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Abstract
The Curtius rearrangement of carboxylic acids i in the presence of benzyl alcohol was performed
as a continuous flow process, enabling a safer and easier scale-up process. Inline purification
processes, involving immobilized CALB and a mixture of A-15/A-21, were exploited to afford
clean Cbz-carbamate product ii. An excess of benzyl alcohol was required to drive the reaction to
completion. Therefore, immobilized CALB was employed to chemoselectively transform the
residual benzyl alcohol into easily separable benzyl butyrate iv. To demonstrate the versatility of
the products, the Cbz-carbamate ii was further derivatized into alkylated Cbz-carbamate v and βamino acids vi.
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1.Introduction
Amines and amine derivatives are important functional groups in active pharmaceutical
ingredients (API). With N-H bonds present, hydrogen bonds are commonly formed with a specific
site of a protein target.

[1]

Moreover, amines can be utilized in solubilizing drugs due to their

basicity thereby transforming the drug to be a free base or water-soluble amine salt. Therefore,
amine and amine-derived functionalities are present in a majority of the drugs and effective means
for their generation are of paramount importance.
One important transformation to achieve the introduction of amine functionalities is the Curtius
rearrangement. The Curtius rearrangement transforms a carboxylic acid to an isocyanate
intermediate, which is subsequently quenched by a nucleophile. With the abundance of carboxylic
acid varieties and the ease of transforming them, the Curtius rearrangement is widely used
especially in medicinal chemistry.

1.1. Curtius Rearrangement
In 1890, Julius Wilhelm Theodor Curtius [2] discovered a reaction that transforms an acyl azide 1
into an isocyanate 2 resulting in the release of nitrogen gas. Although utilizing heat to drive the
rearrangement is more common, light also can be used for this purpose. The first light-driven
Curtius rearrangement was reported in 1964 by Walter Lwowski et al. [1, 3] Photochemical reactions
oftentimes provide a driving force for several transformations that are not easily attainable in a
thermal reaction. The resulting isocyanate 2 is subsequently trapped by a nucleophile as shown in
Scheme 1.

Scheme 1. Curtius rearrangement of an acyl azide 1 into an isocyanate 2 by releasing N2 gas,
subsequently trapped by a nucleophile affording an amide 3.
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1.1.1. The Mechanism of the Curtius Rearrangement
Several studies have been conducted to interrogate and explain the mechanism of the Curtius
rearrangement. [4-7] The main debate revolves around whether the reaction occurs in a stepwise or
a concerted manner. In a stepwise manner, the loss of nitrogen gas provides acyl nitrene 4 as the
intermediate followed by the rearrangement to the isocyanate 2. While in a concerted manner, the
loss of nitrogen and rearrangement occur simultaneously, without the formation of acyl nitrene
intermediate 4.
The source of energy applied might affect the mechanism of Curtius rearrangement. In thermal
Curtius rearrangements, the presence of the acyl nitrene 4 has never been confirmed (Scheme 2).
While in photochemical Curtius rearrangements, the reaction has been shown to occur in both a
stepwise manner and a concerted manner (Scheme 3).
Wentrup and Bornemann

[6]

proved the mechanism of photochemical Curtius rearrangement by

reacting benzoyl azide 1 (R=Ph) in an Ar matrix irradiating at 308 nm. Using IR spectroscopy and
GC-MS, they discovered small amounts (< 2%) of phenyl cyanate 5, together with phenyl
isocyanate 2 as the main product. Phenyl cyanate 5 could only be formed if benzoyl nitrene 4 was
formed before. In a similar experiment, the phenyl isocyanate 2 was irradiated in an Ar matrix at
254 nm for 90 mins and 308 nm for 15 mins. The evidence of phenyl isocyanate isomerization into
phenyl cyanate was not observed. Therefore, the phenyl cyanate 5 could only be formed from
benzoyl nitrene 4. It was concluded that the photolysis of benzoyl azide 1 forms benzoyl nitrene 4
as the intermediate, which subsequently rearranges into phenyl isocyanate 2 and phenyl cyanate 5
as the side-product.
In another experiment by Wentrup and Bornemann [6], thermolysis of the benzoyl azide 1 formed
phenyl isocyanate 2 as the only product. The experiment provides convincing evidence that
thermal Curtius rearrangements occur in concerted manner without the involvement of acyl nitrene
intermediate 4.

