (Scheme
2.22)*? and this strategy has been used in the total synthesis of various natural and biologically

active products.*?

Scheme 2.22. Camphorsultam mediated 1,4-hydride reduction.
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2.1.1.2.3 Nucleophilic attack at the sulfonimide carbonyl

It was also demonstrated that camphorsultam can be used to control stereoselectivity during
nucleophile attack on the carbonyl group of compound 2.56, forming a new alpha stereocenter by
controlling the approach geometry of the nucleophile for the synthesis of B-amino acids 2.59

(Scheme 2.23).34

Scheme 2.23. Camphorsultam mediated nucleophilic attack at the sulfonimide carbonyl on route to f-amino

acids.
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2.1.1.3 Camphorsultam mediated radical chemistry

In continuing conceptual analogy, camphorsultam has been applied as an effective auxiliary
to control stereocenter formation at the alpha carbon in various radical addition and cyclization
reactions. The auxiliary has been installed on both the initially generated radical (Scheme 2.24)
and radical acceptor (Scheme 2.25) with similar success.>> Due to effective stereo-control,
camphorsultam mediated radical methods have been applied in the synthesis of various natural and

bioactive products.*®
2.1.1.4 Camphorsultam mediated cycloaddition and related chemistry

2.1.1.4.1 [4+2]and [3 + 2] cycloaddition

Camphorsultam derived sulfonimides 2.48, 2.38, 2.36 and 2.85 are also excellent substrates
in Diels-Alder (Scheme 2.26)*” and hetero Diels-Alder reactions (Scheme 2.27).3® The same
principles that controlled diastereoselectivity in Michael addition chemistry (vide supra) exert
stereo-control in cycloaddition chemistry with high selectivity as well, and this strategy has

therefore been used in various total syntheses of natural and bioactive products.>**°
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Scheme 2.24. Camphorsultam mediated radical chemistry with the auxiliary installed on the radical

precursor. A) Allylation. B) Addition to furan or N-methylpyrrole. C) Cyclization.
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Camphorsultam sulfonimides 2.48 and 2.67 are also suitable dipolarophiles for highly
stereoselective [3 + 2] cycloaddition reactions with nitrile oxides 2.89 (Scheme 2.28A),*!
azomethine ylides 2.94 (Scheme 2.28B),* and nitrones or silyl nitronates 2.96 (Scheme 2.28C),*

and have consequently been used in numerous stereoselective synthesis of valuable products.**
2.1.1.4.2 Alder-ene reaction

The Alder-ene reaction proceeds through a conceptually analogous transition state as a [3 +
2] cycloaddition, but with the replacement of one m-bond by a ¢ X—H bond. In this class of
conceptually related reactions camphorsultam is again an effective auxiliary to control
diastereoselectivity by installation on either the eneophile 2.38 (Scheme 2.29A)%

2.100 (Scheme 2.29B).*

or ene reagent
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Scheme 2.25. Camphorsultam mediated radical addition chemistry with the auxiliary installed on the
radical acceptor. A) Sequential radical addition, allylation. B) Radical addition for the generation of novel

synthetic amino acids. C) Radical iodoperfluoroalkylation on route to fluorinate amino acids.
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41-83% yield enantiopure synthetic
R = alkyl d.e. 92-96% amino acids
C
0 0] 0]
Na,S,03, h
N)v + R 209203, NL XC)J\__/I HO NH2
s B
8 2.67 2.75 Re Re
2 2.76 2,77
63—75% yield enantiopure fluorinated
Rg = CF3, CoFs, i-CsF, n-CsF7, n-CgF 43 d.r. 77:23-81:19 amino acids

Scheme 2.26. Camphorsultam mediated Diels-Alder reactions.

+
TiCly or R | (3)n R4
M Ao _ge EtAICK “H 54(‘\;,@1 ' R3
R'* M \\X_{ - RAL

N

|

RoR R X0 e

S, 2.48 278 © la 2.79
83-93% yield

R"=H, alkyl, CO,R d.e. 91-99%
R?=R3=H, Me
R*=H, OMe, OAc
n=12
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Scheme 2.27. Camphorsultam mediated hetero Diels-Alder reactions with ketone (A), imine (B) and nitroso

Eu(fod)s
)S( \i _orZnBry

(C) substrates.

H R’
2.38 2.80 2.81
R1= H OMe 66—81% y|9|d
’ _Q90,
R2 = H, OTBS, OTIPS d.e. 80-92%
B o)
H+ 7 XC
o) NH
Ho . B 2.83
ZN d.r. 86:14
S NR' TiCl, o
2,36 2.82
. = XC
R' = Ts, Bn RN
ent-2.83
i, 48020
° _ 0 R AR
0 R4NIO, )it \_/ <0
J, oH 0 | —— /
N N~ N N_ _Xc
g H s~ hig
O, 284 O 2385 ©
2.86
R = alkyl 75-94% vyield
R'=H, CO,Me d.e. >98%

2.1.1.4.3 Epoxidation, cyclopropanation and dihydroxylation

Camphorsultam can also be used to provide good to excellent facial selectivity for

)*7 and cyclopropanation reactions (Scheme 2.31).4

epoxidation (Scheme 2.30 Because of the high
diastereoselectivity achieved with a wide range of tolerated aromatic and heterocycle substituents
in camphorsultam mediated cyclopropanation, this strategy has been employed in multiple
stereoselective syntheses of biologically active molecules.** Good facial selectivity in syn-
dihydroxylation using OsOs or RuO4 can also be achieved using camphorsultam as an auxiliary to

provide a,B-diols (Scheme 2.32).%

42



Scheme 2.28. Camphorsultam mediated [3 + 2] cycloadditions. A) With nitrile oxides. B) With azomethine
ylides. C) With nitrones or silyl nitronates.

A OH
j\l|\ Et;N e} o O-N
| +
+ —— C 1
287 [0 I‘I 2N R2 N R
oH — | w s O R?
| O: 248 2.90
R1J\H 2.89 87-90% yield
2.88 d.e. 80-92%
R' = alkyl, aryl
R? = H, Bpin
B TMS
T R
T™S
2.91 ﬁ&
i < 0 Rh
PGN _ v (T \ert| + N)v BN %xo
N R™-7 % »
R’ s NR'O
© 292 2.94 O2 67 2.95
AN CF4COOH 56-68% yield
TMS™ N OMe d.e. 60-96%
R1
2.93
R' = alkyl, Bn
¢ 1
\N/ _
I + /NJ\/ — X ) -
R2 S \g
2.96 O 67 297
R' = alkyl, Bn, OTMS 72-96% ggil/d
bt e. 56—
R2 = aryl, het, CO,R de o
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Scheme 2.29. Camphorsultam mediated Alder-ene reactions. A) Auxiliary on the enophile. B) Auxiliary

on the ene reagent.

A (@] /,___\\ 0 /F——\‘
A R2 ZnBr, R?
N H + — X |
8/ 2 38O R > a
5 2. 298 2.99
. 50-96% vyield
R' =H, alkyl d.e. 7213/4%
R? = H, CH,CH,CHo,, alkyl
B I o) | 0
10=0 PPh;
I XC - XC
R1” 7 OH R'"“OH
i i 2.101
78-90% yield
_ - d.e. 66-90%
0 0
0 2
R’NO,
XC O\ +2.5
S/N | H RY N AN
' R R
0, 2.100R’ L R? 2.102
o alky o 55-76% vyield
o,
o o COR ] N . 80—97 % ee
T_f
XC H
R”™“N""N=0
SN
o Ph
2.103
80% yield
d.e. 90%

2.1.1.5 Camphorsultam mediated halohydrin reactions

Halohydrin reactions mediated by camphorsultam have also been developed. A
desymmetrizing transformation leading to y-lactone products with concomitant loss of the
auxiliary was reported by Shibuya and coworkers from substrate 2.111 (Scheme 2.33A),*! and a
bromohydrin reaction of a-B unsaturated camphorsultam sulfonimides 2.50 was developed by

Hajra and coworkers (Scheme 2.33B).>
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Scheme 2.30. Camphorsultam mediated epoxidation.

ifR"=H o

2.106
60-97% yield
d.e. 20-90%

O R3
ZN Z g2
S R

o)
2 2104 2.105 o R

R = H, Me if R' = Me X)S/;LR
R2, R3=H, alkyl, aryl ¢ [0

Me
2107
90-99% vyield
d.e. >90%

0-0
CF5

+

Scheme 2.31. Camphorsultam mediated cyclopropanation.

0 H
% )K/A N, Pd(OACc), (0.5 mol%) Q H
N R + > S
v H)J\H X <R

H
O2 248 2.108 2.109
62-73% yield
R = aryl, heterocyle, alkyl d.e. 83-92%

Scheme 2.32. Camphorsultam mediated dihydroxylation.

j\/ﬁ [OsO4] or [RuOy] o QH
2N R > XC)J\H\R
S

OH

O, 2.48 2.110
R =H, alkyl, CO,R, aryl 78-88% yield
d.e. 60-98%
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Scheme 2.33. Camphorsultam mediated halohydrin reactions. A) Iodolactonization. B) Yb(OTf); catalyzed
bromohydrin and iodohydrin chemistry.

2
A R2 RZ R
I(collidine),ClO, S Y S R
DCM/MeOH/H,0 "I\ H | " H o 2.5
\ s\ . \\
R? X TO* )
O2 2111 B R? R
2.112
1 -
R =Hayl 54-87% yield
R< = H, alkyl, Bn e.e. 56-98%
B
Q Yb(OTf)3, NXS 0 OR®
N)K/\Rz X )S/\Rz
3 C -
8/ R R®OH wEw
2 250 2.113
R = alkyl, aryl 80-94% yield
R2 = H. Me d.r. 65:35-82:18
R3=H, Me
X =Br, |

2.1.1.6  Camphorsultam mediated oxidative cyclization

Use of the camphorsultam auxiliary to control diastereoselectivity during oxidative
cyclization reactions to form tetrahydrofuran® rings 2.115, 2.116, or 2.18 and tetrahydropyran>*
rings 2.120 from 1,5- or 1,6-dienes 2.114, 2.117 and 2.119 respectively has been reported with
good stereo-control and simultaneous formation of up to 4 new stereocenters and is therefore a
powerful technique that has been used in the total synthesis of various THF containing natural
products.”® Absolute configuration of the formed chiral centres is dependent on both the auxiliary

enantiomer and the geometry of the double bonds in the diene (Scheme 2.34).
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Scheme 2.34. Camphorsultam mediated oxidative cyclizations. A) from cis-substituted 1,5-diene. B) from

trans- substituted 1,5-diene. C) from geminal substituted 1,5-diene. D) from trans-substituted 1,6-diene.

A
0
o XCWRZ
: r10 5 1oH
2.115
54-59% yield
R'=H, Me, Et dr. 7:1
R? = H, alkyl
R3=H, Me
B 2 o
jj)\/\/\j\ KOs R’
N Z Rt T N2 o
s/ no H ~ HR20H
02 (E)-2.114 2.116
R'=H, alkyl 60-76% yield
R2 =H aIkyI dr. 6:1-7:1
c
0
KMnO4 Xc \
N oq
S N 0] OH OH
2 2117 2118
38% yield
d.r. >20:1
D
? KMnO
4
/N)W\/\ :
z H
3 R 0 OH
2 2.119 2.120
20-24% yield
d.r. 4:1-7:1

2.1.1.7 Camphorsultam mediated hydrogenation

Another highly selective transformation mediated by camphorsultam is the asymmetric
hydrogenation of B,B-dialkyl substituted, o,B-unsaturated sulfonimides 2.16 (Scheme 2.35), °® and

it is this transformation that was targeted for investigation of the pseudo-catalytic cycle in space
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concept. This camphorsultam mediated asymmetric hydrogenation sets a new chiral center at the
B-position for substrates that are surprisingly challenging to hydrogenate with high ee using
asymmetric hydrogenation catalysts (vide infra) and has consequently been used in the synthesis

of multiple biologically active molecules.®’

Scheme 2.35. Camphorsultam mediated hydrogenation.

O R? )
J\/\ H,, Pd/C O R
N R’ g -
g xc)v R!
0, 2.16

217
R'= alkyl 93-99% yield
R2 = alkyl d.e. 90-96%

2.1.2  Catalytic methods to reduce [,B-dialkyl-a-B-unsaturated carbonyl

substrates

As highlighted above, the strong preference for use of catalysts over chiral auxiliaries has
led to an enormous amount of research devoted to the development of new catalysts. Nonetheless,
there still exist many auxiliary mediated transformations for which alternate catalytic methods are
not yet clearly superior, and the camphorsultam mediated hydrogenation discussed above (Scheme
2.35) is one such transformation. Catalytic hydrogenations or 1,4-hydride reductions to enact the
equivalent net transformation have been developed but suffer from lower enantioselectivities

and/or limited substrate scopes in comparison to the auxiliary mediated transformation.
2.1.2.1 Catalytic asymmetric hydrogenation

Development of homogeneous catalysts for enantioselective hydrogenation of olefins has
been an active area of research ever since the seminal contributions from Knowles,’ and these have
overshadowed use of auxiliary mediated methods for hydrogenations.>® However, while numerous
asymmetric hydrogenation catalysts have been developed that achieve high enantioselectivity for
hydrogenation of a,B-unsaturated substrates functionalized with aryl rings or heteroatoms at the a
or B positions, for simple B,B-dialkyl substrates achieving high ee is surprisingly challenging,
whereas selectivity is typically excellent when using the auxiliary mediated approach (Scheme

2.35).%°
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Early work towards enantioselective hydrogenation of these challenging substrates was
performed by Valentine Jr. and coworkers.®® Using a rhodium catalyst with a chiral phosphine
ligand derived from menthol (L1), a modest 79% ee in the hydrogenation of 2.121 was achieved
(Scheme 2.36).

Scheme 2.36. Asymmetric hydrogenation developed by Valentine Jr. and coworkers.

: ~N
)\/\/\)Nli)?\ H2, i )\/\/\/I\'Ai)?\ E thp//' |
X N-"NoH X OH !
2121 (R)-2.122 5
quant. :
79% ee | L1

Substantial progress in asymmetric induction was made by the Noyori group with the
development of the BINAP ligands, with 87% ee now achievable (Scheme 2.37) in the
hydrogenation of 2.123 using a ruthenium catalyst ligated by L2.%!

Scheme 2.37. Asymmetric hydrogenation reported by Noyori and coworkers.

M H,, Ru/L2 )\/\/;\)OJ\ OO PPh,
N NoH N OH | PPh,
2123 2124 :

quant.

87% ee L2

Subsequent work has focussed on the development of increasingly sophisticated ligands. The
Pfaltz group developed iridium precatalyst 2.127 with bidentate P-N ligands that achieved very
high, 97% ee for the hydrogenation of aryl substituted compounds such as 2.125a and 90% ee for
dialkyl substituted compound 2.125b (Scheme 2.38).? Further ligand development and screening
lead to ee’s in the mid 90’s for the first time with these challenging substrates using precatalysts

2.130 and 2.131 (Table 2.1).°* However, application of these precatalysts to a different a,p-dialkyl
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substituted substrate 2.132 resulted in a drastically lower enantioselectivity (Scheme 2.39)

highlighting the lack of robustness towards substrate modification.

Scheme 2.38. Asymmetric hydrogenation developed by Pfaltz and coworkers.

J\/?k H,, 2.127 /—\)?\ oh E,\Ir/N ’
R \ OEt R OEt \ N éOD By
2.125a: R = Ph 2.126a: 97% ee PR Ar
b: R = CH,CH,Ph b-90% ee 2127 Ar=3-OMe-CeH,

Table 2.1. Subsequent generation Pfaltz catalysts for asymmetric hydrogenation of challenging j3,-dialkyl

substrates.

t P\\ I e Ar
R2 O H,21300r2131 R, O BuZP\;r/N Z o N N Me
ROSSort RVSom . CoP ;,\jp\ N F
2128 2120 | PH’ Ar COD Ph
2.130 2.131: Ar = 4-OMe-CgH,
Entry compound R! R? catalyst ee (%) configuration
1 2.128a CH,CH,Ph Me 2.130 94 R
2 2.128a CH,CH,Ph Me 2.130 93 S
3 2.128b Me CH,CH,Ph 2.130 96 )
4 2.128b Me CH,CH:Ph  ent-2.131 91 )
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Scheme 2.39. Hydrogenation of a different a,B-dialkyl substrate using precatalysts 2.130 and 2.131.

O O
H,, 2.130 or 2.131

N OEt . OEt
Me Me
2.132 2.133

for 2.130: 45% ee (+)
for 2.131: 32% ee (+)

Burgess and coworkers reported high stereoselectivity for the hydrogenation of f,B-dialkyl
substituted o,B-unsaturated esters 2.134 bearing a (protected) hydroxyl group at the y-position
(Scheme 2.40), but the presence of this oxygen atom was essential for high enantioselectivity.®
For compound 2.137 where the protected y-hydroxyl group was on a chiral centre, a
match/mismatch effect could also be observed (Scheme 2.41).% The authors subsequently
attempted to develop improved bidentate phosphite ligands by dimerization of binol substituted,
quinine derived phosphites but the highest enantioselectivity achieved was only 75% ee using

ligand L3 (Scheme 2.42).%

Scheme 2.40. Diastereoselective hydrogenation developed by Burgess and coworkers.
N
»8s
B

N O
. Ilr
Pr COD
Pr

\)\/LOJ\ o \)\)CJ)\
RO NN OM RO OM

e e
2134a:R=H 2.135a: 96% ee
b: R=Ac b: 95% ee
c: R =TBDPS c: 93% ee 2.136

Adam and coworkers at Hoffman-La Roche developed an asymmetric hydrogenation of the
o,B-unsaturated lactone 2.139 using a ruthenium catalyst ligated by L4 (Scheme 2.43).%” This
catalyst system was identified by screening 22 different chiral, bidentate ligands with Ru, Rh and

Ir metals for the desired transformation, and the reaction was successfully scaled up to kg scale.
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Scheme 2.41. Diastercoselective hydrogenation with match/mismatch effect developed by Burgess and

coworkers.
i N m
#\O CO,Et H,, 2.136 or ent-2.136 #\O CO,Et | )\
0 = O\)\) VP
: ’Pr
2.137 2.138 5

for 2.136: 1.7:1.0 mixture diastereomers !

for ent-2.136: >99:1 single diastereomer . ent-2.136

Scheme 2.42. Attempts to improve enantioselectivity with quinine derived bidentate phosphite ligands.

: Z N
E N N
! O._.0
o H,, Ir/L3 o ; | CF,)’
O N"ome ° OMe ! 5
2.134a: R=H 2.135a: 73% ee o O
b: R=Ac b: 75% ee N N
: _

Scheme 2.43. Enantioselective hydrogenation reported by Adam and coworkers.
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The Andersson group reported the first hydrogenation of o,B-unsaturated esters 2.128 with
good enantioselectivity for multiple fully saturated, B,B-dialkyl substrates (Table 2.2).5 Even so,
the enantioselectivities achieved for B,B-dialkyl substrates were only in the high 80s to low 90s,
while for aryl, alkyl substrates ~98% ee was achieved (entries 1,4), again highlighting the greater
difficulty to achieve high selectivity in catalytic hydrogenation of substrates with fully saturated
B,p-dialkyl substituents.

Table 2.2. Select scope examples from the enantioselective hydrogenation developed by Andersson and

coworkers.

R2 O Hy, Ir/L5 or L6 RZ O S N S N

e Ao e Ao NN o, N P,

2.128 2.129 | PR Pr
| L5 L6

Entry compound R! R? ligand ee (%) configuration
1 2.128¢ Ph Me LS 98 (R)-(-)
2 2.128d CHx(z-Bu) Me LS 87 +)
3 2.128e Cy Me LS 87 (R)-(-)
4 2.128f Me Ph L6 98 (S)-(+)
5 2.128¢g Me CHx(#-Bu) L6 87 )
6 2.128h Me Cy L6 93 S)-(+H)

Lastly, a rhodium-catalyzed asymmetric hydrogenation of B-substituted e-caprolactams
2.141 was recently reported by Zhang and coworkers that could tolerate a benzyl group at the -
position, but again enantioselectivity was lower than for substrates with a p-aryl group (Scheme

2.44).9
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Scheme 2.44. Enantioselective hydrogenation of o,B-unsaturated e-caprolactams developed by Zhang and

R = Bn: 84% ee

coworkers.

! CF,

3 3 | X

Hy, RhIL7 :
HN ———— HN | CF N" N
YR RS H HJ\,Q

| thquSe

2.141 2.142 | PhZPD

R = aryl: 86-96% ee : L7

While the progress has been substantial in this area, none of the catalytic systems developed
to date has realized the generality and high selectivity of the chiral auxiliary mediated

transformation when the two -substituents are simple alkanes (Section 2.1.1.7).
2.1.2.2 Catalytic asymmetric 1,4-hydride reduction

Enantioselective 1,4-hydride reduction is an alternative strategy to reduce o,p-unsaturated
carbonyl compounds. In their seminal work, the Pfaltz group reported highly enantioselective 1,4-
hydride reduction using a cobalt catalyst ligated by a semi-corrin ligand L8 and NaBH4 as the

stoichiometric reducing agent (Scheme 2.45).7°

Unlike the catalytic hydrogenations discussed in
section 2.1.2.1, these catalytic 1,4-reductions are not adversely affected when both [ substituents
are alkyl groups, however the atom economy is poorer due to generation of stoichiometric waste

from the terminal reducing agent.

Scheme 2.45. Asymmetric 1,4-hydride reduction developed by Pfaltz and coworkers.

RZ O NaBH,4, Co/L8 RZ O
R1J\)\x R1J*\)J\X
2.128: X = OEt 2.129: X = OEt
2.143: X = NHMe 2.144; X = NHMe ! L8
R', R = aryl, alkyl 81-96% ee :
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Subsequent contributions from the Buchwald group significantly advanced this chemistry
by replacing NaBH4 with polymethylhydroxosilane (PMHS) as the terminal reducing agent
through the use of a copper catalyst and BINAP type ligand L9 (Scheme 2.46).”! The same catalyst
system was also applicable for the asymmetric reduction of a,p-unsaturated lactones and lactams

as well.”?

Scheme 2.46. Asymmetric 1,4-hydride reduction developed by Buchwald and coworkers.

PMHS, Cu/L9 ; OO
RZ O NaO'Bu RZ O | P(o-tol),
RH\/U\OEt R1J*\)J\0Et ; O O P(o-tol),
2.128 2.129 ;
R', R? = aryl, alkyl 81-92% ee 5 L9

Enantioselectivities were improved by the Lipshutz group with the use of a copper catalyst
ligated by a JosiPhos type ligand L10 (Scheme 2.47).”® Nishiyama and coworkers developed a
rhodium(bisoxazolinylphenyl) pre-catalyst 2.147 that achieved similar enantioselectivity using
(EtO)2MeSiH as the terminal reducing agent (Scheme 2.48).”* Lastly, the Reiser and Kitamura
groups also recently re-investigated cobalt catalysts with NaBH4 as the terminal reductant and
achieved ee’s in the high 90’s with the azabis(oxazoline) ligand L.11 or pre-catalyst 2.148 (Scheme
2.49).7 The Co/L11 catalyst was also capable of affecting the reduction of o,B-unsaturated amides

2.143.

Scheme 2.47. Asymmetric 1,4-hydride reduction developed by Lipshutz and coworkers.

PMHS, Cu/L10 | Me
R2 O NaO'Bu R? O : @"ﬂgm
- ! , 2
2.128: R3 = OEt 2.129: R3 = OEt 5 <
2.145; R® = alkyl, aryl 2.146: R® = alkyl, aryl ! L10
R, RZ = aryl, alkyl 87-98% ee i
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Scheme 2.48. asymmetric 1,4-hydride reduction developed by Nishiyama and coworkers.

R2 O (EtO),MeSiH, 2.147 R2 O | g =0
s r e | O\(N;RP—N\)
2.128: R3 = OEt 2129:R®*= OEt ip" OHz i3,
2.145; R3 = alkyl, aryl 2.146: R® = alkyl, aryl

ol ary VLAV 5 147: X = OAc
R' R? = aryl, alkyl ee =65-97%

Scheme 2.49. Asymmetric 1,4-hydride reductions developed by the Reiser and Kitamura groups.

RZ O NaBH,4, Co/L11 or 2.148 R2 O
A *

R3 R1 R3
2.128: R® = OEt 2.129: R® = OEt
2.143: R® = NHMe 2.144: R® = NHMe @;N N=(.
R', R = aryl, alkyl ee = 65-98% o \glo o
o 2 o—(,
Pr . 'Pr
Pr 'Pr
2.148

. .
H O

While the enantioselectivity achieved in the asymmetric 1,4-hydride reduction chemistry has
been excellent, heterogeneously catalyzed hydrogenation is generally preferred in industry over
stoichiometric reduction due to higher atom economy, no stoichiometric waste, and improved

product isolation (i.e., filter off catalyst, evaporate solvent).”®

As such, the camphorsultam
mediated process (Section 2.1.1.7), which achieves comparable stereoselectivity, would be
desirable based on these considerations if the downsides of using a chiral auxiliary were

addressed.”’
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2.2 Results and Discussion

At the outset of the investigation, challenges preventing direct translation of the established
literature protocol into a telescoped flow process were identified (Scheme 2.50). First, the literature
procedure used a different solvent for each of the three reactions. Second, purification options are
more limited in flow and use of continuous liquid/liquid extractions was desired for both inline
purifications between steps and the eventual separation of the auxiliary and product at the end of
the process (based on pK, differences). Last, NaH was the base used for the reported sultam
acylation reaction. This is incompatible with flow due to insolubility of both NaH and NaCl that

precipitates during the reaction under the necessarily anhydrous conditions.

Scheme 2.50. Asymmetric hydrogenation developed by Oppolzer and coworkers.

1. NaH, toluene 0O R?
NH @ —————— M A, e
- 2. O R? XCMW C :
S : ' insoluble !
0, o )J\/\R1 . —NaCl 2.16 | reagents |
25 215 : :
(=Xc) ) | precipitating !
| byproducts
2 | :
2.16 Ha, Pd/C, EtOH Q B | water miscible
. Xc)vw ! solvents !
217 ' three different
! solvents '
at7 LIOH, THF/H,0 L T
py BN
2.18

To address solvent-related challenges, it was decided to re-develop the three reactions in
toluene, therefore removing the need for solvent switches between steps and introducing potential
for liquid/liquid separations. Towards overcoming solid handling issues, flow-compatible reaction
conditions were explored for the acylation step (Table 2.3). Substituting NaH with organic bases
was unsatisfactory due to low conversions and precipitate formation (entry 2). Changing from acid
chlorides to mixed anhydrides (entry 3) or activated esters (entry 4) was ineffective due to

unachievable substrate synthesis and low reactivity respectively. Biphasic Schotten-Baumann
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conditions were efficient with phase transfer catalysis (PTC) in batch (entry 5),”® however only
moderate and highly variable yields were obtained in slug flow (entry 6). Incorporation of active
mixing in flow returned yields to near quantitative (entry 7).”” A simple custom mixing unit was
utilized composed of a hollowed syringe reactor with oscillating stir bars, inspired by a similar
designed from Ley and coworkers, providing high mass transfer at low flow rates.®® For the post-
reaction liquid/liquid separation, membrane based separators proved incompatible with the high
pH aqueous phase and therefore gravity-based separation was used (for details see Appendix I).
Addition of 4% (w/w) NaCl to the 4% (w/w) NaOH aqueous phase was found to improve the

separation.

Table 2.3. Design of a flow-compatible acylation process.

o M
=
%NH ¥ M — %N alkyl
S/ X alkyl S/
O, O,

25 215 216
Entry X Mode Conditions Result
1 Cl batch NaH* Up to 84% (ref 56)
2 Cl batch organic bases low conversion; solid formation
3 OPiv n/a n/a not isolable substrate
4 OC¢Fs  batch organic bases low—moderate yields; competing decomp.
5 Cl batch PTC, vigorous stirring, 10 min® >95%
6 Cl flow PTC, passive mixing, tres = 10 min® 30-70%
7 Cl flow PTC, active mixing, trs = 4.3 min® >95%

@ Sultam first treated with NaH prior to addition of acid chloride in toluene. * 1 Mol% Aliquat 336 added as a phase
transfer catalyst, toluene/4% NaOH(aq).81 €1 Mol% Aliquat 336 added as a phase transfer catalyst in a tubular plug

flow reactor. ¢ Yields varied with time due to poor mixing. ¢ 1 Mol% Aliquat 336 added as phase transfer catalyst

using active mixing units.
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The hydrogenation was next investigated using a packed bed reactor (PBR) of Pd/C.*? Full
conversion (tes = 1 min) was initially achieved but catalyst deactivation prevented long term
operation. Hypothesizing that basic impurities were at fault,3 a co-feed of 0.1% (v/v) aqueous
acetic acid was incorporated in combination with an increase of the PBR temperature to 45 °C.%*
With these minor modifications, the acylation and hydrogenation reactions were successfully
telescoped to yield 97% of hydrogenated substrate with no observable loss of catalytic activity
over several hours of operation (Scheme 2.51). A 95:5 d.r. was obtained for product 2.17a,
consistent with the literature batch procedure that used EtOH as solvent with a 1.5 h reaction time.
The process output could be carried through a modified Biotage Universal Phase Separator (Figure
Al4) to separate the excess hydrogen gas and aqueous co-feed, retaining the product in the organic

phase.

Scheme 2.51. Hydrogenation of 2.16a using a packed bed of Pd/C.

97% yield; 95:5d.r.
telescoped over 2 steps

Auxiliary cleavage and separation from the product by selective deprotonation (carboxylic
acid aq. pKa = 5, sultam aq. pKa = 11.5) and continuous liquid/liquid extraction was next examined
(Table 2.4). Initial attempts to perform the hydrolysis using PTC appeared promising but were
ultimately abandoned due to long reaction times and solid formation (entry 2). Introducing MeOH
as a co-solvent to improve reaction homogeneity greatly improved reaction rates, but precipitate
formation was still problematic (entry 3). Expecting that solubility problems stemmed from either
salt formation or substrate/product decomposition, it was decided to target methanolysis instead
of hydrolysis. Replacing KOH with NaOMe allowed milder conditions and shorter residence times
without precipitate formation (entry 4). Further, this greatly simplified the product-auxiliary
separation since the recovered auxiliary could be directly extracted from the organic phase. Overall

yields of ~70% could now be achieved over the three telescoped steps and 4 single-stage
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liquid/liquid extractions/separations, representing average yields/recoveries of ~95% over each of
these 7 operations. A schematic of the full experimental set up is shown in Figure 2.1 and detailed
descriptions are available in Appendix I (Figures Al.1-6). Total residence time from start to finish
over all three stages was ~30 min, including processing time through all pumps and the liquid/

liquid separators used for in-line work up.

Table 2.4. Design of a flow-compatible auxiliary cleavage reaction.

0]
J | — 1
N” alkyl NH *
P y - X" alkyl
S S
Oz 217 O2 25 2.18: X = OH
2.149: X = OMe
Entry X Mode Conditions Result
1 OH batch LiOH, 18 h 92% — quant. (ref 56)
aux. not recovered

2 OH batch PTC, KOH” Slow reaction; precipitate formation
3 OH flow KOH, MeOH, 90 °C, 9 min Fast reaction; precipitate formation
4 OMe flow NaOMe, 50 °C, 4.5 min ~70% yield of Me ester”

Telescoped over 3 steps

“5 mol% 18-crown-6 and 5 mol% 2,5-dimethyl-2,5-hexanediol added as phase transfer catalysts in a tubular plug

flow reactor.® ? Yields and auxiliary recovery varied depending on nature of alkyl group. See Table 2.5.

To verify that the process was general for different 3,B-disubstituted a,B-unsaturated acid
chlorides, a selection of substrates was examined in the multi-stage flow reactor (Table 2.5, top).
In each case, the separated product and auxiliary effluents were collected for a 3 h period at steady
state. The final ester products were obtained with isolated yields of 67—72%. Diastereoselectivity
over the hydrogenation ranged from 92:8 to 98:2. In comparison to the 3-step batch process, this
represented similar to greatly improved yields (batch yields over 3 steps: 45-76%) with greatly
reduced processing times (batch reaction times: 2.5 h for acylation, 1.5 h for hydrogenation, 18 h

for hydrolysis®">) and equivalent diastereoselectivity. Moreover, due to the designed separation
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of the auxiliary and product in the three-step flow process, the auxiliary could be directly recovered
in 71-79% crude yield and recrystallized to >99% purity (48—56% yield), which enabled reuse of

the material for each subsequent substrate scope example.

acylation hydrogenation methanolysis separation
tes = 4.3 min, rt. tes=1 min, 45 °C tes = 4.5min, 50 °C

membrane L/L 3.6% HCI 4% NaOH, 4% NaCl
separation

heated zone

BPR (6.5 bar)

collection
flask

substrate + 0.1% AcOH
auxiliary,
toluene
tube-in-tee
mixer
4% NaOH pressure
4% NaCl A %ﬁj sensor
| Hay
/ generator 7% NaOMe product

in MeOH

gravity L/L
separation —<>—’ aq. waste

Option B: Continuously recycle auxiliary
Option A: Recover auxiliary

Figure 2.1. Schematic of flow reactor set up for the telescoped reaction sequence with or without automated
recycling of the auxiliary. For auxiliary recovery experiments (Option A) 1.0 eq of auxiliary w.r.t. substrate.
For recycle experiments (Option B) 0.35 eq. of auxiliary w.r.t. substrate. L/L = liquid/liquid, BPR = back

pressure regulator.?

Focus was then turned towards automating the auxiliary recycling process (Fig. 2.1, dotted
line). The same flow system was utilized with only two modifications. First, the amount of
auxiliary in the substrate feed solution was decreased from 1 eq. to 0.35 eq. (the amount determined
experimentally to be necessary to make up for lost auxiliary over the three transformations and
four inline liquid/liquid extractions). Second, 0.65 eq. of auxiliary was dissolved in the 4% (w/w)
NaOH, 4% (w/w) NaCl feed solution used for start-up, then after steady state was reached this

feed was replaced by the extracted auxiliary stream exiting the process.

The same substrate scope was re-evaluated with this modified process, operating
continuously for 4.5 hours (~8 auxiliary recycles; Table 2.5, bottom). In each case, transition to a
recycling reactor went smoothly, with only slight losses in overall yield relative to the process

without auxiliary recycling, due to inefficiencies of single-stage extractions and impurity carry-

2 Adapted from Sullivan, R. J.; Newman, S. G. Chem. Sci. 2018, 9, 2130-2134 — published by the Royal Society of
Chemistry under a Creative Commons 4.0 licence.
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through with the recycle feed. Diastereomeric ratios remained constant over 4.5 h of steady state
operation and were consistent with the d.r. values obtained in the previous experiments without

auxiliary recycle.

Table 2.5. Substrate scope for auxiliary recovery and recycle experiments.
O o -

AR

2 15 J\)\ Hy, P/C 0 : org. o "0 a0
23 - | .
>- - N)J\/\R {:
S/
ZNNa Oz 247 NNa

agq.
. Vs
|\ ' 02
2.5 R / o
N . . . - S Option A:
SN e mmeeeeee o _O_p_tl_o_r‘l_?._C_)_OPEIIJl_,l?l_,l§|_y_r_e?)_((:,|_e_a_lj_)(_l|la_ry __________________ <--_ Recover auxiliary

o = o = o = o =
MeO)j\/\CeH13 Meow MeO)J\/\/\ Ph MeO)vPh
2.149a 2.149b 2.149¢ 2.149d
A: auxiliary recovery experiments®
Product yield (e.r.) 67% (95:5) 72% (98:2) 71% (93:7) 67% (92:8)
Recovered auxiliary” 79% (53%) 71% (54%) 73% (56%) 72% (48%)
B: auxiliary recycle experiments®

Product yield (e.r.) 54% (95:5) 48% (98:2) 57% (95:5) 68% (90:10)

¢ Product collected over 6 residence volumes (3 h; 3.6 mmol processed) at steady state. Isolated yields are reported.
Enantiomeric ratios determined by monitoring via GC, the diastereomeric ratio of the intermediate after
hydrogenation. See Fig Al.8-Al11. ? Crude yield (purified yield after recrystallization from hexanes). ¢ Product
collected over 9 residence volumes (4.5 h; 5.4 mmol processed) at steady state. Isolated yields are reported. ¢ 94%

purity; contaminated with aldehyde by-product.

2.3 Conclusions

In summary, a continuous flow system was developed to enable the auxiliary-mediated
asymmetric hydrogenation of conjugated olefins to occur in a single telescoped process. The chiral
auxiliary and chiral ester product were continuously separated, allowing the auxiliary to be

recovered and subsequently reused. Alternatively, the auxiliary re-use could be automated in real
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time by sending the auxiliary recovery feed from the last reaction step back to the first reaction
step inlet, creating a recycle loop. Average yields/recoveries ranged from 90-95% per reaction or
in-line purification step, with a processing time of approximately 30 minutes per pass, giving a
substantial improvement in efficiency while maintaining similar control in stereochemistry as
compared to the batch procedure. To our knowledge, this represents the first example of a
telescoped chiral auxiliary-mediated process incorporating automated reuse of the auxiliary,
achieving formal sub-stoichiometric auxiliary loading with respect to the process while
maintaining fully stoichiometric auxiliary in each reaction by using a ‘pseudo-catalytic cycle in

space’ concept.

2.4  Experimental

2.4.1  General experimental details

Unless otherwise noted reagents were used as received. Palladium on carbon was purchased
from Strem, (10% palladium on activated carbon, reduced, dry powder, product 46-1900). All
other chemicals were obtained from either Sigma Aldrich or Combi-Blocks. Aliquat 336 was
absorbed onto silica gel, dry loaded onto a 40100 mm silica column, eluted with DCM—95:5
DCM:MeOH, and evaporated prior to use.

"H NMR and '3C NMR were recorded on a Bruker AVANCE 400 MHz spectrometer and
referenced to residual solvent signals. Melting point ranges were determined on a Canlab
GallenKamp Melting Point Apparatus. GC yields for optimization studies were obtained via a 5-
point calibration curve using FID analysis on an Agilent Technologies 7890B GC with 30 m x
0.25 mm HP-5 column. Accurate mass data was obtained using GC-EI-MS from an Agilent 5977A
GC/MS using MassWorks 4.0 software from CERNO bioscience.®® HPLC chromatograms were
collected using an Agilent 1200 HPLC equipped with a 30 cm Chiralcel OD-H column. Optical
rotations were recorded on an Anton Paar MCP 500 polarimeter with a 10.00 mm path length at

20 °C and 589 nm wavelength.
2.4.2  Details of flow reactor setup

A schematic of the reactor setup is shown in Figure 2.2 and a photo of the setup in the fume

hood is provided in Appendix I (Figure AL7). All pump feed tubes were either 1/16" O.D., 1.0
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mm [.D. PFA or 1/8" O.D., 1/16" L.D. PFA. All tubes in the hydrogenation stage between the pump
and the BPR were 1/16" O.D., 0.75 mm L.D. 316 Stainless steel (SS). All other tubing was 1/16"
0.D., 0.5 mm L.D. PFA unless otherwise stated. PEEK fittings and tee mixers were used for all
PFA and PEEK tubing as well as for stainless steel coil C1. 316 Stainless steel fittings and tees
were used for all stainless-steel tubes in the hydrogenation stage. PEEK fittings and parts were
purchased from UpChurch Scientific. Stainless steel fittings and parts were purchased from VICI
Valco or Swagelok. Further details about the individual components of the flow reactor are

provided in Appendix L.

substrate

sol'n
4% NaOH &
4% NaCl pressure
sofn st sensor
H-cube H, 7% NaOMe product
generator in MeOH collection
flask

aq. waste

B: automated auxiliary recycle
A: recover auxiliary

Figure 2.2. Schematic of complete flow reactor set up.
P1 — SyrDos 2 continuous syringe pump equipped with 0.5 mL glass syringes. 200 pL/min.
A: 0.1 M acid chloride, 0.1 M sultam, 0.001 M Aliquat 336 in toluene.
B: 0.1 M acid chloride, 0.035 M sultam, 0.001 M Aliquat 336 in toluene.
P2 — New Era NE-300 syringe pump equipped with either 60 or 25 mL luer-lock HSW norm-ject syringe. 150 pL/min.
A: 4% NaOH, 4% NaCl.
B: 4% NaOH, 4% NaCl with 0.87 M sultam for start-up only; replaced by the recovered auxiliary stream
from P12 after reaching steady state.
P3 — ThalesNano micro HPLC pump, adjusted to maintain constant volume of organic phase in gravity phase
separator.
P4 — ThalesNano micro HPLC pump, adjusted to maintain constant volume of aqueous phase in gravity phase
separator.
P5 — ThalesNano micro HPLC pump. 50 pL/min.
P6 — Vapourtec V3 pump with red tubing, adjusted to match flow rate of organic phase exiting Biotage universal phase
separator.
P7 — Chemyx fusion 200 syringe pump equipped with 25 mL stainless steel syringe (Harvard). 23.0 pL/min.
P8 — SyrDos 2 continuous syringe pump equipped with 2.5 mL glass syringes. 200 puL/min.
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P9 — Global FIA milliGAT pump, adjusted to maintain constant volume of organic phase in gravity phase separator.
P10 — Vapourtec V3 pump with red tubing, adjusted to maintain constant aqueous volume in gravity phase separator.
P11 — SyrDos 2 continuous syringe pump equipped with 1.0 mL glass syringes. 150 pL/min.

P12 — Vapourtec V3 pump with red tubing, adjusted to maintain constant aqueous volume in gravity phase separator.
R1 — continuous stirred tubular reactors 3 x 0.5 mL. See section Al.1.1 in Appendix 1.

R2 — packed bed reactor, 1/4" O.D., 3 mm L.D. X 30 cm length packed with a mixture of 3 g 150-212 um glass beads
and 110 mg 10% Pd/C. See section Al.1.4 in Appendix .

R3-1.0mL, 1/16" O.D., 0.75 mm 1.D. PEEK tube.

Cl-1.0mL, 1/8" O.D., 2 mm L.D. 316 SS tube.

C2-200 L, 1/16" O.D., 0.5 mm 1.D. PFA tube.

M1 — tube-in-tee mixer, see section Al.1.5 in Appendix U.

S1, S3, S4 — Gravity liquid-liquid separators — see section Al.1.2 in Appendix 1.
S2 — Modified Biotage Universal Phase Separator — see section Al.1.3 in Appendix I.

2.43  Procedure for the synthesis of substrates

EtO “OEt 2. )OK R™X-""ogt PTC HO0r g7 "oy

H,O/EtOH

R
General procedure for synthesis of (E)-o-B-unsaturated acids. Based on the report by Seto and
coworkers,®” NaH (60% in mineral oil, 5.0 g, 125 mmol) was suspended in anhydrous THF (90
mL) under Ar and cooled to 0 °C. Triethyl phosphonoacetate (30 g, 132 mmol) was added dropwise
under Ar at 0 °C. After the addition was complete the flask was allowed to warm to r.t. and stirred
for 15 min until gas evolution ceased. Ketone (125 mmol) in THF (20 mL) was added dropwise.
The resulting solution was stirred under Ar for 16 h. Water (100 mL) was added and the phases
were separated. The aqueous phase was extracted with 2 x 50 mL Et,O and all organic phases
were combined and dried over NaxSOj4 then concentrated to yield crude ethyl ester as a mixture of
~3:1 (E):(Z) isomers. The crude esters were hydrolyzed and purified by varying conditions to yield

pure (E)-o-B-unsaturated carboxylic acid.

PO
N"on
(E)-3-Methylnon-2-enoic acid: Prepared according to the general procedure and hydrolyzed by

refluxing in 1 M NaOH (189 mL, 189 mmol) with 18-crown-6 (348 mg, 1.3 mmol) and 2,5-
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dimethyl-2,5-hexanediol (187 mg, 1.3 mmol) until the oil layer was gone (ca. 16 h). The mixture
was cooled to room temperature, washed with 25 mL hexanes and the pH was adjusted to <1 with
conc. HCI resulting in formation of a separate organic phase. The product was extracted with 3 x
25 mL hexanes, the combined organic extracts dried over Na,SO4 and the solvent evaporated to
yield 18.97 g (88%) of ~3:1 (E):(£)-3-methyl-2-nonenoic acid as a colourless oil. Repeated
recrystallization from MeOH at -78 °C¥” yielded 5.42 g (25%) of >99% (E)-3-methylnon-2-enoic
acid as a white powder that melted to a colourless oil at room temperature. Characterization data
was in agreement with the literature.®® "TH NMR (400 MHz, CDCl3): § 12.17 (br's, 1H), 5.68 (sext,
J=12Hz, 1H), 2.16 (t,J=1.2 Hz, 3H), 2.15 (t, /= 7.5 Hz, 2H), 1.48 (pent, J= 7.3 Hz, 2H), 1.28
(m, 6H), 0.89 (T, J=7.0 Hz, 3H). 3C{'H} NMR (100 MHz, CDCl5): § 172.7, 163.8, 115.2, 41.4,
31.7,29.0,27.5,22.7,19.2, 14.2.