Scheme 2. Mechanism of thermal Curtius rearrangement in concerted manner.
2

Scheme 3. Mechanism of photochemical Curtius rearrangement, both in a stepwise manner and a
concerted manner.
Several theoretical calculations were performed to determine the activation energy of isocyanate
formation and cyanate formation. Using CASSCF(6,10) and MRD-CI/6-31G(d,p), Fueno et al. [7]
reported that the transition state for HOCN formation from formyl azide is 16.5 kcal/mol higher
than the transition state for HNCO formation from formyl azide. HNCO was also found to be more
stable by 21 kcal/mol compare to HOCN.[7] Similar experiments [4, 5] with different levels of theory
and different phenyl derivatives agree with this result. Therefore, the isocyanate formation is
thermodynamically and kinetically more favorable than cyanate formation. While photochemical
reactions can occur on exited state surfaces to overcome the higher activation energy, the thermal
Curtius rearrangement occurs in the ground state and thus is more likely to form isocyanate.
With the advancement of ultrafast spectroscopy, matrix-isolation spectroscopy, and quantum
chemical calculation, analysis of photolytic Curtius rearrangement becomes possible. The analysis
of the acyl azide photolytic reaction indicates that the reaction begins with the excitation of acyl
azides to the S1 state. The reaction is followed by three competing processes: the internal
conversion to the ground state S0, the transformation to acyl nitrenes and N2, and the concerted
rearrangement to isocyanate and N2 in the excited state. The latter process is preferred compared
to the other processes due to the significant Gibbs free energy difference.

[8]

In more recent

experiments, the formation of acyl nitrenes has been observed. The photolysis of acyl azides, such
as FCON3,[9] CF3CON3,[10] CH3OCON3,[11] H2NCON3,[12] and C4H4NCON3

[8]

in cryogenic

matrices allowed the acyl nitrene intermediates to be identified.
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To confirm the mechanism of the pyrroyl azide 6 photolysis reaction, the energy profile of the
rearrangement in both a concerted and a stepwise manner was calculated at the CBS-QB3 level.
[8]

The activation barrier to form pyrroyl nitrene 7 in stepwise manner was 2.5 kcal/mol higher than

the activation energy to form pyrroyl isocyanate 8 directly. Additionally, the observed IR spectra
of the pyrroyl azide 6 and pyrroyl nitrine 7 are consistent with the computational calculated
vibrational data. Therefore, photochemical Curtius rearrangements occur mainly through a
concerted mechanism, with only a negligible portion of it in a stepwise manner involving an acyl
nitrene intermediate resulting in a small amount of unwanted cyanate. In conclusion, the
mechanism of thermal Curtius rearrangement occurs in concerted manner.

Scheme 4. Calculated relative Gibbs free energy profile (kcal mol-1, including zero-point
vibrational energy correction) for the pyrroyl azide 6 photolysis reaction at the CB3-QB3 level.[8]

1.1.2. General Procedures for the Curtius Rearrangement
The Curtius rearrangement is the rearrangement of an acyl azide into an isocyanate. The presence
of heat or light is needed for the rearrangement to occur. Table 1 summarizes several common
routes to synthesize the starting acyl azide species.
To use sodium azide as a cheap and readily available azide source, the carboxylic acid needs to be
activated first. The activation of carboxylic acid is achieved by converting the carboxylic acid into
4

an acyl chloride

[13-15]

or an acyl anhydride

[16]