)\)\/ﬁ\
N N0oH

(E)-3,5-Dimethylhex-2-enoic acid: Prepared according to the general procedure and hydrolyzed
by refluxing in 1 M NaOH (188 mL, 188 mmol), with 18-crown-6 (334 mg, 1.3 mmol) and 2,5-
dimethyl-2,5-hexanediol (183 mg, 1.3 mmol) until the oil layer was gone (ca. 16 h). The mixture
was cooled to room temperature, washed with 25 mL hexanes and the pH was adjusted to <1 with
conc. HCI resulting in the formation of a separate organic phase. The product was extracted with
3 x 25 mL hexanes, the combined organic extracts dried over Na;SO4 and the solvent evaporated
to yield 14.67 g (81%) of ~3:1 (E):(£)-3,5-dimethylhex-2-enoic acid as a colourless oil. Repeated
recrystallization from 4:1 MeOH:H,O at -78 °C* yielded 2.21 g (12%) of >99% (E)-3-methyl-2-
nonenoic acid as white needles. Characterization data was in agreement with the literature.® 'H
NMR (400 MHz, CDCI3): 6 12.10 (br s, 1H), 5.67 (s, 1H), 2.15 (s, 3H), 2.03 (d, /= 7.2 Hz, 2H),
1.88 (septet, J= 6.8 Hz, 1H), 0.89 (d, J= 6.6 Hz, 6H). 3C{'H} NMR (100 MHz, CDCl5): § 172.5,
162.7, 116.4, 50.9, 26.5, 22.5, 19.1.

0
WOH

(E)-3-Methyl-5-phenylpent-2-enoic acid: Prepared according to the general procedure and
hydrolyzed by addition of EtOH (100 mL), water (200 mL) and NaOH (65 g, 10 eq.)’® and stirring
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the resulting biphasic mixture rapidly at room temperature for 5 h until a single phase was
achieved. The solution was then washed with 50 mL of 1:1 hexanes:EtOAc followed by 25 mL of
hexanes. The pH was adjusted to <1 with conc. HCI resulting in the formation of a separate organic
phase that was collected. The aq. phase was extracted with 50 mL 1:1 hexanes:EtOAc then 25 mL
hexanes and all organic phases were combined and dried over Na>SO4. The solvent was evaporated
to yield an oil. EtOAc (100 mL) was added followed by cyclohexylamine (15.3 g, 154 mmol) with
rapid stirring, resulting in a thick white slurry of 3-methyl-5-phenyl-2-pentenoic
acid-cyclohexylamine salt that was recrystallized twice from EtOAc®! to remove the z isomer. The
resulting white solid was then added to 3 M HCI (100 mL) and the free acid was extracted with
2x25 mL DCM. The combined extracts were dried over Na;SO4 and the solvent evaporated
yielding a colourless oil. Boiling hexanes (80 mL) were added resulting in a fine suspension that
was hot filtered and cooled to —20 °C yielding colourless crystals of the desired product in 97%
purity. Recrystallizing a second time from hexanes yielded white needles of pure (£)-3-methyl-5-
phenylpent-2-enoic acid. Yield 8.75 g (37%). Characterization data was in agreement with the
literature.®® 'H NMR (400 MHz, CDCl3): § 11.98 (s, br, 1H), 7.31 (m, 2H), 7.20 (m, 3H), 5.72 (q,
J=1.2Hz, 1H), 2.81 (dd, J=9.4, 6.7 Hz, 2H), 2.49 (dd, J=9.3, 6.2 Hz, 2H), 2.23 (d, /= 1.2 Hz,
3H). BC{'H} NMR (100 MHz, CDCl5): § 172.3, 162.3, 141.0, 128.6, 128.4, 126.3, 115.7, 43.1,
34.0, 19.4.

o
QA\)J\OH

(E)-3-Phenylbut-2-enoic acid: Prepared as reported by Yamada and coworkers.”? Cs2CO3 (26.07
g, 80 mmol), DBU (3.00 g, 20 mmol) and triethylphosphonoacetate (22.41 g, 100 mmol) were
combined. Acetophenone (12.00 g, 100 mmol) was added and the slurry stirred at 40 °C for 3 days
under Ar. The reaction was then quenched with H>O (100 mL) and extracted with 3x25 mL
hexanes and the combined organic extracts were dried over NaxSOa4. The solvent was removed in
vacuo yielding 19.34 g of a mixture of the desired product and acetophenone. To the crude mixture
was added KOH (8.4 g, 150 mmol) and MeOH (100 mL) and the solution was refluxed overnight.
The MeOH was then evaporated and H>O (100 mL) and EtOAc (50 mL) were added. The mixture
was agitated then allowed to settle. The organic phase was discarded and the aqueous phase was

washed with 25 mL hexanes. The aqueous phase was then acidified to pH <1 with conc. HCI
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resulting in formation of a separate organic phase. The product was extracted with 50 mL 1:1
EtOAc:hexanes then 2 x 25 mL hexanes. The combined extracts were dried over NaxSO4 and
evaporated in vacuo. The crude yellow powder was recrystallized from hexanes yielding white
needles of pure (£)-3-phenylbut-2-enoic acid. Yield 5.41 g (33%). Characterization data was in
agreement with the literature.’’ '"H NMR (400 MHz, CDCl5): § 12.02 (br's, 1H), 7.51 (m, 2H), 7.40
(m, 3H), 6.19 (q, J = 1.3 Hz, 1H), 2.62 (d, J = 1.3 Hz, 3H). *C{!H} NMR (100 MHz, CDCl3): §
172.6, 158.7, 142.2, 129.5, 128.7, 126.6, 116.6, 18.5.

J\)(J)\ oxalyl chloride, DMF J\/ﬁ\
RN"oH RN

General procedure for synthesis of (E)- o-B-unsaturated acid chlorides. Et:O (2.5 mL), DMF

(7 uL, 0.1 mmol) and oxalyl chloride (1.7 mL, 20 mmol) were combined under Ar and the flask
placed in a room temperature water bath. (E)-a-p-unsaturated acid (10 mmol), dissolved in Et,O
(7.5 mL), was added in small portions over the course of 30 min to the stirred oxalyl chloride
solution. The mixture was stirred one additional hour after the addition was complete, then the

Et>,0 and excess oxalyl chloride were removed in vacuo.

\/\/\)\)OJ\
N

(E)-3-Methylnon-2-enoic acid chloride (2.15a): Prepared according to the general procedure.
Purified by Kugelrohr distillation at 95 °C under high vacuum. Yield 1.81 g (96%) 99.2:0.8 (E):(2)
(relative GC-FID area count). The colourless oil was stored at —20 °C in a N> atmosphere glovebox.
"H NMR (400 MHz, CDCls): § 6.02 (sext, J= 1.2 Hz, 1H), 2.19 (td, J= 7.6, 1.0 Hz, 2H), 2.13 (d,
J=1.2 Hz, 3H), 1.49 (pent, J= 7.6 Hz, 2H), 1.29 (m, 6H), 0.88 (t, J= 7.0 Hz, 3H). *C{'H} NMR
(100 MHz, CDCl): 0 168.2, 163.9, 122.1, 41.1, 31.7, 29.0, 27.4, 22.6, 20.5, 14.2.

)\)\/LOJ\
NN

(E)-3,5-Dimethylhex-2-enoic acid chloride (2.15b): Prepared according to the general procedure.
Purified by Kugelrohr distillation at 56 °C under high vacuum. Yield 1.51 g (92%) 99.5:0.5 (E):(2)
(relative GC-FID area count). The colourless oil was stored at —20 °C in a N> atmosphere glovebox.

Characterization data was in agreement with the literature.”> '"H NMR (400 MHz, CDCl3): § 6.01
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(sext, J= 1.1 Hz, 1H), 2.12 (d, J = 1.2 Hz, 3H), 2.06 (d, J= 7.1 Hz, 2H), 1.90 (nonet, J = 6.6 Hz,
1H), 0.91 (d, J = 6.6 Hz, 6H). 3C {'H} NMR (100 MHz, CDCL3): 5 167.1, 163.8, 123.2, 50.4, 26.8,
22.5,20.4.

0
Wq

(E)-3-Methyl-5-phenylpent-2-enoic acid chloride (2.15¢): Prepared according to the general
procedure. The crude acid chloride was stored at —20 °C in a N atmosphere glovebox overnight
and then used without further purification the following day. Yield 1.84 g (88%) >99.5:0.5 (E):(2)
(relative GC-FID area count). '"H NMR (400 MHz, CDCl3): § 7.31 (t, J= 7.5 Hz, 2H), 7.23 (t, J =
7.3 Hz, 1H), 7.17 (d, J= 6.8 Hz, 2H), 6.03 (q, J= 1.2 Hz, 1H), 2.82 (dd, J=9.1, 6.7 Hz, 2H), 2.52
(dd, J=9.4, 6.4 Hz, 2H), 2.18, (d, J = 1.2 Hz, 3H). *C{'H} NMR (100 MHz, CDCl3): § 166.3,
164.0, 140.2, 128.8, 128.4, 126.6, 122.7,42.7, 33.8, 20.6.

O

(E)-3-Phenylbut-2-enoic acid chloride (2.15d): Prepared according to the general procedure
except 22 mL of EtoO was necessary to dissolve the acid and addition was over 60 min. Purified
by Kugelrohr distillation at 103 °C under high vacuum. Yield 1.66 g (98 %) 99:1 (E):(Z) (relative
GC-FID area count). The bright yellow oil was stored at —20 °C in a N2 atmosphere glovebox.
Characterization data was in agreement with the literature.”> '"H NMR (400 MHz, CDCls): § 7.52
(m, 2H), 7.44 (m, 3H), 6.48 (q, J = 1.2 Hz, 1H), 2.56 (d, J = 1.2 Hz, 3H). *C{'H} NMR (100
MHz, CDCL): 164.2, 161.4, 140.3, 130.7, 128.9, 126.8, 122.7, 19.4.

2.4.4  Experimental details from optimization of reaction steps for flow
2.4.4.1 Acylation optimization from Table 2.3

DBU, EtsN, DBU/DMAP and Et;N/DMAP were screened as organic bases in small scale
batch experiments with 3,3-dimethylacrylic acid chloride and camphorsultam. Low to moderate
yields were obtained and precipitate formation was observed, suggesting conversion to flow may

be problematic.
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3,3-Dimethylacrylic acid pivalate ester could be prepared in ~80% purity by reaction of 3,3-
dimethylacrylic acid and pivaloyl chloride. Isolation in higher purity was unachievable due to

interconversion with the two symmetrical anhydrides during both synthesis and distillation.

3,3-Dimethylacylic acid pentafluorophenol ester was prepared by DCC coupling between
3,3-dimethylacrylic acid and pentafluorophenol. Screening of DBU, DBU/DMAP, Et;N, Et;N/
DMAP, morpholine, morpholine/DMAP, tetramethylguanidine, tetramethylguanidine/DMAP in a
2.00 mL tubular plug flow reactor at various temperatures exhibited low to moderate yields and

substrate decomposition.

PTC with passive mixing: 0.1 M (£)-3-methylnon-2-enoic acid chloride with 0.001M
Aliquat 336 (1 mol%)%!, 0.01 M hexadecane (istd) and 0.1 M camphorsultam in toluene were
pumped at 200 pL/min and mixed in a PEEK T-mixer with 4% (w/w) NaOH pumped at either 150
or 200 pL/min and then passed through a 4.00 mL 1/16" O.D., 1.0 mm I.D. PFA coil. Yield varied
with time due to poor mixing, ranging from poor to moderate as monitored by off-line GC-FID

analysis.

PTC with active mixing: 0.1 M (£)-3-methylnon-2-enoic acid chloride with 0.001M Aliquat
336 (1 mol%), 0.01 M hexadecane (istd) and 0.1 M camphorsultam in toluene were pumped at 200
pL/min and mixed in a PEEK T-mixer with 4% NaOH with or without 4% NaCl at 150 or 200
puL/min then passed through the active mixer reactor (Figure Al.1.1). Yields were near quantitative

as monitored by off-line GC analysis.
2.4.4.2 Hydrogenation in PBR from Scheme 2.51

Start-up as per the description in section 2.4.5.1 general procedures for process start-up but
with only the acylation and hydrogenation stages telescoped together. 97:3 (E):(£)-3-methylnon-
2-enoic acid chloride was used as the substrate. The effluent was collected for 1 h 50 min then
evaporated and the residue chromatographed (silica gel, 3:1 hexanes:Et;0) to yield 790 mg (97%)
hydrogenated product, d.r.: 90:10.

2.4.4.3 Methanolysis optimization from Table 2.4

Various phase transfer catalysts were screened in batch. The combination of 18-crown-6 and

2,5-dimethyl-2,5-hexanediol®® with 55% (w/w) KOH () and 0.1 M substrate in toluene was

70



effective but when transitioning into flow precipitate formation and slow reaction rates were

problematic.

Delivering instead KOH in MeOH (30% w/w, 18 puL/min, 5 eq.) and mixing with 0.1 M
substrate in toluene (200 pL/min) in a PEEK T-mixer then passing through a residence coil of
either 1.0 or 2.0 mL volume of either 1/16" O.D., 1.0 mm I.D. PFA or 1/16" O.D., 0.75 mm 1.D.
PEEK at various temperatures led to identification of conditions (90 °C, 9 min in 2.0 mL, 0.75 mm
I.D. PEEK) that achieved complete consumption of starting material but precipitate formed in the

tubing resulting in variable yields and would likely lead to eventual clogging.

Delivering NaOMe instead of KOH in MeOH greatly improve the reaction rate and
homogeneity. Screening the NaOMe concentration (from 25% to 7% w/w), equivalents of NaOMe
(from 1.25 to 2.0 eq.), and residence coil (0.5, 1.0 or 2.0 mL volume of 1/16" O.D., 0.75 mm L.D.
PEEK) led to identification of conditions (50 °C, 4.5 min in 1.0 mL, 1/16" O.D., 0.75 mm L.D.
coil) that gave consistent high yields for both the methyl ester and recovered auxiliary without
precipitation and could be telescoped into the full process without issues. Full details of telescoped

reactions in section 2.4.5.
2.4.5  Procedure for telescoped flow synthesis of chiral materials

2.4.5.1 General procedure for process start-up

The system was assembled as described in Section 2.4.2. The packed bed reactor was heated
to 45 °C and conditioned by wetting with toluene (400 puL/min) then eluting with the biphasic
mixture of toluene (400 pL/min) and 0.1% acetic acid (100 pL/min) until the pH of the aqueous
phase exiting the PBR was <2. The flow rates were then decreased to the process flow rates (200
pL/min toluene, 50 pL/min 0.1% AcOH) and the H-cube H; production was turned on. The packed
bed was then conditioned with these parameters for 30 min while the acylation phase was reaching
steady state, before the toluene feed was changed to the process feed. The resulting pressure drop

over the conditioned packed bed reactor was typically ~30 bar.

The process was started consecutively in phases beginning with the acylation reaction and
allowing each phase to reach steady state (discarding the first ~three residence volumes) before
diverting effluent to in-line phase separators S1-S4. After filling the phase separator, the next

phase was commenced. Times to steady state: acylation: 14 min; hydrogenation: 15 min;
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methanolysis and acid wash: 25 min; auxiliary extraction: 10 min, plus 10 min for each in-line
phase separator = 2 h total for start-up. Each gravity liquid/liquid phase separator was maintained
with ~1 mL of organic phase and ~0.25 mL of aqueous phase. The flow rate of pumps internal to
the flow path (i.e., withdrawing from phase separators) were adjusted to maintain a constant
volume in the separator (i.e., flow in = flow out for each liquid phase). Diastereoselectivity of the
hydrogenation reaction was monitored off-line by withdrawing a ~25 pL aliquot from the post-
hydrogenation organic phase and submitting to GC analysis every 30 min (see Appendix I, Section

AL4).
2.45.2 Telescoped process with auxiliary recovery

The acid chloride, auxiliary and PTC were all combined in the organic solution and 4%
(w/w) NaOH, 4% (w/w) NaCl was used as the aqueous solution for the PTC acylation. No
background camphorsultam sulfonimide formation in the stock solution was observed over the

timeframe of the experiment (~6 h).

The acid chloride solutions were prepared by combining (E)-a-B-unsaturated acid chloride
2.15 (6.0 mmol), toluene (~5 mL), Aliquat 336 (24 mg, 60 umol) and camphorsultam 2.5 (1.29 g,

6.0 mmol), then making up the solution to 60.00 mL with toluene.

After steady state was reached for the entire process, collection of the product and recovered
auxiliary streams commenced. Effluents were collected for 3 h, then all pumps were stopped. The
product phase effluent was evaporated and the methyl ester was purified by chromatography

(20x150 mm silica; pentane—5% Et2O in pentane eluent).

The recovered auxiliary phase effluent was acidified to pH<1 with conc. HCI and then
extracted with 2x15 mL DCM. The combined organic extracts were dried over Na;SO4 and
evaporated to yield the crude auxiliary. Recrystallization from hexanes gave white needles of pure

camphorsultam.

\/\/\/'\/LOJ\
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(R)-3-Methylnonanoic acid methyl ester (2.149a): Yield: 447 mg (67%). Characterization data
was in agreement with the literature.”* 'H NMR (400 MHz, CDCl3): & 3.64 (s, 3H), 2.28 (dd, J =

14.7, 6.0 Hz, 1H), 2.08 (dd, J = 14.7, 8.2 Hz, 1H), 1.92 (m, 1H), 1.24 (m, 10H), 0.90 (d, J = 6.7
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Hz, 3H), 0.86 (t, J = 6.6 Hz, 3H). 3C{'H} NMR (100 MHz, CDCl3): § 173.9, 51.4, 41.8, 36.8,
32.0, 30.5,29.5, 27.0, 22.7, 19.8, 14.2. [a]?® = +3.8 ° (c = 1.03, CH2CL,) [lit.** [a]Z® =+5.9 ° (c
= 4.70, CHCI3)]. Crude sultam recovery: 79%; recrystallized: 410 mg, 53%. Enantiomeric ratio

was taken from diastereomeric ratio data: 95 (R): 5 (S).
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(R)-3,5-Dimethylhexanoic acid methyl ester (2.149b): Yield: 410 mg (72%). 'H NMR (400
MHz, CDCl3): 6 3.66 (s, 3H), 2.27 (dd, J = 14.2, 5.3 Hz, 1H), 2.08 (dd, J = 14.2, 8.3, 1H), 2.01
(octet, /= 6.2 Hz, 1H), 1.61 (nonet, J = 6.6 Hz, 1H), 1.08 (m, 2H), 0.90 (d, J = 6.4 Hz, 3H), 0.86
(t,J= 6.5 Hz, 6H). *C{'H} NMR (100 MHz, CDCls): § 173.9, 51.6, 46.4, 42.1, 28.2, 25.3, 23.3,
22.2,19.9. [a]3® = +4.5 ° (c = 1.05, CH2Cl»). Accurate mass m/z = 158.1268, spectral accuracy
98%, calc: 158.1301. Crude sultam recovery: 71%; recrystallized: 420 mg, 54%. Enantiomeric

ratio was taken from diastereomeric ratio data: 98 (R): 2 (S).

0
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(R)-3-Methyl-5-phenlybutanoic acid methyl ester (2.149c): Yield: 528 mg (71%).
Characterization data was in agreement with literature.”> 'H NMR (400 MHz, CDCl5): § 7.28 (m,
2H), 7.18 (m, 3H), 3.67 (s, 3H), 2.62 (m, 2H), 2.36 (dd, J = 14.7, 6.0 Hz, 1H), 2.18 (dd, J = 14.8,
8.0 Hz, 1H), 2.02 (oct, J = 6.5 Hz, 1H), 1.67 (m, 1H), 1.53 (m, 1H), 1.01 (d, 6.6 Hz, 3H). 3C{'H}
NMR (100 MHz, CDCl3): 6 173.6, 142.4, 128.45, 128.42, 125.8, 51.5, 41.6, 38.6, 33.4,30.2, 19.8.
[a]Z® =+14.7 ° (c = 1.05, CH2Cl) [lit.*° [a]3® = +18.5 ° (¢ = 0.88, CH2Cl,)]. Enantiomeric ratio
was confirmed by chiral HPLC using a 30 cm Chiralcel OD-H column, 0.5 mL/min 99.7%
hexanes/0.3% i-PrOH, retention times 49.3 min (minor) and 60.3 min (major):>> 93.4 (R): 6.6 (S);
in agreement with diastereomeric ratio data (93:7). Crude sultam recovery: 73%; recrystallized:

435 mg, 56%.
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(5)-3-Phenylbutanoic acid methyl ester (2.149d): Yield: 431 mg (67%). Characterization data
was in agreement with literature.’” 'H NMR (400 MHz, CDCl3): & 7.31 (m, 2H), 7.21 (m, 3H),
3.63 (s, 3H), 3.29 (hextet, J = 7.3 Hz, 1H), 2.60 (ABX pattern, J = 15.2, 8.2, 6.9 Hz, 2H), 1.3 (d,
J=17.6 Hz, 3H). *C{'H} NMR (100 MHz, CDCl5): § 172.9, 145.8, 128.6, 126.8, 126.5, 51.6, 42.8,
36.5,21.9. [a]3® = +23.5 ° (c = 0.99, CH,CL) [lit.”” [a]2° = +7.3 ° (c = 1.36, CHCl;, ee = 44%)].
Crude sultam recovery: 72%; recrystallized: 358 mg, 46%. Enantiomeric ratio was taken from

diastereomeric ratio data: 92 (S): 8 (R).
2.4.5.3 Telescoped process with auxiliary recycling

For auxiliary recycle experiments the acid chloride, 35% auxiliary make up and PTC were
combined in the organic solution and the other 65% of auxiliary was dissolved in a solution of 4%

NaOH, 4% NaCl used for the acylation during start-up.

The acid chloride solutions were prepared by combining (E)-a-B-unsaturated acid chloride
2.15 (7.5 mmol), toluene (~5 mL), Aliquat 336 (30 mg, 75 umol) and camphorsultam 2.5 (0.56 g,

2.6 mmol), then making up the solution to 75.00 mL with toluene.

The auxiliary in 4% NaOH, 4% NaCl solution used for start-up was prepared by taking
camphorsultam 2.5 (0.46 g, 2.2 mmol) and making up to 25.00 mL with 4% NaOH, 4% NaCl.

After steady state was reached for the entire process as in the single pass experiments,
collection of the product stream was commenced and the recovered auxiliary stream was connected
to the acylation phase, completing the recycle loop. Product containing effluent was collected for
4.5 h, then all pumps were stopped. The effluent was evaporated and the methyl ester purified by

chromatography (20x150 mm silica, pentane—5% Et;0 in pentane eluent).

(R)-3-Methylnonanoic acid methyl ester (2.149a): Yield: 548 mg (54%), contaminated with ~33
mg (6% by mass) rac-3-methylnonanal impurity. The aldehyde impurity was removed by treating
the product with Brady’s reagent (2,4-dinitrophenylhydrazine, 100 mg, 0.5 mmol) in MeOH (10
mL) with 1 drop H2SO4 at 40 °C for 20 min and then separation of the formed hydrazone from the

methyl ester by chromatography (20 % 150 mm silica gel column, pentane—5% Et;O in pentane
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eluent) giving the methyl ester as a pale yellow oil. Kugelrohr distillation at 80 °C, high vacuum
yielded the pure methyl ester product as a colourless oil, 444 mg (44%). Enantiomeric ratio taken

from diastereomeric ratio data: 95 (R): 5 (5).

(R)-3,5-Dimethylhexanoic acid methyl ester (2.149b): Yield: 411 mg (48%). Enantiomeric ratio

taken from diastereomeric ratio data: 98 (R): 2 (S).

(R)-3-Methyl-5-phenlybutanoic acid methyl ester (2.149¢): Yield: 640 mg (57%). Enantiomeric

ratio taken from diastereomeric ratio data: 95 (R): 5 (S).

(5)-3-Phenylbutanoic acid methyl ester (2.149d): Yield: 658 mg (68%). Enantiomeric ratio taken
from diasterecomeric ratio data: 90 (S): 10 (R).
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Chapter 3 Enabling Substitution Reactions in Flow by Selecting Organic

Bases that Form Protic Ionic Liquids®®

3.1 Introduction

The extensive re-optimization required in Chapter 2 to adapt previously published batch
reactions into a flow process — primarily required to avoid solid handling issues during the
acylation and hydrolysis steps — brought to our attention how frequently major adaptation is
required when transitioning from batch to flow simply to avoid solid formation. This is perhaps
unsurprising considering most reactions are discovered and optimized in traditional flasks, where
the limitations of batch are addressed but those of flow are not considered. The incompatibility of
solids is arguably the most significant of these. Since most flow reactions often involve pumping
homogeneous reactant streams through tubular reactors, even small amounts of solid can result in

clogging, fouling, or failure of the various pumps, tubes and other reactor components.

As a result, prevention of solid formation must be addressed on a case-by-case basis for each
reaction conducted, creating an economic and psychological barrier to widespread implementation
of flow processes. Since continuous flow processing has been identified as one the most important
areas of research to improve sustainability by leaders in the pharmaceutical and fine chemical

industries,' a solution to address this barrier would be highly valuable.
3.1.1  Avoiding precipitation of base-HX salts

When considering the most important and frequently performed reactions in the
pharmaceutical industry: acylations, arylations, and alkylations using acyl, aryl, and alkyl halides,
respectively (Scheme 3.1) the severity and commonality of the solid handling problem becomes

clear.? These reactions generally require scavenging of the by-product acid by a stoichiometric

2 Parts of this chapter have appeared in print: K. Kashani, S.; Sullivan, R. J.; Andersen, M.; Newman, S. G.
Overcoming solid handling issues in continuous flow substitution reactions through ionic liquid formation. Green
Chem. 2018, 20, 1748—-1753. Excerpts from the results section have been adapted from K. Kashani, S.; Sullivan, R.
J.; Andersen, M.; Newman, S. G. Green Chem. 2018, 20, 1748—1753 with permission from the Royal Soceity of
Chemistry.

® The work in this Chapter was started by S. K. Kashani with investigation of the ability to enable acylation reactions
using acid chlorides and protic ionic liquid forming organic bases. After his initial results were promising we divided
the subsequent work. S. K. Kashani demonstrate scope for acylation reactions and optimized and demonstrated scope
for SNAr reactions; I optimized and demonstrated scope for Sy2 reactions and demonstrated the ability to apply the
strategy in telescoped multistep synthesis. Lastly, we each performed one silylation scope example.
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base. While trivial in batch, this is frustratingly challenging in flow since inorganic bases are
insoluble in most organic solvents, as are the conjugate acids of many organic bases (e.g.,

Et:N-HCI).

Scheme 3.1. Substitution reactions commonly lead to solid handling problems when converting to flow.

org. solvent
R/X + Nuc—H + Base o e, R/NUC + Base*HX

Common bases: K,CO; NaOH NEt; N'Pr,Et
%{_/ %(_/

insoluble insoluble
reagents conjugate acids

______________________________________________________________

’

Many tailored solutions have been implemented to maintain homogeneity for desired
reactions in flow. By far the most common approach is to modify the reaction solvent(s) and
concentration. While conducting reactions in polar solvents (e.g., EtOH, NMP, DMF) or at dilute
concentrations are often successful approaches to prevent precipitate formation, implementing
these modifications undermines the very benefits that motivate conversion to flow in the first place.
Specifically, the excellent heat and mass transfer achievable in flow can efficiently handle
exotherms, allowing reactions to be run more concentrated,’ and the ability to telescope multiple
reaction steps together into one process reduces waste and increases efficiency.* Clearly, when
prevention of precipitate formation requires a reaction to be performed more dilute, this is not
achieving the desired benefits of flow processing.’ Likewise, for the telescoping of multi-step
reactions it is desirable to be able to use continuous liquid-liquid extractions for removal of
impurities/by-products between steps, but this is not possible if a highly polar, and therefore water

miscible, solvent is required to maintain reaction homogeneity.
3.1.2  Engineering solutions to prevent precipitation

An alternate approach to handle solids in a continuous process is to use an engineering
solution, i.e., design a reactor capable of handling solid formation. Many examples of this have
been presented, but successful implementation requires capital investment and engineering
expertise, making these solutions less generally applicable to the average chemist. Use of

sonication to prevent solids aggregation is the conceptually simplest approach,® but other strategies
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including design of miniaturized continuous stirred tank reactors,” screw extrusion reactors,® or

use of crystal seeding to prevent solids aggregation’ have been reported.'°
3.1.3  Preventing precipitation using ionic liquid acid scavengers

A simpler, more universal solution to efficiently enable substitution reactions in flow would
be to use bases for which neither the free base nor conjugate acid is prone to precipitate formation.
For instance, in the BASF BASIL process, 1-methylimidazole (MIm, 3.3) is used as a base in the
condensation of alcohols with chlorophosphines (Scheme 3.2).!! 1-Methylimidazolium chloride
(3.5), the conjugate acid, is a protic ionic liquid (pKa = 7.1; mp = 70 °C)'? that forms a discrete
second liquid phase as the reaction progresses (Figure 3.1), avoiding solid-handling issues and
enabling easy separation and recovery of all reaction components. Other salts with moderate
melting points include tributylammonium chloride (3.6, pKa = 10.9; mp = 60 °C)'* and DBU
hydrochloride (3.7, pKa = 13.5; mp = 66 °C).!*

Scheme 3.2. The BASF BASIL process.
/ /
Cl N OR N
+2ROH +2 _— P +2 |,
" [ % 'OR N
N H CI-
3

3.1 3.2 3. 3.4 3.5

Figure 3.1. Reaction mixtures after synthesis of dialkoxyphenylphosphines. A) A thick slurry forms if
using a tertiary amine as the acid scavenger. B) Two immiscible liquid phases form if using MIm as the

acid scavenger. Reproduced from ref 11b with permission from ACS publications.
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While protic ionic liquids have been explored as solvents or catalysts,'> the synthetic
potential of forming these species as side products has not been widely recognized.!® It was
hypothesized that the BASF BASIL strategy could be generalized for a variety of important
reactions that require acid scavenging in flow, without imposing limitations on the concentrations

or solvents that could be used (Scheme 3.3).

Scheme 3.3. Flow substitution reactions enabled by ionic liquid forming acid scavengers.

X
R
® (m g~ NUC + Base-HX
bazz.ﬁﬁ Z;/t ionic liquid at
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___________________________________________________________________

32 Results and Discussion

Initially the use of acid chlorides in continuous flow acylation chemistry with oxygen,
nitrogen, and sulfur-centered nucleophiles was investigated. These seemingly trivial
transformations can give significant precipitation problems when operating in continuous flow, a
challenge further enhanced when operating under relatively concentrated conditions with non-
polar solvents. Toluene was selected as the solvent and a range of concentrations was evaluated to

examine the effectiveness of using an ionic liquid generating base.

The reaction of benzoyl chloride (3.8) and phenol (3.9) was used as a model reaction (Table
3.1). Performing a 0.5 M reaction at 90 °C in toluene using triethylamine (entry 1), N-
methylmorpholine (entry 2) or N-methylpiperidine (entry 3) as the base led to rapid clogging of 1

mm L[.D. tubing with precipitated conjugate acid. On the other hand, using 1-methylimidazole
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(MIm, entry 4), tributylamine (entry 5), or DBU (entry 6) as the organic base allowed the reaction
to proceed smoothly, giving high yields of ester 3.10. In each case, phase separation of a new ionic
liquid phase was observed in the PFA reactor coils before addition of water to prevent
crystallization of the salt after exiting the heated reaction zone. Furthermore, performing the
reaction at 2 M concentration, where the volume of the phase-separated ionic liquid generated was
comparable to the organic phase, clearly demonstrated that this strategy does not impose
concentration limitations because solubility of the protonated acid scavenger in the organic phase

is not a requirement (entry 7).

Table 3.1. Influence of bases on clogging in the acylation of phenol.”

o]
H,O
Cl quench
0]
3.8 (m 0.5 mL Ph
® 0" + base+HCI
heated zone 3.10
HO
\© + base tres = 2.5 min

3.9
Entry Base Conc (M) Temp (°C) Yield (%)”
1 EtN 0.5 90 Clog
2 N-methylmorpholine 0.5 90 Clog
3 N-methylpiperidine 0.5 90 Clog
4 1-methylimidazole 0.5 90 95
5 BuzN 0.5 90 95
6 DBU 0.5 90 91
7 1-methylimidazole 2 90 99

“Reactions performed in a 0.5 mL PFA coil with 1.25 eq. of phenol and base with t..; = 2.5 min. See Experimental for

full details. ® Yield determined by '"H NMR of the crude mixture of a sample collected at steady state.

The strategy of using MIm (3.3) as a base to enable continuous acylation reactions at high
concentrations proved to be general (Table 3.2). By running reactions at 0.5 M in toluene with
1.25 equivalents of phenol and base, phenyl benzoate 3.10 could be isolated in 83% yield. The

same conditions could be applied using an electron-deficient or electron-rich phenol derivative to
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isolate 3.11 and 3.12, respectively. Use of an aliphatic alcohol did not require re-optimization,
enabling ester 3.13 to be prepared in 78% yield. Due to their moderate solubility in toluene at 0.5
M, anilides 3.14-3.17 were prepared in good yields using THF instead as the reaction solvent with
the inclusion of a 40 psi back pressure regulator at the product outlet to prevent solvent boiling.
Lastly, the preparation of amides via substitution of acid chlorides with aliphatic amines required
use of DBU rather than MIm as the base. Since the pKa of MIm is lower than typical amine
nucleophiles, it is not sufficiently basic to use as a terminal base in these cases, and instead the
secondary amines are protonated, leading to precipitation/clogging. DBU on the other hand is
sufficiently basic (pKa of conjugate acid = 13.5) to serve as the terminal base without competition
from the amine nucleophiles, allowing amides 3.18 and 3.19 to be synthesized in 95% and 91%

yield, respectively.

Other classes of substitution reactions were then targeted: arylations and alkylations via
SnAr and Sn2 mechanisms, respectively. These more challenging transformations are commonly
run in polar, highly solubilizing solvents such as DMF and EtOH. However, solid-handling issues
are still commonly encountered when trying to run these reactions in flow due to the low solubility
of the base-HX salts, and highly tailored conditions are often used including dilute conditions,
aqueous co-solvent, or exceptionally high temperatures (for solubility studies of Et3N salts in polar
aprotic solvents see Appendix II, Table AIL1).!¢ To test if the use of the ionic-liquid forming acid
scavengers MIm and DBU would be similarly effective at preventing clogging in SNnAr reactions,
a series of experiments was carried out with a range of nucleophilic and electrophilic partners
(Table 3.3). The reaction of aliphatic amines with (hetero)nitroarenes proceeded smoothly when
using NMP as a solvent at | M concentration to form 3.20-3.22 in excellent yield in 5 minutes at
115 °C. As was the case for acylation reactions, use of DBU was necessary to prevent competing
protonation and precipitation of the amine nucleophile. The high basicity of DBU also enabled the
synthesis of ether 3.23 in 89% yield under similar conditions via deprotonation of the
corresponding phenol nucleophile. In contrast, thioether 3.24 could be prepared using less

expensive MIm as the base due to the lower pK. of the thiophenol nucleophile.
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Table 3.2. Continuous flow acylation reactions without clogging through use of MIm or DBU as ionic

liquid-forming acid scavengers.”

R
product
2

Ph)J\O
3.10
OMe
O
O
MeO
3.13
g L]
t—Bu\)J\N \N
H
3.16
O
=00
3.19

0

N

Cl

NucH

MIm

yield
(%)

83

91°

(m 0.5 mL
®

quench

heated zone
90°C,0.5M

tres = 2.5 min

product

L
Ph)J\O

X
R Nuc
+ MIm-HCI
3.5
yield product
(%)
oM
. 10T
Ph)J\O
3.12
OMe
. T
81
Ph)J\N
H
3.15
0]
99 H
Ce 13\)J\NHBn
3.18

yield
(%)
88

87

95°

? Reactions performed in a 0.5 mL coil submerged in a 90 °C oil bath with 1.25 eq. of nucleophile and MIm as base.

tres = 2.5 min. Toluene was used as solvent for 3.10-3.13. THF was used as solvent for 3.14-3.19. Pure products were

isolated by column chromatography or extraction (see Experimental) after collection of 1.25 mL at steady state. > DBU

used as base.
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Table 3.3. Continuous flow SyAr reactions without clogging through use of DBU or MIm as ionic liquid-

forming acid scavengers.”

g gap—
R
0.5 mL
° m N Nuc
heated zone R
115°C, 1 M
NucH . + DBU-HX
+ E— tres = 5 min
DBU
product yield product yield product yield
(%) (%) (%)
o NO,
) (L 1
X W O I ”
OZN NOZ 02N ~ N
3.20,X=Cl 3.21, X=F 3.22, X=Cl
o NO,
S
o, » O "
OzN OMe _ N
3.23, X=F 3.24, X =Cl

¢ Reactions performed in a 0.5 mL coil submerged in a 115 °C oil bath with 1.5 eq. of nucleophile and DBU as base.
tres = 5 min. NMP was used as solvent. Pure products were isolated by column chromatography after collection of 1.25
mL at steady state. » Reaction at 130 °C. trs = 30 min. ¢ Reaction performed in a 1 mL coil at 90 °C. tres = 20 min at

0.5 M concentration with MIm as base.

A series of Sn2 reactions was next studied using BusN as a general, inexpensive base
(comparable in cost to Et;N) that provides an ionic liquid conjugate acid upon protonation (Table
3.4). Without case-by-case optimization, N-methylaniline was alkylated using three different
electrophiles with variation of the R substituent and the halide leaving group to form 3.25-3.27 in
good yields, using only the minimal amount of solvent needed to make the electrophile starting
material solutions (4 M in NMP) and dosing the nucleophile and base neat. The reaction of benzyl
chloride with N-methylaniline could also be performed completely neat, providing 90% yield after
work-up and purification, and giving 0.63 g (3.2 mmol) of product per hour through the 1 mL
reactor coil. Use of thiophenol as a nucleophile was similarly straightforward, providing 3.28 in

83% yield. Lastly, the use of DBU again allowed the use of aliphatic amine nucleophiles, providing
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access to alkylated products 3.29 and 3.30. Notably, precipitate-free solutions were produced
regardless of the leaving groups (F-, CI', Br™ and I") demonstrating the generality of this acid
scavenging strategy. Furthermore, control reactions were performed using EtsN as base in batch
with otherwise identical conditions to the flow experiments. Precipitation was observed in each

case, which would inevitably lead to clogging issues if performed in continuous flow.

Table 3.4. Continuous flow Sn2 reactions without clogging through use of BusN or DBU as ionic liquid

forming acid scavengers.”

R™ X
m 1 mL
* R” “Nuc
heated zone
+ | tes=30min
BU3N
product yield product yield product yield
(%) (%) (%)
ol b, ot
96 N 919
N 78 e 90
(90)°
3.25, X =Cl 3.26, X =Br 3.27, X=1
(@]
s NN | N |
\© 83 84 K/O 94
3.29, X =Cl 3.30, X =Cl

3.28, X =Br
“ Reactions performed in a 1.0 mL coil submerged in a 140 °C oil bath with 1.25 eq. of electrophile and BusN as base.
tres = 30 min. NMP was used as solvent. Pure products were isolated by column chromatography after collection of 2

mL at steady state.  Reaction performed neat. DBU used as base.

Lastly, the protection of alcohols with TBSCI (3.31, Scheme 3.4) was investigated. These
reactions are frequently carried out at mild temperatures in DCM using imidazole as both a base
and nucleophilic catalyst,!” resulting in precipitation of the imidazolium salt upon product
formation. While the use of MIm at elevated temperatures may allow these reactions to proceed in
flow without clogging issues, we instead chose to investigate 1-butylimidazole (3.32, Bulm). The

corresponding HCI salt of this base melts at 29 °C,!?*¢ enabling the silylation reactions to be
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studied at the mild temperatures common in the literature. Using 1.15 equivalents of 3.31 and 2
equivalents of 3.32, silyl ethers 3.33 and 3.34 were prepared in excellent yield at 1 M concentration
in DCM with a 5 minute residence time at 35 °C. Due to the higher cost of 3.32 compared to MIm,
the ionic liquid by-product was isolated after the synthesis of 3.33 by collecting the phase separated
conjugate acid, 3.32-HCIl, and treating with NaOH (3.32-HCI spontaneously phase separates from
the DCM reaction mixture and remains as a second liquid phase at room temperature, see Figure
3.8 in the Experimental for a representative photograph). A 95% recovery was achieved after

purification, demonstrating the recyclability of 3.32 if desired.

Scheme 3.4. Continuous flow silylation reactions without clogging through use of 1-butylimidazole as an

ionic liquid forming acid scavenger.

TBS/CI -
3.31 (mn)
0.5mL Y + _
NH
. - oo TES 4 @ cl
heated zone BY mp: 29°C
ROH 35°C, 1M
+ | tes=5min
Bulm
332 NaOH
' | :
. O. .
; TBS TBS ! ~ "N
LT e O
MeO By
X 3.33 3.34 ' 95%
| 97% 95% ' recovered
e T E TR : 3.32

Towards demonstrating the simplicity with which the use of ionic liquid-forming acid
scavengers can enable straightforward implementation of telescoped flow procedures, the
synthesis of the local anaesthetic Lidocaine (3.38) was investigated. Previous flow routes towards
this molecule required redevelopment of the literature conditions (i.e. toluene as solvent)'® to use
highly solubilizing CHCIs/DMF!® or NMP/MeOH/H>0%. Using tributylamine as a base and
toluene as solvent, 2-chloroacetylchloride (3.35) and 2,6-dimethylaniline (3.36) were mixed in a
flow reactor at 90 °C, followed by addition of diethylamine (3.37) and DBU to give a 66% isolated

yield of 3.38 (Scheme 3.5). At a 0.4 M concentration with a total residence time of 10.8 minutes
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this allowed production of 0.37 g of 3.38 per hour in the 1.1 mL reactor coil, equivalent to a space

time yield of 0.34 kg-h L.

Scheme 3.5. Telescoped continuous flow synthesis of Lidocaine without clogging using BusN and DBU as
ionic liquid forming acid scavengers.
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33 Conclusions

Despite the many advantages of running reactions continuously, the barriers associated with
adapting batch procedures to flow hinders the adoption of this technology. The challenges
associated with solid formation, particularly in reactions that require an acid scavenging base, are
some of the most common and frustrating problems in flow chemistry. Through the rational
selection of bases that form ionic liquids upon protonation, these solid-handling issues can be
easily alleviated. In particular, 1-methylimidazole, tributylamine, DBU, and 1-butylimidazole
enable precipitate-free reactions of acyl, aryl, alkyl, and silyl halide electrophiles using N, O, and
S nucleophiles. These reactions give high yields with short reaction times. Furthermore,
concentrations ranging from 0.5 M to neat are utilized, demonstrating that the improved efficiency
theoretically possible with a flow process (due to effective heat and mass transfer) can be easily
realized for reactions that generate stoichiometric base-HX by-products using this strategy. In the
case where the base utilized is less accessible than a more traditional alternative (i.e., 1-
butylimidazole), it was also demonstrated that direct recovery from the reaction mixture is trivial.
Lastly, the ability to simplify implementation of telescoped processes for multistep syntheses was

demonstrated by the synthesis of Lidocaine via sequential acylation and alkylation reactions.
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3.4  Experimental

3.4.1 General experimental details

Unless otherwise indicated, reagents were obtained from Sigma Aldrich, Fisher Scientific or
Combi-Blocks and used as received. 2-Bromoacetophenone was recrystallized from EtOH, 4-
methoxyphenol was recrystallized from benzene, and cinnamyl chloride was distilled over Ko2CO3

prior to use.

'"H NMR and '*C NMR were recorded on a Bruker AVANCE 400 MHz spectrometer and
referenced to residual solvent signals. Yields for optimization studies were determined by NMR
or GC analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as an internal
standard. IR spectra were collected on a Thermo Scientific Nicolet 6700 FTIR equipped with a
diamond ATR crystal (ThermoScientific) and are reported in terms of frequency of absorption
(cm™). GC analysis were conducted on an Agilent Technologies 7890B GC with 30 m x 0.25 mm
HP-5 column. Accurate mass data were obtained from an Agilent 5977A GC/MS using
MassWorks 4.0 from CERNO bioscience.?! Continuous flow experiments were performed using
1.0 mm inner diameter PFA tubing reactor coils heated in silicone oil baths and NewEra NE-300
syringe pumps equipped with 5 or 10 mL Hamilton Gastight glass syringes for reagents and 10
mL HSW norm-ject plastic syringes for quench streams when necessary. PEEK fittings, tee mixers

and back-pressure regulators were purchased from UpChurch Scientific.
3.4.2  General procedures

Note: For flow reactions it is important to correctly prepare solutions of stated concentration,
i.e., solute is weighed into a calibrated volumetric apparatus and filled to desired final solution
volume with solvent. Assuming negligible volume of solute and simply adding the desired solution
volume worth of solvent is an incorrect practise and results in substantial stoichiometry errors
when dealing with concentrated solutions (e.g., adding 1.0 mL of solvent to 0.5 mmol of solute
does not prepare a 0.5 M solution, but rather a substantially less concentrated solution depending

on the solute).

General procedure A for acylation reactions to produce esters. Nucleophile (2.25 mmol) and

base (2.25 mmol) were combined and made up to 2.00 ml with toluene to give a 1.125 M solution
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and loaded into a 5 mL Hamilton Gastight syringe. Electrophile (2.25 mmol) was made up to 2.00
mL with toluene to make a 1.125 M solution and loaded into a second 5 mL Hamilton Gastight
syringe. The continuous flow reactor depicted in Figure 3.2 was used with flow rates of 89 pL/min
for electrophile solution and 111 uL/min for nucleophile solution to give a residence time of 2.5
min and a 1:1.25:1.25 ratio of electrophile:nucleophile:base (MIm) through a 0.5 mL reactor coil
submerged in a 90 °C oil bath. To quench the reaction mixture at the end of the reactor, pump C
was loaded with water with flow rate of 300 pL/min, and a 5 psi back pressure regulator was set
at the end of the outlet line. The first 6 min (2.5 residence volumes) of effluent was discarded to
reach steady state, then effluent was collected for 5 min. 1 M HCI (20 mL) was added to the
collected effluent and the product was extracted with DCM (3 x 40 mL). The combined organic
extracts were washed with 2 M NaOH (40 mL), dried over Na>SO4 and the solvent evaporated.

The residue was chromatographed on silica gel to yield the pure product.

300 pL/min
X ”

1.125 M in toluene

89 uL/min Mixer 1 @
0.5'mL Mixer 2
NucH + base — > heating zone
1.125 M in toluene 5 psi BPR
111 pL/min

Figure 3.2. Schematic of flow reactor used for acylation reactions to produce esters.

Phj\OQ

Phenyl benzoate (3.10):* General procedure A was followed with reaction of benzoyl chloride and
phenol. Column chromatography (6:1 hexanes:EtOAc) yielded the pure product as a white solid
(83 mg, 83% yield). Characterization data were in agreement with the literature.?> "H NMR (400
MHz, CDCl3) 6 8.22 (d, J= 6.9 Hz, 2 H), 7.65 (t, J = 8.2 Hz, 1H), 7.52 (t, J = 7.0 Hz, 2H), 7.44

2 Prepared by S. K. Kashani
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(t, J = 8.3 Hz, 2H), 7.32-7.18 (m, 3H). 3C{'H} NMR (100 MHz, CDCl3) & 165.3, 151.1, 133.7,
130.3, 129.7, 129.6, 128.7, 126.0, 121.9.

SN
Ph)J\O

4-Cyanophenyl benzoate (3.11):* General procedure A was followed with reaction of benzoyl
chloride and 4-cyanophenol. Column chromatography (3:1 hexanes:EtOAc) yielded the pure
product as a white solid (96 mg, 86% yield). Characterization data were in agreement with the
literature.> "TH NMR (400 MHz, CDCls) § 8.20 (d, J = 7.8 Hz, 2H), 7.75 (d, J= 9.1 Hz, 2H), 7.68
(t,J=17.6 Hz, 1H), 7.54 (t,J= 7.9 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H). *C{'H} NMR (100 MHz,
CDCl3) 6 164.4, 154.4, 134.3, 133.9, 130.4, 128.9, 128.8, 123.1, 118.4, 110.0.

o /©/OME
Ph)J\O

4-Methoxyphenyl benzoate (3.12):* General procedure A was followed with reaction of benzoyl
chloride and 4-methoxyphenol. Column chromatography (3:1 hexanes:EtOAc) yielded the pure
product as a white solid (100 mg, 88% yield). Characterization data were in agreement with the
literature.> 'H NMR (400 MHz, CDCls) § 8.20 (d, J= 8.1 Hz, 2 H), 7.63 (t,J = 7.8 Hz, 1H), 7.51
(t,J=7.8 Hz, 2H), 7.13 (d, J= 9.0 Hz, 2H), 6.94 (d, J = 9.9 Hz, 2H) 3.82 (s, 3H). *C{'H} NMR
(100 MHz, CDCl3) & 165.7, 157.5, 144.6, 133.6, 130.3, 129.8, 128.7, 122.6, 114.7, 55.7.

0]

MeO OMe

4-Methoxybenzyl 4-methoxybenzoate (3.13):* General procedure A was followed with reaction of
4-methoxybenzoyl chloride and 4-methoxybenzylalcohol. Column chromatography (10:1
hexanes:EtOAc) yielded the pure product as a colourless oil (107 mg, 78% yield). Characterization
data were in agreement with the literature.?* '"H NMR (400 MHz, CDCls) § 8.01 (d, J=9.0 Hz, 2
H), 7.38 (d, J = 8.9 Hz, 2H), 7.94-6.87 (m, 4H), 5.27 (s, 2H), 3.84 (s, 3H), 3.81 (s, 3H). *C{'H}

2 Prepared by S. K. Kashani
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NMR (100 MHz, CDCl3) 6 166.4, 163.5, 159.7, 131.8, 130.1, 128.5, 122.8, 114.1, 113.7, 66.4,
55.5,554.

General procedure B for acylation reactions to produce amides. General procedure A was
followed with three modifications. First, THF was used in the place of toluene for solution
preparation. Second, an additional quench pump D, delivering 300 pL/min EtOAc was added as
shown in Figure 3.3. Lastly, the back pressure was increased to 40 psi. The first 6 min (2.5
residence volumes) of effluent was discarded to reach steady state, then effluent was collected for
5 min. 1 M HCI (30 mL) was added to the collected effluent and the product was extracted with
DCM (3 x 30 mL). The combined organic extracts were washed with 1 M NaOH (20 mL), dried
over Na;SO4 and the solvent evaporated. The white solids obtained were washed with hexanes to
yield pure products when applicable, otherwise chromatographed on silica gel to yield pure

compound.

300 pL/min
((m)) 90 °C
@

O

o

1.125 M in THF

89 HL/m|n Mixer 1 [ Y
0.5mL Mixer 2
NucH + base heating zone
1.125 M in THF X 40 psi BPR
111 pl/min

300 pL/min

Figure 3.3. Schematic of flow reactor used for acylation reactions to produce amides.

N-Phenylbenzamide (3.14):* General procedure B was followed with reaction of benzoyl chloride
and aniline. Washing with hexanes yielded the pure product as a white solid (80 mg, 81% yield).
Characterization data were in agreement with the literature.?> 'H NMR (400 MHz, CDCl;) § 7.88
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(d,J=6.9 Hz, 2 H), 7.80 (br s, 1H), 7.64 (d, J= 7.6 Hz, 2H), 7.56 (t, J= 7.5 Hz, 1H), 7.50 (t, J =
7.6 Hz, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.16 (t, J = 7.3 Hz, 1H). 3C{'H} NMR (100 MHz, CDCl;)
5 165.8, 138.1, 135.2, 131.9, 129.2, 128.9, 127.1, 124.7, 120.3.

o /©/OM6
Ph)J\

N
N-(4-Methoxyphenyl)benzamide (3.15):* General procedure B was followed with reaction of
benzoyl chloride and 4-methoxyaniline. Washing with hexanes yielded the pure product as a white
solid (99 mg, 87% yield). Characterization data were in agreement with the literature.?® '"H NMR
(400 MHz, CDCl3) 6 7.86 (d, J= 7.5 Hz, 2H), 7.75 (br s, 1H), 7.58-7.44 (m, 5H), 6.90 (d, /=9.1

Hz, 2H), 3.82 (s, 3H). 3C{'H} NMR (100 MHz, CDClz) § 165.8, 156.8, 135.2, 131.8, 131.1,
128.9, 127.1, 122.2, 114.4, 55.6.

2
t—Bu\)J\N \N
H

3,3-Dimethyl-N-(pyridin-2-yl)butanamide (3.16):* General procedure B was followed with
reaction of 3,3-dimethylbutanoyl chloride and 2-aminopyridine. Column chromatography (3:1
hexanes:EtOAc) yielded the pure product as an off-white solid (68 mg, 71% yield). mp: 8687 °C.
"H NMR (400 MHz, CDCls) & 8.53 (br s, 1H), 8.35-8.37 (m, 2H), 7.75-7.64 (m, 1H), 7.08-6.97
(m, 1H), 2.24 (s, 2H), 1.06 (s, 9H). *C{'H} NMR (100 MHz, CDCl3) § 170.7, 151.7, 147.7, 138.6,
119.8,114.3,51.6.31.4,29.9. IR v (cm™) 3243, 3074, 2952, 2861, 1658, 1590, 1576, 1523, 1474,
1456, 1428, 1395, 1361, 1328, 1306, 1285, 1233, 1146, 1134, 1095, 1051, 974, 952, 909, 878,
846, 805, 771, 737, 649, 618, 561. HRMS calc. for Ci11HisN2O: 192.1019; found: 192.1106,

spectral accuracy 99.3%.

2 Prepared by S. K Kashani.
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N-Mesitylbenzamide (3.17):* General procedure B was followed with and the modification that
DCM was used in the place of EtOAc during the quench. The product was produced by reaction
of benzoyl chloride and 2,4,6-trimethylaniline. Washing with hexanes yielded the pure product as
a white solid (119 mg, 99% yield). Characterization data were in agreement with the literature.?’
'H NMR (400 MHz, CDCI3) § 7.92 (d, J = 7.1 Hz, 2H), 7.58 (t, J = 6.4 Hz, 1H), 7.49 (t, J = 7.9
Hz, 2H), 7.35 (br s, 1H), 6.93 (s, 2H), 2.30 (s, 3H), 2.24 (s, 6H). 13C{1H} NMR (100 MHz,
CDCI3) 6 166.2, 137.2, 135.4, 134.8, 131.8, 131.3, 129.1, 128.9, 127.3, 21.1, 18.5.

0
06H13\)J\NHBn

N-Benzyloctanamide (3.18):* General procedure B was followed with the modification that DCM
was used in the place of EtOAc during the quench and DBU was used as base instead of MIm. The
product was produced by reaction of octanoyl chloride and benzyl amine. Column chromatography
(2:1 hexanes:EtOAc) yielded the pure product as a white solid (111 mg, 95% yield).
Characterization data were in agreement with the literature.?® "H NMR (400 MHz, CDCl3) & 7.36-
7.24 (m, SH), 5.72 (s, 1H), 4.44 (d, J = 5.6 Hz, 2H), 2.22 (t, J =7.4 Hz, 2H), 1.70-1.60 (m, 2H),
1.35-1.22 (m, 8H), 0.87 (t, J =6.7 Hz, 3H). 3C{'H} NMR (100 MHz, CDCl;) § 173.1, 138.6,
128.8, 128.0, 127.6, 43.7, 37.0, 31.8, 29.4, 29.1, 25.9, 22.7, 14.2.

)

2O

1-(3,4-Dihydroisoquinolin-2(1H)-yl)-2, 2-dimethylpropan-1-one (3.19):* General procedure B was
followed with the modification that DCM was used in the place of EtOAc during the quench and
DBU was used as base instead of MIm. The product was produced by reaction of fert-butylacetyl
chloride and 1,2,3,4-tetrahydroisoquinoline. Column chromatography (2:1 hexanes:EtOAc)
yielded the pure product as a white solid (99 mg, 91% yield). Characterization data were in
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agreement with the literature.”’ '"H NMR (400 MHz, CDCls) § 7.23-7.07 (m, 4H), 4.75 (s, 2H),
3.85 (t,J=15.9 Hz, 2H), 2.89 (t,J = 6.32 Hz, 2H), 1.32 (s, 9H). "*C{'H} NMR (100 MHz, CDCl;)
0 176.8,134.5,133.7, 128.8, 126.6, 126.5, 126.4, 47.6, 43.5, 47.6, 43.5, 38.9, 29.1, 28.5.

General procedure C for SNAr reactions with N nucleophiles. Nucleophile (9.0 mmol) and base
(9 mmol) were combined and made up to 3.00 mL with NMP to make a 3.0 M solution and loaded
into a 5 mL Hamilton Gastight syringe. Electrophile (6.0 mmol) was made up to 3.00 mL with
NMP to make a 2.0 M solution and loaded into a second 5 mL Hamilton Gastight syringe. The
continuous flow reactor depicted in Figure 3.4 was used with flow rates of 50 pL/min for both
nucleophile and electrophile solutions, to give a residence time of 5 min and a 1:1.5:1.5 ratio of
electrophile:nucleophile:base (DBU), through a 0.5 mL reactor submerged in a 115 °C oil bath. A
5 psi back pressure regulator provided back pressure for the system. The first 15 min (3 residence
volumes) of effluent was discarded to reach steady state, then effluent was collected for 5 min.
DCM (60 mL) was added to the collected effluent and the organic phase was washed with water
(5 x 10 mL). The organic layer was dried over Na>xSO4 and the solvent evaporated. The residue

was chromatographed on silica gel to yield the pure product.

X
Ar”

2 M in NMP — B 115°C

50 pL/min

Mixer 1 &
0.5-1mL

NucH + base — > heating zone
3 M in NMP 5 psi BPR

50 pl/min

Figure 3.4. Schematic of flow reactor used for SxAr reactions with N nucleophiles.
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1-(2,4-Dinitrophenyl)piperidine (3.20):* General procedure C was followed with reaction of 2,4-
dinitrochlorobenzene and piperidine. Column chromatography (3:1 hexanes:EtOAc) yielded the
pure product as an orange solid (117 mg, 93% yield). Characterization data were in agreement
with the literature.*® "TH NMR (400 MHz, CDCls): § 8.68 (d, J = 2.8 Hz, 1H), 8.21 (dd, J =9.4, 2.7
Hz, 1H), 7.08 (d, J = 9.4 Hz, 1H), 3.28-3.22 (m, 4H), 1.77-1.67 (m, 6H). 3C{'H} NMR (100
MHz, CDCI): 6 149.9, 137.6, 128.2, 124.1, 119.2, 52.0, 25.6, 23.7.

0 N4< >—No2
N

4-(4-Nitrophenyl)morpholine (3.21):° General procedure C was followed with reaction of 4-
fluoronitrobenzene and morpholine. Column chromatography (1:2 hexanes:EtOAc) yielded the
pure product as a yellow solid (88 mg, 85% yield). Characterization data were in agreement with
the literature.’! 'H NMR (400 MHz, CDCl:): § 8.15 (d, J = 9.4 Hz, 2H), 6.84 (d, J =9.4 Hz, 2H),
3.87 (t, J = 5.1 Hz, 4H), 3.37 (t, J = 5.2 Hz, 4H). BC{'H} NMR (100 MHz, CDCls): § 155.1,
139.2, 126.0, 112.8, 66.5, 47.3.

Jee
N
_N

2-(3-Nitropyridin-2-yl)-1,2,3,4-tetrahydroisoquinoline (3.22):* General procedure C was followed
with reaction of 2-chloro-3-nitro-pyridine and 1,2,3,4-tetrahydroisoquinoline. Column
chromatography (3:1 hexanes:EtOAc) yielded the pure product as a yellow solid (151 mg, 85%
yield). Characterization data were in agreement with the literature.*> 'TH NMR (400 MHz, CDCl5):
08.36 (dd, J=4.5,1.7 Hz, 1H), 8.17 (dd, J = 8.1, 1.8 Hz ,1H), 7.22-7.15 (m, 3H), 7.15-7.09 (m,
1H), 6.73 (q, J = 4.4 Hz,1H), 4.49 (s, 2H), 3.77 (t, J = 5.5 Hz, 2H), 3.02 (t, J = 5.8 Hz, 2H).
BC{'H} NMR (100 MHz, CDCl3): § 152.7, 151.9, 135.8, 135.2, 133.6, 132.4, 128.6, 126.9, 126.5,
126.4, 112.8, 50.4, 46.1, 28.7.
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General procedure D for SnAr reactions with O nucleophiles. General procedure C was
followed with three modifications. First, the flow rates of the reagent pumps were set to 16.7
puL/min instead of 50 uL/min. Second, the 0.5 mL reactor coil was replaced with a 1.0 mL reactor
coil. Third, the oil bath temperature was set to 130 °C instead of 115 °C. The first 75 min (2.5
residence volumes) of effluent was discarded to reach steady-state, then effluent was collected for
30 min. DCM (60 mL) was added to the collected effluent and the organic phase was washed with
water (5 x 10 mL). The organic layer was dried over Na;SO4 and the solvent evaporated. The

residue was chromatographed on silica gel to yield the pure product.

(@)

1-Methoxy-4-(4-nitrophenoxy)benzene (3.23):* General procedure D was followed with reaction
of 4-fluoronitrobenzene and 4-methoxyphenol. Column chromatography (6:1 hexanes:EtOAc)
yielded the pure product as an off-white solid (218 mg, 89% yield). Characterization data were in
agreement with the literature.>* '"H NMR (400 MHz, CDCI3): § 8.17 (d, J = 9.3 Hz, 2H), 7.03 (d,
J = 9.1 Hz, 2H), 6.98-6.92 (m, 4H), 3.83 (s, 3H). *C{1H} NMR (100 MHz, CDCI3): § 164.3,
157.3, 147.9, 142.4, 126.0, 122.0, 116.5, 115.4, 55.8.

General procedure E for SNAr reactions with S nucleophiles. Nucleophile (3.75 mmol) and
base (3.75 mmol) were combined and made up to 3.00 ml with NMP to give a 1.25 M solution and
loaded into a 5 mL Hamilton Gastight syringe. Electrophile (3.75 mmol) was made up to 3.00 mL
with NMP to make a 1.25 M solution and loaded into a second 5 mL Hamilton Gastight syringe.
The continuous flow reactor depicted in Figure 3.5 was used with flow rates of 10 pL/min for the
electrophile solution and 15 pL/min for the nucleophile solution to give a residence time of 20 min
and a 1:1.5:1.5 ratio of electrophile:nucleophile:base (MIm), through a 0.5 ml reactor submerged
in a 90 °C oil bath. Two quench pumps, one delivering water at 37.5 uL/min and one delivering
EtOAc at 37.5 pL/min prevented crystallization upon exiting the heated zone and a 5 psi back
pressure regulator provided system pressure. The first 50 min (2.5 residence volumes) of effluent
was discarded to reach steady state, then effluent was collected for 30 min. 1 M HCI (20 mL) was
added to the collected effluent and the product was extracted with DCM (3 x 40 mL). The
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combined organic extracts were washed with 2 M NaOH (40 mL) and then distilled water multiple
times to remove NMP from the solution, dried over NaxSO4 and the solvent evaporated. The

residue was chromatographed on silica gel to yield the pure product.

37.5 uL/min

X

Ar
1.25 M in NMP - 7 90 °C

10 pL/min ((mn) Mixer 2

Mixer 1 @ 4
0.5 mL

NucH + base — > heating zone
1.25 M in NMP X5 osi BPR

15 plL/min

EtOAc
37.5 ul/min @

Figure 3.5. Schematic of flow reactor used for SxAr reactions with S nucleophiles.

3-Nitro-2-(phenylthio)pyridine (3.24):* General procedure E was followed with reaction of 2-
chloro-3-nitropyridine and thiophenol. Column chromatography (10:1 hexanes:EtOAc) yielded
the pure product as a yellow solid (85 mg, 97% yield). Characterization data were in agreement
with the literature.>* "TH NMR (400 MHz, CDCI3) & 8.51-8.47 (m, 2H), 7.58-7.53 (m, 2H), 7.48-
7.42 (m, 3H), 7.19-7.15 (m, 1H). 3C NMR (100 MHz, CDCls) 158.4, 153.5, 141.5, 136.1, 133.7,
129.7,129.5, 129.3, 119.5.

General procedure F for SN2 reactions with N and S nucleophiles. Nucleophile (10 mmol) and
base (12.5 mmol) were combined neat and loaded into a 5 mL Hamilton Gastight syringe.
Electrophile (12.5 mmol) was made up to 3.13 mL with NMP to make a 4.0 M solution and loaded

into a second 5 mL Hamilton Gastight syringe. The continuous flow reactor depicted in Figure 3.6
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was used with flow rates set to give a residence time of 30 min and a 1:1.25:1.25 ratio of
nucleophile:electrophile:base (BusN for aniline or sulfur nucleophiles, DBU for aliphatic amine
nucleophiles). Flow rates differed for each reaction based on density differences between different
nucleophile-base solutions; specific flow rates used for each product are given below. Reaction
concentration also varied, depending on nucleophile-base solution density. Concentrations within
the reactor ranged from 1.7 M to 2.1 M. and are given below. The first 40 min (1.33 residence
volumes) of effluent was discarded to reach steady state, then effluent was collected for 60 min.
The material collected was partitioned between 0.1 M K>CO3 (50 mL) and 2:1 EtOAc:hexanes (20
mL). The aqueous phase was extracted with an additional 2 X 15 mL 2:1 EtOAc:hexanes and the
combined organic extracts were then washed with 3 x 5 mL HO, dried over NaxSO4 and the

solvent evaporated. The residue was chromatographed on silica gel to yield the pure product.

P
R7X [ pump A] ——— ((m)wc

4 M in NMP
i ®
Mixer 1 mL
NucH + base —— > heating zone
pre-mixed, neat X 5 psi BPR

&

Figure 3.6. Schematic of flow reactor used for Sx2 reactions with N or S nucleophiles.

SR

N-Benzyl-N-methylaniline (3.25): General procedure F was followed. Benzyl chloride solution
flow rate was 14.3 pL/min and N-methylaniline/BusN mixture flow rate was 19.0 pL/min giving
a reaction concentration of 1.7 M. Column chromatography (hexanes—2.5% EtOAc in hexanes)
yielded the pure product as a colourless oil (0.51 g, 96% yield). Characterization data were in
agreement with the literature.> 'H NMR (400 MHz, CDCls): § 7.36-7.34 (m, 2H), 7.30-7.25 (m,
5H), 6.79 (d, J = 8.9 Hz, 2H), 6.76 (t, J = 7.3 Hz, 1H), 4.58 (s, 2H), 3.06 (s, 3H). ’C{'H} NMR
(100 MHz, CDCl3): 6 149.9, 139.2, 129.3, 128.7, 127.0, 126.9, 116.4, 112.5, 56.8, 38.6.
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Alternatively, the reaction could be performed neat. A solution of N-methylaniline (1.07 g,
10 mmol), benzyl chloride (1.58 g, 12.5 mmol) and BusN (2.31 g, 12.5 mmol) was prepared and
loaded into a 5 mL Hamilton Gastight syringe. The reactor coil depicted in Figure 3.6 was used,
fed via a single pump at 33.3 pL/min. The first 40 min of effluent were discarded then product was
collected for 60 min. Work-up was the same as the experiment using general procedure F. Yield:

0.63 g, 90%.

| O

Shas

N-Methyl-N-phenacylaniline (3.26): General procedure F was followed. 2-Bromoacetophenone
solution flow rate was 14.3 pL/min and N-methylaniline/BusN mixture flow rate was 19.0 uL/min
giving a reaction concentration of 1.7 M. Column chromatography (5%—17% EtOAc in hexanes)
followed by recrystallization from hexanes yielded the pure product as yellow needles (0.43 g,
78% yield). Characterization data were in agreement with the literature.*®* '"H NMR (400 MHz,
CDCl): 6 8.01-7.99 (m, 2H), 7.61 (t, J=7.4 Hz, 1H), 7.50 (t,J= 7.6 Hz, 2H), 7.23-7.20 (m, 2H),
6.73 (t, J= 7.3 Hz, 1H), 6.68 (d, J = 8.8 Hz, 2H), 4.78 (s, 2H), 3.11 (s, 3H). 3C{1H} NMR (100
MHz, CDCL3): 6 196.6, 149.3, 135.6, 133.7, 129.3, 128.9, 127.9, 117.2, 112.4, 59.1, 39.7.

©/NVC9H19

N-Decyl-N-methylaniline (3.27): General procedure F was followed. lododecane solution flow rate
was 14.3 pL/min and N-methylaniline/BusN mixture flow rate was 19.0 uL/min giving a reaction
concentration of 1.7 M. Column chromatography (hexanes—3% EtOAc in hexanes) yielded the
pure product as colourless oil (0.60 g, 90% yield). Characterization data were in agreement with
the literature.’” "TH NMR (400 MHz, CDCls): § 7.25-7.21 (m, 2H), 6.72-6.66 (m, 3H), 3.30 (t,J =
7.5 Hz, 2H), 2.93 (s, 3H), 1.57 (pent, J = 7.3 Hz, 2H), 1.32-1.28 (m, 14H), 0.90 (t, J = 7.8 Hz,
3H). BC{'H} NMR (100 MHz, CDCl5): § 149.5,129.3,115.9, 112.2, 53.0, 38.4, 32.0, 29.8, 29.71,
29.70, 29.5, 27.3, 26.8, 22.8, 14.3.
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2-Phenylthioacetophenone (3.28): General procedure F was followed with two modifications.
First, the nucleophile and base were separately dosed neat via syringe pumps equipped with 5 mL
Hamilton Gastight syringes due to immiscibility. The three reagent streams: electrophile solution
(4M in NMP), nucleophile and base were combined in a PEEK cross mixer and then entered the
reaction coil as in Fig 3.6. 2-Bromoacetophenone solution flow rate was 14.6 pL/min, BusN flow
rate 13.9 pL/min, thiophenol flow rate 4.8 uL/min giving a reaction concentration of 1.8 M.
Second, 1 M HCI was used in the place of 0.1 M KoCOs3 during the work-up steps. Column
chromatography (5%—10% Et20O in hexanes) yielded the pure product as a white solid (0.53 g,
83% yield). Characterization data were in agreement with the literature.® 'H NMR (400 MHz,
CDCl): 6 7.96-7.94 (m, 2H), 7.58 (tt,J=7.4, 1.3 Hz, 1H), 7.47 (t,J= 7.6 Hz, 2H), 7.41-7.38 (m,
2H), 7.31-7.26 (m, 2H), 7.25-7.23 (m, 1H), 4.28 (s, 2H). *C{'H} NMR (100 MHz, CDCls): &
191.2, 135.5, 134.9, 133.6, 130.6, 129.2, 128.8, 127.2, 41.3.

ShRe

N-Cinnamylpiperidine (3.29): General procedure F was followed. Cinnamyl chloride solution flow
rate was 17.6 pL/min and piperidine/DBU mixture flow rate was 15.7 puL/min giving a reaction
concentration of 2.1 M. Column chromatography over silica deactivated with EtzN (2:1
hexanes:EtOAc) yielded the pure product as a pale yellow oil (0.58 g, 84% yield). Characterization
data were in agreement with the literature.*® '"H NMR (400 MHz, CDCl): § 7.37 (d, J = 7.8 Hz,
2H), 7.30 (t,J=7.5 Hz, 2H), 7.21 (t,J = 7.3 Hz, 1H), 6.49 (d, /= 15.8 Hz, 1H), 6.30 (dt, J=15.8,
6.8 Hz, 1H), 3.12 (dd, /= 7.0, 1.2 Hz, 2H), 2.43 (br s, 4H), 1.61 (pent, J = 5.6 Hz, 4H), 1.45 (pent,

J=5.2 Hz, 2H). BC{'H} NMR (100 MHz, CDCl3): § 137.2, 132.7, 128.7, 127.5, 127.4, 126.4,
62.1, 54.8,26.2, 24.5.
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N-Benzylmorpholine (3.30): General procedure F was followed. Benzyl chloride solution flow rate
was 17.8 uL/min and morpholine/DBU flow rate was 15.5 uL/min giving a reaction concentration
of 2.1 M. Column chromatography (30%—50% EtOAc in hexanes) yielded the pure product as a
pale yellow oil (0.63 g, 94% yield). Characterization data were in agreement with the literature.*
"H NMR (400 MHz, CDCls): § 7.33-7.26 (m, 5H), 3.71 (t, J = 4.6 Hz, 4H), 3.50 (s, 2H), 2.44 (t,
J=4.5 Hz, 4H). *C{'H} NMR (100 MHz, CDCl3): § 137.9, 129.3, 128.4, 127.3, 67.2, 63.6, 53.8.

General procedure G for Sx2 reactions with O nucleophiles (silylations). TBSCI (5.75 mmol)
was made up to 2.50 mL with DCM to give a 2.3 M solution and loaded into a 5 mL Hamilton
Gastight syringe. Alcohol (5.0 mmol) and Bulm (10 mmol) were made up to 2.50 mL with DCM
to give 2.0 M and 4.0 M concentrations respectively and loaded into another 5 mL Hamilton
Gastight syringe. The continuous flow reactor and flow rates depicted in Figure 3.7 were used to
give a residence time of 5 min and ratio of 1:1.15:2 alcohol: TBSCl:base (Bulm). The first 15 min
(3 residence volumes) of effluent was discarded to reach steady state, then effluent was collected

for 15 min. Work-up varied by compound and details for each compound are given below.

TBSCI

2.3 M in DCM 35 °C
50 plL/min (mm)
i @
~-OH +Buim Mixer 970 5 mL
2 M NucH, 4 M Bulm > heating zone
in DCM X5 psi BPR
50 plL/min

=

Figure 3.7. Schematic of flow reactor used for Sx2 reactions (silylations) with O nucleophiles.
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tert-Butyl(4-methoxyphenoxy)dimethylsilane (3.33):* General procedure G was followed with
reaction of TBSCI and 4-methoxyphenol. A photograph of the biphasic effluent is shown in Figure
3.8 below. To the collected biphasic effluent, DCM (40 mL) was added and the mixture washed
with 3 x 20 mL of 1 M HCI. The organic phase was then dried over Na>SOg, the solvent evaporated
and the product purified on silica gel (6:1, hexanes:EtOAc) to yield the pure product as colourless
oil (0.35 g, 97% yield). Characterization data were in agreement with the literature.*! 'H NMR
(400 MHz, CDCl3): § 6.77 (s, 4H), 3.76 (s, 3H), 0.99 (s, 9H), 0.18 (s, 6H). *C{'H} NMR (100
MHz, CDCL3): 6 154.2, 149.5, 120.7, 114.6, 55.7, 25.9, 18.3, —4.3.

O/OTBS
MeO

in DCM

"BU-N"SN «HCI
\—/

+ excess Bulm

Figure 3.8. Photograph of the biphasic reaction mixture after production of silyl ether 3.33.

I
N7 N-Bu (recovered)

\—/

Recovered 1-butylimidazole (3.32):° The aqueous acidic extracts (combined 60 mL) from the
work-up of 3.33 were basified by the addition of 2 M NaOH (60 mL) and extracted with 3 x 40
mL of DCM. The combined organic phases were dried over Na,SOj4 and the solvent evaporated to
yield 0.18 g of analytically pure Bulm (95%). Characterization data were in agreement with the
literature.*> "TH NMR (400 MHz, CDCls): § 7.41 (s, 1H), 6.99 (s, 1H), 6.85 (s, 1H), 3.88 (t,J = 7.1,
2H), 1.71 (m, 2H), 1.28 (m, 2H), 0.89 (t, J = 7.4, 3H). 3C{'H} NMR (100 MHz, CDCls): § 137.1,
129.4,118.8,46.7,33.1, 19.7, 13.5.

2 Prepared by S. K. Kashani
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tert-Butyl((2-iodobenzyl)oxy)dimethylsilane (3.34): General procedure G was followed with
reaction of TBSCI and 2-iodobenzyl alcohol. The biphasic effluent collected was partitioned
between 1 M HCI (20 mL) and 2:1 EtOAc:hexanes (20 mL). The aqueous phase was extracted
with an additional 2x15 mL 2:1 EtOAc:hexanes and the combined organic extracts were washed
with 5 mL brine, dried over Na>xSO4 and the solvent evaporated. The residue was chromatographed
on silica gel (hexanes) to yield the pure product as colourless oil (0.50 g, 95% yield).
Characterization data were in agreement with the literature.** 'H NMR (400 MHz, CDCls): § 7.77
(d,J=7.8 Hz, 1H), 7.51 (d J= 7.7 Hz, 1H), 7.37 (t,J = 7.6 Hz, 1H), 6.96 (t,J= 7.8, 1H), 4.63 (s,
2H), 0.98 (s, 9H), 0.14 (s, 6H). *C{'H} NMR (100 MHz, CDCl;): § 142.9, 138.6, 128.5, 128.2,
127.4,95.8,69.4, 26.0, 18.4, -5.3.

Y

Lidocaine (3.38): The conditions used were based on the literature batch procedure'® with minimal
modifications necessary to allow telescoping in flow. Specifically, toluene was used as the solvent
for both reaction steps to facilitate telescoping without solvent switching, both reaction steps were
performed at 90 °C in the same heated zone to prevent crystallization of the amide intermediate
produced in the first acylation step, and BusN and DBU respectively were used as acid scavengers

to prevent precipitate formation during both reactions.

2,6-Dimethylaniline (0.61 g, 5.0 mmol) and BusN (0.93 g, 5.0 mmol) were made up to 5.00
mL with toluene and loaded into a 5 mL Hamilton Gastight syringe. Chloroacetyl chloride (0.63
g, 5.5 mmol) was made up to 5.00 mL with toluene and loaded into another 5 mL Hamilton
Gastight syringe. EttNH (1.01 g, 15 mmol) and DBU (1.51 g, 10 mmol) were combined neat and
loaded into a third 5 mL Hamilton Gastight syringe. The continuous flow reactor depicted in Figure
3.9 was used to give a residence time of 1.25 min for the acylation and 9.5 min for the Sn2 reaction.

Reaction stoichiometry was, with respect to 2,6-dimethylaniline, 1.1 eq. of chloroacetyl chloride
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and 1 eq. of BusN for the acylation reaction, then 3 eq. of EttNH and 2 eq. of DBU (1 eq. consumed
by BusN-HCI from the previous acylation step) for the Sn2 reaction.

The first 20 min (~2 residence volumes) of effluent was discarded to reach steady-state, then
effluent was collected for 60 min. All material collected was partitioned between 1 M NaOH (20
mL) and 2:1 EtOAc:hexanes (20 mL). The aqueous phase was extracted with an additional 2 x 15
mL 2:1 EtOAc:hexanes and the combined organic extracts were washed with 3 x 5 mL water, then
extracted with 5x5 mL 1M HCI. The combined aqueous extracts were washed with 5 mL Et;O
then the pH was raised to >14 by addition of 50% NaOH. The solution was extracted with 4 x 5
mL hexanes and the combined extracts were dried over NaxSOs. The solvent was evaporated and
the residue chromatographed on Et;N deactivated silica gel (25 x 150 mm column, 10%—30%
EtOAc in hexanes eluent) to yield the pure product as a white powder (0.37 g, 66% yield).
Characterization data were in agreement with the literature.** 'TH NMR (400 MHz, CDCl3): § 8.92
(s, 1H), 7.09 (m, 3H), 3.22 (s, 2H), 2.69 (q, /= 7.1 Hz, 4H), 2.23 (s, 6H), 1.14 (t,J= 7.1 Hz, 6H).
BC{'H} NMR (100 MHz, CDCl5): § 170.4, 135.2, 134.1, 128.3, 127.2, 57.6,49.1, 18.7, 12.8.

water
Cl
o~ —

1 M in toluene
40 pL/min

100l & 1mL

heating
@/\NW + "BuN zone
1 M in toluene iz

X 75 psi BPR

40 pL/min
Et,NH + DBU

pre-mixed, neat
25 puL/min

Figure 3.9. Schematic of flow reactor used for telescoped synthesis of Lidocaine.
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Chapter 4 Overcoming Scope Limitations by Catalyst Resting State

Manipulation?

4.1 Introduction

The development of cross-coupling reactions in the second half of the twentieth century
revolutionized the field of synthetic organic chemistry and introduced a plethora of new bond
disconnections for retrosynthetic analysis. Despite nearly 50 years of research and development in
this area, new transformations are continually reported, ever expanding the range of applicable
substrates and accessible transformations. A commonality shared by both newly reported and well-
established transformations however is a propensity for reaction failure with changes to substrates
or conditions from those reported in the literature. This is perhaps unsurprising considering the
fact that catalytic reactions occur through a balance of multiple elementary steps — all occurring
under the same set of conditions — and in competition with a plethora of catalyst deactivation
pathways, including sequestration of the catalyst as inactive species, competitive inhibition by
solvent or substrate molecules, decomposition of either the catalyst structure or loss of supporting
ligand, precipitation of bulk metal, etc.! These various pathways leading to reaction failure
manifest as ‘scope limitations’ — substrates for which a given catalyst is ineffective to enact a

desired transformation.

The most common approach to overcome a scope limitation is to identify a different catalyst
that can facilitate the desired transformation for a substrate that previously failed, and this is a
major area of focus within both academic and industrial communities. However, there are
situations where an alternative approach is equally effective or superior to expand reaction scope.
This chapter focuses on situations where controlling the addition rate of one of the cross-coupling
reagents is an effective strategy to overcome severe scope limitations. Initially development of a
mechanistic understanding to explain the success of such a strategy in the context of historic

Kumada-Corriu and Murahashi cross-coupling of aggressive organometallic cross-coupling

2 Parts of this chapter have appeared in print: a) Hua, X.; Masson-Makdissi, J.; Sullivan, R. J.; Newman, S. G. Inherent
vs. apparent chemoselectivity in the Kumada—Corriu cross-coupling reaction. Org. Lett. 2016, 18, 5312—-5315; b)
Sullivan, R. J.; Freure, G. P. R.; Newman, S. G. Overcoming scope limitations in cross-coupling of diazo nucleophiles
by manipulating catalyst speciation and using flow diazo generation. ACS Catal. 2019, 9, 5623-5630. Excerpts from
the results section are adapted with permission from Sullivan, R. J.; Freure, G. P. R.; Newman, S. G. ACS Catal. 2019,
9, 5623-5630. Copyright 2019 American Chemial Society.
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nucleophiles will be explored. Subsequently, the application of the strategy to overcome
limitations in a more modern transformation, the palladium catalyzed cross-coupling of aryl

halides with diazo compounds will be described.
4.1.1 Kumada-Corriu cross-coupling

The Kumada-Corriu cross-coupling is one of the first catalytic cross-coupling reactions,
forming a new C—C bond between an aryl or vinyl halide and a Grignard reagent.? First reported
in 1972, this seminal work sparked the explosion of research efforts developing cross-coupling
chemistry. While synthetically useful,’ the aggressive nucleophilic nature of the Grignard reagents
nonetheless imposes severe scope limitations if the aryl halide coupling partner is functionalized
with an electrophilic group that is susceptible to direct attack by the Grignard reagent (Scheme
4.1). As a result, Kumada-Corriu reactions are seldomly used in complex molecule synthesis.
Instead, cross-coupling reactions utilizing less aggressive nucleophiles such as organotin (Stille),
organozinc (Negishi), organoboron (Suzuki-Miyaura) or organosilicon (Hiyama) reagents are

preferred, with the Suzuki-Miyaura cross-coupling the most widely used variant.*

Scheme 4.1. A) Kumada-Corriu reactions fail in the presence of electrophilic functional groups. B) The
mechanism of a Kumada-Corriu reaction.
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Recent work by Buchwald® and Knochel® however demonstrated that there was in fact

potential to perform Kumada-Corriu couplings with aryl iodides or bromides bearing electrophilic
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functional groups if the reaction was conducted under cryogenic temperatures or in the presence
of i-Prl to facilitate a Pd(I)/Pd(III) mechanism (Scheme 4.2). Subsequently, colleagues in the
Newman group demonstrated that slow addition of the Grignard reagent was a suitable strategy to
facilitate cross couple with a wide variety of functionalized aryl chlorides and diverse heterocycles
(Scheme 4.3).” The rate of Grignard reagent addition had a marked affect on cross-coupling
product yield (Figure 4.1), and development of a mechanistic explanation to account for these

observations is the focus of the first part of this chapter.

Scheme 4.2. Electrophilic functional group tolerance achieved by performing Kumada-Corriu reactions at
cryogenic temperatures (A) or by inclusion of i-Prl as an additive (B).
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Scheme 4.3. Kumada-Corriu cross-coupling achieved by slow addition of the Grignard reagent.
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Figure 4.1. Influence of Grignard addition rate on reaction yield for the coupling of 4-chlorobenzonitrile
(4.7a) and PhMgBr (4.2a).

4.1.2  Murahashi cross-coupling

The Murahashi cross-coupling is another seminal cross-coupling reaction. Reported in 1975,
this reaction forms a new C—C bond between an aryl or vinyl halide and an organolithium reagent.®
Unfortunately, this transformation has seen little synthetic use due to a very limited substrate
scope. Because of the high reactivity of organolithium reagents, multiple, unproductive reaction
pathways often compete with the desired catalytic cycle, including direct lithium halide exchange

with the aryl halide, resulting in low yields and complex product mixtures (Scheme 4.4).

Recent work by Feringa and coworkers however demonstrated that by using bulky, electron
rich ligands, in combination with slow addition of the organolithium reagent, high-yielding
Murahashi cross-coupling products could be obtained from aryl bromides (RLi added over 1 h,
Scheme 4.5) or chlorides (RLi added over 0.75—4 h, Scheme 4.6).° Furthermore, a correlation
between necessary addition rate of the organolithium reagent and the propensity of the aryl
chloride to undergo oxidative addition was observed, with activated aryl chlorides (i.e., aryl
chlorides bearing electron withdrawing groups) being compatible with faster RLi addition rates
than deactivated aryl chlorides (i.e., those bearing electron donating groups). While the reported

functional group tolerance of this transformation was still rather limited, comprising only
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alkanes/alkenes, ethers, amines, trifluoromethyl groups, and a few electron rich heterocycles, the

ability to perform selective Murahashi cross-couplings at all represented marked progress.

Scheme 4.4. A) Murahashi cross-coupling results in low selectivity due to competing lithium-halide
exchange. B) The operative catalytic cycle for a Murahashi cross-coupling reaction.
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Scheme 4.5. Murahashi cross-coupling of aryl bromides enabled by slow addition of the organolithium
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Scheme 4.6. Murahashi cross-coupling of aryl chlorides enabled by slow addition of the organolithium
reagent.
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4.1.3  Controlling nucleophile addition rate manipulates catalyst resting state

The reports discussed above demonstrated that product distribution could be effectively
controlled by modifying the addition rate of the organometallic reagent. But what underlying
mechanism was responsible for this? We hypothesized that for a reaction under kinetic control —
as is the case for cross-couplings with highly aggressive Grignard or organolithium reagents —
the product distribution is a function of relative rates of competing reactions.!” Using the reaction
of 4-chlorobenzonitrile with PhMgCl as an example, the two steps in competition are
transmetallation of Grignard 4.2a with Pd(II) oxidative addition intermediate II, and direct
nucleophilic attack of Grignard 4.2a on the electrophilic nitrile group of either the starting material
4.7a or product 4.3a (Scheme 4.7). It follows that the rate of transmetallation is given by rate =
k¢m.[4.2a][IT], while the rate of nucleophilic attack is rate = knuc.1[4.2a][4.7a] for attack on the

starting material and rate = knuc2[4.2a][4.3a] for attack on the product.

The fact that it is ever possible to achieve high selectivity for the desired cross-coupling
product indicates that transmetallation is, in principle, kinetically competent to outcompete
undesired nucleophilic attack (i.e., kim. > Knue1 = knue2). However, in most cases the observed
product selectivity does not reflect this because there is a very large difference in concentration of
Pd(I) intermediate II and the other electrophilic species 4.7a and 4.3a. The reasons for this are
twofold. First, the Pd(II) species II is an intermediate on a catalytic cycle, and the total amount of
Pd distributed throughout the entire cycle is sub-stoichiometric, typically <5% compared to aryl
halide 4.7a. Secondly, for cross-coupling reactions with aggressive organometallic nucleophiles

oxidative addition is generally the rate determining step, while transmetallation is facile.’® As a
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result, Pd(IT) intermediate II is slow to form but rapidly consumed, and therefore present in very

low concentrations under typical conditions (i.e., all Grignard added at start of reaction).

Scheme 4.7. Transmetallation is in kinetic competition with direct nucleophilic attack of the Grignard
reagent on electrophilic functional groups present on the aryl halide.
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We hypothesized that when the Grignard reagent is added slower than the turnover of the
catalytic cycle however, the concentration of Pd(Il) intermediate II increases because there is
insufficient organometallic reagent present to fully consume it. As a result, Pd(II) species II
becomes the catalyst resting state, with its concentration maintained at a sufficient level to allow
rate of transmetallation to exceed rate of undesired direct nucleophilic attack, providing high
selectivity for the desired cross-coupling product. While the example used to introduce this
hypothesis was a Grignard reagent, the analogous explanation for the cross-couplings of
organolithium reagents facilitated by slow addition is proposed, where lithium-halogen exchange
rather than direct nucleophilic attack is the undesired, competing reaction. To test these
hypotheses, real-time ESI-MS experiments!! were conducted to monitor the appearance and
accumulation or depletion of Pd(II) oxidative addition intermediates as a function of
organometallic nucleophile addition rate for the Kumada-Corriu and Murahashi reactions enabled

by nucleophile slow addition.
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4.1.4  Palladium catalyzed aryl halide—diazo cross-coupling

Competing side reactions that erode yield in a cross-coupling reaction are present in many
more transformations than the earliest developed examples from the labs of Kumada, Corriu and
Murahashi. We hypothesized that the strategy of manipulating catalyst resting state by controlling
addition rate of the nucleophilic coupling partner might be a widely applicable strategy to solve

similar problems faced in modern cross-coupling chemistry with more diverse coupling partners.

We were intrigued by the palladium catalyzed cross-couplings with diazo nucleophiles. This
chemistry was first developed by Barluenga and coworkers in 2007, using N-tosylhydrazones in
combination with strong base to form the diazos in situ.'? The reaction leads selectively to 1,1-
disubstituted olefins (Scheme 4.8), in contrast to Mizoroki-Heck reactions that favor 1,2-
substitution patterns with e.g., styrene coupling partners.'> Due to the importance of
polysubstituted olefins,'# this reaction with N-tosylhydrazones has been used for the synthesis of

diverse heterocycles, natural products, and bioactive molecules. '

Scheme 4.8. Cross-coupling of N-tosylhydrazones developed by Barluenga and coworkers proceeds

through a Pd-carbene intermediate.
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Seminal contributions from the groups of Van Vranken,'® Wang,!” and others have shown
that diazo species can be used directly in Pd(0)-catalyzed cross-coupling reactions,'® often in the
absence of strong base and with shorter reaction times compared to analogous reactions of N-
tosylhydrazones. However, these reactions suffer from two severe scope limitations. First, the
diazo coupling partners have structural limitations due to the necessity to include a stabilizing
electron withdrawing group for safety. And second, only specific organohalides, such as cis-vinyl
iodides,'® benzyl or allyl halides,?® and, rarely, aryl iodides®! have been successfully used. While

the direct coupling of aryl halides and diazo compounds is perhaps the most obvious version of
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the reaction, it wasn’t reported until 2010 and only worked well for aryl iodides; extension to aryl

bromides required high catalyst loadings and aryl chlorides were not reported.?

Previous mechanistic studies on the Pd-catalyzed coupling of aryl halides with diazo
compounds suggested that oxidative addition may be the rate determining step,?? which precedes
reaction with the diazo. Diazos are known to undergo numerous other reactions, including
unimolecular decomposition®® and direct interaction with Pd(0).>* Given the sparsity of aryl
bromides and the absence of aryl chlorides, which under go slower oxidative addition,> we
hypothesized that a conceptually similar problem of competing reaction pathways was causing the
scope limitations. In this case, the desired reaction with the Pd(II)ArX intermediate is in
competition with decomposition of the diazo reagent. When oxidative addition, and therefore
catalyst turnover, is rapid (with e.g., aryl iodides) the entire cross-coupling reaction is complete
before the diazo compound decomposes via other pathways. However, when the turnover limiting
oxidative addition is slow (with e.g., aryl bromides and chlorides), the bulk of the diazo compound
decomposes while waiting for catalyst turnover, leading to depletion of the diazo reagent and low

yields of the desired cross-coupling product (Scheme 4.9A).

We hypothesized that a similar approach of manipulating catalyst resting state could be used
to overcome these limitations. By adding the diazo reagent slower than catalyst turnover, the Pd(II)
oxidative addition intermediate would accumulate such that as diazo is added there is always a

sufficient concentration of Pd(II) present for reaction by the desired pathway.

In addition to addressing limitations with the aryl halide electrophiles, we envisioned also
addressing the limitations with the diazo nucleophiles. As discussed in the general introduction,
on-demand synthesis of diverse diazo compounds in continuous flow allows safe access to a wide
variety of non-stabilized, functionalized diazo compounds by, for example, oxidation of

hydrazones over MnO, (vide supra, Chapter 1, section 1.1.3).2

Furthermore, continuous flow
diazo synthesis is ideally compatible with reagent slow addition, by producing the diazo at the
desired addition rate. The combination of these two strategies — on demand diazo synthesis and
artificial manipulation of the catalyst resting state — provide a substantial expansion in the scope
of this reaction, which is reported for the first time using diverse non-stabilized diazo reagents and

with aryl bromides and chlorides (Scheme 4.9B).
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Scheme 4.9. Hypothesis to explain previous reaction failure and strategy to unlock diverse organohalides

& diazo reagents.
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4.2 Results and Discussion

4.2.1 Real-time ESI-MS investigation into operative mechanism for success of

slow addition strategy in Kumada-Corriu and Murahashi cross-couplings®

To provide support for the hypothesis that slow addition of the organometallic reagents
allows productive cross-coupling chemistry by facilitating an accumulation of the Pd(II) oxidative
addition intermediate, real-time direct infusion ESI-MS experiments!! were conducted to monitor
the appearance and accumulation or depletion of Pd(II) oxidative addition intermediate II (Figure
4.2B). When PhMgBr was added over the course of only 5 min a Pd-containing species was

initially observed at m/z = 618, representing the loss of chloride from Pd(II) intermediate II (Figure

2 This work was conducted in collaboration with X. Hau and J. Masson-Makdissi who assisted by preparing the starting
materials and determining reaction yields as a function of addition organometallic rate.
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4.2C). However, this signal rapidly depleted as the Grignard was added. Formation of imines 4.16
and 4.17 was observed, formed by nucleophilic attack of the Grignard on the nitrile group of the
starting material and the desired cross-coupling product, respectively. In contrast, when the
experiment was run with Grignard reagent slowly added over 1 h, Pd(Il) intermediate II was
present during the entire course of the reaction (Figure 4.2D). Small amounts of side product 4.16
were formed only during the initial induction period, providing further support for the hypothesis
that this side reaction does not occur provided a sufficient concentration of Il is present to achieve

chemoselective transmetallation.

Since the 4-chlorobenzonitrile starting material and 4-phenylbenzonitirile product used in
the initial ESI-MS investigation (Figure 4.2) could not be observed with the instrument parameters
and experimental conditions that allowed detection of the Pd species of interest, the same slow and
fast addition experiments with ESI-MS monitoring were repeated using S-chloro-2-
methylbenzoxazole (4.7b, Figure 4.3A) as the electrophile to confirm that starting material
consumption and product formation were consistent with the observed presence or absence of
active ArPdCl species. In these circumstances the identity of the side product(s) were unknown;
however, the starting material 4.7b, desired product 4.3b and ArPdCl intermediate could all be
observed simultaneously. The same observation of ArPdCI depletion when PhMgBr was added
over only 5 min (Figure 4.3B) and pseudo-steady-state ArPdCl concentration when the Grignard
was added over the optimal 1 h (Figure 4.3C) were observed as with the 4-chlorobenzonitrile
substrate. As expected, the quantity of product 4.3b increased only when the active ArPdCl
intermediate was present. This occurred to a much greater extent during the slow Grignard addition

experiment.

During the slow addition experiment, the starting material gradually decreased and desired
product proportionately increased over the course of the Grignard addition. Due to the continuous
withdrawal of solution from the mixture to enable the real-time monitoring, and the necessary
withdrawal rate of 50—100 pL/min to prevent clogging of the PEEK tube leading from the reaction
flask, the starting material became depleted at ~40 min, representing 2/3 of the total Grignard
addition. At this point, precipitate formation in the reaction flask began and quickly resulted in

clogging of the PEEK tubing leading to the MRA valve and therefore the end of data collection.
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A) Effect of Grignard addition rate
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Figure 4.2. A) A substantial difference in yield is observed depending on how slowly the Grignard reagent

is added over the duration of the reaction. B) Mechanistic interpretation of selectivity. C) Real time mass

spectrometric monitoring with PhMgBr added over 5 minutes. Intensity represents the height of the most

abundant isotope peak normalized to the total ion current from m/z = 100 to 800. D) PhMgBr added over 1

h.
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A) Contrast between fast and slow addition
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Figure 4.3. A) A substantial difference in yield is observed depending on the rate of Grignard addition. B)
Real time mass spectrometric monitoring with PhMgBr added over 5 minutes. Intensity represents the
height of the most abundant isotope peak normalized to the total ion current from m/z = 100 to 800. C)

PhMgBr added over the course of 1 h.

Interestingly, between 30 and 40 min when the concentration of the starting material was
nearing 0 and the concentration of product was high it was observed that the amount of product
plateaued and then began to decline. This was likely an artifact of the early depletion of the starting
material as a result of the reaction solution withdrawal leading to the presence of excess Grignard

reagent at the end of the reaction and partial product decomposition as a result.

Pleased that the real-time ESI-MS experiments supported our initial hypothesis for the
operative mechanism for the success of the slow addition strategy with the Kumada-Corriu cross-
coupling, attention was turned to monitoring the ArPdCI oxidative addition intermediate in the
Murahashi cross-coupling of chloronaphthalene (4.13a) with phenyllithium (4.8a) developed by
Feringa and coworkers® (Figure 4.4). Similar results were observed as with the Kumada-Corriu
chemistry. When the organolithium nucleophile was added quickly the oxidative addition
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intermediate initially appeared but was quickly depleted. In contrast, a pseudo steady-state

concentration was observed when PhLi was added at the optimal, slow addition rate.

A) Contrast between fast and slow addition
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Figure 4.4. A) Direct coupling of organolithium reagents with aryl chlorides also requires slow addition of
the nucleophile to obtain high yields. B) Real time mass spectrometric monitoring with PhLi added over 5
minutes. Intensity represents the height of the most abundant isotope peak normalized to the total ion current

from m/z =100 to 800. C) PhLi added over 45 min.

Together with the results from the Kumada-Corriu reactions, these data support the
hypothesis that selectivity for transmetallation over undesired side reactions is achieved when
using slow addition of the nucleophile by manipulating the catalyst resting state. The concentration
of Pd(II) oxidative addition intermediate is increased by starvation of the nucleophilic coupling
partner. As aresult, chemoselective transmetallation occurs because the concentration of the Pd(II)
oxidative addition intermediate is always sufficient for transmetallation to outcompete undesired
side reactions. In other words, by manipulating the catalyst resting state, enough Pd(II)
intermediate is always present to efficiently react with the organometallic reagent as it is added to

the reaction medium.
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4.2.1  Catalyst resting state manipulation and flow generation of non-stabilized

diazos to enable aryl halide—diazo cross-coupling®

Attention was then turned to applying this strategy to overcome limitations in the cross-
coupling with diazo nucleophiles. In this case, it was hypothesized that decomposition of the diazo
compound was the competing side reaction that could be overcome by accelerating
transmetallation through catalyst resting state manipulation. The cross-coupling of chlorobenzene
(4.20a) with ethyl 2-diazopropanoate (4.21) was selected, catalyzed by the Pd/XPhos system
previously reported for the analogous cross-coupling with aryl bromides.?? Negligible yield of
desired product 4.22a was obtained if the diazo coupling partner was added in one dose at the start
of the reaction, however when 21 was added by syringe pump, a strong correlation was observed
between addition rate of diazo and yield of product 4.22a (Figure 4.5) with 80% yield achieved

when adding the diazo over the course of 3 h.

To further investigate the relationship between the diazo addition rate and yield, reactions
between 4.21 and an electron-poor (4-chlorobenzonitrile, 4.20b) and electron-rich (4-
chloroanisole, 4.20¢) aryl chloride were investigated. As was the case with 4.20a, both substrates
exhibited an increase in yield with controlled diazo addition, with substantially different optimal
rates depending on the electronic nature of the substituent on the aryl chloride. For 4.20b, a 63%
yield could already be achieved if the diazo reagent was added in one dose at the start of the
reaction, whereas only trace product could be achieved in this manner when using 4.20c. With
diazo reagent added over a period of 30 min or longer ~90% yield was achieved for 4.20b, while

for 4.20c only moderate yield was achieved even with diazo added over 5 h.

These results provided strong support for both initial hypotheses. Desired products could be
produced from aryl chlorides if diazo was added slowly over the duration of the reaction, and the
optimal addition rate may be approximating catalyst turnover rate, ensuring that the Pd(II)
oxidative addition intermediate is always present to react with incoming diazo compound by
maintaining it as the resting state. Secondly, substituents that accelerated oxidative addition

allowed faster addition rates for the diazo reagent, consistent with oxidative addition being rate

2 The work with aryl chlorides and stabilized diazo compounds was conducted by G. P. R. Freurre under my
supervision. All other work with aryl bromides and flow-generated diazo, as well as computational work, compounds
was performed by me.
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limiting. Furthermore, addition rates slower than strictly necessary were not detrimental to product
yield, providing support for the assertion that decomposition of the diazo compound in the absence

of rapid catalyst turnover is indeed the problem previously preventing coupling with aryl chlorides.

o 0 [Pd(allyl)Cl], (2.5 mol%)
N XPhos (10 mol%) EtO
EtO i-Pr,NH (3 eq.) I
R N2 PhMe, 100 °C R
4.20 4.21 4.22
1.5 eq.
slow addition
100
B e b 7Y
;\3 80 A - _ ." _____ Y
< 60 %
2 ,
8 ’ -=-=" -i ------ oo u
B 40 e
(0] 7/ 4
g . @ R=H (4.22a)
© 20 R A R=CN (4.22b)
Lol B R = OMe (4.22c)
o
0 1 2 3 4 5

Diazo added over x hours

Figure 4.5. Effect of diazo addition rate on product yield for the cross-coupling of ethyl 2-diazopropanoate
with aryl chlorides.”

¢ Conditions: 0.2 mmol of ArCl, 3 eq of i-ProNH, [Pd(allyl)Cl], (2.5 mol%), XPhos (10 mol%) in toluene (1 mL) at
100 °C, 1.5 eq of ethyl 2-diazopropanate in toluene (1 mL) added by syringe pump and stirred 15 additional min after
addition was complete. Yield determined by proton NMR of crude mixture with 1,3,5-trimethoxybenzene as internal

standard. Dotted lines are added for assistance with visualization only.

Since slower than necessary addition rates were not detrimental to product yield, a 3 h
addition rate was selected to examine substrate scope (Table 4.1). A wide variety of electron
withdrawing groups were tolerated including cyano (4.22b), acetyl (4.22d), aldehyde (4.22¢) and
chalcone (4.22f). Electron neutral phenyl (4.22a), styrene (4.22g) and thiomethyl (4.22h) groups
were also compatible. An increase in catalyst loading allowed the presence of the strongly electron
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donating 4-methoxy group (4.22¢) to be tolerated as well. Relatively high steric hinderance from
2,6-dimethyl substitution was also compatible (4.22i), as were indole (4.22j) and benzodioxole
(4.22K) heterocycles. The strategy of controlled diazo addition rate was also amenable to allow

cross-coupling with aryl bromides at decreased catalyst loadings (4.22a).

Attention was next turned to expanding the scope of the diazo compounds with the use of
non-stabilized diazo reagents. It is unsurprising that previous reports on these direct cross-coupling
reactions are primarily limited to well-behaved a-diazo carbonyl compounds, since these species
are isolable, less prone to decomposition, and, in many cases, commercial. Non-stabilized diazo
reagents on the other hand present considerable safety risks during their preparation and isolation
due to a tendency to (explosively) decompose.?” For cross-coupling with aryl halides, these less
stable diazo species should also be particularly challenging substrates due to faster background
decomposition reactions than the stabilized analogues. Nonetheless, we believed that these
challenges could be overcome with the combination of slow diazo addition and flow chemistry for

safe, ‘on-demand’ diazo generation.

The strategy reported by Ley and coworkers for the generation of non-stabilized a-aryl diazo
compounds by the continuous flow oxidation of hydrazones over MnO, was selected for this
purpose.?®4-¢ The literature protocol reported the production of diazo compounds in methylene
chloride using short contact times (<1 s) with the oxidant. To be compatible with our cross-
coupling chemistry, modifications were required to match the rate of diazo formation and
consumption. To generate 2-diazoacetophenone (4.24) from acetophenone hydrazone (4.23) at
required flow rates, a solution of 4.23 and 2 equivalents of i-Pr2NH could be passed through a 5
cm x 4" outer diameter, 3 mm inner diameter 316 stainless steel column packed with MnO; at

0.35 mL/min, providing ~75-80% yield (Scheme 4.10).

Scheme 4.10. Oxidation of acetophenone hydrazone to 2-diazoacetophenone over a packed bed of MnQO,.

N,NH2 MnO, N,
o [
Ph)\ 0.35 mL/min Ph
4.23 toluene 4.24
i-ProNH (2 eq.) 75%

147



Table 4.1. Direct cross-coupling of aryl chlorides with diazo reactant.”

[Pd(ally)\Cl], (2.5 mol%

)
XPhos (10 mol%)
@C' i-Pr,NH, 100 °C EtO | N
0 <
R/ = 0] \R

4.20 (1.5 eq.) added 4.22
EtOJ\H/ over 3 h

421 N2
yield yield yield
product product product
(%) (%) (%)
EtO EtO EtO
7 77 66°
0 (77%) © CN ° OMe
4.22a 4.22b 4.22¢
EtO
EtO EtO
O
O 84 O H 65 91
Ph
@) O
4.22d 4.22¢ o
4.22f
73 62 52
O ¥ S SMe O
4.22¢ 4.22h 4.22i
Eto% NH Eto\ﬁ)‘\@O
73 > 50
O 0 o
4.22j 4.22k

¢ Conditions: 0.2 mmol of ArCl, 3 eq of i-Pr,NH, [Pd(allyl)Cl], (2.5 mol%), XPhos (10 mol%) in toluene (1 mL) at
100 °C, 1.5 eq of ethyl 2-diazopropanate in toluene (1 mL) added over 3 h and stirred 15 additional min after addition
complete. Isolated yield. » From bromobenzene; 15 min addition time at 80 °C with 3.5 mol% loading of

Pd(XPhos)(allyl)Cl. ¢ 5 mol% [Pd(allyl)Cl],, 20 mol% XPhos was used.

This was now compatible with our desired cross coupling chemistry, allowing diazo addition

over a range of ~10—45 min at 0.2 mmol scale. We first demonstrated the application of these non-
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stabilized, flow-generated diazo compounds to the cross-coupling with aryl bromides (Table 4.2).
A 90% yield was achieved for the coupling of bromobenzene (4.25a) with 2-diazoacetophenone
(4.24) after only a moderate increase in the stoichiometry of the non-stabilized diazo species to 2
eq. compared to 1.5 for ethyl 2-diazopropanoate (see Appendix III, Table AIII.1 for optimization
data). The scope of suitable aryl bromides was very broad with little impact from electron
withdrawing trifluoromethyl (4.26b), nitro (4.26¢), or ketone (4.26d) groups, or electron donating
methyl (4.26e), or methoxy (4.26f) groups. Steric hinderance at the 2-position of the aryl bromide
was also tolerated (4.26g, 4.26h), as was the presence of a benzylic alcohol (4.26i), free aniline
(4.26j) or chloro group (4.26k). The electron rich heterocycles thiophene (4.261), furan (4.26m),
indole (4.26n) and oxindole (4.260) were also readily prepared. Lewis basic, nitrogen containing
heterocycles including pyridine, pyrimidine, and quinoline were incompatible substrates,
presumably deactivating the catalyst by coordinative inhibition preventing interaction with the

weak diazo nucleophile.

Next, attention was turned to the scope of a-aryl diazo compounds (Table 4.3). Again,
electronics had a minor impact, with electron neutral naphthyl (4.29a), and electron withdrawing
methyl ester (4.29b) groups equally tolerated, and only a slight decrease in yield from the presence
of an electron donating methoxy group (4.29c¢) attributed to decreased stability of the diazo reagent.
Steric hinderance at the 2-position of the aryl ring of the diazo was also not problematic (4.29d)
nor was replacing the aryl group with thiophene (4.29e). The synthesis of tetra- (4.29f, 4.29g) and
tri-substituted (4.29h, 4.29i) olefins was also possible, with an increase in the reaction temperature
to 100 °C and catalyst load to 5%. E:Z selectivity was poor for the non-tethered tri-substituted

olefin (4.29i), as expected based on previous results with stabilized diazo compounds.??

Lastly, the coupling of flow-generated, non-stabilized a-aryl diazo compounds with aryl
chlorides was targeted. (2-Thiophenyl)-2-methyldiazomethane was successfully coupled with aryl
chlorides (Table 4.4) bearing para-cyano (4.31a), ketone (4.31b), ester (4.31c), amide (4.31d) and
nitro functional groups (4.31e), as well as an aryl chloride bearing a meta-nitro group (4.31f), all
in reasonable yield with diazo addition over 20 min, highlighting the ability of a wide variety of

electron withdrawing groups to accelerate oxidative addition and allow faster diazo addition rates.
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Table 4.2. Scope of aryl bromides.”

N2 MO N2 | (2 eq.) added
eq.) adde
Ph)l\ 4C> Ph)J\ over 20 min
4.23 4.24
Br :
AN |
| Y . Ph | X
R// Pd(XPhos)(allyl)CI (3.5 mol%) P%
4.25 XPhos (3.5 mol%) 4.26 R
i-Pr,NH, 80 °C
ield ield ield
product Y product Y product Y
(%) (%) (%)
CF; NO,
4.26a 4.26b 4.26¢
Ph
OMe
264 O 4.26¢ A26f
OMe
NC
OMe OH
4.26¢g 4.26h 4.26i
NH, Cl —
4.26j 4.26k 4.261
H
0]
O N Ph
Ph)ﬁﬂ 71b Ph 0 87 JI\@E% 88
OMe ”
4.26m 4.26n

4.260

¢ Conditions: 0.2 mmol of ArBr, 1 eq of i-Pr,NH, Pd(XPhos)(allyl)Cl (3.5 mol%), XPhos (3.5 mol%) in toluene (1
mL) at 80 °C, 2 eq of flow-generated 2-diazoaceptophenone (~0.06 M solution in toluene with 0.15 M i-ProNH, 7 mL)
was added over 20 min and stirred 15 additional min after addition complete. Isolated yield. * 7 mol% catalyst was

used.
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Table 4.3. Scope of diazo compounds.*

N2 MnO, N,
| R1O )K(W (2 eq.) added
Ar)\( Ar over 20 min
R2 R2
4.27 4.2 R! R2
H .
N \
B /" Pd(XPhos)(allyl)Cl (3.5 mol%)"" N
XPhos (3.5 mol%) N
4.250 i—PerH 80 °C 4.29 H
product yield (%) product yield (%)
A\
YT s we T
N N
H 0
4.29a 4.29
o SReH °
N N
4.29¢ 4.29d
s |
\ N 77¢ O O \ 734
4.29¢ 4.29f
9 .
| |
474 O O \ 4304
DR g
H
N 4.29h
4.29¢g
MeO |
oy -
N
H
4.29i

¢ Conditions: 0.2 mmol of 5-bromoindole, 1 eq of i-Pro,NH, Pd(XPhos)(allyl)CI (3.5 mol%), XPhos (3.5 mol%) in
toluene (1 mL) at 80 °C, 2 eq of flow-generated diazo (~0.06 M solution in toluene with 0.15 M i-Pro,NH, 7 mL) was
added over 20 min and stirred 15 additional min after addition complete. Isolated yield. ® The hydrazone solution was

prepared at 72 concentration and oxidized over MnO> at 2x flow rate due to solubility limitations. ¢ The packed bed of
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MnO, was cooled at 0 °C for generation of this diazo compound. ¢ The reaction was conducted at 100 °C with 5%

catalyst loading and diazo compound added over 30 min. ¢ 2.3:1 mixture of Z:F isomers.

Table 4.4. Scope of activated aryl chlorides.”

N’NH2 Mn02 N2
| 4@ S (2 eq.) added
S > ’ over 20 min
\_J 4.27¢ \_Y 4.28¢
Cl E
B s N
A %) \ ’ |
EWG Pd(XPhos)(allyl)Cl (5 mol%) <
430 XPhos (5 mol%) 4.31 EWG
: i-Pr,NH, 100 °C )
yield yield yield
product product product
(%) (%) (%)
s S S
QT 69 \ 0 n U o 62
CN
4.31a Ph OMe
4.31b 4.31c

s
\ ! 0 S S
! 68 U 82 \ 89
[ ] 4.31e " NO:
: 4311

O
4.31d

¢ Conditions: 0.2 mmol of ArCl, 1 eq of i-ProNH, Pd(XPhos)(allyl)CI (5%), XPhos (5%) in toluene (1 mL) at 100 °C,
2 eq of flow-generated diazo (~0.06 M solution in toluene with 0.15 M i-Pr,NH, 7 mL) was added over 20 min and

stirred 5 additional min after addition complete. Isolated yield (0.2 mmol scale).

To provide further insight into the reaction mechanism DFT calculations were performed
examining the reaction of chorobenzene (4.20a) with methyl 2-diazopropanoate (Figure 4.6, red).
CyJohnPhos was used as a model ligand in the place of XPhos to reduce computational expense
while maintaining similar ligand electronics. It was determined that oxidative addition of Pd(0)

into PhCl (TS1) was the turnover frequency determining transition state (TDTS, i.e., the rate
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determining step)?® confirming what was previously hypothesized based on experimental
observations for the analogous reaction with PhBr and Phl.?? Oxidative addition (I1—12) and N,
loss followed by phenyl migratory insertion (I3—I5) are highly exergonic and therefore
irreversible elementary steps, while B-hydride elimination coupled with product release (I5—17)
and base-assisted reduction to Pd(0) (I7—1I8) are roughly energetically neutral (+5 kcal/mol) and
therefore reversible. These results are in general agreement with previous computational studies
with similar elementary steps for related systems.?” Regeneration of I1 from I8 by release of i-
Pr,NH-HCI to complete catalyst turnover is thermodynamically uphill under standard conditions

(i.e., 1 M in all species), but the low solubility of the i-Pr,NH-HCI salt provides a driving force for
this turnover in practice.

1
—* ] I\D
L-Pd-~g T/
N L*Pd‘TR
Ph a |
PhCI rei 7N, Ph
L-Pd—tol\ ——— '-’Plde TS2
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Figure 4.6. Energy profile of the catalytic cycle for the cross-coupling of chlorobenzene with methyl 2-

diazopropanoate and 2-diazoacetophenone respectively; M06-L/def2-TZVP//M06-L/def2-SVP level of
theory.

The reaction pathway was also calculated for the non-stabilized diazo compound 2-
diazoacetophenone (4.24, Figure 4.6, green). In contrast to the reaction with methyl 2-diazo

propanoate, a stable palladium carbene intermediate (I4b) was calculated. No reaction barrier for

153



phenyl group migration existed with the more stabilized diazo, which instead collapses to the

benzyl Pd intermediate I5a directly following loss of nitrogen. *°

In order to explain the success of the diazo slow addition strategy, speciation within the
catalytic cycle was examined. Two consecutive turnovers in the cross-coupling of methyl 2-
diazopropanoate with PhCl were analyzed (Figure 4.7), considering the energies relative to a
forward cycle starting from the turnover frequency determining intermediate (TDI, i.e., the
intermediate that maximizes the energetic span of the catalytic cycle)®® I5a. This suggests that
palladium speciation within the catalytic cycle will mainly be divided between intermediates IS5,
17, 18, and 12, with IS contributing the largest amount under standard conditions, but potential for
any of these 4 intermediates to become the resting state under relevant reaction conditions
(concentrations # 1 M). Further, it is clear that all reversible steps between IS and I8 are fast due
to low activation barriers, while irreversible oxidative addition (I1—12) and nitrogen extrusion
(I3-I5) are slow, mainly as a consequence of operating from the disfavored sides of chemical
equilibria (between I18/11 and 12/13 respectively) rather than overly high activation barriers for the

transition states relative to the immediately preceding intermediates.
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Figure 4.7. Energy profile for two consecutive catalytic cycles in the cross-coupling of chlorobenzene with

methyl 2-diazopropanoate with energies relative to TDI I5a; M06-L/def2-TZVP//M06-L/def2-SVP level
of theory.

Because 12 is formed and consumed in slow, irreversible steps, the concentration of 12

relative to the other palladium species can be manipulated by changing either rate of its formation
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or consumption. Since the barrier for 12 formation (TS1) is higher than the barrier for 12
consumption (TS2), this species will be present at very low concentrations under standard
conditions. However, by decreasing the concentration of diazo, the consumption reaction slows
and allows 12 to accumulate. Under these conditions, productive cross-coupling can occur because
the necessary intermediate I2 becomes the resting state, ensuring it is always present to react with
diazo compound as it is added and avoiding the diazo decomposition that occurs in the absence of
I2. It is only possible to achieve and maintain this situation when the addition rate of diazo
compound does not exceed the rate of formation of 12, that is, when diazo addition rate is equal to

or slower than oxidative addition.

Next, to rationalize the large variation in the optimal addition rate of diazo compound for
different substituted aryl chlorides, key energies were calculated using chlorobenzene, 4-
chlorobenonitrile, and 4-chloroanisole (Figure 4.8). Turnover frequencies (TOF) at standard
conditions were calculated using the relative free energies of the net transformation (AG®) and the
TDTS (TS1) and TDI (I5) using the energetic span model.?® The AG and Erpi (I5a,c,d) were
largely unaffected by substitution on the aryl group. Only the Erprs (TSla,c,d) exhibited
significant energetic differences between the three substrates, indicating that it is solely the rate of
oxidative addition that affects rate of catalyst turnover. The calculated TOFs were found to range
over 4 orders of magnitude, consistent with the experimental observations of greatly different

maximum diazo addition rates required for electron rich versus electron poor substrates.
4.3 Conclusions

Real-time ESI-MS reaction monitoring provided evidence to support the hypothesis that
starving a reaction of the nucleophilic cross-coupling partner by using a slow addition strategy
leads to accumulation of the Pd(II) oxidative addition intermediate, manipulating the catalyst
resting state. The increase in concentration of this crucial Pd(Il) intermediate accelerates the rate
of transmetallation over undesired side reactions, facilitating chemoselective Kumada-Corriu or

Murahashi cross-coupling reactions.
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Figure 4.8. Relative free energies of TDTS and TDI in the cross-coupling of ethyl 2-diazopropanoate with

4-chlorobenzonitrile, chlorobenzene, or 4-chloroanisole; M06-L/def2-TZVP//M06-L/def2-SVP level of
theory.

It was then demonstrated that a conceptually similar strategy of catalyst resting state
manipulation was applicable to overcome severe scope limitations in the palladium catalyzed
cross-coupling of aryl bromides and chlorides with diazo compounds. It is proposed that starving
the reaction of diazo compound, by adding the diazo slower than the rate of catalyst turnover, shifts
the rate determining step from oxidative addition to palladium(II) mediated nitrogen extrusion,
making the oxidative addition Pd(I)ArCl intermediate the resting state of the catalytic cycle. This
hypothesis is supported experimentally with observation of a clear trend between electronic
substitution of the aryl chloride and necessary rate of diazo addition, and computationally with

DFT calculations investigating the reaction mechanism.

Additionally, the expansion of the scope of diazo reagents applicable in this chemistry was
also demonstrated to include non-stabilized a-aryl diazo compounds by the safe, continuous on-
demand flow generation of the diazo species. The strategy of diazo slow addition should further
be applicable to any diazo cross-coupling reaction suffering from poor yield due to background

diazo decomposition rates faster than catalyst turnover, and therefore is anticipated to allow access
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to a much greater range of aryl (pseudo)halides for a variety of diazo coupling reactions in the

future.
4.4 Experimental
4.4.1 Real-time ESI-MS reaction monitoring experiments

4.4.1.1 Instrumentation

Real-time ESI-MS monitoring experiments were performed using an Advion ExpressIONS
compact mass spectrometer in the positive ionization mode with capillary temperature 200 °C,
capillary voltage 120 V, source gas temperature 250 °C, ESI voltage 3500 V and sweep rate of

2500 m/z-s"'. Data were smoothed using a five-point boxcar average.
4.4.1.2 Experimental details of real-time ESI-MS monitoring

The experimental setup shown in Figure 4.9 was used to dilute the reaction solutions by a
factor of ~870 into the mobile phase before feeding into the mass spec. A two stage dilution with
first 50 pL/min THF (Grignard experiments, Figures 4.2 and 4.3) or toluene (PhLi experiments,
Figure 4.4) and then 200 pL/min mass spec mobile phase (0.1% acetic acid in 95:5 MeOH:H>0)
was necessary to prevent precipitation and clogging in the Rheodyne MRA 100-000 sampling
valve. Slow addition experiments were scaled to an initial volume of 10 mL (before addition of
the Grignard or PhLi solution) and fast addition experiments to an initial volume of 3 mL to ensure

that the amount of solution removed over the course of the monitoring did not exceed ~30%.

40 cm, 0.25 mm ID PEEK, flow rate ~50 - 100 pL/min

MRA sampling valve:

22 nL sample groove

13 cycles/min

syringe pump, 50 pL/min

a) THF (Grignard couplings)
b) toluene (PhLi couplings)

HPLC pump, 200 pL/min
0.1% CH3COOH in
to MS 95:5 MeOH:H,0

Figure 4.9. Experimental setup for real-time mass spectroscopic monitoring of cross-coupling reactions.
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Experimental conditions for real-time ESI monitoring of Kumada-Corriu coupling reactions

Fast Grignard addition (Figures 4.2C and 4.3B). Pd(OAc), (12 umol, 3 mol%), SPhos (16 umol,
4 mol%) and the aryl chloride (0.40 mmol, 1eq.) were added to an oven-dried, 25 mL round bottom
flask equipped with a magnetic stir bar and Teflon septum. The flask was purged by an argon
balloon and toluene (3 mL) was added. The reaction mixture was stirred, and Grignard reagent
was added (0.48 mmol, 1.2 eq., | M in THF) over 5 min using a 1 mL HSW norm-ject plastic
syringe in a NewEra NE-300 syringe pump with continuous withdrawal for MS monitoring using

the setup shown in Figure 4.9.

To calculate yield for fast addition experiments (Figures 4.2B and 4.3A), the procedure
was repeated at 0.20 mmol scale. After addition of the organometallic species was complete the
reaction was allowed to stir for the remainder of the 1 h reaction time, then was quenched with
NH4ClI (aq), 1,3,5-timethoxybeneze (0.05 mmol) was added (internal standard) and the organic
phase extracted with EtOAc and eluted though a plug of silica gel. Yield was determined from the
crude '"H-NMR.

Slow Grignard addition (Figures 4.2D and 4.3C). Pd(OAc) (60 pmol, 3 mol%), SPhos (80 pmol,
4 mol%) and the aryl chloride (2.0 mmol, 1 eq.) were added to an oven-dried 25 mL flask equipped
with a magnetic stir bar and Teflon septum. The flask was purged by an argon balloon and toluene
(10 mL) was added. Separately, Grignard reagent (~3 mmol) was diluted to a final concentration
of 0.32 M with toluene. The reaction mixture was stirred, and the Grignard reagent was added over
I h using a 20 mL HSW norm-ject plastic syringe in a NewEra NE-300 syringe pump with

continuous withdrawal for MS monitoring using the setup shown in Figure 4.9.
Experimental conditions for real-time ESI monitoring of Murahashi coupling reactions

Fast PhLi addition (Figure 4.4B). The general conditions reported by Feringa and coworkers’ for
their ‘catalyst system B’ were used with PhLi added over 5 minutes instead of 45 minutes on 3 mL
scale with continuous withdrawal for MS monitoring using the setup shown in Figure 4.9.
Pd>(dba); (10.3 mg, 0.011 mmol, 2.5 mol%) and XPhos (21.5 mg, 0.045 mmol, 10 mol%) were
dissolved in toluene (3 mL). 1-Chloronaphthalene (73.2 mg, 0.45 mmol) was added, the solution
was stirred at room temperature and PhLi diluted to 0.6 M in THF (1.0 mL, 0.6 mmol, 1.35 eq.)

was added over 5 minutes with continuous withdrawal for MS monitoring.

158



To calculate the yield for fast addition (Figure 4.4A) the experiment was duplicated without
MS monitoring and stirred for an additional 40 minutes after the addition was complete to give a
total reaction time of 45 minutes. The reaction was quenched with NH4Clq), hexadecane was
added as an internal standard and the mixture was extracted with EtOAc, diluted to an appropriate
concentration and quantified by GC-FID with a 5-point calibration curve. A 9% yield of the

product 4.9a was observed.

Slow PhLi addition (Figure 4.4C). The general conditions reported by Feringa and coworkers® for
their ‘catalyst system B’ were used on 10 mL scale with PhLi addition over 45 minutes and
continuous withdrawal for MS monitoring as above. A 98% yield is reported for this reaction in
their manuscript, which is consistent with the large amount of product and minimal amounts of

by-products observed in our ESI monitoring experiment under these conditions.

4.4.2  Aryl halide—diazo cross-coupling

4.4.2.1 General experimental details

NMR spectra were collected on a Bruker Avance 400 MHz spectrometer. 'H and '*C were
referenced to residual solvent signals and *'P and '°F were reference externally to 85% H3POs and
neat CF3COOH respectively. IR spectra of compounds were obtained using a Nicolet6700 FT-IR
spectrometer with a diamond ATR crystal (ThermoScientific). IR spectra of diazo compounds
were monitored using a Mettler Toledo FlowIR equipped with a silicon wafer ATR element.
Accurate mass data was obtained from an Agilent 5977A GC/MS using MassWorks 4.0 from
CERNO bioscience.’! MnO2, 290% activated, was obtained from Fluka (product number 63548),
all other chemicals were obtained from commercial sources and used as received. Toluene was
degassed with Ar and passed through a PureSolv solvent purification system before use. Cross-
coupling reactions were carried out in oven-dried glassware under an Ar atmosphere. 5% AgNO3
impregnated silica gel was prepared by adding a solution of AgNO;3 (7.5 g) in MeCN (100 mL) to
a slurry of silica gel (150 g) in MeCN (500 mL) and evaporating the solvent. Ethyl 2-
diazopropanoate,* and Pd(XPhos)(allyl)CI** were prepared by literature procedures and their

characterization data were in agreement with that reported by the authors.
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4.4.2.2 General procedures

General procedure for ethyl 2-diazopropanoate-aryl chloride cross-coupling. [Pd(allyl)Cl]>
(1.8 mg, 5.0 pmol), XPhos (9.5 mg, 20 pmol) and aryl chloride (if solid; 0.20 mmol) were placed
in an 8 mL screw top tube and flushed with Ar. Toluene (1 mL) and aryl chloride (if liquid; 0.20
mmol) were added and the solution stirred at room temperature for 10 min. i-ProNH (85 pL, 0.6
mmol) was added and the solution stirred an additional 3 min at room temperature. Separately a
solution of ethyl 2-diazopropanoate (42 puL, 0.36 mmol) in toluene (1.2 mL) was prepared and
taken up into a 1 mL plastic HSW syringe and placed on a NewEra NE-300 syringe pump. The
aryl chloride solution was placed in a 100 °C oil bath and stirred for 3 min followed by addition
of ethyl 2-diazopropanoate solution at a rate of 333 uL/h for 3 h (1 mL, 0.30 mmol diazo). The
reaction was stirred an additional 15 min after addition was complete then cooled to room
temperature and filtered through silica eluting with acetonitrile and purified by flash column

chromatography immediately.

[Pd(allyl)Cl], (2.5%)

XPhos (10%)
| x-C i-Pr,NH, 100 °C
S 0 B
R R
J\[( (1.5 eq.) added
EtO over3 h
N2
OEt
@)

Ethyl 2-phenylacrylate (4.22a).* Prepared by the general procedure and purified on silica eluting
with 5% EtOAc in hexanes. Yield 26.6 mg (75%) colourless oil. Characterization data were in
agreement with the literature.** "TH NMR (400 MHz, CDCl3) 7.43 (m. 2H), 7.35 (m, 3H), 6.36 (d,
J=13Hz 1H),5.89 (d,J=1.3 Hz, 1H),4.30 (q,J=7.1 Hz, 2H), 1.34 (t,J=7.1 Hz, 3H). *C{'H}
NMR (100 MHz, CDCl3) 166.9, 141.7, 136.9, 128.4, 128.24, 128.21, 126.6, 61.2, 14.3.

2 Prepared by G. P. R. Freure
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Ethyl 2-(4-cyanophenyl)acrylate (4.22b).? Prepared by the general procedure and purified on silica
eluting with 10% EtOAc in hexanes. Yield 31.1 mg (77%) colourless oil. Characterization data
were in agreement with the literature.>> '"H NMR (400 MHz, CDCl3) 7.65 (d, J = 8.7 Hz, 2H), 7.53
(d,J=8.1 Hz, 2H), 6.49 (d,J=0.8 Hz, 1H), 5.97 (d, /= 0.9 H, 1H), 4.30 (q, /= 7.1 Hz, 2H), 1.35
(t, J = 7.1 Hz, 3H). 3C{'H} NMR (100 MHz, CDCl3) 165.8, 141.4, 140.3, 132.0, 129.2, 129.0,
118.8, 112.0, 61.6, 14.3.

/@)J\'(OEt
MeO ©

Ethyl 2-(4-methoxyphenyl)acrylate (4.22¢).* Prepared by the general procedure with 2x catalyst
load (10 umol [Pd(allyl)Cl]2, 40 umol XPhos) and purified on silica eluting with 0.5—10% EtOAc
in hexanes. Yield 27.4 mg (66%) pale yellow oil. Characterization data were in agreement with
the literature.’* 'TH NMR (400 MHz, CDCls) 7.37 (d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H),
6.25(d,J=1.0 Hz, 1H), 5.82 (d, J= 1.1 Hz, 1H), 4.29 (q, J=7.1 Hz, 2H), 3.82 (s, 3H), 1.33 (t, J
=7.2 Hz, 3H). BC{'H} NMR (100 MHz, CDCl5) 167.3, 159.7, 141.1, 129.6, 129.4, 125.1, 113.7,
61.2,55.4, 14.4.

OEt

o)

Ethyl 2-(4-acetylphenyl)acrylate (4.22d).? Prepared by the general procedure and purified on silica
eluting with 3.5-10% EtOAc in hexanes. Yield 36.5 mg (84%) pale yellow oil. Characterization
date were in agreement with the literature.>> 'H NMR (400 MHz, CDCl3) 7.94 (d, J = 8.5 Hz, 2H),
7.52 (d, J= 8.5 Hz, 2H), 6.45 (d, J= 1.0 Hz, 1H), 5.97 (d, /= 1.0 Hz, 1H), 4.30 (q, / = 7.2 Hz,

2 Prepared by G. P. R. Freure
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2H), 2.61 (s, 3H), 1.34 (t, J= 7.2 Hz, 3H). *C{'H} NMR (100 MHz, CDCl3) 197.8, 166.3, 141.5,
140.9, 136.7, 128.7, 128.3, 128.2, 61.5, 26.8, 14.3.

OEt
H )
@)

Ethyl 2-(4-formylphenyl)acrylate (4.22¢).? Prepared by the general procedure and purified on silica
eluting with 3.5% EtOAc in hexanes. Yield 26.5 mg (84%) pale yellow oil. 'H NMR (400 MHz,
CDCl3) 10.03 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.59 (d, /= 8.2 Hz, 2H), 6.48 (d, /= 0.8 Hz, 1H),
5.99 (d, J= 0.8 Hz, 1H), 4.30 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.2 Hz, 3H). *C{'H} NMR (100
MHz, CDCl3) 192.0, 166.1, 142.9, 140.8, 136.0, 129.6, 129.2, 128.6, 61.6, 14.3. IR v(C=0) 1698,
1725 cm™'. HRMS calcd for C12H1203 204.0786; found 204.0781, spectral accuracy 96.7%.

OEt
Ph N 0]
O

Ethyl 2-(chalcone-4-yl)acrylate (4.22f).* Prepared by the general procedure and purified on silica
eluting with 3.5-10% EtOAc in hexanes. Yield 55.8 mg (91%) pale yellow oil. 'H NMR (400
MHz, CDCls) 8.02 (d, J = 8.6 Hz, 2H), 7.82 (d, J = 15.7 Hz, 1H), 7.57 (m, 8H), 6.41 (d, J= 0.8
Hz, 1H), 5.96 (d, J= 0.9 Hz, 1H), 4.31 (q,J= 7.1 Hz, 2H), 1.33 (t, J= 7.1 Hz, 3H). *C{'H} NMR
(100 MHz, CDCl3) 190.6, 166.5, 144.3, 141.0, 139.0, 138.3, 134.8, 133.0, 129.0, 128.8, 128.6,
128.3,127.3,122.5,61.4, 14.3. IR v(C=0) 1661, 1721 cm™'. HRMS calcd for C20H;1503 306.1256;
found 306.1250, spectral accuracy 98.1%.

OEt
AN O

Ethyl 2-(4-styenyl)acyrlate (4.22g).* Prepared by the general procedure and purified on silica
eluting with 3.5% EtOAc in hexanes. Yield 29.6 mg (73%) pale yellow oil. 'H NMR (400 MHz,
CDCl) 7.40 (s, 4H), 6.73 (dd, J = 17.6, 10.9 Hz, 1H), 6.33 (d, /= 1.2 Hz, 1H), 590 (d, /= 1.2

2 Prepared by G. P. R. Freure
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Hz, 1H), 5.77 (d, J=17.6 Hz, 1H), 5.27 (d, /= 11.0 Hz, 1H), 4.30 (q, /= 7.1 Hz, 2H), 1.34 (t, J =
7.2 Hz, 3H). *C{'H} NMR (100 MHz, CDCls) 166.9, 141.3, 137.6, 136.5, 136.3, 128.6, 126.3,
126.1, 114.4, 61.3, 14.4. IR v(C=0) 1719 cm™!. HRMS calcd for Ci3H1402 202.0994; found
202.0998, spectral accuracy 99.4%.

O
MeS

Ethyl 2-(4-methylthiophenyl)acrylate (4.22h).? Prepared by the general procedure and purified on
silica eluting with 3.5% EtOAc in hexanes. Yield 27.3 mg (62%) pale yellow oil. Characterization
data were in agreement with the literature.>” 'H NMR (400 MHz, CDCls) 7.36 (d, J = 8.4 Hz, 2H),
7.23 (d, J= 8.4 Hz, 2H), 6.31 (d, J= 1.0 Hz, 1H), 5.87 (d, /= 1.0 Hz, 1H), 4.29 (q, /= 7.1 Hz,
2H), 2.49 (s, 3H), 1.34 (t, J= 7.1 Hz, 3H). '*C{'H} NMR (100 MHz, CDCl3) 166.9, 141.0, 138.8,
133.6, 128.8, 126.2, 126.0, 61.3, 15.8, 14.3.

OEt
0

Ethyl 2-(2,6-dimethylphenyl)acrylate (4.22i).* Prepared by the general procedure and purified on
silica eluting with 3.5% EtOAc in hexanes. Yield 21.2 mg (52%) pale yellow oil. 'H NMR (400
MHz, CDCls) 7.13 (dd, J = 8.3, 6.7 Hz, 1H), 7.05 (d, J = 7.6 Hz, 2H), 6.65 (d, J = 1.8 Hz, 1H),
5.61 (d, J=1.8 Hz, 1H), 4.23 (q, J= 7.1 Hz, 2H), 2.18 (s, 6H), 1.26 (t, J = 7.1 Hz, 3H). *C{'H}
NMR (100 MHz, CDCI3) 166.6, 140.3, 137.0, 136.2, 129.1, 127.6, 127.3, 61.0, 20.4, 14.3. IR
v(C=0) 1716 cm™'. HRMS calcd for Ci3Hi602 204.1150; found 204.1145, spectral accuracy
99.0%.

f—

HN OEt
o)

Ethyl 2-(indol-4-yl)acrylate (4.22j).* Prepared by the general procedure and purified on silica
eluting with 4:1 hexanes:EtOAc. Yield 31.6 mg (73%) pale yellow oil. 'H NMR (400 MHz,

2 Prepared by G. P. R. Freure.
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CDCl3) 8.21 (brs, 1H), 7.38 (d, /= 8.1 Hz, 1H), 7.20 (m, 2H), 7.10 (d, /= 7.3 Hz, 1H), 6.53 (d, J
=1.6 Hz, 1H), 6.47 (m, 1H), 5.99 (d, /= 1.7 Hz, 1H), 4.29 (q, /= 7.1 Hz, 2H), 1.30 (t,J= 7.1 Hz,
3H). 3C{'H} NMR (100 MHz, CDCls) 167.5, 141.1, 136.0, 129.7, 127.6, 126.8, 124.4, 121.9,
120.5, 111.2, 102.1, 61.2, 14.4. IR v(C=0) 1694 cm™'. HRMS calcd for C13H13NO; 215.0946;
found 215.0941, spectral accuracy 99.1%.

0 OEt

< o

@)

Ethyl 2-(1,3-benzodioxol-5-yl)acrylate (4.22K). Prepared by the general procedure and purified on
silica eluting with 2—5% EtOAc in hexanes. Yield 22.0 mg (50%) orange oil. 'H NMR (400 MHz,
CDCl3) 6.90 (m, 2H), 6.79 (d, J = 8.0 Hz, 1H), 6.25 (d, /= 1.3 Hz, 1H), 5.97 (s, 2H), 5.81 (d, J =
1.2 Hz, 1H), 4.28 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H). *C{'H} NMR (100 MHz, CDCl;)
167.0, 147.7, 147.5, 141.2, 130.9, 125.6, 122.2, 109.0, 108.1, 101.3, 61.3, 14.4. IR v(C=0) 1714
cm™!. HRMS calcd for C12H1204 220.0736; found 220.0789, spectral accuracy 99.5%.

OEt

@)

Ethyl 2-phenylacrylate (4.22a prepared from PhBr). Pd(XPhos)(allyl)Cl (4.6 mg, 7.0 pmol) and
XPhos (3.3 mg, 7.0 umol) were placed in a 25 mL round bottom flask and flushed with Ar. Toluene
(1 mL), i-Pr,NH (28 pL, 0.20 mmol) and bromobenzene (21 pL, 0.20 mmol) were added.
Separately a solution of ethyl 2-diazopropanoate (42 pL, 0.36 mmol) in toluene (1.2 mL) was
prepared and taken up into a 1 mL plastic HSW syringe and placed on a NewEra NE-300 syringe
pump. The aryl chloride solution was placed in an 80 °C oil bath and stirred for ~3 min followed
by addition of ethyl 2-diazopropoanate solution at a rate of 4 mL/h for 15 min (1 mL, 0.30 mmol
diazo). The reaction was stirred an additional 15 min after addition was complete then cooled to
room temperature and filtered through silica eluting with 2:1 EtOAc:hexanes and purified
immediately by flash column chromatography on silica eluting with 3.5% EtOAc in hexanes. Yield
27.3 mg (77%) colourless oil. Characterization data were in agreement with the literature.>*

Hydrazone synthesis. Hydrazones were prepared by the general procedure reported by Poh et. al.

with modification to the isolation and purification protocols.?®
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MeOH
o 80 °C -NH,

R | R
| X + HoNNH, sh N R

/ = R" |/ — Ru
R R

Isolation procedure A. The reaction mixture was partitioned between water (25 mL) and DCM
(25 mL). The aqueous layer was extracted with an additional 2x10 mL DCM and the combined
organic extracts were dried over Na;SO4 and the solvent removed in vacuo. The crude hydrazone

was then recrystallized from 20:1 hexanes:EtOAc.

Isolation procedure B. The reaction mixture was diluted with water (25 mL) and the crystallized
product was collected by filtration and washed with water (5 mL). The filter cake was taken up in

DCM (25 mL), dried over Na>SO4 and the solvent removed in vacuo.

N NHz2
o
Acetophenone hydrazone (4.23). Prepared by the general procedure using isolation procedure A
without recrystallization. Yield 1.24 g (93%) colourless oil, stored frozen at -20 °C.
Characterization data were in agreement with the literature.?* 'H NMR (400 MHz, CDCls) 7.65

(m, 2H), 7.32 (m, 3H), 5.37 (br s, 2H), 2.11 (s, 3H). '*C{'H} NMR (100 MHz, CDCls) 147.2,
139.4, 128.2, 128.0, 125.4, 11.6.

2-Acetonaphthone hydrazone (4.27a). Prepared by the general procedure using isolation procedure

-NH
N| 2

B. Yield 1.59 g (87%) white solid. Characterization data were in agreement with the literature.*8
'H NMR (400 MHz, CDCls) 7.97 (m, 2H), 7.82 (m, 3H), 7.47 (m, 2H), 5.44 (br s, 2H), 2.25 (s,
3H). BC{'H} NMR (100 MHz, CDCls) 147.2, 139.8, 133.36, 133.28, 128.4, 128.0, 127.7, 126.23,
126.17,124.7, 123.6, 11.5.
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Methyl 4-acetylbenzoate hydrazone (4.27b). Prepared by the general procedure using isolation
procedure B. Yield 0.96 g (50%) white solid. '"H NMR (400 MHz, CDCls) 8.01 (d, J = 8.8 Hz,
2H), 7.71 (d, J= 8.8 Hz, 2H), 5.50 (br s, 2H), 3.91 (s, 3H), 2.14 (s, 3H). *C{'H} NMR (100 MHz,
CDCls) 167.1, 145.7, 143.6, 129.7, 129.4, 125.4, 52.2, 11.5. HRMS caled for CioHi2N202
192.0899; found 192.0901, spectral accuracy 98.8%.

-NH
N2

ﬁ
MeO

4"-Methoxyacetopheone hydrazone (4.27¢). Prepared by the general procedure using isolation
procedure B. Yield 1.23 g (75%) white solid. Characterization data were in agreement with the
literature.* "H NMR (400 MHz, CDCls) 7.59 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 5.24

(brs, 2H), 3.82 (s, 3H), 2.12 (s, 3H). *C{'H} NMR (100 MHz, CDCl3) 159.8, 147.6, 132.3, 126.9,
113.8,55.4, 11.8.

-NH
N 2

2" 4'-dimethylacetophenone hydrazone (4.27d). Prepared by the general procedure using isolation
procedure A. Yield 0.92 g (56%) white solid. 'H NMR (400 MHz, CDCls) 7.11 (d, J = 7.7 Hz,
1H), 6.98 (m, 2H), 5.24 (br s, 2H), 2.31 (s, 6H), 2.09 (s, 3H). '*C{'H} NMR (100 MHz, CDCI;)
150.2, 138.0, 137.5, 135.3, 131.5, 128.0, 126.5, 21.2, 20.3, 15.7. HRMS calcd for CioH14N2
162.1157; found 162.1175, spectral accuracy 97.4%.
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2-Acetylthiophene hydrazone (4.27e). Prepared by the general procedure using isolation procedure
A. Yield 0.95 g (68%) white solid. Characterization data in agreement with the literature.?¢" 'H
NMR (400 MHz, CDCl3) 7.20 (d, J=5.1 Hz, 1H), 7.11 (d, J= 3.6 Hz, 1H), 6.98 (dd, /= 5.0, 3.8
Hz, 1H), 5.26 (br s, 2H), 2.14 (s, 3H). *C{'H} NMR (100 MHz, CDCls) 145.0, 143.9, 127.1,

126.0, 124.1, 12.1.

N Hz
©)|\(
Isobutyrophenone hydrazone (4.27f). Prepared by the general procedure with the modification of
6 h reaction time at 80 °C and using isolation protocol A with Et;O in the place of DCM and no
recrystallization. Yield 1.49 g (90%) colourless oil, stored frozen at -20 °C. Characterization data
were in agreement with the literature.** 'TH NMR (400 MHz, CDCls) 7.45 (t, J= 7.2 Hz, 2H), 7.36

(t, J= 7.4 Hz, 1H), 7.17 (m, 2H), 4.93 (br s, 2H), 2.72 (heptet, J = 6.9 Hz, 1H), 1.08 (d, J = 6.9
Hz, 6H). '3C{'H} NMR (100 MHz, CDCls) 157.5, 134.4, 129.1, 128.5, 127.9, 36.1, 20.4.

NI,NH2
Cyclohexyl phenyl ketone hydrazone (4.27g). Prepared by the general procedure using isolation
procedure A. Yield 0.79 g (39%) white solid. '"H NMR (400 MHz, CDCls) 7.46 (t,J=7.1 Hz, 2H),
7.37 (t,J=17.4 Hz, 1H), 7.17 (d, J= 8.3 Hz, 2H), 4.92 (br s, 2H), 2.37 (m, 1H), 1.79 (m, 4H), 1.64
(m, 1H), 1.25 (m, 4H), 1.14 (m, 1H). *C{'H} NMR (100 MHz, CDCls) 157.2, 134.7,129.2, 128.5,

127.8, 46.0, 30.8, 26.4, 26.3. HRMS calcd for Ci3HisN2> 202.1470; found 202.1508, spectral
accuracy 90.8%.

167



-NH
N 2
©\)|j
@)

4-Chromanone hydrazone (4.27h). Prepared by the general procedure using isolation procedure
A. Yield 1.60 g (98%) yellow solid. Characterization date were in agreement with the literature.*!
'H NMR (400 MHz, CDCl3) 7.90 (dd, J = 7.9, 1.6 Hz, 1H), 7.19 (td, J = 7.8, 1.7, 1H), 6.95 (td, J
=7.6,1.2 Hz, 1H), 6.88 (dd, /= 8.2, 0.9 Hz, 1H), 5.28 (br s, 2H), 4.28 (t, /= 6.1 Hz, 2H), 2.67 (t,
J=6.2 Hz, 2H). *C{'H} NMR (100 MHz, CDCl3) 156.2, 142.0, 129.8, 124.0, 121.74, 121.73,
117.5, 64.9, 23.6.

-NH
N2

Meo\©)|\/

3"-Methoxyprophionone hydrazone (4.27i). Prepared by the general procedure using isolation
procedure A with Et;0 in the place of DCM and no recrystallization. Yield 1.62 g (90%) pale
yellow oil, stored at =20 °C. Characterization data were in agreement with the literature.*> '"H NMR
(400 MHz, CDCls) 7.25 (m, 2H), 7.20 (dt, J = 8.0, 1.3, 1H), 6.85 (ddd, J = 8.0, 2.6, 1.2 Hz, 1H),
5.42 (brs, 2H), 3.83 (s, 3H), 2.62 (q, J= 7.8 Hz, 2H), 1.17 (t, J= 7.7 Hz, 3H). '3C{'H} NMR (100
MHz, CDCl3) 159.8, 151.6, 139.9, 129.4, 118.2, 114.2, 110.8, 55.4, 18.7, 9.9.

General procedure for diazo-aryl bromide cross-coupling. Pd(XPhos)(allyl)Cl (4.6 mg,
7.0 umol), XPhos (3.3 mg, 7.0 umol) and aryl bromide (if solid; 0.20 mmol) were placed in a 25
mL round bottom flask and flushed with Ar. Toluene (1 mL), i-Pr,NH (28 pL, 0.20 mmol) and
aryl bromide (if liquid; 0.20 mmol) were added. Separately a 10.0 mL solution of hydrazone (0.76
mmol) and i-ProNH (213 pL, 1.5 mmol) in toluene was prepared and loaded into a Hamilton air-
tight® glass syringe and placed in a Nexus Fusion 200 syringe pump. The hydrazone solution was
pumped at 0.5 mL/min through a 5 cm long, 3 mm ID, 74" O.D. 316 stainless steel tubular reactor
fitted with HPLC end frits and packed with MnO> (~370 mg, 4 mmol), with the effluent passing
through the flow IR and then directed into an 50% aqueous acetic acid quench.?®® Once the
v(C=N=N) vibration at ~2040 cm™' began to appear (after ~90 s) the flow rate was decreased to

0.35 mL/min and the flask containing the ArBr solution was submerged in an 80 °C oil bath. After
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allowing ~2 min for the diazo peak to stabilize and the reaction flask to heat to temperature, the
diazo solution was directed into the reaction flask for the next 20 min (7 mL of diazo solution
added, ~0.40 mmol given ~75% yield of diazo from hydrazone). Following the addition of the
diazo reagent the reaction flask was stirred an additional 15 min, then cooled to room temperature
and filtered through a plug of silica, eluting with 2:1 EtOAc:hexanes. The product was purified

immediately by flash column chromatography.

_NH MnO
N L<> z_ N, (2 eq.) added
Ar)\ Ph)J\ over 20 min

Br

N
| ' AT
R = Pd(XPhos)(allyl)Cl (3.5%) P
XPhos (3.5%) R

i-Pr,NH, 80 °C

1,1-Diphenylethylene (4.26a). Prepared by the general procedure and purified on silica eluting
with hexanes. Yield 32.7 mg (90%) colourless oil. Characterization data were in agreement with
the literature.** '"H NMR (400 MHz, CDCl3) 7.36 (m, 5H), 5.49 (s, 2H). 3C{'H} NMR (100 MHz,
CDCl3) 150.2, 141.6, 128.4, 128.3, 127.8, 114.4.

o,

1-(4-Trifluoromethylphenly)-1-phenylethylene (4.26b). Prepared by the general procedure and
purified on silica eluting with hexanes. Yield 43.5 mg (88%) white solid. Characterization data
were in agreement with the literature.** '"H NMR (400 MHz, CDCl3) 7.61 (d, J = 8.7 Hz, 2H), 7.47
(d,J=8.7 Hz, 2H), 7.35 (m, 5H), 5.58 (d, J= 1.0 Hz, 1H), 5.53 (d, J=0.9 Hz, 1H). *C{'H} NMR
(100 MHz, CDCI3) 149.1, 145.2 (q,J= 1.2 Hz), 140.8, 129.9 (q, /= 32.3 Hz), 128.7, 128.5, 128.3,
128.2, 125.3 (q, J = 3.8 Hz), 124.4 (q, J = 272.0 Hz), 116.0. YF{'H} NMR (376 MHz, CDCI;) -
61.3.
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1-(4-Nitrophenyl)-1-phenylethylene (4.26¢). Prepared by the general procedure and purified on 5%
AgNOs3 impregnated silica eluting with 2% EtOAc in hexanes. Yield 37.0 mg (82%) colourless
oil. Characterization data were in agreement with the literature.*> "H NMR (400 MHz, CDCl3)
8.20 (dt, J=9.0, 2.2 Hz, 2H), 7.50 (dt, J= 8.9, 2.2 Hz, 2H), 7.37 (m, 3H), 7.29 (m, 2H), 5.64, (d,
J=0.7 Hz, 1H), 5.60 (d, J= 0.7 Hz, 1H). *C{'H} NMR (100 MHz, CDCl3) 148.5, 148.2, 147.4,
140.3, 129.1, 128.6, 128.5, 128.3, 123.7, 117.4.

(T a

@)

1-(Benzophenon-4-yl)-1-phenylethylene (4.26d). Prepared by the general procedure and purified
on 5% AgNOs impregnated silica eluting with 2% EtOAc in hexanes. Yield 49.5 mg (87%) white
solid. Characterization data were in agreement with the literature.*® 'H NMR (400 MHz, CDCl;)
7.82 (m, 4H), 7.60 (tt, J = 7.4, 2.1 Hz, 1H), 7.48 (m, 4H), 7.36 (m, 5H), 5.58 (s, 2H). *C{'H}
NMR (100 MHz, CDCl3) 196.4, 149.4, 145.7, 140.9, 137.8, 136.8, 132.5, 130.2, 130.1, 128.45,
128.41, 128.36, 128.2, 128.1, 116.1.

1-Phenyl-1-(tol-4-yl)ethylene (4.26e). Prepared by the general procedure and purified on silica
eluting with hexanes. Yield 32.8 mg (84%) colourless oil. Characterization data were in agreement
with the literature.** "TH NMR (400 MHz, CDCl3) 7.36 (m. 5H), 7.28 (d, J = 8.1 Hz, 2H), 7.18 (d,
J =82 Hz, 2H), 5.47 (d, J= 1.2 Hz, 1H), 5.44 (d, J = 1.2 Hz, 1H), 2.41 (s, 3H). *C{!H} NMR
(100 MHz, CDCls) 150.0, 141.8, 138.7, 137.6, 129.0, 128.4, 128.3, 12.8.2, 127.8, 113.7, 21.3.
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1-(4-Methoxy-3-methylphenyl)-1-phenylethylene (4.26f). Prepared by the general procedure and
purified on 5% AgNOs3 impregnated silica eluting with 2% EtOAc in hexanes. Yield 39.0 mg
(87%) white solid. '"H NMR (400 MHz, CDCls) 7.37 (m, 5H), 7.17 (m, 2H), 6.81 (d, J = 8.9 Hz,
1H), 5.42 (d, J = 1.4 Hz, 1H), 5.38 (d, J = 1.4 Hz, 1H), 3.87 (s, 3H), 2.25 (d, 3H). *C{'H} NMR
(100 MHz, CDCl3) 157.7, 149.8, 142.1, 133.7, 130.6, 128.5, 128.2, 127.7, 126.9, 126.3, 112.9,
109.6, 55.5, 16.4. HRMS calcd for C16H160 224.1201; found 224.1282, spectral accuracy 99.0%.

1-(2,5-dimethylphenyl)-1-phenylethylene (4.26g). Prepared by the general procedure and purified
on silica eluting with hexanes. Yield 36.4 mg (87%) colourless oil. Characterization data were in
agreement with the literature.*” '"H NMR (400 MHz, CDCl3) 7.31 (m, 5H), 7.10 (m, 3H), 5.79 (d,
J=1.4Hz, 1H), 5.22 (d, J = 1.4 Hz, 1H), 2.38 (s, 3H), 2.05 (s, 3H). *C{'H} NMR (100 MHz,
CDCls) 149.7, 141.6, 140.8, 135.2, 133.1, 130.8, 130.1, 128.4, 128.3, 127.6, 126.6, 114.8, 21.0,
19.7.

1-(2-Cyanomethyl-4,5-dimethoxy)- 1-phenylethylene (4.26h). Prepared by the general procedure
and purified on 5 silica eluting with 10:1-3:1 hexanes:EtOAc. Yield 54.8 mg (98%) pale yellow
oil. '"H NMR (400 MHz, CDCls) 7.28 (m, 5H), 6.96 (s, 1H), 6.78 (s, 1H), 5.86 (d, J= 1.1 Hz, 1H),
5.26 (d,J= 1.1 Hz, 1H), 3.94 (s, 3H), 3.87 (s, 3H), 3.42 (s, 2H). *C{'H} NMR (100 MHz, CDCls)
148.9, 148.7, 147.3, 139.6, 133.7, 128.8, 128.4, 126.5, 120.2, 118.4, 116.5, 113.7, 111.7, 56.2,
56.1, 21.4. HRMS calcd for C1sH17NO2 279.1259; found 279.1290, spectral accuracy 98.3%.
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1-(4-Hydroxymethylphenyl)-1-phenylethylene (4.26i). Prepared by the general procedure and
purified on silica eluting with 5:1-3:1 hexanes:EtOAc. Yield 38.4 mg (91%) white solid.
Characterization data were in agreement with the literature.*® 'H NMR (400 MHz, CDCls) 7.34
(m, 9H), 5.48 (s, 2H), 4.71 (s, 2H), 2.01 (brs, 1H). *C{'H} NMR (100 MHz, CDCls) 149.8, 141.5,
141.0, 140.4, 128.6, 128.4, 128.3, 127.7, 127.0, 114.4, 65.2.

1-(4-Aminophenyl)-1-phenylethylene (4.26j). Prepared by the general procedure and purified on
silica eluting with 10:1—4:1 hexanes:EtOAc. Yield 28.5 mg (73%) colourless oil. Characterization
data were in agreement with the literature.* '"H NMR (400 MHz, CDCls) 7.33 (m, 5H), 7.16 (dt, J
= 8.6, 2.3 Hz, 2H), 6.65 (dt, J=8.7,2.4 H, 2H), 5.38 (d, /= 1.4 Hz, 1H), 5.28 (d, /= 1.4 Hz, 1H),
3.71 (brs, 2H). 3C{'H} NMR (100 MHz, CDCl3) 149.9, 146.3, 142.2,131.9, 129.4, 128.5, 128.2,
127.6, 114.7, 112.0.

sael

1-(4-Chlorophenyl)-1-phenylethylene (4.26k). Prepared by the general procedure and purified on
silica eluting with hexanes. Yield 37.8 mg (88%) colourless oil. Characterization data were in
agreement with the literature.* '"H NMR (400 MHz, CDCl3) 7.32 (m, 9H), 5.48 (d, J = 1.0 Hz,
1H), 5.46 (d,J=1.0 Hz, 1H). 3C{'H} NMR (100 MHz, CDCls) 149.1, 141.1, 104.1, 133.7, 129.7,
128.5, 128.4, 128.3, 128.1, 114.8.

1-Phenyl-1-(thiophen-3-yl)ethylene (4.261). Prepared by the general procedure with 2x catalyst

load (0.014 mmol Pd(XPhos)(allyl)Cl, 0.014 mmol XPhos) and purified on 5% AgNO3
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impregnated silica eluting with 0.5% EtOAc in hexanes. Yield 26.3 mg (70%) colourless oil.
Characterization data were in agreement with the literature.* 'H NMR (400 MHz, CDCls) 7.38
(m, 5H), 7.31 (dd, J= 5.0, 3.0 Hz, 1H), 7.19 (dd, J = 5.0, 1.3 Hz, 1H), 7.14 (dd, /= 3.0, 1.3 Hz,
1H), 5.55 (d, J = 1.2 Hz, 1H), 5.35 (d, J = 1.2 Hz, 1H). BC{'H} NMR (100 MHz, CDCl5) 144.7,
142.7, 141.6, 128.3, 128.2, 127.9, 127.3, 125.6, 123.4, 113.6.

o 0O

\ / OMe

1-(5-Methoxycarbonylfuran-2-yl)-1-phenylethylene (4.26m). Prepared by the general procedure
with 2x catalyst load (0.014 mmol Pd(XPhos)(allyl)Cl, 0.014 mmol XPhos) and purified on 5%
AgNOs3 impregnated silica eluting with 4% EtOAc in hexanes. Yield 32.2 mg (71%) colourless
oil. 'H NMR (400 MHz, CDCl3) 7.40 (m, 5H), 7.16 (d, J = 3.6 Hz, 1H), 6.27 (s, J = 3.6 Hz, 1H),
6.01 (d,J=0.5Hz, 1H), 5.42 (d,J= 0.7 Hz, 1H), 3.91 (s, 3H). 3*C{'H} NMR (100 MHz, CDCl;)
159.3, 157.5, 143.9, 138.7, 138.6, 128.25, 128.47, 128.4, 119.6, 116.0, 111.0, 52.0. IR v(C=0)
1721 cm™'. HRMS calcd for C14H120;3 228.0786; found 228.0791, spectral accuracy 99.6%.

N
H

1-(Indol-5-yl)-1-phenylethylene (4.26n). Prepared by the general procedure and purified on silica
eluting with 10:1-5:1 hexanes:EtOAc. Yield 38.6 mg (88%) white solid. '"H NMR (400 MHz,
CDCl3) 8.12 (br s, 1H), 7.64 (m, 1H), 7.43 (m, 2H), 7.35 (m, 4H), 7.22 (m, 2H), 6.55 (m, 1H),
5.49 (d,J= 1.4 Hz, 1H), 5.44 (d,J= 1.4 Hz, 1H). 3C{'H} NMR (100 MHz, CDCl3) 151.1, 142.6,
135.6, 133.7, 128.6, 128.2, 127.9, 127.6, 124.8, 123.0, 120.8, 113.1, 110.7, 103.1. HRMS calcd
for CigH13N 219.1048; found 219.1094, spectral accuracy 99.3%.

H
N
(U0
1-(2-Oxindol-6-y)-1-phenylethylene (4.260). Prepared by the general procedure and purified on

silica eluting with 2:1 hexanes:EtOAc. Yield 41.0 mg (87%) white solid. '"H NMR (400 MHz,
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CDCl) 8.21 (br s, 1H), 7.33 (m, 5H), 7.19 (d, J= 7.7 Hz, 1H), 7.02 (dd, J= 7.7, 1.3 Hz, 1H), 6.84
(d, J=1.3 Hz), 5.45 (s, 2H), 3.55 (s, 2H). *C{'H} NMR (100 MHz, CDCls) 177.5, 149.9, 142.5,
141.9, 141.4, 128.39, 128.38, 128.0, 124.9, 124.5, 122.7, 114.7, 109.7, 36.1. IR v(C=0) 1693 cm™~
I HRMS calcd for C16H13NO 235.0997; found 235.1003, spectral accuracy 99.4%.

N
H

1-(Indol-5-yl)-1-(2-naphthyl)ethylene (4.29a). Prepared by the general procedure and purified on
silica eluting with 10:1-5:1 hexanes:EtOAc. Yield 47.5 mg (88%) off-white solid. 'H NMR (400
MHz, CDCls) 8.14 (br s, 1H), 7.80 (m, 4H), 7.65 (m, 1H), 7.52 (dd, J= 8.5, 1.7 Hz, 1H), 7.45 (m,
2H), 7.35 (d, J=8.5 Hz, 1H), 7.24 (dd, J = 8.4, 1.7 Hz, 1H), 7.21 (m, 1H), 6.52 (m, 1H), 5.54 (d,
J=1.4 Hz, 1H), 5.53 (d, J= 1.4 Hz, 1H). *C{'H} NMR (100 MHz, CDCI3) 151.1, 140.1, 135.7,
133.8, 133.5, 133.1, 128.4, 127.9, 127.7, 127.6, 127.5, 126.9, 126.2, 126.0, 124.8, 123.1, 121.0,
113.7, 110.8, 103.2. HRMS caled for CooHisN 269.1204; found 269.1207, spectral accuracy
99.0%.

N
MeO N
H

(0]

1-(Indol-5-yl)-1-(4-methoxycarbonyphenyl)ethylene (4.29b). Prepared by the general procedure
with hydrazone solution prepared at 2 dilution (0.76 mmol in 20.0 mL solution) and pumped at
2x flow rate (0.7 mL/min) due to limited solubility. Purified on silica eluting with 5:1
hexanes:EtOAc—5% MeCN in 5:1 hexanes:EtOAc. Yield 44.3 mg (80%) white solid. 'H NMR
(400 MHz, CDCl3) 8.21 (br s, 1H), 8.01 (d, /= 8.3 Hz, 2H), 7.58 (s, 1H), 7.46 (d, J = 8.3 Hz, 2H),
7.36 (d,J=8.5Hz, 1H), 7.23 (t,J=2.9 Hz, 1H), 7.17 (dd, J=8.5, 1.3 Hz, 1H), 6.54 (m, 1H), 5.55
(s, 1H), 5.49 (s, 1H), 3.93 (s, 3H). *C{'H} NMR (100 MHz, CDCls) 167.2, 150.4, 147.3, 135.7,
133.0, 129.6, 129.2, 128.6, 127.9, 125.0, 122.9, 120.8, 114.7, 110.9, 103.2, 52.2. IR v(C=0) 1691
cm™!. HRMS calcd for C1sHisNO2 277.1103; found 277.1206, spectral accuracy 99.5%.
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1-(Indol-5-yl)-1-(4-methoxyphenyl)ethylene (4.29¢). Prepared by the general procedure and
purified on 5% AgNO; impregnated silica eluting with 5:1-5:2 hexanes:EtOAc. Yield 30.3 mg
(61%) white solid. "TH NMR (400 MHz, CDCI3) 8.15 (br s, 1H), 7.62 (m, 1H), 7.34 (m, 3H), 7.21
(m, 2H), 6.88 (m, 2H), 6.53 (m, 1H), 5.36 (d, J= 1.5 Hz, 1H), 5.35 (d, /= 1.5 Hz, 1H), 3.83 (s,
3H). BC{'H} NMR (100 MHz, CDCls) 159.3, 150.5, 135.6, 135.2, 134.0, 129.7, 127.9, 124.7,
123.1, 120.8, 113.5, 111.8, 110.6, 103.1, 55.4. HRMS calcd for C17H1sNO 249.1154; found
249.1138, spectral accuracy 98.7%.

N
H

1-(Indol-5-yl)-1-(2,4-dimethylphenyl)ethylene (4.29d). Prepared by the general procedure with the
packed column of MnO; cooled in an ice bath at 0 °C and purified on 5% AgNO;3 impregnated
silica eluting with 10:1-5:1 hexanes:EtOAc. Yield 42.2 mg (85%) colourless oil. "H NMR (400
MHz, CDCI) 8.07 (br s, 1H), 7.49 (m, 1H), 7.27 (m, 2H), 7.20 (d, J = 7.5 Hz, 1H), 7.17 (dd, J =
3.1, 2.6 Hz, 1H), 7.06 (m, 2H), 6.49 (m, 1H), 5.75 (d, /= 1.7 Hz, 1H), 5.13 (d, J= 1.6 Hz, 1H),
2.40 (s, 3H), 2.07 (d, 3H). *C{'H} NMR (100 MHz, CDCl;) 150.3, 139.9, 137.0, 136.3, 135.5,
133.2, 131.0, 130.2, 128.0, 126.3, 124.7, 121.2, 119.2, 113.0, 110.9, 130.3, 21.3, 20.2. HRMS
calcd for C1gH 17N 247.1361; found 247.1387, spectral accuracy 99.4%.

S

\ Y

N
1-(Indol-5-yl)-1-(thiophen-2-yl)ethylene (4.29¢). Prepared by the general procedure and purified
on silica eluting with 8:1 hexanes:EtOAc. Yield 34.6 mg (77%) off-white solid. '"H NMR (400
MHz, CDCl3) 8.17 (br s, 1H), 7.74 (m, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.30 (dd, J = 8.4, 1.6 Hz,
1H), 7.24 (m, 2H), 6.98 (m, 2H), 6.56 (m, 1H), 5.57 (d, J= 1.0 Hz, 1H), 5.27 (d, /= 1.0 Hz, 1H).

BC{'H} NMR (100 MHz, CDCl3) 146.0, 144.3, 135.8, 133.3, 127.8, 127.3, 126.6, 124.91, 124.87,
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123.1,120.8, 112.8, 110.7, 103.2. HRMS calcd for Ci14H11NS 225.0612; found 225.0594, spectral
accuracy 99.3%.

General procedure for the synthesis of tri- and tetra-substituted olefins. Pd(XPhos)(allyl)Cl
(6.6 mg, 10 pmol), XPhos (4.8 mg, 10 umol) and 5-bromoindole (39.2 mg, 0.20 mmol) were placed
in a 25 mL round bottom flask and flushed with Ar. Toluene (1 mL) and i-ProNH (28 pL, 0.20
mmol) were added. Separately a 10.0 mL solution of hydrazone (0.76 mmol) and i-ProNH (213
uL, 1.5 mmol) in toluene was prepared and loaded into a Hamilton air-tight® glass syringe and
placed in a Nexus Fusion 200 syringe pump. The hydrazone solution was pumped at 0.5 mL/min
through the packed column of MnO> described previously, then the flow rate was decreased to
0.23 mL/min once the diazo IR peak began to appear at ~2040 cm'. The flask containing the 5-
bromoindole solution was submerged in a 100 °C oil bath. After allowing ~2 min for the diazo
peak to stabilize and the reaction flask to heat to temperature, the diazo solution was directed into
the reaction flask for the next 30 min (10.5 mL of diazo solution, ~0.60 mmol given ~75% yield
of diazo from hydrazone). Following the addition of the diazo reagent the reaction flask was stirred
an additional 15 min, then cooled to room temperature and filtered through a plug of silica, eluting

with 2:1 EtOAc:hexanes. The product was purified immediately by flash column chromatography.

N NH2 MnO, N
R e | p AN RY| (@ 20) added
Ar)\( Ar over 30 min
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Br Pd(XPhos)(allyl)Cl (5%)

XPhos (5%)
i-ProNH, 100 °C
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1-(Indol-5-yl)-2-methyl-1-phenylprop-1-ene (4.29f). Prepared by the general procedure and

purified on 5% AgNO; impregnated silica eluting with 4:1-2:1 hexanes:EtOAc. Yield 35.9 mg
(73%) colourless oil. 'H NMR (400 MHz, CDCls) 8.07 (br s, 1H), 7.43 (s, 1H), 7.28 (m, 3H), 7.17
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(m, 4H), 6.97 (dd, J = 8.4, 1.5 Hz, 1H), 6.50 (m, 1H), 1.85 (s, 3H), 1.84 (s, 3H). *C{'H} NMR
(100 MHz, CDCl;) 144.3, 138.0, 135.4, 134.5, 130.2, 130.0, 127.9, 127.7, 125.9, 124.7, 124.4,
121.9, 110.5, 102.8, 22.8, 22.7. HRMS calcd for CisHi7N 247.1361; found 247.1350, spectral

accuracy 98.8%.

|
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2-(Indol-5-yl)-2-phenylmethylenecyclohexane (4.29g). Prepared by the general procedure and
purified on silica eluting with 6:1 hexanes:EtOAc. Yield 26.8 mg (47%) white solid. 'H NMR (400
MHz, CDCI3) 8.06 (br s, 1H), 7.41 (s, 1H), 7.27 (m, 3H), 7.16 (m, 4H), 6.96 (dd, J = 8.3, 1.6 Hz,
1H), 6.50 (m, 1H), 2.29 (m, 4H), 1.62 (m, 6H). *C{'H} NMR (100 MHz, CDCl;) 144.1, 138.4,

135.4, 135.1, 134.5, 130.0, 127.9, 127.7, 125.9, 124.7, 124.4, 121.8, 110.5, 102.8, 32.7, 32.6,
28.90, 28.86, 27.1. HRMS calcd for Co1H21N 287.1674; found 287.1661, spectral accuracy 98.9%.

Q]
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5-(2H-chromen-4-yl)indole (4.29h). Prepared by the general procedure and purified on silica
eluting with 6:1 hexanes:EtOAc. Yield 21.3 mg (43%) off-white solid. '"H NMR (400 MHz,
CDCl) 8.20 (br s, 1H), 7.64 (s, 1H), 7.41 (d, J = 8.4 Hz, 1H), 7.26 (m, 1H), 7.17 (m, 2H), 7.09
(dd, J=17.6, 1.5 Hz, 1H), 6.91 (dd, J = 8.0, 1.0 Hz, 1H), 6.85 (td, J= 7.5, 1.1 Hz, 1H), 6.58 (m,
1H), 5.83 (t,J = 3.9 Hz, 1H), 4.88 (d, J = 4.0 Hz, 2H). *C{'H} NMR (100 MHz, CDCl;) 155.0,
138.1, 135.6, 130.2, 129.1, 128.0, 126.4, 124.9, 124.7, 123.2, 121.2, 120.9, 119.4, 116.2, 110.9,
103.0, 65.6. HRMS calcd for C17H13NO 247.0997; found 247.1006, spectral accuracy 98.9%.
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1-(Indol-5-yl)-1-(3-methoxyphenyl)prop-1-ene (4.29i). Prepared by the general procedure and
purified on silica eluting with 6:1 hexanes:EtOAc. Yield 45.8 mg (87%) colourless oil as a mixture
of 2.3:1 Z:E isomers (determined by '"H NMR analysis of the mixture). HRMS calc for CisH;7NO
263.1310; found 263.1361, spectral accuracy 99.3%

Complete separation of the isomers was not possible, but partial separation on 5% AgNOs
impregnated silica eluting with 2:1 hexanes:EtOAc allowed enrichment of each individual isomer

to >10:1 purity for individual characterization.

MeO |
oD
N
H

(Z)-1-(Indol-5-yl)-1-(3-methoxyphenyl)prop-1-ene. '"H NMR (400 MHz, CDCl3) 8.07 (br s, 1H),
7.46 (m, 1H), 7.29 (m, 2H), 7.15 (m, 2H), 6.83 (m, 3H), 6.48 (m, 1H), 6.14 (q, J = 7.0 Hz, 1H),
3.80 (s, 3H), 1.79 (d, J = 7.0 Hz, 3H). 3C{'H} NMR (100 MHz, CDCls) 159.5, 143.2, 142.6,
135.3, 135.1, 129.1, 127.9, 124.6, 122.9, 122.5, 122.0, 119.7, 115.7, 112.4, 110.6, 103.1, 55.3,
15.9.

MeO |
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(E)-1-(Indol-5-yl)-1-(3-methoxyphenyl)prop-1-ene. "H NMR (400 MHz, CDCI3) 8.15 (br s, 1H),
7.48 (m, 1H), 7.38 (d, /= 8.4 Hz, 1H), 7.23 (t,J=2.7 Hz, 1H), 7.16 (t, J = 8.0 Hz, 1H), 6.99 (dd,
J=28.3, 1.6 Hz, 1H), 7.87 (m, 2H), 6.76 (ddd, J = 8.1, 2.6, 0.8 Hz, 1H), 6.54 (m, 1H), 6.19 (q, J =
7.0 Hz, 1H), 3.75 (s, 3H), 1.80 (d, /= 7.0 Hz, 3H). *C{'H} NMR (100 MHz, CDCls) 159.5, 145.6,
143.3, 135.0, 131.6, 128.9, 127.9, 124.7, 124.4, 123.9, 122.3, 120.2, 113.3, 112.0, 110.8, 102.9,
55.3, 16.0.
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General procedure for diazo-activated aryl chloride cross-coupling. Pd(XPhos)(allyl)ClI (6.6
mg, 10 pmol), XPhos (4.8 mg, 10 umol) and aryl chloride (0.20 mmol) were placed in a 25 mL
round bottom flask and flushed with Ar. Toluene (1 mL) and i-ProNH (28 pL, 0.20 mmol) were
added. Separately a 10.0 mL solution of 2-acetylthiophene hydrazone (106 mg, 0.76 mmol) and i-
ProNH (213 pL, 1.5 mmol) in toluene was prepared and loaded into a Hamilton air-tight® glass
syringe and placed in a Nexus Fusion 200 syringe pump. The hydrazone solution was pumped at
0.5 mL/min through the packed column of MnO> described previously and cooled at 0 °C, then
the flow rate was decreased to 0.35 mL/min once the diazo IR peak began to appear at ~2040 cm™
!, The flask containing the 5-bromoindole solution was submerged in a 100 °C oil bath. After
allowing ~2 min for the diazo peak to stabilize and the reaction flask to heat to temperature, the
diazo solution was directed into the reaction flask for the next 20 min (7 mL of diazo solution,
~0.40 mmol given ~75% yield of diazo from hydrazone). Following the addition of the diazo
reagent the reaction flask was stirred an additional 5 min, then cooled to room temperature and
filtered through a plug of silica, eluting with 2:1 EtOAc:hexanes. The product was purified

immediately by flash column chromatography.
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1-(4-Cyanophenyl)-1-(thiphen-2-yl)ethylene (4.31a). Prepared by the general procedure and
purified on 5% AgNO3 impregnated silica eluting with 5% EtOAc in hexanes—1% MeCN, 10%
EtOAc in hexanes. Yield 29.3 mg (69%) bright yellow oil. 'TH NMR (400 MHz, CDCl3) 7.66 (dt,
J=28.6,2.0 Hz, 2H), 7.54 (dt, J = 8.6, 2.0 Hz, 2H), 7.27 (dd, /= 5.1, 1.1 Hz, 1H), 6.99 (dd, J =
5.1, 3.6 Hz, 1H), 6.85 (dd, J = 3.6, 1.1 Hz, 1H), 5.68 (s, 1H), 5.32 (s, 1H). *C{'H} NMR (100

MHz, CDCls) 145.7, 143.4, 142.2, 132.2, 129.1, 127.6, 126.9, 125.9, 118.9, 115.8, 112.0. IR
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v(C=N) 2267 cm™!. HRMS calcd for Ci13HoNS 211.0456; found 211.0507, spectral accuracy
99.1%.
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1-(Benzophenon-4-yl)-1-(thiophen-2-yl)ethylene (4.31b). Prepared by the general procedure and
purified on 5% AgNO3 impregnated silica eluting with 2—3% EtOAc in hexanes. Yield 42.0 mg
(72%) off-white solid. "H NMR (400 MHz, CDCl3) 7.85 (m, 4Hz), 7.55 (m, 5H), 7.27 (dd, J=5.2,
1.0 Hz, 1H), 7.00 (dd, J = 5.1, 3.6 Hz, 1H), 6.93 (dd, J = 3.6, 1.1 Hz, 1H), 5.68 (s, 1H), 5.35 (s,
1H). BC{'H} NMR (100 MHz, CDCl3) 196.4, 145.2, 144.0, 142.7, 137.7, 137.3, 132.6, 130.22,
130.15, 128.4,128.3,127.5,126.8, 125.5,115.1. IR v(C=0) 1652 cm™'. HRMS calcd for C19H ;408
290.0765; found 290.0784, spectral accuracy 98.7%.

S
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1-(4-Methoxycarbonylphenyl)- 1-(thiophen-2-yl)ethylene (4.31c). Prepared by the general
procedure and purified on 5% AgNO; impregnated silica gel eluting with 2-3% EtOAc in
hexanes. Yield 30.4 mg (62%) pale yellow oil. 'H NMR (400 MHz, CDCls) 8.04 (dt, J= 8.6, 1.9
Hz, 2H), 7.51 (dt, J = 8.6, 1.9 Hz, 2H), 7.26 (dd, J = 5.1, 1.1 Hz, 1H), 6.99 (dd, J = 5.1, 3.6 Hz,
1H), 6.88 (dd, J = 3.6, 1.1 Hz, 1H), 5.65 (s, 1H), 5.31 (s, 1H), 3.94 (s, 3H). *C{'H} NMR (100
MHz, CDCl) 167.0, 145.7, 144.0, 142.8, 129.9, 129.7, 128.4, 127.5, 126.7, 125.5, 115.0, 52.3. IR
v(C=0) 1717 cm™'. HRMS calcd for C14H1202S 244.0558; found 244.0554, spectral accuracy
99.7%.
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1-(4-Morpholinylcarbonylphenyl)- 1-(thiophen-2-yl)ethylene (4.31d). Prepared by the general
procedure and purified on silica eluting with 5:1 hexanes:EtOAc—5% MeCN in 2:1
hexanes:EtOAc. Yield 40.7 mg (68%) off-white solid. 'H NMR (400 MHz, CDCls) 8.37 (dt, J =
8.4, 1.9 Hz, 2H), 7.41 (dt, J — 8.4, 1.9 Hz, 2H), 7.26 (dd, J = 5.1, 1.1 Hz, 1H), 6.98 (dd, J = 5.1,
3.6 Hz, 1H), 6.89 (dd, J = 3.6, 1.3 Hz, 1H), 5.62 (s, 1H), 5.27 (s, 1H), 3.72 (br s, 8H). *C{'H}
NMR (100 MHz, CDCl3) 170.3, 144.2, 142.85, 142.78, 135.1, 128.6, 127.5, 127.3, 126.8, 125.5,
114.6, 67.1, 48.4 (br). IR v(C=0) 1623 cm'. HRMS calcd for C17Hi17NO>S 299.0980; found
299.1004, spectral accuracy 99.1%

S
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1-(4-Nitrophenyl)-1-(thiophen-2-yl)ethylene (4.31e). Prepared by the general procedure and
purified on silica eluting with 10:1-3:1 hexanes:toluene. Yield 38.0 mg (82%) yellow oil. 'H
NMR (400 MHz, CDCls) 8.93 (dt, J= 8.9, 2.0 Hz, 2H), 7.60 (dt, J = 8.9, 2.1 Hz, 2H), 7.29 (dd, J
=5.1,1.1 Hz, 1H), 7.01 (dd, J=5.1, 3.6 Hz, 1H), 6.87 (dd, /= 3.6, 1.1 Hz, 1H), 5.72 (s, 1H), 5.36
(s, 1H). BC{'H} NMR (100 MHz, CDCls) 147.7, 147.6, 143.3, 141.8, 129.3, 127.6, 126.9, 125.9,
123.7,116.2. IR v(NO2) 1513, 1342 cm™!. HRMS calcd for C12HoNO,S 231.0354; found 231.0380,

spectral accuracy 99.4%.

S NO;
\ |

1-(4-Methyl-3-nitrophenyl)-1-(thiophen-2-yl)ethylene (4.31f). Prepared by the general procedure
and purified on silica eluting with 10:1-3:1 hexanes:toluene. Yield 43.8 mg (89%) pale yellow
oil. 'TH NMR (400 MHz, CDCI;3) 8.05 (d, J = 2.1 Hz, 1H), 7.57 (dd, J = 7.9, 1.9 Hz, 1H), 7.34 (d,
J=7.9 Hz, 1H), 7.28 (dd, /= 5.3, 1.1 Hz, 1H), 7.00 (dd, J= 5.1, 3.6 Hz, 1H), 6.88 (dd, J = 3.6,
1.1 Hz, 1H), 5.65 (s, 1H), 5.31 (s, 1H), 2.63 (s, 3H). *C{'H} NMR (100 MHz, CDCI3) 149.3,
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143.6, 141.3, 140.3, 133.3, 132.78, 132.73, 127.6, 126.7, 125.8, 124.4, 115.1, 20.3. IR v(NO2)
1523, 1344 cm™'. HRMS caled for Ci3Hii1NO2S 245.0510; found 245.0529, spectral accuracy
98.9%.

Computational Methods. All calculations were performed using the Gaussian 09 software suite.*’
Structures were optimized at the M06-L>%/def2-SVP>! with associated ECP for Pd*? level of theory
and confirmed to be local minima or transition states by the presence of 0 or 1 imaginary
frequencies respectively. For transition state structures the normal mode vibration corresponding
to the imaginary frequency involved the motion of the correct atom(s) along the reaction coordinate
in all cases. Energies were calculated at the M06-L/def2-TZVP! level of theory on the M06-
L/def2-SVP optimized structures and incorporated solvation effects using the polarizable
continuum model with toluene solvent™. Zero-point and thermal corrections were taken from the

MO06-L/def2-SVP frequency calculations.
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Chapter S Efficient Kinetics in Flow by Cycling a Reaction Slug?

5.1 Introduction

Measuring reaction kinetics is an important and powerful tool for reaction optimization,
mechanistic investigation, and scale-up.! Several different strategies for data treatment are
available for determination of reaction orders, rate constants, and/or activation parameters. The
use of robust, historical methods such as pseudo-first order conditions, the method of initial rates,
the Michaelis-Menten equation, and Arrhenius and Eyring relationships is common,? while newer

led and variable time

data treatment strategies including reaction progress kinetic analysis
normalization analysis® have also been developed in an attempt to make data acquisition easier

and require fewer experiments.
5.1.1  Pseudo-first order kinetics

Integrated rate laws provide simple mathematical relationships to determine reactant
concentration as a function of time for reactions that are zeroth, first, second, or even n™ order in
a single reagent (Table 5.1, entries 1-4). These allows simply graphical evaluation of reaction
order by monitoring reagent concentration over the course of several half lives for reactions
involving a single reagent, A. If the reaction order in A is zeroth, then a plot of [A] vs. time will

be linear; if the reaction order in A is first a plot of In[A] vs. time will be linear; and if the reaction

order in A is second then a plot of ﬁ vs. time will be linear.?

However, most reactions do not exhibit rate equations that are dependent on only a single
reagent. While integrated rate laws can be derived for reactions that are non-zero order in multiple
reagents, the relationships quickly become complicated and unwieldy to work with (entry 5).
However, the method of pseudo-first order kinetics is a strategy to make reactions behave as if
they are only dependent on a single reagent and therefore allow use of the simple integrated rate

laws discussed above. This is accomplished by using a large (>10 fold) excess of all reagents

2 Parts of this chapter have appeared in print: Sullivan, R. J.; Newman, S. G. Reaction cycling for kinetic analysis in
flow. J. Org. Chem, 2020, ASAP, doi. 10.1021/acs.joc.0c00216. Excerpts from the results section and Figures 5.2,
5.3, and 5.7 are adapted with permission from Sullivan, R. J.; Newman, S. G. J. Org. Chem. 2020, ASAP, doi.
10.1021/acs.joc.0c00216. Copyright 2020 American Chemial Society.
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except one. As a result, the concentration of the reagents in excess doesn’t change significantly as
the reaction proceeds (less than 10%) while the disappearance of the limiting reagent can be
followed over several half lives. This takes the overall rate equation Eq. 5.1 and simplifies it to
Eq. 5.2 where kobs = k[B]°[C]°...[1]" which is constant when A is the limiting reagent and all others

are in large excess. 2

Table 5.1. Integrated rate laws for the various reaction orders in the generic rate equation rate = k[AJ*[B]°.

Entry Order in A Order in B Rate equation Integrated rate law
1 0 0 rate =k [A] = [A], — kt
2 1 0 rate = K[A] In[A] = In[A], — kt
1 1
3 2 0 rate = k[A]? ﬁ = E + kt
0
4 nt 0 rate = k[A]” AT = AL, + (n— 1kt
_ 1 [Alo[B] _
5 1 I rate = k[A][B] ([B]O - [A]O)ln ([B]O[A]) =kt
rate = k[A]2[B]P[C]e...[ n]~ (Eq. 5.1)
rate = Kobs[A]? (Eq. 5.2)

While an elegant approach, this strategy does have some limitations. It is not capable of
handling fractional or negative rate orders that can be encountered in complex mechanisms, it is
not capable of determining the reaction order of catalytic species since catalysts are not consumed
as the reaction progresses, and the method necessarily requires non-realistic reaction conditions

by requiring large excesses of the other reagents.’
5.1.2  The method of initial rates

To address these limitations the method of initial rates is applicable. This method is based
on approximating the instantaneous rate at the start of the reaction (when the concentrations of all
species are known) by measuring average rate up to low conversion (typically less than 5 or 10%).
By changing the concentration of each reagent, the impact on the initial rate can be determined,
and from that the reaction order can be elucidated. For example, if doubling the concentration of

one reagent has no effect on the initial rate, the reaction order for that reagent is zero. Similarly, if
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doubling the concentration doubles the initial rate, the order for that reagent is one, and so forth.
While this type of analysis can be performed by inspection of tabulated initial rate data as a
function of reagent concentrations, a graphical approach that is less impacted by random

experimental error is also available.”

The graphical approach derives from taking the logarithm of both sides of the rate equation
(Eq. 5.1) to derive Eq. 5.3. It follows that measuring initial rates at various concentrations of a
single reagent (e.g., A) while all else is held constant generates a linear relationship in the form:
In(rate) = a-In[A] + const. with a slope equal to the reaction order. In contrast to the pseudo-first
order approach, this method allows determination of reaction orders under realistic conditions and
is also applicable to negative and non-integer reaction orders, as well as determining reaction order
in catalyst. Furthermore, this method is also suitable for reactions that only proceed to partial
conversion or suffer from competing side reactions that become dominant as the reaction

progresses.’
In(rate) = a-In[A] + b-In[B] + c:In[C] + ... + n-In[n] + In(k) (Eq. 5.3)
5.1.3  Michaelis-Menten kinetics and Lineweaver-Burk plots

So far in the discussion it has been assumed that reaction orders are constant — that is the
reaction order is independent of the reagent concentration. However, situations where the observed
reaction order decreases with increasing reagent concentration are common. These are cases of
saturation kinetics, a phenomenon that arises when the reagent concentration appears in both the
numerator and denominator of the rate equation. This results when reaction mechanisms feature
pre-equilibria steps before the elementary step involving the reagent in question. For example, the
Sx1 reaction between fert-butyl bromide (5.1) and a metal cyanide salt (Scheme 5.1) has the
complete rate law given in Eq. 5.4. However, under synthetically relevant conditions ko[CN™] >>
k-1[Br], and therefore the rate law simplifies to Eq. 5.5. The observed reaction order in CN™ is
zero, but if the kinetics were measured at very low concentration of CN™, a positive reaction order
would be found. In more complex systems however, such as those encountered in many catalytic
reactions, the denominator is not dominated by a single term and therefore partial, fractional orders

are often observed for the substrate(s).?
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Scheme 5.1. Elementary steps in the Sx1 reaction between fert-butyl bromide and CN™.

%/Br i @ ka %/CN
kot N
5.1 .o 5.2

k,k,[5.1][CN]

rate = kK [Br ]+ K, [CN ] (Eq. 5.4)

rate = ki[5.1] (Eq. 5.5)

To mathematically treat situations such as these, Michaelis-Menten kinetics can be used. The
Michaelis-Menten model was developed to describe enzyme kinetics that follow the general
reaction mechanism shown in Scheme 5.2, where association with the enzyme is in pre-equilibrium
(ki/k-1) and the rate limiting step is conversion of substrate to product (k2). With these assumptions,
release of the product from the enzyme (ks/k_3) has no bearing on the rate equation since it follows
the rate determining step. Using the steady-state assumption for [E-S] (Eq. 5.6), the rate law for

the reaction is Eq. 5.7. By combining the constants this simplifies to Eq. 5.8, where vmax=kikz[E]o
K_;+k;

1

and Ky = . The constant vmax represents the maximum reaction rate that could be obtained

at infinite [S], and therefore provides information about the efficiency of the enzyme to convert
substrate to product in the active site. Ky on the other hand is the concentration of S that would
achieve half vimax and provides information about the efficiency of substrate binding. Smaller Km
values signify larger enzyme-substrate binding equilibrium constants, and therefore greater
enzyme-substrate affinity. While originally derived in the context of enzyme kinetics, the
Michaelis-Menten relationship is widely applicable to model saturation kinetics in other situations

as well.?

Scheme 5.2. The mechanism assumed for the derivation of the Michaelis-Menten model to describe enzyme

kinetics.
k4 ko ks
E+S — E-S —_— E-P = E+P
k_1 k—3
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d[E-S]

T k1 ([E]o — [E-SDIS] — k_,[E-S] — k,[E-S] = 0 (Eq. 5.6)
_ kiky[E]o[S]
rate = K+ K, + K, [S] (Eq. 5.7)
_ Vmax[s]
rate = —KM 5] (Eq. 5.8)

Because the Michaelis-Menten relationship is hyperbolic, it was historically challenging to
fit data. To overcome this challenge, the Lineweaver-Burk plot was devised. This derives from
taking the reciprocal of the Michaelis-Menten equation to give Eq. 5.9. It follows that a plot of
1/rate versus 1/[S] yields a linear relationship with a slope of Km/vmax and y-intercept of 1/vimax.
While the Lineweaver-Burk plot was historically important, the determination of vmax and Kum
relies on extrapolation to the y-axis and is therefore less accurate than directly fitting data to the
Michaelis-Menten relationship using commercially available curve fitting software that is now

widely available.?

CHLURE S (Eq. 5.9)
rate  Vinax [S] Vimax -

5.1.4  Arrhenius and Eyring analyses

Determining the activation energy of a reaction is also desirable. This is accomplished by
measuring the effect of temperature on the rate constant, k. The Arrhenius relationship, Eq. 5.10,

describes the temperature dependence of the rate constant, and taking the natural logarithm of both

sides provides the linear function Eq. 5.11. Therefore, a plot of In(k) as a function of % yields a

straight line with a slope equal to _TEE’, allowing determination of the activation energy (E.). The

concept of activation energy is equally relevant to single- and multi-step reaction mechanisms, and

is simply the height of the highest energetic barrier that must be overcome to form the final

products. 2
—E,
k = AeRT (Eq. 5.10)
In(k) = =2(z) +In(A). (Eq. 5.11)
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The activation energy can be further broken down into enthalpic and entropic contributions
for single step reactions. This derives from transition state theory which is built on the conceptual
approximation of considering the reactants and activated complex as being in equilibrium and
therefore described by an equilibrium constant, K*. the development of transition state theory
allowed the derivation of the Eyring equation (Eq. 5.12) which relates the rate constant, k, to this
equilibrium constant, K¥ and temperature, T. The constants in the Eyring equation are «, the
transmission coefficient (the proportion of reagents achieving the transition state that actually
proceed to form products; typically k = 1), kg, the Boltzmann constant, and 4, Plank’s constant

which come from statistical thermodynamics.?

kgT
k= K(%) K (Eq. 5.12)

Since equilibria constants are related to Gibbs free energy by Eq. 5.13, the Eyring equation
can be rewritten in terms of the Gibbs free energy of activation (Eq. 5.14) and subsequently
expanded into the separate contributions from the enthalpy and entropy of activation (Eq. 5.15).

Lastly, rearrangement and taking the natural logarithm of both sides yields the linear relationship

Eq. 5.16, and it follows that a plot of In (%) as a function of % yields a straight line with a slope
B

—AH* . AS* o o
of — and y-intercept of — to allow determination of the enthalpy and entropy of activation.’

AG = -RTIn(K) (Eq. 5.13)
—AGH
k= K(kBTT>e RT (Eq. 5.14)
—AH* AS#

K = K(I‘BTT) e RT e R (Eq. 5.15)

kh —AH* /1\ AS#
1 ( ): <_) dl Eq.5.16
M\ kg T R \T/ TR (Eq. 5.16)

5.1.5  Reaction Progress Kinetic Analysis (RPKA)

The experimental techniques discussed so far require many experiments to collect all
necessary data. To address this laborious burden Blackmond and coworkers developed the method

of reaction progress kinetic analysis (RPKA) that allows determination of reaction orders and other
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kinetic information from a minimal number of experiments. Use of RPKA rests on the ability to
determine the instantaneous reaction rate at all points during a reaction. This can be accomplished
in one of two ways. The first option is to continuously monitor reagent concentration, by for
example using in situ reactIR, and then take the derivative of the conversion over time data to
calculate the instantaneous rate at each time point. The second option is to measure the
instantaneous reaction rate directly as the reaction proceeds, by for example using reaction

calorimetry.!®d

The underlying principle of the RPKA method is that determining instantaneous rate at all
points as a reaction proceeds generates data equivalent to performing hundreds of separate initial
rate experiments. For reactions involving only a single reagent, the shape of a plot of instantaneous
rate as a function of reagent concentration therefore directly informs on reaction order. If this plot
results in a horizontal line the reaction is zeroth order (i.e., the reaction rate is unaffected by
changing reagent concentration) while a line with a positive slope implies first order (i.e., rate is
directly proportional to concentration), and a hyperbolic relationship demonstrates saturation

kinetics (i.e. an increase in concentration provides a less than proportional increase in rate).!*d

Most reactions involve more than one reagent however, and therefore data interpretation is
slightly more involved in these cases. Rather than a single experiment, a small handful of
experiments are required, using different values of “excess” of one reagent and various graphical
manipulation strategies to elucidate the reaction orders. RPKA methods are also ideally suited to
probe for the presence of catalyst deactivation by performing experiments with the same “excess”
but different initial concentrations. While the RPKA method is efficient and powerful, it requires
the ability to continuously monitoring instantaneous rate, and therefore can be challenging to
implement in practise. Furthermore, the data analysis method cannot handle multiple reagents
exhibiting fractional reaction orders, so for systems with multiple species exhibiting saturation

kinetics the method cannot provide insight.'¢
5.1.6  Variable Time Normalization Analysis (VTNA)

To address the limitations of RPKA, the method of Variable Time Normalization Analysis
(VTNA) was developed. Whereas RPKA is best-designed for continuous monitoring of

instantaneous reaction rate, VINA utilizes (non-continuous) conversion over time data which is
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generally easier to obtain. Furthermore, the data analysis used in VINA does not suffer from
limitations preventing determination of multiple fractional or negative reaction orders and can
therefore provide insight even with complex systems. The mathematical basis of the VINA
method lies in comparing the conversion over time profiles of two reactions where the initial
concentration of a single reagent differs, but all other conditions are the same. For example, in the
generic reaction A + B — P, two reactions are conducted where [A]o is unchanged but [B]o is
doubled (Figure 5.1). The conversion over time profiles differ because the reaction with higher
[B]o is faster. However, if the x-axis is normalized to exclude the effect of [B], then the data for
both reactions overlay. The function to achieve normalization is approximated by the trapezoid
rule (Eq. 5.20), and only when the correct value for the exponent (B) is used will the data overlay.
B is of course the reaction order with respect to B that one wishes to determine. The same method
is applied for each reagent, so in total the number of experiments required is n+1 to determine the

reaction orders of n reagents.’

A+B —> P

0.5 % 4[A],=0.5M,[B],=0.5M o 0.5
04 % A[A]g —05M [B]g _10M  Normalization 04 f,
S03 |2, of ‘time” axis 0.3 |
20.2 AA ° o SN < 0.2 Aoé
0.1 A a Z ° 0.1 °a 4 .
O A O A
0 10 20 30 40 0 10 20
t fi(t)
_% — AP (Eq.5.17) _%(At]) _kAle (g 518)
df(t) = [B]Pdt (Eq. 5.19)
t n B
B]; + [B]i-
f(t) = j [B]Bdt ~ Z (%) (t; — ti_q) (Eq. 5.20)
0

i=1
Figure 5.1. Derivation of the “time” axis normalization to remove the effect of [B].
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5.1.7 Kinetics in flow

Common to all kinetic methods discussed above is that monitoring of reaction progress (or
instantaneous rate) over time is required to obtain kinetic data. Even with newer RPKA and VTNA
methods this is still laborious, and therefore routine collection of kinetic data at the reaction
discovery and early development stage is not commonplace. While automation of batch
experiments using liquid-handling robotics can alleviate this burden, access to robotic systems
capable of this work is limited, and the ability to interface with online analytics is more restricted

in batch systems.*

Continuous flow systems offer much more flexibility to incorporate automation and online
analytics, in addition to other benefits stemming from efficient mixing and access to wider ranges
of temperatures and pressures.” However, a major inefficiency hinders acquiring kinetic data in
flow, and as result batch is usually preferred for kinetics.® This is a consequence of the coupling
of time and space in flow, where ‘reaction time’ is a consequence of flow rate and reactor volume.
As a result, while it is trivial to acquire a kinetic profile in batch by taking aliquot samples as the
reaction proceeds (Figure 5.2A), in flow a new experiment is needed for each and every data point
in the conversion over time profile (Figure 5.2B).” While performing n experiments for »n data
points is effective, it is also wasteful of time and materials. For example, Blackmond and
coworkers compared batch and flow for the monitoring of an aldol reaction taking 40 min to reach
completion.® The requirement to perform a new steady-state experiment for each data point in flow

resulted in a 5-fold increase in experiment time and material consumption.

Solutions to this problem have so far focused on using stepped or gradient flow rates and
complex model fitting software to circumvent the need to collect steady-state samples.® However
these approaches are limited by the complicated mathematics required, and applications have thus
far been restricted to relatively simple reactions. Furthermore, the application of these model fitting
approaches is targeted towards elucidating rate constants when the reaction order in each reagent
is known. A failure to unambiguously determine reaction orders without relying on chemical
intuition is a feature of these model fitting strategies and therefore precludes their usefulness for

mechanistic investigations.
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Figure 5.2. A) Generation of reaction profiles in batch is accomplished by aliquot sampling over time. B)
Generation of reaction profiles in flow is accomplished by running a new steady-state experiment for each
data point. C) An envisioned flow reactor capable of analysing progress over time by cycling a reaction

slug.?

Conceptually, the shortcoming of using a flow reactor for kinetics is that the reaction is
‘thrown out’ after analysis. Inspired by the ability to incorporate cycles to recover and reuse
reagents such as catalysts or auxiliaries,” we envisioned that recovery and cycling of an entire
reaction solution should be possible with an appropriately designed flow reactor by performing
the reaction as a discrete slug pushed by an inert carrier fluid (Figure 5.2C).!° Analyzing the
reaction once every ‘cycle’ provides conversion over time data. Given the growing number,
diversity, and utility of advanced flow systems'! and the expanding scope of reactions that can be
performed equally well or better in flow,!? it was believed that development of a simple and

reliable method to obtain kinetic data from continuous systems would be highly valuable.

The focus of this chapter is the design and implementation of this reactor to enable
straightforward acquisition of kinetic data. The versatility of the system is demonstrated through

the study of a range of reactions using varied solvents, temperatures, and methods of kinetic

2 Adapted with permission from Sullivan, R. J.; Newman, S. G. J Org. Chem. 2020, ASAP, doi.
10.1021/acs.joc.0c00216. Copyright 2020 American Chemial Society.
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analysis. The value of routinely performing kinetics is additionally highlighted by the observation
of non-intuitive rate behavior for some seemingly simple transformations. The setup is assembled
from commercially available components, and data quality was comparable or superior to batch

sampling in all cases.
5.2 Results and Discussion

Moving a reaction slug through a reactor requires an inlet and outlet for the carrier stream to
continuously enter and exit while somehow retaining the slug. In order to provide these essential
features, we focused on developing a valve arrangement that facilitated ‘cycling’ a reaction slug
along a looping figure eight path. This was accomplished by repurposing a commercially available
6-port, two-way injection valve and an 11-port, 10-position selector valve'® by altering the fluid
connectivity at the port connections and designing a custom rotor for the selector valve (see Figure
5.8 in the Experimental section for full details). The modifications necessary are inexpensive'* and
easy to implement. The principle of operation to ‘cycle’ the reaction slug is that when the reaction
slug is in coil A it is directed to coil B and when in coil B it is directed back to coil A (Figure 5.3).
Each time the slug is passed back and forth between the two reaction coils it travels through an
intermediate zone where analysis is performed. While a range of online analysis tools can be
envisioned,'® we elected to use a sampling valve that removes a small aliquot for off-line analysis,

keeping the system cost and complexity low.

While small droplets have been widely used as reaction ‘slugs’ in automated screening and
optimization platforms,'® we selected to use large slugs (>50 cm in length) to avoid problems with

rate acceleration occurring at droplet/carrier stream interfaces!®

or reaction solvent/reagent
bleed/carryover into the carrier stream or subsequent slugs.'® The immiscible carrier stream used
can be either gaseous (e.g., N») or liquid (e.g., aqueous, fluorous, etc.) depending on the desired
application; we demonstrate both options using N> and water respectively as carrier streams in
different examples. The residence coils and remaining reactor materials can be selected for
compatibility with the chemistry and conditions of interest; we opted for 0.5 mm [.D. PFA tubing

for simplicity and optical transparency.
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Figure 5.3. A schematic of the reactor coils and valves used to cycle a single reaction slug through a

sampling valve multiple times, facilitating sequential sampling for reaction progress monitoring.?

The ability to cycle slugs of solvent using the reactor was first examined. Solvent slugs with
varying viscosity (H2.0, EtOH, toluene, CHCI3) could be cycled using N> as the carrier stream
without slug break up to provide a range of sampling intervals (~1.5-10 min between sample
collections) over various temperatures (0-90 °C or ~5 °C below the atmospheric solvent boiling
point of solvent). Above a certain limit, excessively high flow rates resulted in slug break up due
to shear forces with the reactor walls, but the accessible sampling intervals were more than
sufficient to study the kinetics for the majority of reactions.!” When using H>O as the carrier
stream, temperatures above solvent atmospheric boiling points could be used in combination with

the application of system back pressure.

With the ability to cycle a solvent slug confirmed, we next turned to the room-temperature
acylation reaction between benzoyl chloride (5.3) and benzyl alcohol (5.4) as a well understood
transformation to confirm that reactions performed in the cycling flow reactor exhibited the same
kinetic behaviour as under typical batch conditions. We selected BusN (5.5) as the organic base to
avoid solid handling issues,'?® N, as the inert carrier stream to move the reaction slug'® through

the reactor, and the method of variable time normalization analysis (VTNA)® to analyze the data

2 Adapted with permission from Sullivan, R. J.; Newman, S. G. J Org. Chem. 2020, ASAP, doi.
10.1021/acs.joc.0c00216. Copyright 2020 American Chemial Society.
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(Figure 5.4). In addition to performing experiments with the cycling flow reactor, all experiments

were repeated using a traditional batch set-up (i.e., a round-bottom flask) for reactor validation.

Identical results were obtained in both cases, finding first order behavior for both 5.3 (Figure
5.4A) and 5.4 (Figure 5.4B) and a partial reaction order of ~0.5 for 5.5 (Figure 5.4C). Related
tertiary amine mediated acylation reactions are known to proceed by a nucleophilic catalyzed
mechanism,!” although the partial order suggests a complex mechanism may be operative. By
normalizing to all reaction components, a straight line was obtained with a slope equal to the rate
constant (Figure 5.4D). Replication of experiments in batch showed indistinguishable kinetic
profiles (e.g., Figure 5.4E) and found a value for the rate constant in excellent agreement with the

value found using the flow reactor (2% difference), confirming the validity and transferability of

o B
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the collected data.
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Figure 5.4. Kinetic data obtained using the cycling flow reactor. A) VINA plot showing 1 order in 5.3.
B) VINA plot showing 1% order in 5.4. C) VINA plot showing ~0.5 order in 5.5. D) VINA plot to calculate
rate constant. E) Overlay of data collected using flow reactor and batch data. Standard conditions: 0.5 M

5.3,0.5M 5.4, 0.6 M 5.5 in toluene, room temperature.
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Satisfied that the reactor operated as desired, we next explored the ability to rapidly obtain
kinetic data for a variety of reactions (Table 5.2). An SnAr reaction at 80 °C (entry 1) and a
silylation at 0 °C (entry 2) were examined to assess the reactor performance over a range of
temperatures. The flow reactor performed well in both cases, providing either equivalent or slightly
superior data quality (less noise) compared to parallel experiments in batch. The solvolysis of a
secondary alkyl halide was probed using a pseudo-first order approach to distinguish between an
Sn1 or Sn2 mechanism, as well as demonstrate the ability to perform an Eyring analysis by varying
the reaction temperature (entry 3). A Pd catalyzed C—S cross-coupling reaction was examined
using the method of initial rates to show the applicability towards air- and moisture-sensitive
chemistry and complex, multi-step reaction mechanisms (entry 4). Lastly, the ability to perform
all necessary reactions simultaneously as consecutive slugs to maximize data collection efficiency
was demonstrated with the analysis of a Diels-Alder cycloaddition (entry 5). The carrier fluid was
also changed from N> to H>O for this example to demonstrate the flexibility in choice of carrier
solvent and the ability to conduct experiments above the atmospheric boiling point of the solvent

(CHCl3).

Table 5.2. Reactions investigated using the flow reactor.

Reaction
Entry
Analysis method Demonstrating Rate equation found
1 O W
DBU (5.9)
o]
5.8 MeCN, 80 c©
rate = k[5.7][5. 8]
VTNA Elevated temperature 0th order in 5.9
|
TBSCI + OH o~ 1BS
2 Bu3N (5.5)
Bulm (5.13)
5.1 5.12 DCM. 0 °C
k[5.11][5.12][5.13]?
VINA Lowered temperature rate = [5.5]
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3 EtOH (5 16)
TosOH (5.17), A

Distinguish Sn1/Sn2; rate = k[5.15][5. 16]
pseudo-first order Temperature variation 0t order in 5.17
(Eyring analysis)
E@m} S(t-Bu)
OTBS *+ t-BuSH OTBS
4 Pd/t-BuXPhos (5.20)
5.19 BusN (5.5) 5.21
THF, rt.
rate= k[5.20][5.19]*[5.5]”
hod of initial 02/H:0 free reaction; 0<xy<l
method of initial rates .
Complex mechanism 0t order in 5.14

saturation kinetics

OMe 4@@%—»
5 @ /\f( ébMCOZMe
CHCl;
5.22 5.23 70°C 5.24

Simultaneous reactions;
VTNA Exceeding solvent b.p.; rate = k[5.22][5.23]

H,O carrier phase

The observed rate equation for the SNAr reaction at elevated temperature was as expected,
with first order behavior observed for both electrophile 5.7 and nucleophile 5.8, and 0™ order for
base 5.9. Data obtained with the cycling flow reactor was in excellent agreement with the parallel
data collected in batch, confirming that the choice of large slugs prevented appreciable loss of
solvent to the gaseous carrier phase even when operating just below the atmospheric boiling point
of the solvent. Investigating the silylation of alcohol 5.12 at lowered temperature provided further
support that the kinetics obtained using the cycling flow reactor provide an accurate representation
of the chemistry, with excellent agreement between the flow generated- and parallel batch

generated-data.
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In addition, a non-intuitive second order behaviour for the nucleophilic catalyst 5.13 and
negative order with respect to base 5.5 were observed in this reaction highlighting the value of
performing routine kinetic experiments. A plausible reaction mechanism that accounts for the
observed reaction orders is given in Scheme 5.3. Neither steady-state nor rapid-preequilibrium
approximations are consistent with the observed rate orders. However, if both attack of 1-
butylimidazole (5.13) on TBSCI (5.11) to form TBS-Bulm" intermediate 5.25 and attack of 2-
iodobenzyl alcohol (5.12) on intermediate 5.25 to lead to the product are comparably slow, while
in between these steps a rapid equilibrium with the stoichiometric base (5.5) depletes the
concentration of 5.25, the observed rate orders would be obtained. The rate behavior observed with
these substrates contrasts with previous studies of the TBS protection of naphthalen-1-ylmethanol
using DMAP or 1-methylimidazole as nucleophilic catalysts and Et3N as the base.?” In these cases
first order in catalyst and no inhibitory effect of base was observed, suggesting nucleophilic attack

of the catalyst on TBSCI was the sole limiting step for these substrates.

Scheme 5.3. Postulated mechanism for the TBS protection of 5.12 mediated by 5.5 and 5.13.
BusN (5.5)

TBSCI + ArCH,OH W ArCH,OTBS
5.1 5.12 5.14

slow slow fast

+Bulm (5.13 512 +5.5
TBSCI (5.11) —(> )TBS—BuIm+ (5.25) 513 ArCH,OH-TBS* (5.27) — 5.14 + 5.5-H*

fast ’
+5.13 || +BusN (5.5)
+5.12

TBS-BusN* (5.26)

For the solvolysis of alkyl bromide 5.15, selected to demonstrate the ability to distinguish
between potential reaction mechanisms and determine activation parameters, an Sn2 mechanism
was found to be operative. First order behavior for 5.15 was found using integrated rate laws under
pseudo-first order conditions, to demonstrate the applicability of the reactor for other methods of
kinetic analysis (Figure 5.5A). First order behavior in EtOH (5.16) and zeroth order in acid 5.17
were determined by examining the effect of changing concentration on the observed rate constant
(Table 5.3). Observing the effect of changing temperature on the rate constant allowed activation

parameters to be calculated. An Eyring analysis of the data (Figure 5.5B, k = kobs/[EtOH]) yielded
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values for the enthalpy (18.9 kcal/mol) and entropy (-15.2 cal/(mol-K)) of activation that were

also consistent with an Sx2 mechanism.?!

Br EtOH (5.16) OFEt
ph)\ TosOH (5.17), A Ph
5.15 5.18
A B -34 _
054 y = -0.0542x - 0.7607 0% e ¥=-0487.3x-7.6439
-1 [Peg R? = 0.9974 T35 | g Re=0.9995
2 .15 e, = -36 S
FE" -2 .\’\ E -37 \\.\
- "% ~ .
-2.5 e =-38 AH* =18.9 kcal-mol-! e
N - F=_ . —-1.K-1
3 L g -39 AS 15.2 cal'mol-"-K
0 10 20 30 40 0.0028 0.003 0.0032
t (min) 1T (K1)

Figure 5.5. A) Linear integrated rate law plot showing first order in electrophile 5.15. B) Eyring plot.
Standard conditions: 0.5 M 5.15, 0.125 M 5.17 in EtOH, 70 °C.

Table 5.3. kobs values for the ethanolysis of 5.15.¢

Entry [5.17] (M) [5.16] (M) Kobs
1 0.125 16.0 0.0542
2 0.0250 16.0 0.0599
3 0.125 14.5 0.0484
4 0.125 12.7¢ 0.0384

2 All reactions 0.5 M in 5.15. 2 10:1 EtOH:#~-BuOH as solvent. ¢ 4:1 EtOH:#-BuOH as solvent.

To demonstrate the applicability towards Oz and H>O sensitive chemistries and complex
reaction mechanisms, a palladium catalyzed C—S cross-coupling recently reported by Buchwald
and coworkers was investigated. 2 First order behavior was found for catalyst 5.20 (Figure 5.6A)
and zeroth order for aryl halide 5.14 (Figure 5.6B), consistent with the previously identified
LPd"ArX resting state,?? by using the method of initial rates which is best suited for reactions that
may not reach full conversion or exhibit complex rate equations. The reaction orders for thiol 5.19
and base 5.5 proved to be more complex, yielding curving log-log plots of initial rate vs.
concentration (Figure 5.6C and D). Both 5.19 and 5.5 exhibited saturation kinetics and Michaelis-
Menten plots of the data fit well yielding vmax and Kwm values for each reagent (Figure 5.6E and F).
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These data are consistent with a rate determining step of either deprotonation of the
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Figure 5.6. Initial rate kinetics for C-S cross coupling of Arl 5.14 and thiol 5.19 catalyzed by a Pd/z-
BuXPhos system. A) log-log plot of initial rate vs. [5.20], B) log-log plot of initial rate vs. [5.14], C) log-
log plot of initial rate vs. [5.19], D) log-log plot of initial rate vs. [5.5], E) Michaelis-Menten plot of initial

rate vs. [5.19], F) Michaelis-Menten plot of initial rate vs. [5.5]. Standard conditions: 50 mM 5.14, 75 mM
5.19, 100 mM 5.5, 3 mM 5.20 in THF, room temperature.

palladium bound thiol intermediate III or reductive elimination of the product from intermediate
IV (see Scheme 5.4). Subsequent DFT calculations concluded that reductive elimination is the rate
limiting step (Figures AIV.15-17 in Appendix IV). Not only was it possible to obtain high quality

data for this air- and moisture-sensitive reaction using the cycling flow reactor, it was operationally



simpler compared to the analogous batch experiments that would require sampling from a flask

kept under inert atmosphere.

Scheme 5.4. Putative catalytic cycle for the Pd catalyzed C-S bond formation. L = --BuXPhos, Arl = 5.14.

Ar—S(t-Bu) 0 Arl
(5.21) LPd (5.14)
|
'i‘\r Ar resting
_pAll—a(t | state
L—Pd''-S(t-Bu) i
v I

BusN-HI /l\r /H—S(t—Bu)
L_Pd”_l (5.19)

BU3N H—S(t-BU)
(5.5) n

While experiments discussed thus far featured single reaction slugs cycled and analyzed over
time, the ability to perform multiple reactions simultaneously, and therefore generate all data
necessary for kinetic analysis at the same time, was envisioned. This is especially appealing for
slow reactions, where the time required to collect all data is particularly tedious. The Diels-Alder
reaction between cyclopentadiene (5.22) and methyl acrylate (5.23) required ~3 h to reach >80%
conversion at 70 °C, making it an ideal candidate to demonstrate this ability. The volume of the
residence coils was increased and the three necessary reactions (i.e., “standard conditions”, and
excess in each reagent) were injected as sequential slugs in a way that allowed the flow path to be
altered each time all slugs were in the same residence coil (Figure 5.7).2 The carrier phase was
also changed from N> to water to allow the reaction to be conducted above the boiling point of the
solvent through application of backpressure, highlighting another benefit of using a flow reactor
over a batch setup.?* In this way, all necessary data for kinetic analysis was collected in ~3 h, as
opposed to the ~9 h that would have been required if running each reaction consecutively with this
flow reactor, or the ~60 h that would be required to collect equivalent data using the traditional

steady-state approach of changing the flow rate to change residence time for each data point.
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Figure 5.7. Operating with multiple sequential reaction slugs allows monitoring of multiple reactions

simultaneously.?

While the system has some limitations, in e.g., handling multi-phasic or extremely fast
reactions, the ability to efficiently collect reaction progress data in flow, and applicability to a wide

range of reactions and conditions holds promise for wide applicability.

53 Conclusions

A reactor that allows reaction progress to be monitored over time from a continuously
cycling reaction slug has been developed. The reactor performance was assessed over a wide range
of temperatures (0-80 °C), solvents (toluene, MeCN, DCM, EtOH, THF, CHCI3) and reactions
(acylation, SnAr, silylation, ethanolysis, C—S cross-coupling, Diels-Alder). The ability to use the
reactor to distinguish between potential reaction mechanisms and determine activation parameters
was demonstrated. Lastly, the ability to perform multiple reactions simultaneously as consecutive

reaction slugs was shown with the kinetic analysis of a Diels-Alder reaction.

2 Adapted with permission from Sullivan, R. J.; Newman, S. G. J Org. Chem. 2020, ASAP, doi.
10.1021/acs.joc.0c00216. Copyright 2020 American Chemial Society.
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The application of the reactor to collect data for a variety of different methods of kinetic
analysis was also demonstrated, including variable time normalization analysis, pseudo-first order
kinetics, Eyring plots and the method of initial rates. We believe the development of this reactor
marks the first true equivalent in flow to the generation of reaction progress data in batch, where
analysis over time from a single reaction solution is the most efficient strategy with regards to both
time and material consumption. Therefore, since this reactor combines both the efficiency of the
traditional batch sampling strategy with the benefits of flow, we believe this platform will lower
the impediment to routine kinetic analysis, through both stand-alone operation and in combination

with reaction platforms to automate kinetic experiments and data generation.

54 Experimental

5.4.1 General experimental details

Benzoyl chloride (5.3), benzyl alcohol (5.4), BusN (5.5), TBSCI (5.11), cyclopentadiene
(5.22) and methyl acrylate (5.23) were distilled before use. All other chemicals were obtained
from commercial sources and used as received. THF was degassed with Ar and passed through a
PureSolv solvent purification system before use. Solutions for thiol cross-coupling reactions were

prepared in oven-dried glassware under an Ar atmosphere.

NMR spectra were collected on a Bruker Avance 400 MHz spectrometer. 'H and '*C were
referenced to residual solvent signals. GC yields for all kinetic studies were obtained via 5 or 6-
point calibration curves using FID analysis on an Agilent Technologies 7890B GC with 30 m x
0.25 mm HP-5 column. For all reactions analyzed using VINA or the method of initial rates the
concentration of the product was determined by GC-FID using 5-point calibration curves and the
remaining reagent concentrations were calculated through mass balance assertion (i.e.,
stoichiometry). For the ethanolysis reaction the concentration of starting material (1-
bromoethylbenzene) was monitored. For quantification of the C—S cross-coupling product 5.21,
the GC response factor (i.e., calibration curve slope) was determined by quantifying the
disappearance of aryl iodide 5.14 and monitoring the appearance of the product peak for a reaction
where conversion of 5.14 was taken to completion. For calculation of the unreacted
cyclopentadiene concentration, both the methyl 5-norbornen-2-carboxylate product and the

dicyclopentadiene by-product were quantified and taken into account.
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Calculations were performed using the Gaussian 09 software suite.?> Structures were
optimized at the M06-L?/def2-SVP?’ level of theory with associated ECP for Pd and 1,*® and
confirmed to be local minima or transition states by the presence of 0 or 1 imaginary frequencies
respectively. For transition state structures the normal mode vibration corresponding to the
imaginary frequency involved the motion of the correct atom(s) along the reaction coordinate in
all cases. Energies were calculated at the M06-L/def2-TZVP?’ level of theory on the M06-L/def2-
SVP optimized structures and incorporated solvation effects using the polarizable continuum
model with THF solvent®®. Zero-point and thermal corrections were taken from the M06-L/def2-
SVP frequency calculations. EtsN and Phl were used as model substrates for BusN and aryl iodide

5.14 respectively.
5.4.2  Details of flow reactor and equipment

Flow reactor set up for acylation, SNAr, silylation and ethanolysis experiments

A detailed description of the fluid paths through the valves to achieve cycling of a reaction
slug is given in Figure 5.8. A schematic of the entire reactor is shown in Figure 5.9 and a detailed
schematic of the tubing connections and volumes is provided in Figure 5.10. All tubing in the
reactor was 1/16" O.D., 0.5 mm L.D. PFA with the exception of the N; line from the mass flow
controller to the reactor which was 1/16" O.D., 0.75 mm [.D. 316 stainless steel (316 SS). PEEK
fittings were used for all connections. The cross mixers and two-way valve were made of PEEK.
The 6-port, 2-position valves and the 11-port, 10-position selector valve were ChemlInert valves
from Vici Valco, controlled electronically with both rotational directions operative for the selector

valve. All internal channels were 0.4 mm bore (analytical HPLC dimension).

The 11-port, 10-position valve was fitted with a custom rotor, providing the port connectivity
shown in Figure 5.11. The use of a 10-position valve is not necessary. This valve was selected
based on availability; only six-positions are required so any selector valve with > 6 positions and

a suitably fabricated custom rotor to provide the same fluid connectivity would be sufficient.

PEEK fittings and parts were purchased from UpChurch Scientific. Stainless steel fittings
and parts were purchased from VICI Valco or Swagelok. Back pressure was provided by using as
the receiving flask a 100 mL solvent reservoir equipped with a PTFE cap (Vapourtec) that seals

around 1/16" O.D. tubing and connects to a gas supply via a Luer connection. 10 psi of dynamic
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pressure was provided by down-regulation of the house compressed air. Photographs of the reactor
are provided in Appendix IV (Figures AIV.1-2). A Chemxy fusion 200 dual channel syringe pump

equipped with 2.5 mL glass syringes (Hamilton, air-tight) was used for formation of the reaction

slug.

Valves position 1 valves actuated

when slug

reactant slug  reaches here coil B
injected here

carrier
solvent

(M) coil A

H alternating valve positions allows reaction slug to be cycled
Coil A — Analysis — Coil B — Analysis — Repeat

Valves position 2

carrier
solvent

valves actuated
when slug -
reaches here coil A

Figure 5.8. Principle of valve operation to cycle reaction slug.
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N, cylinder valve cross
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40 psi og house compressed
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Figure 5.9. Schematic of flow reactor used for the collection of kinetic data for acylation, SnAr, silylation

and ethanolysis reactions.

750 pL .
valve 1 valve 2 sampling valve
30 uL
from cross mixer
5 -
15 uL -
manual flush
m / 30 uL
750 pL
coil A

Figure 5.10. Tubing connectivity at the three valves. Ports 7 through 10 of the selector valve are unused

and port 6 is plugged.

Figure 5.11. Port connectivity of custom rotor used in the 11-port, 10-position valve.
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Flow reactor set up for palladium catalyzed thiol etherification experiments

Minimal changes were required to perform the palladium catalyzed reactions under inert
atmosphere (Figure 5.12). Specifically, the receiving flask was pressurized with N> instead of
compressed air and the apparatus was purged with Nz at 0.8 mL/min for 1 h before experiments
were conducted. Additionally, due to the lower concentrations used for the cross-coupling
experiments the sampling loop volume was increased from 15 puL to 20 pL to allow collection of
larger aliquots.

Chemxy fusion coil A

200 dual channel
coil A = coil B=750 uL, 0.5 mm ID

mass flow
controller
: 20 pL sample
loop
% __, manual collection
shut-off samlpling \ of sample
' cross valve GC vial
N, cylinder valve mixer
delivering
40psi %
step-down
regulator
10 psi

pressurized
receiving flask

Figure 5.12. Schematic of flow reactor used for the collection of kinetic data for the palladium catalyzed

thiol etherification reaction.

Flow reactor set up for cycloaddition experiments

Modifications required for the collection of kinetic data for the cycloaddition reaction were
as follows (Figure 5.13—14): The aqueous carrier solvent was delivered by a Hitec-Zang SyrDos 2
continuous dual syringe pump equipped with 0.5 mL glass syringes. A 1.25 mL, 1/16" O.D., 1.0
mm [.D. PFA loading coil with tee mixers before and after was added before the reactor valves to
facilitate formation of sequential reaction slugs and initiate the reactions. The two reactor coils (A
and B) were changed to 2.0 mL, 1/16" O.D., 1.0 mm 1.D. PFA, and a spring-loaded 75 psi back

pressure regulator was installed at the reactor exit. PEEK tee-mixers, check valves and back
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pressure regulators were purchased from UpChurch Scientific. Photographs of the reactor setup

are provided in Figures AIV.3—4 in Appendix IV.

Chemxy fusion 200

sryinge pump
Coil A heated zone
loading coll coil A=coilB=2.0mL, 1.0 mmID
1.25 mL,
1.0mmID coil B 15 uL sample
N .
SyrDos 2 <> x i ? __, manual collection
pump check » .- Avalve 1| valve 2| sampling of sample
valve shut-off valve B GC vial
\valves
tee-mixers waste

75 psi back
pressure regulator

Figure 5.13. Schematic of flow reactor used for the collection of kinetic data for the cycloaddition reaction:

Connectivity to load slugs into loading coil.

Chemxy fusion 200
sryinge pump _
& coil A heated zone

loading coil | coil A = coil B=2.0mL, 1.0 mm ID
1.25 mL,
1.0 mm ID 15 uL sample
(m loop
SyrDos 2 <> ﬁ \ i __. manual collection
pump check M ~ .~ sampling of sample
valve ‘shut-off . valve B GC vial
\valves .’
tee-mixers L o> waste
75 psi back

pressure regulator

Figure 5.14. Schematic of flow reactor used for the collection of kinetic data for the cycloaddition reaction:

Connectivity to initiate reactions and obtain kinetic data.
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5.4.3  Preparation of starting and reference materials.

Shas

Benzyl benzoate (5.6). To a solution of benzoyl chloride (0.56 g, 4.0 mmol) in toluene (5 mL) was
added benzyl alcohol (0.47 g, 4.4 mmol) and Et;N (0.44 g, 4.4 mmol) and stirred 15 min at 40 °C.
The resulting suspension was then washed with 1 M HCI (5 mL) and the organic phase dried over
NazS0s. Evaporation of the solvent and purification on silica gel (25 x 100 mm, hexanes—5%
EtOAc in hexanes eluent) yielded the pure product as a colourless oil. Yield 0.57 g (67%).
Characterization data were in agreement with the literature.> 'H NMR (400 MHz, CDCls) 8.09
(d,J=7.9 Hz, 2H), 7.57 (t,J = 7.3 Hz, 1H), 7.40 (m, 7H), 5.38 (s, 2H). *C{'H} NMR (100 MHz,
CDCl) 166.6, 136.2, 133.2, 130.3, 1298, 128.7, 128.5, 128.4, 128.3, 66.8.

0 N4< >—No2
__/

4-(4-Nitrophenyl)morpholine (5.10). The reaction solutions used for the generation of the batch
kinetic data were combined, EtOAc (20 mL) was added and the organics washed with 2 x 10 mL
1 M HCI then dried over Na>SO4. The solvent was evaporated and the residue chromatographed
on silica gel (25 x 100 mm, 5:1 hexanes:EtOAc eluent) to provide 0.30 g of the pure product as an
orange powder. Characterization data were in agreement with the literature.'?* '"H NMR (400 MHz,
CDCl) 8.15(d,J = 9.4 Hz, 2H), 6.84 (d, J =9.4 Hz, 2H), 3.87 (t,J = 5.1 Hz, 4H), 3.37 (t,J = 5.2
Hz, 4H). *C{'"H} NMR (100 MHz, CDCls) 155.1, 139.2, 126.0, 112.8, 66.5, 47.3.

©/\OTBS

tert-Butyl((2-iodobenzyl)oxy)dimethylsilane (5.14). 2-lodobenzyl alcohol (1.2 g, 5.1 mmol) and
TBSCI (0.9 g, 6.0 mmol) were dissolved in 1-methylimidazole (5 mL, 63 mmol) and stirred 10
min at room temperature then 10 min at 35 °C. The solution was diluted with 50 mL 2:1
EtOAc:hexanes and washed with 15 mL 5 M HClI then 2 x 15 mL 1 M HCI and the organic phase

dried over NaxSOs. The solvent was evaporated and the residue chromatographed on silica gel (25
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x 100 mm, hexanes — 5% EtOAc in hexanes eluent) to yield the pure product as a colourless oil.
Yield 1.60 g (90%). Characterization data were in agreement with the literature.'* "TH NMR (400
MHz, CDCls): 6 7.77 (d, J= 7.8 Hz, 1H), 7.51 (d J="7.7 Hz, 1H), 7.37 (t,J= 7.6 Hz, 1H), 6.96 (t,
J=1.8, 1H), 4.63 (s, 2H), 0.98 (s, 9H), 0.14 (s, 6H). *C{'H} NMR (100 MHz, CDCls): § 142.9,
138.6, 128.5, 128.2, 127.4,95.8, 69.4, 26.0, 18.4, -5.3.

A€

OMe

Methyl 5-norbornene-2-carboxylate (5.24). Cyclopentadiene (0.93 mL, 11 mmol) and methyl
acrylate (0.90 mL, 10 mmol) were combined in CHCI3 (20 mL) and refluxed 4 h. The solvent was
evaporated and the residue chromatographed on silica gel to yield the pure product as a colourless
oil in ~3:1 mixture of isomers. Yield 0.93 g (61%). Characterization data were in agreement with
the literature.>! "TH NMR (400 MHz, CDCls) endo isomer: 6.18 (dd, J= 5.6, 3.0 Hz, 1H), 5.92 (dd,
J=5.6,2.8 Hz, 1H), 3.62 (s, 3H), 3.19 (br s, 1H), 2.94 (m, 1H), 2.90 (br s, 1H), 1.90 (m, 1H), 1.39
(m, 2H), 1.26 (d, J= 8.1 Hz, 1H), exo isomer: 6.13 (dd, J=5.6, 2.9 Hz, 1H), 6.10 (dd, J=5.6, 3.1
Hz, 1H), 3.68 (s, 3H), 3.03 (br s, 1H), 2.92 (br s, 1H), 2.21 (dd, J = 10.3, 4.6 Hz, 1H), 1.90 (m,
1H), 1.52 (d, 8.4 Hz, 1H), 1.39 (m, 2H). *C{'H} NMR (100 MHz, CDCl3) endo isomer: 175.4,
137.9, 132.5, 51.6, 49.7, 45.8, 43.3, 42.6, 29.4, exo isomer: 176.9, 138.2, 135.9, 51.8, 46.7, 46.5,
43.1,41.7, 30.5.

544  Procedures for flow kinetic experiments

Exemplary procedure: Benzoyl chloride + benzyl alcohol

0 BusN (5.5) O
HO toluene
cl o+ — o/\©
5.3 54 5.6

General procedure. Solutions of benzoyl chloride (5.3) with hexadecane were prepared in toluene
(“electrophile solutions”). Solutions of benzyl alcohol (5.4) with BusN (5.5) were prepared in
toluene (“nucleophile solutions™). For each reaction, 0.5 mL of desired electrophile solution and

0.5 mL of desired nucleophile solution were separately loaded into two 2.5 mL Hamilton glass
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syringes, installed onto the Chemxy fusion 200 dual channel syringe pump and primed, then

connected cross-mixer of the flow reactor (Figure 5.9).

The N flow was set to 3 mL/min for 2 min (to quickly establish pressure equilibration with
the back pressure) then set to 0.8 mL/min. Valve 1 was set to position 1, valve 2 was set to position
1 (see Figure 5.8) and the sampling valve was set to collect a sample. The 2-way valve was closed
(to interrupt the N> flow) and 0.15 mL of each solution was dispensed by the syringe pump at a
rate of 1.5 mL/min to form a 0.30 mL the reaction slug (~5 s). The 2-way valve was opened to let

the reaction slug travel through coil A to valve 2 to the sampling valve.

Once ~50 pL of the slug passed through the sampling valve, the valve was actuated and a
15 uL aliquot sample was eluted with 600 uLL EtOAc into a GC vial containing 100 uL. MeOH to
quench. Once the remainder of the reaction slug had exited the sampling valve and fully passed
through valve 1 to coil B, valve 1 was set to position 2, valve 2 was set to position 2 (clockwise

rotation) and the sampling valve was set to collect a sample again.

Notes: 1) Valve 1 is actuated before valve 2 to maintain N> pressure behind the reaction slug. If
valves are actuated in reverse order, pressure is released behind the reaction slug causing
interruptions to the flow. 2) The sampling valve is actuated at this time to empty the sample loop
before the reaction slug returns to the valve and prevent contamination/dilution of the reaction
slug with the solvent used to flush the sample loop by sending the contents of the sample loop

through the other reactor coil to waste.

The reaction slug travelled through coil B, passing through valve 2 to the sampling valve.
As with the first sample, once the first ~50 pL of the reaction slug had passed through the sampling
valve it was actuated to collect the second sample which was quenched into a new GC vial in the
same manner as the first sample. Again, after the reaction slug had fully passed though the
sampling valve and valve 1, the valves were actuated: valve 1 to position 1, valve 2 to position 1

(counter-clockwise rotation), and the sampling valve to collect a new sample.

This sequence of sample collection + valve actuation was repeated to collect subsequent
samples. To increase the time increment between samples, the flow rate of N> was decreased to
0.4 mL/min after the 3™ sample was collected and to 0.2 mL/min after the 6 sample was collected.

This procedure allowed the collection of aliquots at approximately 1:45, 4:15, 6:30, 10:15, 14:45,
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19:00, 29:30 and 40:45 min (the exact collection time of each sample was recorded and used for

the subsequent data analysis).

Electrophile solution 1: 5.3 (116 puL, 1.0 mmol), hexadecane (59 pL, 0.20 mmol) made up to 1.00

mL with toluene.

Electrophile solution 2: 5.3 (232 pL, 2.0 mmol), hexadecane (59 pL, 0.20 mmol) made up to 1.00

mL with toluene.

Nucleophile solution 1: 5.4 (103 pL, 1.0 mmol), 5.5 (286 pL, 1.2 mmol) made up to 1.00 mL with

toluene.

Nucleophile solution 2: 5.4 (207 pL, 2.0 mmol), 5.5 (286 pL, 1.2 mmol) made up to 1.00 mL with

toluene.

Nucleophile solution 3: 5.4 (103 puL, 1.0 mmol), 5.5 (572 pL, 2.0 mmol) made up to 1.00 mL with

toluene.

Reaction 1. Electrophile solution 1 + nucleophile solution 1: 0.50 M 5.3, 0.50 M 5.4, 0.60 M 5.5.
Reaction 2. Electrophile solution 2 + nucleophile solution 1: 1.0 M 5.3, 0.50 M 5.4, 0.60 M 5.5.
Reaction 3. Electrophile solution 1 + nucleophile solution 2: 0.50 M 5.3, 1.0 M 5.4, 0.60 M 5.5.
Reaction 4. Electrophile solution 1 + nucleophile solution 3: 0.50 M 5.3, 0.50 M 5.4, 1.0 M 5.5.

1-Fluoro-4-nitrobenzene + morpholine

Dianu ((:5;\19)

+ 1 } e N

OzNOF HN O 80 OC OzN@N O
5.7 5.8 5.10

General procedure. Solutions of 5.7 with hexadecane were prepared in MeCN (“electrophile
solutions”). Solutions of 5.8 with 5.9 were prepared in MeCN (“nucleophile solutions™). For each
reaction, 0.5 mL of the desired electrophile solution and 0.5 mL of the desired nucleophile solution
were separately loaded into two 2.5 mL Hamilton glass syringes, installed onto the Chemxy fusion
200 dual channel syringe pump, primed, and connected to the cross-mixer of the flow reactor (see
Figure 5.9). The reactor coils were submerged in an 80 °C water bath. The valves were not

submerged but placed just above the surface of the water.
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Reaction slugs were formed as in the exemplary procedure and the initial N> flow rate was
the same at 0.8 mL/min. Valve operation was identical. Samples were manually collected into GC
vials using 600 pL of MeCN to elute from the sample loop, quenching by dilution and cooling.
After the first two samples had been collected the N> flow was set to 0.5 mL/min, then after two
more samples had been collected N> flow was set to 0.2 mL/min and 4 more samples were
collected. This allowed collection of reaction aliquots at approximately 1:20, 3:00, 5:30, 8:15,
16:15, 25:00, 35:00 and 44:00 min (the exact collection time of each sample was recorded and

used for the subsequent data analysis).

Electrophile solution 1: 5.7 (106 uL, 1.0 mmol), 1,3,5-trimethoxybenzene (134 mg, 0.80 mmol)
made up to 1.00 mL with MeCN.

Electrophile solution 2: 5.7 (212 pL, 2.0 mmol), 1,3,5-trimethoxybenzene (135 mg, 0.80 mmol)
made up to 1.00 mL with MeCN.

Nucleophile solution 1: 5.8 (87 uL, 1.0 mmol), 5.9 (150 pL, 1.0 mmol) made up to 1.00 mL with
MeCN.

Nucleophile solution 2: 5.8 (174 pL, 2.0 mmol), 5.9 (150 pL, 1.0 mmol) made up to 1.00 mL with
MeCN.

Nucleophile solution 3: 5.8 (87 uL, 1.0 mmol), 5.9 (300 pL, 2.0 mmol) made up to 1.00 mL with
MeCN.

Reaction 1. Electrophile solution 1 + nucleophile solution 1: 0.50 M 5.7, 0.50 M 5.8, 0.50 M 5.9.
Reaction 2. Electrophile solution 2 + nucleophile solution 1: 1.0 M 5.7, 0.50 M 5.8, 0.50 M 5.9.
Reaction 3. Electrophile solution 1 + nucleophile solution 2: 0.50 M 5.7, 1.0 M 5.8, 0.50 M 5.9.
Reaction 4. Electrophile solution 1 + nucleophile solution 3: 0.50 M 5.7, 0.50 M 5.8, 1.0 M 5.9.

TBSCI and 2-iodobenzyl alcohol

| BusN (5.5) |
Bulm (5.13 TBS
TBSCI + _Bulm (5.13) J
@AOH DCM @A o)
0°C
5.11 5.12 5.14
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General procedure. Solutions of TBSCI (5.11) with hexadecane were prepared in DCM
(electrophile solutions). Solutions of alcohol 5.12 with BuzN (5.5) and Bulm (5.13) were prepared
in DCM (nucleophile solutions). For each reaction 0.5 mL of desired electrophile solution and 0.5
mL of desired nucleophile solution were separately loaded into two 2.5 mL Hamilton glass
syringes, installed onto the Chemxy fusion 200 dual channel syringe pump and primed, then
connected cross-mixer of the flow reactor (Figure 5.9). The reactor coils were submerged in a 0

°C ice-water bath. The valves were not submerged but placed just above the surface of the bath.

Reaction slugs were formed as in the exemplary procedure and the initial N> flow rate was
the same at 0.8 mL/min. Valve operation was identical. Samples were manually collected into GC
vials containing 100 pL MeOH for quench using 600 uL of EtOAc to elute from the sample loop.
After the first three samples had been collected the N> flow was set to 0.4 mL/min and an additional
5 samples were collected. This allowed collection of reaction aliquots at approximately 1:40, 3:40,
5:50, 9:40, 14:20, 18:40, 23:20 and 27:40 min (the exact collection time of each sample was

recorded and used for the subsequent data analysis).

Electrophile solution 1: 5.11 (1.50 g, 10 mmol) and hexadecane (586 pL, 2.0 mmol) was made up
to 10.00 mL with DCM.

Electrophile solution 2: 0.55 mL of electrophile solution 1 and hexadecane (264 uL, 0.090 mmol)
was made up to 10.00 mL with DCM.

Nucleophile solution 1: 5.12 (116 mg, 0.50 mmol), 5.5 (143 pL, 0.60 mmol), 5.13 (6.6 pL, 0.050
mmol) made up to 0.50 mL with DCM.

Nucleophile solution 2: 5.12 (117 mg, 0.50 mmol), 5.5 (143 uL, 0.60 mmol), 5.13 (3.3 pL, 0.025
mmol) made up to 0.50 mL with DCM.

Nucleophile solution 3: 5.12 (176 mg, 0.75 mmol), 5.5 (143 uL, 0.60 mmol), 5.13 (6.6 uL, 0.050
mmol) made up to 0.50 mL with DCM.

Nucleophile solution 4: 5.12 (117 mg, 0.50 mmol), 5.5 (238 pL, 1.0 mmol), 5.13 (6.6 uL, 0.050
mmol) made up to 0.50 mL with DCM.

Reaction 1. Electrophile solution 2 + nucleophile solution 1: 0.28 M 5.11, 0.25 M 5.12, 0.30 M
5.5, 0.025 M 5.13.
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Reaction 2. Electrophile solution 2 + nucleophile solution 2: 0.28 M 5.11, 0.25 M 5.12, 0.30 M
5.5,0.013 M 5.13.

Reaction 3. Electrophile solution 2 + nucleophile solution 3: 0.28 M 5.11, 0.38 M 5.12, 0.30 M
5.5, 0.025 M 5.13.

Reaction 4. Electrophile solution 2 + nucleophile solution 4: 0.28 M 5.11, 0.25 M 5.12, 0.50 M
5.5,0.025 M 5.13.

Reaction 5. Electrophile solution 1 + nucleophile solution 4: 0.50 M 5.11, 0.25 M 5.12, 0.50 M
5.5, 0.025 M 5.13.

1-Bromoethylbenzene and EtOH

Br EtOH (5.16) OEt
TosOH (5.17
A
5.15 5.18

General procedure. A 1.0 M solution of 1-bromoethylbezene (5.15) was prepared in EtOH or
EtOH:#-BuOH mixture (“electrophile solutions”) and loaded into a 2.5 mL Hamilton glass syringe
(no background reaction was observed at room temperature over several hours). Solutions of
TosOH (5.17) in EtOH or EtOH:-BuOH mixture were prepared and loaded into a second 2.5 mL
Hamilton glass syringe. The two syringes were installed onto the Chemxy fusion 200 dual channel
syringe pump, primed, and connected to the cross-mixer of the flow reactor (Figure 5.9). The
reactor coils were submerged in the water bath at desired reaction temperature. The valves were

placed just above the surface of the water bath.

Reaction slugs were formed as in the exemplary procedure. The initial N> flow rate was
varied depending on the reaction temperature used and are given below for each reaction
temperature. Valve operation was identical. Samples were manually collected into GC vials using

600 pL of MeCN to elute from the sample loop, quenching by dilution and cooling.

Electrophile solution 1: 5.15 (273 pL, 2.0 mmol), 1,3,5-trimethoxybenzene (269 mg, 1.6 mmol)
made up to 2.00 mL with EtOH.

Electrophile solution 2: 5.15 (136 pL, 1.0 mmol), 1,3,5-trimethoxybenzene (135 mg, 0.80 mmol)
made up to 1.00 mL with 4:1 EtOH:-BuOH.
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Electrophile solution 3: 5.15 (136 pL, 1.0 mmol), 1,3,5-trimethoxybenzene (137 mg, 0.80 mmol)
made up to 1.00 mL with 10:1 EtOH:t-BuOH.

TosOH solution 1: 5.17 (95 mg, 0.50 mmol) made up to 2.00 mL with EtOH.

TosOH solution 2: 5.17 (96 mg, 0.50 mmol) made up to 10.00 mL with EtOH.

TosOH solution 3: 5.17 (47 mg, 0.25 mmol) made up to 1.00 mL with 4:1 EtOH:~-BuOH.
TosOH solution 4: 5.17 (46 mg, 0.25 mmol) made up to 1.00 mL with 10:1 EtOH:-BuOH.

Reaction 1. Electrophile solution 1 + TosOH solution 1, 40 °C. N> flow 0.5 mL/min, samples
collected at 3:30, 6:20, 9:30 min then N> flow decreased to 0.2 mL/min, samples collected at 17:45,
29:00, 40:00, 51:00 min.

Reaction 2. Electrophile solution 1 + TosOH solution 1, 50 °C. N flow 0.5 mL/min, samples
collected at 2:15, 5:15, 8:15, 11:15 min then N> flow decreased to 0.2 mL/min, samples collected
at 16:20, 23:10, 29:00, 34:45, 40:20, 46:00 min.

Reaction 3. Electrophile solution 1 + TosOH solution 1, 60 °C. N flow 0.6 mL/min, samples
collected at 2:00, 4:15, 6:40 min then N> flow decreased to 0.4 mL/min, samples collected at 10:00,
14:00, 17:45 min then N> flow decreased to 0.3 mL/min, samples collected at 23:00, 28:30, 34:10,
39:30, 45:10 min.

Reaction 4. Electrophile solution 1 + TosOH solution 1, 70 °C. N flow 0.6 mL/min, samples
collected at 1:45, 4:00, 6:30 min then N> flow decreased to 0.4 mL/min, samples collected at 9:40,
13:30, 17:00 min then N> flow decreased to 0.3 mL/min, samples collected at 22:20, 27:15, 32:45,
37:45 min.

Reaction 5. Electrophile solution 1 + TosOH solution 1, 80 °C. N flow 0.7 mL/min, samples
collected at 1:30, 3:30, 5:30 min then N> flow decreased to 0.5 mL/min, samples collected at 7:45,
10:30, 13:15 min then N> flow decreased to 0.3 mL/min, samples collected at 18:00, 23:15, 28:15

min.

Reaction 6. Electrophile solution 1 + TosOH solution 2, 70 °C. N flow 0.6 mL/min, samples
collected at 1:45, 4:15, 6:50 min then N> flow decreased to 0.4 mL/min, samples collected at 10:30,
14:45, 19:00 min then N> flow decreased to 0.3 mL/min, samples collected at 24:10, 30:15, 36:30
min.
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Reaction 7. Electrophile solution 2 + TosOH solution 3, 70 °C. N; flow 0.6 mL/min, samples
collected at 1:45, 4:10, 6:35 min then N> flow decreased to 0.4 mL/min, samples collected at 10:00,
14:20, 18:15 min then N> flow decreased to 0.3 mL/min, samples collected at 23:30, 29:00, 34:30,
29:50 min.

Reaction 8. Electrophile solution 3 + TosOH solution 4, 70 °C. N flow 0.6 mL/min, samples
collected at 1:50, 4:15, 6:45 min then N> flow decreased to 0.4 mL/min, samples collected at 9:50,
14:00, 17:40 min then N> flow decreased to 0.3 mL/min, samples collected at 23:00, 28:20, 33:50,
39:50 min.

TBS protected 2-iodobenzyl alcohol and +~-BuSH

| Pd/t-BuXPhos (5.20) S(t-Bu)
~TBS , BusN (5.5) _TBS
@A o t-BuSH THF, rt o
5.14 5.19 5.21

General procedure. Solutions were prepared under Ar in oven dried glassware. A stock solution
of Pd(-BuXPhos)(allyl)Cl was prepared by combining [PdCl(allyl)]> (5.28) and -BuXPhos (5.29)
in THF and aging 10 min (“catalyst solution”). Solutions of TBS protected 2-iodobenzyl alcohol
(5.14), t-BuSH (5.19), BusN (5.5) and hexadecane were prepared in THF (“substrate solutions™).
The reactor was purged with N; at 0.8 mL/min for 1 h before experiments were conducted. For
each reaction, 0.5 mL of desired catalyst solution and 0.5 mL of desired substrate solution were
separately loaded into two 2.5 mL Hamilton glass syringes, installed onto the Chemxy fusion 200
dual channel syringe pump, primed, and connected to the cross-mixer of the flow reactor (Figure

5.12).

Reaction slugs were formed as in the exemplary procedure and the initial N> flow rate was
the same at 0.8 mL/min. Valve operation was identical. Samples were manually collected into GC
vials using 600 pL of EtOAc to elute from the sample loop, quenching by dilution. Five samples
were collected at approximately 1:30, 3:25, 5:25, 7:20 and 9:10 min (the exact collection time of

each sample was recorded and used for the subsequent data analysis).
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Order in catalyst experiments:

Catalyst solution 1: [PdCl(allyl)]> (5.28, 5.7 mg, 0.016 mmol) and #~-BuXPhos (5.29,13.6 mg, 0.032
mmol) were made up to 4.00 mL with THF.

Catalyst solution 2: 0.75 mL of catalyst solution 1 was diluted to 1.00 mL with THF.
Catalyst solution 3: 0.50 mL of catalyst solution 1 was diluted to 1.00 mL with THF.
Catalyst solution 4: 0.50 mL of catalyst solution 1 was diluted to 2.00 mL with THF.
Catalyst solution 5: 0.50 mL of catalyst solution 4 was diluted to 1.00 mL with THF.

Substrate solution 1: 5.14 (52 pL, 70 mg, 0.20 mmol), 5.19 (34 uL, 0.30 mmol), 5.5 (95 pL, 0.40
mmol), hexadecane (58 pL, 0.20 mmol) made up to 2.00 mL with THF.

Reaction 1. Catalyst solution 2 + substrate solution 1: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)Cl (6%).

Reaction 2. Catalyst solution 3 + substrate solution 1: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0020 M Pd(z-BuXPhos)(allyl)Cl (4%).

Reaction 3. Catalyst solution 4 + substrate solution 1: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0010 M Pd(z-BuXPhos)(allyl)Cl (2%).

Reaction 4. Catalyst solution 5 + substrate solution 1: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.00050 M Pd(~-BuXPhos)(allyl)Cl (1%).

Order in Arl experiments:

Catalyst solution 1: 5.28 (4.3 mg, 0.012 mmol) and 5.29 (10.1 mg, 0.024 mmol) were made up to
4.00 mL with THF.

Substrate solution 1: 5.14 (39 uL, 52 mg, 0.15 mmol), 5.19 (8.4 uL, 0.075 mmol), 5.5 (24 uL, 0.10
mmol), hexadecane (15 pL, 0.05 mmol) made up to 0.50 mL with THF.

Substrate solution 2: 5.14 (26 pL, 35 mg, 0.10 mmol), 5.19 (8.4 puL, 0.075 mmol), 5.5 (24 uL, 0.10
mmol), hexadecane (15 pL, 0.05 mmol) made up to 0.50 mL with THF.

Substrate solution 3: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (24 pL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.
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Substrate solution 4: 5.14 (6.5 uL, 9 mg, 0.025 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (24 uL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 5: 5.14 (3.2 uL, 4 mg, 0.013 mmol), 5.19 (8.4 uL, 0.075 mmol), 5.5 (24 uL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Reaction 1. Catalyst solution 1 + substrate solution 1: 0.15 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 2. Catalyst solution 1 + substrate solution 2: 0.10 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 3. Catalyst solution 1 + substrate solution 3: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 4. Catalyst solution 1 + substrate solution 4: 0.025 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 5. Catalyst solution 1 + substrate solution 5: 0.013 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)Cl.

Order in --BuSH experiments:

Catalyst solution 1: 5.28 (4.3 mg, 0.012 mmol) and 5.29 (10.2 mg, 0.024 mmol) were made up to
4.00 mL with THF.

Substrate solution 1: 5.14 (13 uL, 17 mg, 0.050 mmol), 5.19 (34 puL, 0.30 mmol), 5.5 (24 uL, 0.10
mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 2: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (17 uL, 0.15 mmol), 5.5 (24 uL, 0.10
mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 3: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (24 uL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 4: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (4.2 uL, 0.038 mmol), 5.5 (24 pL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 5: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (2.1 pL, 0.019 mmol), 5.5 (24 uL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.
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Substrate solution 6: 5.14 (13 uL, 17 mg, 0.050 mmol), 5.19 (1.0 puL, 0.0094 mmol), 5.5 (24 uL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Reaction 1. Catalyst solution 1 + substrate solution 1: 0.050 M 5.14, 0.30 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 2. Catalyst solution 1 + substrate solution 2: 0.050 M 5.14, 0.15 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)Cl.

Reaction 3. Catalyst solution 1 + substrate solution 3: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 4. Catalyst solution 1 + substrate solution 4: 0.050 M 5.14, 0.038 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 5. Catalyst solution 1 + substrate solution 5: 0.050 M 5.14, 0.019 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 6. Catalyst solution 1 + substrate solution 6: 0.050 M 5.14, 0.0094 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Order in BusN experiments:

Catalyst solution 1: 5.28 (4.2 mg, 0.012 mmol) and 5.29 (10.0 mg, 0.024 mmol) were made up to
4.00 mL with THF.

Substrate solution 1: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (36 uL,
0.15 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 2: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 uL, 0.075 mmol), 5.5 (24 pL,
0.10 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 3: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (12 pL,
0.050 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 4: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 pL, 0.075 mmol), 5.5 (6 uL,
0.025 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.

Substrate solution 5: 5.14 (13 pL, 17 mg, 0.050 mmol), 5.19 (8.4 uL, 0.075 mmol), 5.5 (3 uL,
0.013 mmol), hexadecane (15 pL, 0.050 mmol) made up to 0.50 mL with THF.
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Reaction 1. Catalyst solution 1 + substrate solution 1: 0.050 M 5.14, 0.075 M 5.19, 0.15 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 2. Catalyst solution 1 + substrate solution 2: 0.050 M 5.14, 0.075 M 5.19, 0.10 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 3. Catalyst solution 1 + substrate solution 3: 0.050 M 5.14, 0.075 M 5.19, 0.050 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 4. Catalyst solution 1 + substrate solution 4: 0.050 M 5.14, 0.075 M 5.19, 0.025 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)CI.

Reaction 5. Catalyst solution 1 + substrate solution 5: 0.050 M 5.14, 0.075 M 5.19, 0.013 M 5.5,
0.0030 M Pd(z-BuXPhos)(allyl)Cl.

Cyclopentadiene and methyl acrylate

oM CHCl3 COM
e
0 oy B e
0
5.22 5.23 5.24

Solutions of methyl acrylate (5.23) with hexadecane were prepared in CHCl; (“acrylate
solutions™). A 2.25 M solution of cyclopentadiene (5.22) in CHCI; was prepared by diluting freshly
distilled 5.22 (189 pL, 2.25 mmol) up to 1.00 mL with CHCl; (“diene solution”).

Acrylate solution 1: 5.23 (34 pL, 0.38 mmol), hexadecane (22 pL, 0.075 mmol) up to 0.50 mL
with CHCls.

Acrylate solution 2: 5.23 (68 pL, 0.75 mmol), hexadecane (22 pL, 0.075 mmol) up to 0.50 mL
with CHCls.

Acrylate solution 3: 5.23 (68 puL, 0.75 mmol), hexadecane (44 pL, 0.15 mmol) up to 0.50 mL with
CHCls.

Slugs were loaded into the loading coil by taking the desired acrylate solution into a 2.5
mL Hamilton glass syringe, installing on the Fusion 200 syringe pump, priming and then

connecting to the first tee-mixer (Figure 5.13). The slugs were loaded as follows: 333 uL of
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acrylate solution 1, 150 uL of H>O, 333 uL of acrylate solution 2, 150 uL of H>O, 167 uL of
acrylate solution 3, 50 puL of H>O.

The diene solution was then loaded into a 2.5 mL Hamilton glass syringe, installed on the
Fusion 200 syringe pump and primed. The syringe was then connected to the second tee-mixer

(Figure 5.14) and 50 pL was eluted to prime the tubing.

Reactor valves were set to the following positions: Valve 1, position 1; valve 2, position 1;

sampling valve set to collect sample and the reactor coils were lowered into a 70 °C water bath.

The SyrDos pump was started at 200 pL/min until the dienophile solution 1 slug
approached the second tee-mixer. The SyrDos flow rate was then decreased to 133 pL/min and the
diene solution was delivered at 67 pL/min to give a 0.5 mL reaction slug 0.50 M in 5.23 and 0.75
M in 5.22. After the dienophile solution 1 slug completely exited the loading coil the SyrDos flow

rate was set to 200 pL/min again and the diene pump was stopped.

Once the dienophile solution 2 slug approached the second tee-mixer the SyrDos flow rate
was again set to 133 pL/min and the diene solution was delivered at a rate of 67 pL./min, initiating
the second 0.5 mL reaction slug that was 1.0 M in 5.23 and 0.75 M in 5.22. After the dienophile
solution 2 slug completely exited the loading coil the SyrDos flow rate was set back to 200 uL/min

again and the diene pump was stopped.

As the last slug (dienophile solution 3) approached the second tee-mixer, the SyrDos flow
rate was decreased to 67 pL/min and the diene solution was delivered at 133 pL./min, initiating the
last 0.5 mL reaction slug that was 0.50 M in 5.23 and 1.5 M in 5.22. After the dienophile solution
3 slug completely exited the loading coil the SyrDos pump was set to 200 pL/min again and the

diene solution pump was stopped.

All three reaction slugs were now formed and travelling inside coil A. Once the first
reaction slug entered the sampling valve, and ~50 pL had passed through, the sampling valve was
actuated and a 15 pL aliquot sample was eluted with 600 uL. EtOAc into a GC vial. The sample
removal line was then flushed with H>O. Once the remainder of the reaction slug had exited the
sampling valve, the sampling valve was set back to the position to collect a new sample, and the

sample removal line was then flushed with EtOAc.
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Once the second reaction slug entered the sampling valve, and ~50 pL had passed through,
the sampling valve was again actuated and a 15 pL aliquot sample was eluted with 600 uLL EtOAc
into a GC vial. The sample removal line was then flushed with H>O. Once the remainder of the
reaction slug had exited the sampling valve, the sampling valve was set back to the position to

collect a new sample, and the sample removal line was then flushed with EtOAc.

Once the third reaction slug entered the sampling valve, and ~50 pL had passed through,
the sampling valve was again actuated and a 15 pL aliquot sample was eluted with 600 pL EtOAc
into a GC vial. The sample removal line was then flushed with H>O. Once the remainder of the
reaction slug had exited the sampling valve, and fully passed through valve 1 to coil B, valve 1
was set to position 2, valve 2 was set to position 2 (clockwise rotation) and the sampling valve was

set to collect a sample again and flushed with EtOAc.

All three reaction slugs were now travelling through coil B. Sampling was continued in the
same manner as each reaction slug again passed through the sampling valve. After all three reaction
slugs had passed back into coil A, the reactor valves were again actuated: valve 1 to position 1,
valve 2 to position 1 (counter-clockwise rotation), and the sampling valve to collection. Sampling

and valve actuation were repeated to collect desired samples.

Note. In experiments using N> as the carrier fluid the entire reaction slug was formed very quickly
(~5 s) to facilitate the ability to increase the sample interval as the reaction progressed by
decreasing the N: flow rate without needing to consider residence time discrepancies between the
front and back of the reaction slug. In these experiments however, the use of residence time was
necessary to facilitate multiple consecutive reaction slugs and therefore reactions were initiated
at the same flow rate as the carrier flow rate for the entire reaction progress. In order to increase
the interval between sample collection as the reaction progressed therefore the carrier flow rate
was unchanged and sample collection was simply skipped at 50, 1:10, 1:30, 1:50, 2:10, 2:20, 2:40
and 2:50 min. To skip sample collection, the sampling valve was simply not actuated as the
reaction slugs travelled through, and only reactor valves 1 and 2 were actuated after all three

reaction slugs had passed from one reactor coil into the other.
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Chapter 6 Conclusions and Suggestions for Future Work

6.1 Conclusions

At the heart of synthetic chemistry is a drive to maximize efficiency — developing new
transformations to allow shorter synthetic routes, designing new reagents to give more atom
economical reactions, optimizing reactions to maximize yield and selectivity — and this thesis
continued along these lines with the presentation of new conceptual strategies to improve
efficiency in chemical processes by using the tools and techniques of flow chemistry to implement

or facilitate closed cycles that allow reagent/catalyst turnover.

As the ninth principle of Green Chemistry,' catalysis is the conventional form in which
chemists encounter the concept of reagent ‘turnover’ and can easily appreciate the efficiency
improvements that result from using a sub-stoichiometric reagent to enable a transformation. From
a conceptual standpoint catalyst turnover is simply the implementation of a closed loop, cycling in
time as the reaction progresses, that allows the catalyst to be repeatedly recovered and reused. We
envisioned that any strategy to implement an analogous ‘cycle’ could achieve the same efficiency

improvements and developed two new conceptual strategies to implement or facilitate turnover.

The first strategy focused on implementing closed cycles through the physical motion of
materials in looping paths. This was applied to achieve ‘turnover’ of stoichiometric reagents,
introducing the ‘pseudo-catalytic cycle in space’ concept, as well as cycle entire reaction solutions
to efficiently obtain conversion over time profiles in flow. The second conceptual approach to
facilitate cycles was a strategy to ‘turn on’ catalysis in situations where a functional catalyst should
exist in principle (on the basis of the kinetical feasibility of all individual elementary steps) but is
not operational in practise due to dominating undesired background reactions under typical
reaction conditions. A strategy to manipulate the catalyst resting state by starvation of the
‘reactive’ stoichiometric reagent was developed that allows the catalytic cycle to become

operational and provides high yields of desired products.

The ‘pseudo-catalytic cycle in space’ concept was introduced and developed in Chapter two
where a telescoped continuous flow process incorporating recovery and recycling of a
stoichiometric chiral auxiliary was designed to achieve ‘turnover’ of this reagent. A chiral
auxiliary mediated hydrogenation was used for the proof of concept work, addressing the
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traditional inefficiencies of auxiliary mediated transformations by achieving formal sub-

stoichiometric loading of the auxiliary with all reaction steps combined into a single process.

In order to implement a ‘pseudo-catalytic cycle in space’ it is necessary to operate under
continuous flow conditions. For many reactions the conversion from traditional batch to
continuous flow is non-trivial, and in Chapter 3 we focused on providing a solution to a common
problem that can hinder this transition, namely problems with solid handling/formation due to need
to quench acidic by-products with a stoichiometric base and the concomitant formation of
insoluble base-HX salts. A general strategy to avoid this problem was developed using acid
scavenging organic bases that form low-melting ionic liquids upon protonation, and demonstrated
to facilitate acylation, SnAr, and Sn2 chemistry in continuous flow with minimal additional
modifications to published batch conditions beyond substitution of the amine base to an
appropriate, ionic-liquid forming option. The ease of transitioning from batch to continuous flow
therefore lowers the impediment toward implementing a strategy such as a ‘pseudo-catalytic cycle

in space’.

In Chapter 4 the second strategy of catalyst resting state manipulation was developed and
demonstrated. Reactions where oxidative addition is rate determining and subsequent
transmetallation is in kinetic competition with undesired background reaction(s) were explored. It
was hypothesized that by depriving the reaction of the nucleophile via slow addition of this reagent,
the Pd(II) oxidative addition intermediate would be allowed to accumulate. As a result, when the
nucleophile was added dropwise this necessary Pd(II) species would be present in sufficient
concentration for transmetallation to outcompete the undesired background reaction(s) that would

otherwise consume the nucleophile via unproductive pathways.

This hypothesis was supported by direct infusion ESI-MS studies of Kumada-Corriu and
Murahashi cross-coupling reactions for which the yield is sensitive to organometallic reagent
addition rate. Then Pd catalyzed aryl halide—diazo cross-coupling reactions with aryl chlorides and
bromides were enabled using an analogous diazo slow-addition strategy. Subsequently, combining
diazo slow addition with on-demand, continuous flow synthesis of diverse diazo reagents
substantially broadened the accessible substrate scope of this interesting palladium-catalyzed

transformation.
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The last topic that was explored, in Chapter 5, returned to cycling materials in space to
provide ‘turnover’, but this time the ability to cycle an entire reaction solution was targeted. This
was needed to allow efficient collection of conversion over time data in flow, a previously
outstanding problem making it inefficient to collect kinetic data using a flow reactor. A reactor
was designed that could cycle an entire reaction slug, enabling efficient collection of conversion
over time data by sampling/analyzing the reaction once each ‘cycle’. The reactor was demonstrated
by investigating the kinetics of six different reactions with widely ranging conditions and using

various methods of data analysis.

In summary, the work in this thesis demonstrated new conceptual strategies to increase
reaction or process efficiency. It was shown that the tools of continuous flow chemistry could be
used to construct closed cycles operative in space to ‘turnover’ reagents or whole reaction
solutions, or to facilitate operative catalytic cycles to turnover catalysts by manipulating catalyst
resting state. These two strategies are both general conceptual approaches that should be widely
applicable in a variety of situations, and it is our hope that this work will inspire continued research
in these areas of non-conventional strategies to improve efficiency by implementing or facilitating

closed cycles to enable ‘turnover’.

6.2 Suggested Future Work

6.2.1  Future directions for the pseudo-catalytic cycle in space work

For the concept of a ‘pseudo-catalytic cycle in space’ we demonstrated the application to
improve efficiency of chiral auxiliary mediated transformations. Another class of transformations
that could substantially benefit from such an approach is oxidation chemistry. Many oxidation
reactions do not have catalytic variants, and instead use of stoichiometric oxidants is relied on.?
Furthermore, many of the most important, highly selective oxidants result in transformations with
low atom efficiency due to the high molar masses of by-products produced. For example,
hypervalent iodine mediate oxidations such as the Dess-Martin variant (Scheme 6.1) are heavily
used in complex product synthesis and produce significant amounts of iodine(III) by-product 6.4
as stoichiometric waste.> The conceptual framework of the pseudo-catalytic cycle in space could
be used to address this issue, by coupling the alcohol oxidation with hypervalent iodine reagent

regeneration (Figure 6.1).
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Scheme 6.1. Dess-Martin oxidation of alcohols to ketones/aldehydes.

Aco_PAC OAc
|/OA (o) N
+ )
R' H/R2 R1JJ\H/R2
o)
6.3 6.4

et I(V) oxidant \(- alcohol

regenerate oxidize
I(V) oxidant alcohol

terminal \

(s ketone/aldehyde
oxidant

[(11) by-product

Figure 6.1. Application of a pseudo-catalytic cycle in space to address the low atom economy of

hypervalent iodine mediated oxidation chemistry.

Use of the Dess-Martin Periodinane (DMP, 6.2) directly will likely be problematic due to
the low solubilities of both the I(IIT) by-product 6.4 and 2-iodoxybenzoic acid (IBX, 6.5) produced
as an intermediate during DMP regeneration (Scheme 6.2). However, various IBX analogues have
been developed with enhanced solubility and demonstrated efficiency as oxidants for alcohols
analogous to DMP (Chart 6.1),’*¢ and these oxidants therefore have potential to be applied in
conjunction with the pseudo-catalytic cycle in space concept to improve the efficiency of

hypervalent iodine mediated oxidations.

Scheme 6.2. Regeneration of DMP proceeds via oxidation to IBX, an intermediate with very low solubility.
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Chart 6.1. Soluble IBX analogues.

6.2.2  Future directions for the catalyst resting state manipulation work

The concept of manipulating catalyst resting state combined with flow generation of cross-
coupling nucleophiles should also be widely applicable. An interesting research area where this
strategy should be impactful is iron catalyzed cross-coupling reactions. Unlike traditional
palladium and nickel catalysts that are generally ineffective for sp® hybridized
electrophiles/nucleophiles, iron catalysts enable sp>~sp® and sp’~sp*> bond formation. This is
particularly attractive due to the ability to incorporate chirality in the products and access
molecules with diverse 3-dimensional shapes. For the more established sp’>-sp® variant, functional
group tolerance is fairly good at high catalyst loadings (5-10%),* but at lower loadings (<1%) —
that are desirable for large scale, industrial application — this tolerance quickly erodes.® In addition
to tolerating functional groups on the electrophilic coupling partner, functionalization of the
nucleophilic Grignard reagent also remains a challenge. Although densely functionalized Grignard
reagents can be prepared by rapid transmetallation with, for example, i-PrMgBr-LiCL° the
Grignard reagents formed need to be handled under cryogenic conditions to prevent
decomposition, hindering their use in cross-coupling chemistry. The combination of on-demand
flow generation to make these functionalized Grignard reagents and slow addition to the iron-
catalyst/aryl halide solution should overcome these challenges and open the scope of this

transformation (Scheme 6.3).
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Scheme 6.3. Proposed use of on-demand, flow synthesis of functionalized Grignard reagents combined
with controlled Grignard addition rate to manipulate catalyst resting state and overcome scope limitations

in iron catalyzed sp>-sp’ cross-coupling.
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R2
R!. MgBr-LiCl
i-PrMgBr-LiCl ~<> Yz
R
i 1
X : R
X [Fe] Y «
|// R? | oS
R3 /\/R?:
6.10 6.1

It would also be interesting to investigate if the concept of resting state manipulation by
reagent slow addition can be applied in asymmetric catalysis to improve ee. For transformations
where an uncatalyzed background reaction is competitive with the catalyzed process it is
challenging to obtain high ee since the uncatalyzed process produces both the desired and
undesired enantiomer indiscriminately. However, if moderate enantioselectivity is observable this
implies that the catalyzed process is, in principle, kinetically competent to outcompete the
background reaction if the catalyst resting state could be manipulated. A promising transformation
for investigation of this hypothesis is the chiral Lewis base catalyzed aldol reaction between
trichlorosilyl protected enolates and aldehydes developed by Denmark and coworkers.” While
excellent enantioselectivities are achieved in the reaction of ketone derive trichlorosilyl enolates
6.12 with aldehydes catalyzed by chiral phosphoramide catalysts (e.g., 6.17) (Scheme 6.4A),”%
low ee is obtained in the analogous reaction with more electron rich, acetate derived trichlorosilyl
enolates 6.15 (Scheme 6.4B).”* It has been confirmed that this is due to the competitive,
uncatalyzed background reaction being operative even at —80 °C with these more reactive silyl

enolates.’?
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Scheme 6.4. Chiral phosphoramide catalyzed aldol reactions developed by Denmark and coworkers work
well for ketone derived trichlorosilyl enolates (A) but poorly for acetate derived trichlorosilyl enolates (B)
due to competitive, uncatalyzed background reactivity with these substrates.

A) Chiral phosphoramide catalyzed Aldol reactions are highly
enantioselective for ketone derived trichlorosilyl enolates

Me
Ph,, l\i
OSiCl3 O OH \P//O
0O 6.17 (10 mol%) ? "N
+ R ph” N
R H Me
6.12 6.13 6.14 6.17
R = aryl, alkyl 90-98%
82-97% ee

B) Poor enantioselectivity is obtained for acetate derived trichlorosilyl

)
N

enolates N o
/P\
OSiCly O  6.17 0r6.18 (10 mol%) O OH OO N D
+ )J\ : Me
MeO R™ "H MeO R
6.15 6.13 6.16 6.18
R = Ph, t-Bu 75-91%

23-50% ee

A putative catalytic cycle for this transformation is shown in Scheme 6.5. Under typical
conditions (i.e., stoichiometric aldehyde present at the beginning of the reaction) the concentration
of species 6.19 is expected to be very low since it is rapidly consumed by reaction with the
aldehyde and therefore the catalyst resting state is likely to be 6.20. However, if the reaction
mixture was starved of aldehyde by slow addition of that reagent the relative concentrations of
6.19 and 6.20 should approach a statistical distribution. As a result, the concentration of 6.19 would
be significant rather than minute and this necessary intermediate would be present to react with
incoming aldehyde as it is added, theoretically allowing all aldehyde to be consumed by the
catalyzed pathway and therefore leading to high ee.
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Scheme 6.5. A putative catalytic cycle for the phosphoramide catalyzed aldol reaction.
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6.2.3  Future directions for the acid scavenging using ionic liquid-forming bases

work and the cycling reactor for kinetic analysis

The acid scavenging by forming ionic liquids project has already led to future work applying

this solution to cross-coupling reactions.” Future directions for the flow kinetics reactor involve

increasing the level of automation. Valve actuation and sample collection and analysis could be

fully automated by increasing the level of computer control and interfacing directly with a liquid

handling robot or HPLC to automate the analysis of samples in addition to collection. This would

realize the end goal of providing an automated platform to perform routine kinetic analysis and

ideally lead towards a commercialized instrument.
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Appendix I. Supporting Information for Chapter 2
ALl  Additional equipment details for the flow reactor

AlL1.1 Active mixer reactor for acylation

R1 in Figure 2.2. The series of mixers was constructed by making active mixer units as
reported by Ley and co-workers.! Three 1.00 mL plastic HSW syringes with the plungers removed
were heated at the open end until soft and then a thread was cut using 1/4-28 PEEK male nuts.
Four 3x10 mm PTFE coated stir bars were inserted in the mixer and PTFE tape was used to
improve the seal between the PEEK fitting and the cut thread. The mixers were connected together
with 10 cm of PFA tubing (1/16" O.D., 0.5 mm 1.D., 20 pL). 100 cm PFA tubing (1/16" O.D., 0.5
mm [.D. 100 pL volume) was connected after last chamber to allow the emulsion to settle into
slugs before entering the gravity liquid-liquid separator. The agitators were operated by a magnetic
stir plate set at maximum (1400 rpm). A ~7.5 mm air gap between the stir plate surface and the
mixers was maintained through use of cardboard spacers to prevent heat transfer from the stir plate

surface that became warm to the touch with extended hours of operation.

Figure Al.1. Schematic and photo of continuous stirred tubular reactor used for acylation.

"' O'Brien, M.; Koos, P.; Browne, D. L.; Ley, S. V. A prototype continuous-flow liquid-liquid extraction system using
open-source technology. Org. Biomol. Chem. 2012, 10, 7031-7036.
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AlL1.2 Gravity liquid-liquid separators

Al1.2.1 Gravity liquid-liquid separator with active withdrawal of both organic and
aqueous phases (type 1)

S1 and S3 in Figure 2.2. A 2.5 mL glass Hamilton syringe was used for the body of the
separator. The biphasic mixture was introduced at ~1 cm distance from bottom of chamber. The
aqueous (lower) phase was withdrawn by pump from the luer joint at the bottom of syringe. The
organic (upper) phase was withdrawn by pump through a tube ~1.5 cm from bottom of chamber.
The phase boundary was maintained at ~0.75 cm from bottom of chamber by manually setting the

pump withdrawal rates.

S1, S3

Figure AL2. Schematic and photo of type 1 gravity liquid-liquid separator.

Al1.2.2 Gravity liquid-liquid separators with active withdrawal of aqueous phase

and passive withdrawal of organic phase (type 2)

S4 in Figure 2.2. An 8 mm O.D. 6 mm L.D. glass tube was cut to 12 cm length. Male luer
joints were attached at the bottom and at 10 cm up the side by a glassblower. The biphasic mixture
was introduced at ~3 cm distance from bottom of chamber. The aqueous (lower) phase was
withdrawn by pump P12 from the luer joint at the bottom and the organic (upper) phase flowed
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out through the upper luer joint and was collected in a flask. The phase boundary was maintained

at ~2.5 cm from the bottom by manually setting the pump withdrawal rate.

S4

Figure AL3. Schematic and photo of type 2 gravity liquid-liquid separator.

Al.1.3 Modifications to Biotage Universal Phase Separator

S2 in Figure 2.2. The membrane material of the Biotage Universal Phase Separator (product
number 120-1930-V) was well suited for the separation after the hydrogenation, but the physical
design of the unit required slight modification to adapt to the low flow rate of our scale. The
membrane was cut to height of 4 cm to lower the volume of solvent retained in the membrane to
~1 mL, and the barrel of a 25 mL HSW syringe (with the end cut off to give an open cylinder) was
placed around the membrane. The biphasic solution was introduced between the membrane and
the syringe barrel. This kept the small volume of floating organic phase always in close contact
with the membrane. The organic phase diffused through the membrane and was collected in a 2.5
mL glass Hamilton syringe body equipped with a closed two-way valve at the luer end, used as a
solution reservoir for pump P6. The lower aqueous phase filled the entire reservoir both inside and
outside the syringe barrel, allowing accumulation of the aqueous phase which was removed by

Pasteur pipette approximately once per hour.
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Figure Al.4. Photo of modified Biotage Universal Phase Separator components (left, outer reservoir,

syringe body and shortened membrane) and assembled (right).

Al.1.4 Packed bed reactor (PBR)

R2 in Figure 2.2. The packed bed reactor was fabricated from 30 cm of 1/4" O.D., 3.0 mm
I.D. 316 stainless steel fitted with fritted HPLC column end fittings (Valco ECEF413.0F). A
thermocouple was attached to the centre of the PBR and then a heating cable (McMaster Carr
3641K23) was wrapped the length of the column. The PBR was then wrapped in vinyl backed
fibreglass insulation. The temperature of the PBR reactor was controlled by a J-Kem model 210
temperature controller. A 6.5 bar (100 psi) Upchurch back pressure regulator was placed after the
PBR.

The packed bed reactor was interfaced with the commercially available H-Cube Mini from
ThalesNano to provide in situ generated hydrogen. The decision to use an in-house fabricated PBR
rather than purchasing catcarts was solely financially driven. Our PBR was re-packed after each
experiment with a mixture of commercially available Pd/C (110 mg) and 150-212 um glass beads

(3.0 g, product G9018 from Sigma Aldrich) to limit pressure drop.?

2 Jensen, R. K.; Thykier, N.; Enevoldsen, M. V.; Lindhardt, A. T. A high mobility reactor unit for R&D continuous
flow rransfer hydrogenations. Org. Process Res. Dev. 2017, 21, 370-376.
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Liquid volume of the packed bed was determined to be 1.0 mL by subtracting the mass once
filled with water from the dry mass of the freshly backed PBR. Estimating equal occupancies of
each of the 3 fluid phases (organic, aqueous and gaseous) gives a very rough estimate of residence
time for the organic phase of 1.3 min. Measuring the time until breakthrough when introducing

substrate through the clean packed bed was in rough agreement with this estimate.

Figure ALS5. Photo of the in-house fabricated packed bed reactor.

Al.1.5 Tube-in-tee mixer

M1 in Figure 2.2. A tube-in-tee mixer® was used for the acid wash after the methanolysis
due to problems with inefficient mixing in an ordinary tee mixer. This was fabricated by taking an

ordinary PFA tee mixer with 1.0 mm L.D. through-holes and enlarging the straight bore to 1/16"

3 Ingham, R. J.; Battilocchio, C.; Fitzpatrick, D. E.; Sliwinski, E.; Hawkins, J. M.; Ley, S. V. A aystems approach
towards an intelligent and self-controlling platform for integrated continuous reaction sequences. Angew. Chem. Int.
Ed. 2015, 54, 144-148.
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all the way through with a 1/16” drill bit, then further boring out one half of the straight bore to
2.0 mm L.D. as show in Figure Al.6.

< < methanolysis
out § :g effluent in

111

Figure AIL.6. Schematic and photo of the in-house fabricated tube-in-tee mixer.

Al.1.6 Photograph of flow reactor setup

Figure AL.7. Photograph of complete flow reactor set up.
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AL2  Spectra of substrates and products

Spectra of substrates and products are freely available in the supporting information for:
Sullivan, R. J.; Newman, S. G. Chiral auxiliary recycling in continuous flow: Automated recovery
and reuse of Oppolzer’s sultam. Chem. Sci. 2018, 9, 2130-2134. Content may be accessed at the
following link: http://dx.doi.org/10.1039/C7SCO05192A.
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Al4 Diastereoselective excess monitoring of hydrogenation

Diastereoselectivity over the hydrogenation stage was monitorred by withdrawing a ~25 uLL
aliquot from the post-hydrogenation organic phase and submitting to GC analysis every 30 min

during telescoped flow experiments. Plots of d.e. over time for each substrate are provided below:
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Figure AL8. Diastereoselectivity over hydrogenation step of experiments with (£)-3-methylnon-2-eneoic

acid chloride substrate.
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Figure AL9. Diastereoselectivity over hydrogenation step of experiments with (E)-3,5-dimethylhex-2-

eneoic acid chloride substrate.
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Figure AIL.10. Diastereoselectivity over hydrogenation step of experiments with (E)-3-methyl-5-

phenylpent-2-eneoic acid chloride substrate.
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Figure Al.11. Diastereoselectivity over hydrogenation step of experiments with (£)-3-phenylbut-2-eneoic

acid chloride substrate.

@ The d.r. of the 3,3-dialkyl substrates over the hydrogenation was steady from the first elution of product from the
PBR, but the 3,3-aryl,alkyl substrate exhibited an initially lower d.r. of 80:20 that increased over the first 60 min of
operation to 92:8 (auxiliary recovery experiment) or 90:10 (auxiliary recycle experiment) and then remained steady
at this selectivity for the remainder of the experiment. This was attributed to chromatography effects within the PBR

and represents a longer time to attain true steady-state operation with this substrate.

261



ALS

Data File C:\CHEM32\1\DATA\NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\072-0401.D

Chiral HPLC trace of (R)-3-methyl-5-phenylbutanoic acid methyl ester

Sample Name: RS3 Oct 05 17 0
Acq. Operator Beauchemin Seq. Line : 4 OMe
Acq. Instrument Instrument 1 Location : Vial 72
Injection Date 10/5/2017 7:01:22 PM Inj 1

Inj Volume S pl

Acg. Method
75MIN.M

Last changed 10/5/2017 3:56:24 PM by Beauchemin

Analysis Method :
COL4-0_25PC-IPROH-75MIN.M)

10/11/2017 5:00:43 PM by Beauchemin

Last changed
(modified after loading)

C:\CHEM32\1\DATA\NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\072-0401.D\DA.M

C:\Chem32\1\DATA\NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\COL4-0_25PC-IPROH-

(

mAU 7
80
60
40
20

0l — .

T

DAD1 A, Sig=254,4 Ref=360,100 (NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\072-0401.D)

mAU ]
80
60
40
20+

-20 +

20
DAD1 C, Sig=210,8 Ref=360,100 (NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\072-0401.D)

50 60 70 min|

60.291

“.\_(R)-enantiomer

(S)-enantiomer |

9
] {
< {

50 60 70 min

Data File C:\CHEM32\1\DATA\NEWMAN\RS OCT 05 17 2017-10-05 15-58-00\072-0401.D

Sample Name: RS3 Oct 05 17

Area Percent Report

Sorted By $ Signal
Multiplier g 1.0000
Dilution : 1.0000

Use Multiplier & Diluticn Factor with ISTDs

Sig=2%4,4 Ref=360,100

Signal 1: DAD1 A,
Signal 2: DAD1l C, Sig=210,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
e S s e |y [y S |
1 49.324 BV 2.51¢8 2238.77808 11.83050 6.6108
2 60.291 BB 3.5475 3.16264e4 119.34978 93.3892
3.38652e4 131.18029

Totals
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Appendix II. Supporting Information for Chapter 3

AIL.1 Solubility studies of triethylammonium halide salts

Since the conjugate acids of organic bases are usually sparingly soluble in non-polar
solvents, clogging is common even at dilute concentrations for substitution reactions that are
performed with, e.g., triethylamine in toluene. When using more polar solvents, as is common for
SnAr and SN2 reactions however, it can be difficult to predict whether or not precipitation of the
conjugate acid will be problematic in a flow reaction. The likelihood of clogging depends on the
choice of solvent, temperature, concentration, base, and leaving group. These things are often
optimized empirically when converting a batch procedure into flow. Because bases such as 1-
methylimidazole, tributylamine, and DBU form ionic liquids upon protonation, use of these
species as bases should overcome the need to perform extensive optimization. Nonetheless, there
are particular combinations of base, concentration, and temperature where-in the use of these ionic-

liquid scavengers would be unnecessary.

To obtain some data to understand when the use of triethylamine would allow substitution
reactions to occur in flow with NMP as a solvent, some crude solubility experiments were carried
out (Table AIIL1). For instance, when slowly heating a 0.50 M solution of triethylammonium
chloride in NMP, the mixture became homogeneous at an external bath temperature of 112 °C
(entry 1). A 1.0 M solution became homogeneous at 135 °C (entry 2), whereas a 2.0 M solution
did not become homogeneous at 150 °C (entry 3), the maximum temperature tested. This
information allowed us to focus our studies of SnAr and SN2 reactions at concentrations and

temperatures that would otherwise lead to clogging if, e.g., triethylamine was used as a base.

However, even in cases where a reaction is carried out under conditions where the
triethylammonium salt does not immediately precipitate, clogging issues can still occur upon
exiting the reactor or during quench. In contrast, reactions performed herein with ionic liquid-
forming bases were observed to be exceptionally robust. Furthermore, control reactions in batch
with triethylamine as the base for each Sn2 reaction studied led to precipitate formation during the
course of the reaction, demonstrating that clogging issues would be present with the conditions

investigated in the absence of the ionic liquid-forming acid scavenger.
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Table AIL1. Solubility studies of triethylammonium halide salts in NMP.

entry compound Concentration (M) Temperature to dissolve on heating (°C)
1 Et;N-HCI 0.50 112
2 Et;N-HCI 1.0 135
3 Et;N-HCI 2.0 not fully dissolved at 150
4 Et;N-HBr 0.50 78
5 Et;N-HBr 1.0 120
6 Et;N-HBr 2.0 not fully dissolved at 150

AlIL.2 Determination of tributylammonium chloride melting point

@
/\/\H@
/\)ED

Tributylammonium chloride.! 4 M HCl (8 mmol) in dioxane was added dropwise to
tributylamine (8 mmol) in diethyl ether and stirred for 20 minutes in room temperature. Removing
volatile chemicals under reduced pressure and recrystallizing from mixture of hexane and ethyl
acetate gave tributylammonium chloride as white needles. Characterization data were in agreement
with the literature.? mp: 58-62 °C. 'H NMR (400 MHz, (CD3),S0): & 10.43 (br s, 1H), 3.02-2.93
(m, 6H), 1.68-1.57 (m, 6H), 1.36—1.25 (m, 6H), 0.91 (t, /= 7.3 Hz, 9H).

AIL3 Spectra of products

Spectra of products are freely available in the supporting information for: K. Kashani, S.;
Sullivan, R. J.; Andersen, M.; Newman, S. G. Overcoming solid handling issues in continuous
flow substitution reactions through ionic liquid formation. Green Chem. 2018, 20, 1748—1753.
Content may be accessed at the following link: http://dx.doi.org/10.1039/C8GC00618K.

! Prepared by S. K. Kashani.
2 Reichenbach, J.; Ruddell, S. A.; Gonzalez-Jiménez, M.; Lemes, J.; Turton, D. A.; France, D. J.; Wynne, K. Phonon-
like hydrogen-bond modes in protic ionic liquids. J. 4m. Chem. Soc. 2017, 139, 7160-7163.
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Appendix III. Supporting information for Chapter 4
AIIL.1 Isotope patterns of observed species.

+ i, NH, + -
pd(sphos)_\ N Fd(SFhosT‘ o °>_ O Pd(XPhos)
o TO OO < o S
NC cl O o ¢ N O H
19H16N*

C33H3gNO,PPd* Cy3Hq4CIN* C34HaNO;PPA* CgH,CINO* C44H1,NO* Cy3HscPPd*
Exact Mass: 618.17 Exact Mass: 216.06 Exact Mass: 258.13 Exact Mass: 648.19 Exact Mass: 168.02 Exact Mass: 210.09 Exact Mass: 709.31

168.1
210.2

©
@
3

= e
o <
o I

258.1

—=

(i

Figure AIIL1. Observed and calculated isotope patterns for the species monitored by ESI-MS.

AIIL.2 Aryl bromide-diazo cross-coupling optimization

Initial optimization was performed using stabilized ethyl 2-diazopropoanate (Table AIII.1).
Decreasing the palladium loading relative to the literature report had detrimental affect (entry 2).
Changing between XPhos and SPhos had little effect (entry 3). Switching from [Pd(allyl)ClI]> to
Pd(OAc); resulted in marginal improvement (entry 4). Addition of the diazo over 3 (entry 6) or 15
min (entry 4) further improved yields but not to satisfactory levels, although allowing a further
decrease the palladium loading to 2.5% (entry 8) with negligible impact relative to 5% loading.
Examination of pre-ligated precatalysts showed the Buchwald G2 type precatalysts were
ineffective (entry 9), but Pd(XPhos)(allyl)Cl (entry 10) and Pd(XPhos)(cinnamyl)Cl (entry 11)
were active precatalysts. Inclusion of one additional equivalent of ligand was necessary for high
yield (entry 13) and had greater impact that doubling the precatalyst loading (entry 12), suggesting

that ligand destruction is the most significant source of catalyst death. Finally, increasing to 3.5%
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from 2.5% catalyst loading led to near quantitative yield (entry 14) for the reaction with the

stabilized diazo compound. When changing to the less stable, a-aryl diazo reagent, a decrease in

yield was observed (entry 15), requiring an increase in the equivalency from 1.5 to 2.0 eq. to

maintain high yield for reactions with the non-stabilized diazo reagents (entry 16).

Table AIIL.1. Optimization of the aryl bromide-diazo cross-coupling reactions.

entry

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Pd/L
i-Pr,NH, 80 °C
PhBr _—
diazo 1 or 2
R = CO,Et, Ph
Pd precatalyst %
Pd
[Pd(ally])C1]2 10
[Pd(allyD)C1]2 5
[Pd(allyl)Cl], 5
Pd(OAc); 5
Pd(OAc); 5
Pd(OAc); 5
Pd(OAc), 5
Pd(OAc), 2.5
Pd-XPhos G2 precat. 2.5
Pd(XPhos)(allyl)Cl 2.5
Pd(XPhos)(cinnamyl)Cl 2.5
Pd(XPhos)(allyl)Cl1 5
Pd(XPhos)(allyl)Cl1 2.5
Pd(XPhos)(allyl)Cl1 3.5
Pd(XPhos)(allyl)Cl 35
Pd(XPhos)(allyl)Cl 3.5

A

R™ "Ph

ligand (%)

XPhos (10%)
XPhos (10%)
SPhos (10%)
XPhos (10%)
XPhos (10%)
XPhos (10%)
XPhos (10%)
XPhos (5%)

n/a

n/a

n/a

n/a
XPhos (2.5%)
XPhos (3.5%)
XPhos (3.5%)
XPhos (3.5%)

diazo

N N = e e e e e e e ek e ek e ek e

N
EtOzC)J\ Ph)J\
1 2
diazo addition
eq. time (min)
1.5 n/a
1.5 n/a
1.5 n/a
1.5 n/a
1.25 3
1.25 15
1.5 15
1.5 15
1.5 15
1.5 15
1.5 15
1.5 15
1.5 15
1.5 15
1.5 15
2 20

yield”

86!
53
47
66
69
74
76
63
27
54
46
70
77
>95, (77°)
6417
9017

@ Conditions: 0.2 mmol of PhBr, 3 eq of i-ProNH, toluene, 80 °C, diazo added all at once and stirred for 1 h or over x

min and stirred 15 additional min after addition complete. Yield determined by proton NMR of crude mixture with

1,3,5-trimethoxybenzene as internal standard. ? Isolated yield.

! Peng, C.; Yan, G.; Wang, Y.; Jiang, Y.; Zhang, Y.; Wang, J. Palladium-catalyzed coupling reaction of a-

diazocarbonyl compounds with aromatic boronic acids or halides. Synthesis 2010, 2010, 4154—4168.
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AIIL.3 Robustness of diazo generation over MnO;

The literature conditions for oxidation of hydrazones to diazo compounds over MnO» used
flow rates of 0.5 mL/min and DCM as solvent, with DIPEA as the organic base.? To enable
compatibility with the conditions needed for the diazo-aryl halide cross coupling (toluene, i-
Pro,NH, slower flow rate) the robustness of the generation of 2-diazoacetophenone from
acetophenone hydrazone was investigated using an esterification quench with benzoic acid for

quantification of diazo ‘yield’ (Scheme AIIL.1).

Scheme AIIL.1. Examination of diazo generation from acetophenone hydrazone using a quench with

benzoic acid for quantification of diazo ‘yield’.

@)
g o [ g o g |
Ph)\ Ph)J\ 50°C  Ph” ~O” “Ph
flow quench

A Design of Experiments (DoE) 3 factor, 2-level factorial design was executed examining
the effect of hydrazone concentration (0.05-0.1 M), flow rate through the MnO> packed bed (0.15—
0.35 mL/min) and equivalence of i-ProNH (1-2 eq). The affect of increased base always improved
diazo yield, so 2 eq. of i-Pr,NH was selected and additional experiments to complete a central
composite design in order to generate a response surface for the factors of hydrazone concentration
and flow rate were completed. The response surface is shown in Figure AIIl.2. The effect of
hydrazone concentration was relatively minor, while the effect of increased flow rate resulted in a
slight increase in diazo yield. Flow rates of 0.35 mL/min were therefore selected and hydrazone

concentration was modified to achieve desired molar addition rates for cross-coupling reactions.

2 Poh, J.-S.; Tran, D. N.; Battilocchio, C.; Hawkins, J. M.; Ley, S. V. A versatile room-temperature route to di- and
trisubstituted allenes using flow-generated diazo compounds. Angew. Chem. Int. Ed. 2015, 54, 7920-7923.
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Figure AIIL.2. Response surface of 2-diazoacetophenone yield as a function of acetophenone hydrazone
concentration in toluene and flow rate through a 3x50 mm packed bed of MnQO; in the presence of 2 eq. of

i-ProNH.

AIIl.4 Calculation of TOF from computed energy profiles

In order to calculate turn over frequency (TOF) from an energy diagram, the energetic span
model was applied. In this model, the energy separation between the turnover frequency
determining transition state (TDTS, lowest energy intermediate) and turnover frequency
determining intermediate (TDI, transition state that maximizes the energetic span) corrected for

the free energy of the net process if the TDTS precedes the TDI according to Eq. AIIL1 is used.’

TOF = 2% ¢=08/RT (Eq. AIIL1)

SE = { TTDTS - ITDI if TDTS follows TDI }
" A\Trprs — Itpr + AG, if TDTS proceeds TDI

3 Kozuch, S.; Shaik, S. How to conceptualize catalytic cycles? The energetic span model. Acc. Chem. Res. 2011, 44,
101-110.
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For this transformation it was found that the TDTS was oxidative addition of Pd(0) into the
aryl chloride and the TDI was the intermediate following aryl group migration into the Pd-carbene.

The energies used and calculated TOF for the three substrates are summarized in Table AIIL.2.

Table AIIL2. Calculated energies of AG, Erprs, Erpr and OE used for the calculation of relative TOF
presented in Figure 4.8.

ArCl AG

Etprts Etpri SE TOF at T = relative TOF
(kcal/mol)  (kcal/mol) (kcal/mol) (kcal/mol) 373 K (h™)
PhCl -46.402 8.128 -70.557 32.283 3.46x1073 1.0
4-CN-PhCl -47.051 5.119 -70.719 28.787 3.86x10"! 1.1x102
4-OMe-PhCl -46.806 10.915 -70.297 34.406 1.97x10* 5.7x10
AIILS5 Supplemental computational results
i
L=Pd--pn,
cl
TSA1
Cl

~ 108

S L-Pd L-Pd @ T gq W

= L-Pd-tol IA4 £ 0

S o . A5 pgo oW

< 28 . Gl L-Pd—Ph 3

> 0.0 - ol A : .

E) - ‘\ \ Cl /Cl

c TS1 VY L-Pd Cl
& '\ 1A6 | -

g W Ph L-Pd
“q‘) O ' -9.8 TSA2 Ph
E \ ’ =~ IA7
3 L= ! /145 s~

® PCy, ' y -16.5

O -21.9
L-Pd—Cl
Ph
12

Figure AIIL3. Additional details of the oxidative addition; M06-L/def2-TZVP//M06-L/def2-SVP level of
theory.
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Figure AIIl.4. Energy profile for the direct reaction of diazo compound with Pd(0); M06-L/def2-
TZVP//MO06-L/def2-SVP level of theory.

AIIL.6 Spectra of substrates and products

Spectra of substrates and products are freely available in the supporting information for:
Sullivan, R. J.; Freure, G. P. R.; Newman, S. G. Overcoming scope limitations in cross-coupling
of diazo nucleophiles by manipulating catalyst speciation and using flow diazo generation. ACS
Catal. 2019, 9, 5623-5630. Content may be accessed at the following link:
http://dx.doi.org/10.1021/acs.orglett.6b0263 1.
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AIIL7 Energies of calculated structures

Table AIIL3. Energies (in Hartree) for all organic and organometallic compounds and transition states. Epz
and thermal corrections were calculated at the M06-L/def2-SVP level of theory; Erz single point energy
calculations were performed on the M06-L/def2-SVP geometries at the M06-L/def2-TZVP level of theory
with incorporation of solvation energy using the continuous polarization model for toluene.

Energies Thermal Corrections

(T=298.15K,p=1 atm)

Structure Erz Epz Ezpe H G
Organic molecules
N2 -109.55816665  -109.42719129  0.005618 0.008923  -0.012830
PhClI -691.90314419  -691.50908577  0.091114 0.097511  0.062044
4-CN-PhClI -784.17370038  -783.67374057  0.089743  0.097897  0.057361
4-OMe-PhCl -806.45683059  -805.93269845  0.124025 0.132922  0.090862
toluene -271.61989932  -271.33230639  0.127886 0.134964  0.097854
methyl 2-diazopropanoate -416.06634552  -415.59652189  0.104973  0.114874  0.070240
2-diazoacetophenone -419.22197190  -418.77047223  0.143246 0.152955  0.109315
Me 2-Ph-acrylate -537.64882099  -537.06480304  0.177023 0.188758  0.139898
Me 2-(4'-CN-Ph)acrylate -629.92095090  -629.23110151  0.175654 0.189197  0.135754
Me 2-(4'-OMe-Ph)acrylate -652.20399742  -651.49008535  0.209903  0.224088  0.169563
1,1-diphenylethylene -540.81203671  -540.24512970  0.214441 0.226436  0.176792
i-Pr2NH -292.48458393  -292.16815112  0.205386 0.215626  0.172352
i-Pra2NH-HCI -753.32372048  -752.85519750  0.216316 0.228261  0.180256
Organometallic compounds (L = CyJohnPhos)
PhCl + methyl 2-diazopropaoate (R = CO,Me)
L-Pd—tol
» -1674.48021970 -1673.07013584  0.623360 0.656730  0.558172
rao”
Ph -2094.74936770  -2093.23242448 0.585415 0.618070  0.521218
TS1a
L-Pd—Cl
F|>h -2094.80190957  -2093.28180634  0.588455 0.620949  0.525970
12a
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-2510.87488453

-2510.84761272

-2401.39413321

-2401.36344740

-2401.36923457

-1863.70907575

-2156.20319330

-2508.89215461

-2508.86453662

-2399.53768870

-2399.50588228

-2399.51139551

-1862.42700161

-2154.61122866

272

0.694777

0.691563

0.687239

0.683382

0.682935

0.504904

0.712039

0.737652

0.734378

0.727112

0.722655

0.723065

0.532865

0.749459

0.619059

0.615657

0.615482

0.611709

0.609757

0.446834

0.644229



-2156.21786769

PhCI + 2-diazoacetophenone (R = Ph)

-2514.03175530

-2514.01482815

-2404.48268226

-2404.48207734

-2404.55217182

-2404.52278717

-2154.62398231

-2512.06570916

-2512.04883080

-2402.64105596

-2402.63835704

-2402.71200115

-2402.68152806

273

0.716220

0.732370

0.730328

0.722004

0.722108

0.725583

0.721318

0.754504

0.775410

0.772935

0.763096

0.762297

0.765551

0.760973

0.646374

0.656273

0.655845

0.647291

0.649636

0.653925

0.649024



(|3|R Ph

0.762116

0.618792

0.622060

L-Pd—
| -2404.52942256  -2402.68628906  0.721851
H
16b
4-CN-PhCl + methyl 2-diazopropaoate (R = CO,Me, Ar = 4-CN-phenyl, R'= CN)
t
Py
\A’r/ -2187.02669185 -2185.40448543  0.584539
TS1c
L-Pld—Cl
Ar -2187.07690950 -2185.45143601 0.588032
12¢
(|3|
L-Pg R

DY

-2493.66518403  -2491.70459816  0.685358

Rl
15¢

4-OMe-PhCl + methyl 2-diazopropaoate (R = CO,Me, Ar = 4-OMeN-phenyl, R' = OMe)

L—P('<1\C_|It

A/ -2209.30234571  -2207.65579782  0.619270
TS1d
L-Pd—Cl

Ar -2209.35531064  -2207.70566322  0.621923
12d
(|3|

L-Pd R

4

-2515.94927897  -2513.96352920  0.720342

R'
I5d
Additional oxidative addition details
L—Pd
A1 -1402.83660417 -1401.71056490 0.494978

274

0.727208

0.654021

0.656728

0.762719

0.520379

0.648525

0.518508

0.523936

0.611036

0.553769

0.556782

0.646173

0.441043



Cl
L—Pd—\©
IA2

1
L-Pd-_py |

Cl
TSA1

L-Pd—Ph

1A4

-2094.76450199

-2094.74586445

-2094.78013769

-2094.78843398

-2094.79157142

-2093.24977263

-2093.22934160

-2093.26313144

-2093.26523179

-2093.26770446

0.585854

0.586196

0.587559

0.587954

0.588408

0.618842

0.618738

0.620504

0.620092

0.621168

Direct reaction of Pd(0) with methyl 2-diazopropanoate (R = CO,Me)

—pd +
L—Pd N,
R

IA5a

—li

L—Pd'\: :N,
R

TSA3a

L-Pd-N,

R
IA6a

L—Pd

I1A7a

-1818.92094126

-1818.90406327

-1818.92631534

-1709.37754394

-1817.33166099

-1817.30922707

-1817.32765456

-1707.90912365
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0.600532

0.598741

0.599115

0.591879

0.636355

0.634493

0.635618

0.625221

0.521268

0.522023

0.523390

0.524206

0.524207

0.534048

0.531430

0.531145

0.528243



Direct reaction of Pd(0) with 2-diazoacetophenone (R = Ph)

L—Pd N
R -1822.07643815 -1820.50385805 0.638229 0.674257  0.570759
IA5b
mk
L—Pd---N,
\’R -1822.05289864 -1820.47683463 0.637299 0.672919  0.570959
TSA3b
L—Pd
R -1712.53531954 -1711.08271800 0.628499  0.66232 0.563160
IA7b

AIIL.8 Cartesian coordinates of calculated structures

Cartesian coordinates of calculated structures are freely available in the supporting
information for: Sullivan, R. J.; Freure, G. P. R.; Newman, S. G. Overcoming scope limitations in
cross-coupling of diazo nucleophiles by manipulating catalyst speciation and using flow diazo
generation. ACS Catal. 2019, 9, 5623-5630. Content may be accessed at the following link:
http://dx.doi.org/10.1021/acs.orglett.6b0263 1.
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Appendix IV. Supporting information for Chapter 5

AIV.1 Photographs of experimental setup

<
| anETm— -3
—

70 — 000
. 90

4 Fusion 200 &

o

gﬂrs I’lne pump:

Figure AIV.1. Photograph of reactor used for acylation, SxAr, TBS protection, and solvolysis kinetics;
water is drained from the bath for clarity. Out of view: N> cylinder and mass flow controller, step-down

regulator for compressed air, computer to control valves.
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Figure AIV.2. Close-up photograph of reactor coils.
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Figure AIV.3. Photograph of reactor setup used for cycloaddition kinetics. Blue dye (Brilliant blue) added
to aqueous solution for visual contrast. Omitted from image: GC vials and syringes used for reaction

initiation/manual sample collection.
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Figure AIV 4. Close-up photograph of loading coil. Syringe pump connected to 1st shut-off valve to load

slugs then connected to 2nd shut off valve to initiate reactions.

AIV.2 Procedures for batch kinetic experiments
Benzoyl chloride + benzyl alcohol

BusN (5.5)

e D e

5.4

General procedure. Benzoyl chloride (5.3) and hexadecane (59 pL, 0.20 mmol) were made up to
1.00 mL with toluene. Benzyl alcohol (5.4) and BuzN (5.5) were made up to 1.00 mL with toluene.
The two solutions were combined at room temperature and stirred. 15 pL aliquots were taken at
1,2, 3,5, 10, 15, 25 and 40 min which were quenched with 600 uL of 5:1 EtOAc:MeOH and
analyzed by GC-FID.

Reaction 1.0.50 M 5.3 (116 puL, 1.0 mmol), 0.50 M 5.4 (103 pL, 1.0 mmol), 0.60 M 5.5 (286 uL,
1.2 mmol).

Reaction 2. 0.50 M 5.3 (116 pL, 1.0 mmol), 1.0 M 5.4 (207 pL, 2.0 mmol), 0.60 M 5.5 (286 pL,

1.2 mmol).
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Reaction 3. 0.50 M 5.3 (116 pL, 1.0 mmol), 0.50 M 5.4 (103 pL, 1.0 mmol), 1.0 M 5.5 (572 pL,
2.0 mmol).
Reaction 4. 1.0 M 5.3 (232 uL, 2.0 mmol), 0.50 M 5.4 (103 pL, 1.0 mmol), 0.60 M 5.5 (286 pL,
1.2 mmol).

1-Fluoro-4-nitrobenzene + morpholine

DBU (5.9)
/ \ MeCN / \
+
OZNO—F HN O 80 °C OZNO—N 0
5.7 5.8 5.10

General procedure. 1-Fluoro-4-nitrobenzene (5.7) and 1,3,5-trimethoxybenzene (134 mg, 0.80
mmol) were made up to 1.00 mL with MeCN. Morpholine (5.8) and DBU (5.9) were made up to
1.00 mL with MeCN. The two solutions were combined and stirred at 80 °C. 15 pL aliquots were
taken at 2, 4, 6, 10, 15, 30 and 45 min which were quenched by dilution with 700 pL MeCN and
analyzed by GC-FID.

Reaction 1. 0.50 M 5.7 (106 puL, 1.0 mmol), 0.50 M 5.8 (87 pL, 1.0 mmol), 0.50 M 5.9 (150 pL,
1.0 mmol).

Reaction 2. 1.0 M 5.7 (212 pL, 2.0 mmol), 0.50 M 5.8 (87 pL, 1.0 mmol), 0.50 M 5.9 (150 pL, 1.0
mmol).

Reaction 3. 0.50 M 5.7 (106 puL, 1.0 mmol), 1.0 M 5.8 (174 pL, 2.0 mmol), 0.50 M 5.9 (150 pL,
1.0 mmol).

Reaction 4. 0.50 M 5.7 (106 pL, 1.0 mmol), 0.50 M 5.8 (87 puL, 1.0 mmol), 1.0 M 5.9 (300 pL, 2.0
mmol).

TBSCI + 2-iodobenzyl alcohol

I BusN (5.5) |
Bulm (5.13) TBS
TBSCI  + _Bulm (5.13) -
@AOH DCM @A o)
0°C
5.11 5.12 5.14

General procedure. Solutions of TBSCI (5.11) and hexadecane were prepared in DCM
(electrophile solution). Solutions of alcohol 5.12, BuzN (5.5) and Bulm (5.13) were prepared in
DCM (nucleophile solution). For each reaction 250 puL of electrophile solution was combined with

250 uL of nucleophile solution and the reaction stirred at 0 °C. 15 pL aliquots were taken at 2, 4,
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6, 10, 15, 25, 35 and 45 min which were quenched with 600 pL of 5:1 EtOAc:MeOH and analyzed
by GC-FID. It was essential to use a single stock solution of 5.11 to prepare all subsequent
electrophile solutions to obtain best results.

Electrophile solution 1: 5.11 (1.50 g, 10 mmol) and hexadecane (586 pL, 2.0 mmol) was diluted
to 10.00 mL with DCM.

Electrophile solution 2: 0.55 mL of electrophile solution 1 and hexadecane (264 pL, 0.090 mmol)
was diluted to 10.00 mL with DCM.

Nucleophile solution 1: 5.12 (116 mg, 0.50 mmol), 5.5 (143 pL, 0.60 mmol), 5.13 (6.6 puL, 0.050
mmol).

Nucleophile solution 2: 5.12 (117 mg, 0.50 mmol), 5.5 (143 pL, 0.60 mmol), 5.13 (3.3 pL, 0.025
mmol).

Nucleophile solution 3: 5.12 (176 mg, 0.75 mmol), 5.5 (143 pL, 0.60 mmol), 5.13 (6.6 puL, 0.050
mmol).

Nucleophile solution 4: 5.12 (117 mg, 0.50 mmol), 5.5 (238 pL, 1.0 mmol), 5.13 (6.6 uL, 0.050
mmol).

Reaction 1.0.28 M 5.11, 0.25 M 5.12, 0.30 M 5.5, 0.025 M 5.13: 250 uL of electrophile solution
2 + 250 pL of nucleophile solution 1.

Reaction 2. 0.28 M 5.11, 0.25 M 5.12, 0.30 M 5.5, 0.013 M 5.13: 250 pL of electrophile solution
2 + 250 pL of nucleophile solution 2.

Reaction 3. 0.28 M 5.11, 0.38 M 5.12, 0.30 M 5.5, 0.025 M 5.13: 250 uL of electrophile solution
2 + 250 pL of nucleophile solution 3.

Reaction 4. 0.28 M 5.11, 0.25 M 5.12, 0.50 M 5.5, 0.025 M 5.13: 250 pL of electrophile solution
2 + 250 pL of nucleophile solution 4.

Reaction 5. 0.5 M 5.11, 0.25 M 5.12, 0.50 M 5.5, 0.025 M 5.13: 250 pL of electrophile solution 1
+ 250 pL of nucleophile solution 4.
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AIV.3 Batch kinetics data
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Figure AIV.S. Variable time normalization plots for reaction of 5.3 and 5.4. Standard conditions: 0.5 M

5.3,0.5M 5.4, 0.6 M 5.5 in toluene, room temperature.
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Figure AIV.6. Variable time normalization plots for reaction of 5.7 and 5.8. Standard conditions: 0.5 M

5.7,0.5M5.8,0.5 M 5.9 in MeCN, 80 °C.
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Figure AIV.7. Variable time normalization plots for reaction of 5.11 and 5.12. Standard conditions: 0.28
M5.11, 0.25 M 5.12, 0.5 M 5.5, 0.025 M 5.13, DCM, 0 °C.
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AIV.4 Flow kinetic data used to determine reaction orders
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Figure AIV.8. Variable time normalization plots for reaction of 5.3 and 5.4. Standard conditions: 0.5 M

5.3,0.5M 5.4, 0.6 M 5.5 in toluene, room temperature.
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Figure AIV.9. Variable time normalization plots for reaction of 5.7 and 5.8. Standard conditions: 0.5 M

5.7,0.5M5.8,0.5 M 5.9 in MeCN, 80 °C.
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Figure AIV.10. Variable time normalization plots for reaction of 5.11 and 5.12. Standard conditions: 0.28
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Figure AIV.11. Integrated rate law plots for the pseudo-first order ethanolysis of 5.15. Conditions: 0.5 M
5.15, 0.125 M 5.17 in EtOH, 70 °C.
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Figure AIV.13. Initial rate plots. A) Varying concentration of 5.20, B) varying concentration of 5.14, C)

varying concentration of 5.19, D) varying concentration of 5.5. Standard conditions: 50 mM 5.14, 75 mM

5.19, 100 mM 5.5, 3mM 5.20 (prepared from 1.5 mM 5.28, 3 mM 5.29) in THF, room temperature.
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Figure AIV.14. Variable time normalization plots for reaction of 5.22 and 5.23. Standard conditions: 0.75
M 5.22, 0.5 M 5.23 in CHCI3, 70 °C.

AIV.5 Calculated reaction pathway for the C—S cross-coupling reaction

Kinetic experiments identified either thiol deprotonation or reductive elimination as the rate

determining steps of the catalytic cycle. To provide further insight, the reaction pathway for the

cross-coupling of Phl with +-BuSH was calculated (Figure AIV.15). All individual elementary

steps exhibited small activation barriers (< 10 kcal/mol). Only oxidative addition (I2 to I3) and

reductive elimination (I8 to I110) were exergonic enough to be considered irreversible, with all

other elementary steps occurring as rapid, reversible equilibria.
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Figure AIV.15. Energy profile of one catalytic cycle for the cross-coupling of Phl with +-BuSH; M06-
L/def2-TZVP//M06-L/def2-SVP level of theory. Only the lowest energy pathway is shown.

The oxidative addition intermediate I3 was found to be the turnover frequency determining
intermediate! (TDI, i.e., the catalyst resting state), in agreement with the previous *'P NMR
experiments’ and the reaction order of 0 observed for aryl iodide 5.12. Interestingly, it was found
that cis-trans isomerization of 14 to a trans species after oxidative addition was not favorable, (no
stable trans intermediate could be located) presumably due to the steric bulk of the -Bu groups on
the phosphine in close proximity to the metal centre even after rotation of the biaryl group to reveal
a vacant coordination site in I4. Exchange of I" for #~BuS™ by coordination of #-BuSH,

deprotonation and isomerization was slightly uphill by ~5 kcal/mol, with low activation barriers
throughout. Reductive elimination (TS4) was found to the be turnover frequency limiting
transition state (TDTS, i.e., the rate limiting step). The activation energy (energy separating TDI
I3 and TSTS TS4) is illustrated by placing two catalytic cycles consecutively in Figure AIV.16.

For the reductive elimination, it could be envisioned to occur with the ligand in the open

' Kozuch, S.; Shaik, S. How to conceptualize catalytic cycles? The energetic span model. Acc. Chem. Res. 2011, 44,
101-110.

2Xu,J.; Liu,R. Y.; Yeung, C. S.; Buchwald, S. L. Monophosphine ligands promote Pd-catalyzed C-S cross-coupling
reactions at room temperature with soluble bases. ACS Catal. 2019, 9, 6461-6466.
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configuration TS4, or after rotation of the biaryl group to stabilize the vacant coordination site on
Pd (TS6, Figure AIV.17). The activation barrier for ligand rotation was estimated by performing
a potential energy scan of the ligand dihedral angle and was found to be ~13 kcal/mol. This was
greater than the energy barrier for the reductive elimination with the ligand in an ‘open’
configuration (~10 kcal/mol), suggesting that reductive elimination occurs immediately following

cis-trans isomerization of the thiol group to I8 and then ligand rotation occurs from I9 to give 110.
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Figure AIV.16. Energy profile for two consecutive catalytic cycles in the cross-coupling of Phl with #-

BuSH with energies relative to TDI 13; M06-L/def2-TZVP//M06-L/def2-SVP level of theory.

AIV.6 Troubleshooting and limitations

The main limitation of the flow reactor is an inability to handle heterogeneous reaction
mixtures. Solid handling is an inherent limitation of flow in general, although obtaining good
kinetics from heterogeneous liquid-solid mixtures is also problematic in batch since mass transport
plays a significant role in reaction rate and factors such as particle shape and size, agitation, etc.

can change over the course of the reaction.

Liquid-liquid or gas-liquid biphasic reactions also present a challenging due to inability to
control which phase gets sampled. This could be addressed by incorporating a liquid-liquid or gas-
liquid separator respectively before the sampling valve to send only the desired liquid stream for

sampling, then recombining the two phases after the sampling valve before returning to the

residence coil.
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Figure AIV.17. Additional computation details regarding the ligand orientation during reductive
elimination; M06-L/def2-TZVP//M06-L/def2-SVP level of theory. The energy of TS5 was estimated from

the maximum of a potential energy surface scan of the ligand dihedral angle.

Reactions generating gaseous bi-products are also currently a challenge to handle, again due
to lack of control over which phase gets sampled. A gas-liquid separator installed before the
sampling valve to off-gas the solution before sampling on each cycle could address this problem

(no recombination after the sampling valve needed in this case).

There is also an upper limit to the carrier fluid flow rate in order to maintain integrity of the
reaction slug which sets an upper limit on sampling frequency. This was empirically observed to
be ~0.8 mL/min with the current reactor design. Higher flow rates of N» carrier gas resulted in
excessive breaking of the reaction slug due to shear forces along the coil walls and gave a upper
limit of ~1 sample every 90s. Faster sampling could be achieved by decreasing the volumes of the
residence coils, but this would also begin to set a limit on the volume of the reaction slug, and
therefore the number of samples that could be taken. Regardless, achieving sampling rates above
~1 sample / minute would be a challenge and therefore this reactor design is likely not amenable

to extremely fast chemistries. However, extremely fast reactions are ideally suited for steady-state
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flow kinetics experiments, since the time inefficiencies of that strategy are not problematic when
investigating reactions with incredibly short timescales, and therefore we believe these are best

considered complimentary tools.

AIV.7 Calibration curves

3
6 y = 0.00640x + 0.16390 y = 0.00285x - 0.09765
R%=0.99774 R% =0.99914
b T 2
24 2
< <
<€
<, 1
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
C (mM) C (mM)
Figure AIV.18. Calibration curve for benzyl Figure AIV.19. Calibration curve for 4-(4-
benzoate (5.6); 0.1 M hexadecane as internal nitrophenyl) morpholine (5.10); 0.4 M 1,3,5-
standard. trimethoxybenzene as internal standard.
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Figure AIV.20. Calibration curve for tert- Figure AIV.21. Calibration curve for 1-

butyl((2-iodobenzyl)oxy)dimethylsilane (5.14); bromoethylbenzene (5.15); 0.4 M 1,3,5-

0.1 M hexadecane as internal standard. trimethoxybenzene as internal standard.
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Figure AIV.22. Calibration curve for methyl 5- Figure AIV.23. Calibration curve for

norbornene-2-carboxylate (5.24); 0.1 M dicyclopentadiene; 0.1 M hexadecane as internal

hexadecane as internal standard. standard.

AIV.8 Spectra of starting and reference materials

Spectra of starting and reference materials are freely available in the supporting information
for: Sullivan, R. J.; Newman, S. G. Reaction cycling for kinetic analysis in flow. J. Org. Chem,
2020, ASAP, doi: 10.1021/acs.joc.0c00216. Content may be accessed at the following link:
https://doi.org/10.1021/acs.joc.0c00216.

AIV.9 Energies of calculated structures

Table AIV.1. Energies (in Hartree) for all organic and organometallic compounds and transition states:
Ebz and thermal corrections were calculated at the M06-L/def2-SVP level of theory; Erz single point energy
calculations were performed on the M06-L/def2-SVP geometries at the M06-L/def2-TZVP level of theory
with incorporation of solvation energy using the continuous polarization model for THF.

Thermal Corrections
(T=298.15K,p=1 atm)
Structure Erz Epz Ezpe H G

Energies

Organic molecules

toluene -271.6206739 -271.3323151  0.127719  0.134944  0.096017
Phl -529.5707398 -529.3137692  0.089870  0.096724  0.058092
t-BuSH -556.6856135 -556.3831547  0.130282  0.137790 0.100779
EtsN -292.4725907 -292.1551786  0.205427  0.215722  0.171732
EtsN-HI -590.9958862 -590.6486939  0.219175 0.231623  0.179688
t-BuSPh -787.7821525 -787.2365297  0.213448  0.225934  0.176048
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“ Transition state energy estimated from the maximum of a potential energy surface scan of the ligand dihedral angle.

AIV.10 Cartesian coordinates of calculated structures

Cartesian coordinates of calculated structures are freely available in the supporting
information for: Sullivan, R. J.; Newman, S. G. Reaction cycling for kinetic analysis in flow. J.
Org. Chem, 2020, ASAP, doi: 10.1021/acs.joc.0c00216. Content may be accessed at the following
link: https://doi.org/10.1021/acs.joc.0c00216.
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