(Table 1, entry 1). An alternative approach to

activate the carboxylic acid is by the reaction of the carboxylic acid with phosphonitrilic chloride
trimer (PNT) in the presence of N-methylmorpholine (NMM) at 0-5 oC. (Table 1, entry 5). The
reaction of a carboxylic acid, hydrazide, and nitrous acid also forms an acyl azide. (Table 1, entry
2) All of the reactions mentioned above are two-steps reactions.
Preparation of acyl azide with diphenylphosphoryl azide (DPPA, 10) in the presence of base allows
for a one-pot reaction at room temperature (Table 1, entry 3). DPPA 10 is commercially available
or can be prepared with ease by reacting diphenylphosphoryl chloride 9 with a slight excess of
sodium azide (Scheme 5). Due to its convenience and availability, this method typically is the
method of choice for acyl azide synthesis including in this work.
The reaction of a carboxylic acid with triphenylphosphine (PPh3) and sodium azide in
trichloroacetonitrile also provides a one-pot reaction preparation of acyl azide (Table 1, entry 4).
However, this approach requires more reagents and generates more waste. Transforming an
aldehyde to an acyl azide can be achieved in similar manner. The aldehyde is firstly transformed
to an acyl chloride by an oxidation reaction with t-BuOCl, followed by the reaction with sodium
azide to form an acyl azide (Table 1, entry 6).
Table 1. Common Routes to Synthesize Acyl Azide
No
1

Starting Material
Carboxylic acid

Reagents

Reference

1. SOCl2 [13], (COCl)2 [14], phenyl dichlorophosphate

[13-17]

[15]

, halogen ester, or triphosgene [16]

2. NaN3 or TMSN3 [17]
2

Carboxylic acid

1. Hydrazide (RNHNH2)

[13]

2. Nitrous acid (HNO2)
3

Carboxylic acid

Diphenylphosphoryl azide (DPPA), Et3N

[18]

4

Carboxylic acid

CCl3CN, triphenylphosphine (PPh3), NaN3

[19]

5

Carboxylic acid

1. Phosphonitrilic chloride trimer (PNT)

[20]

2. NaN3
6

Aldehyde

t-BuOCl, NaN3

[21]

5

Scheme 5. (a) The preparation of diphenylphosphoryl azide 10 from diphenylphosphoryl
chloride 9 and sodium azide. (b) The synthesis of acyl azide 1 with DPPA 10.
1.1.3. Alternative Reactions
Beside the Curtius rearrangement, there are several approaches for the synthesis of amines and
amine derivatives from carboxylic acids and their derivatives. The main difference between these
approaches is the leaving group attached to the nitrogen atom prior the rearrangement to the
isocyanate. In the case of the Curtius rearrangement, water should not be produced which could
react further with the isocyanate intermediate forming amine 13 and urea products 14 (Scheme 6).

Scheme 6. The formation of amine 13 and urea products 14 from isocyanate intermediate 2 in
the presence of water.
1.1.3.1. Schmidt Reaction
This acid-catalyzed reaction transforms a carboxylic acid and its derivatives into an amine or
its derivatives. The mechanism

[22]

begins with the protonation of a carboxylic acid 11,

followed by the leaving of a water molecule and the addition of hydrazoic acid. Nitrogen gas
is released by heating the reaction mixture, forming a protonated isocyanate intermediate 18
(Scheme 7). The isolation of isocyanate intermediate in this reaction is not trivial. The
presence of water in the reaction causes the isocyanate intermediate 2 to hydrolyze readily
into an amine 13.

6

Scheme 7. Mechanism of Schmidt reaction.
1.1.3.2. Hofmann Rearrangement
The Hofmann rearrangement transforms a primary amide 20 into an amine 13 with one less
carbon atom in the presence of bromine or chlorine. [23] In basic conditions, the nitrogen atom
sequentially loses a proton, undergoes bromination, and loses another proton. The negative
charge delocalizes to the oxygen atom of the carbonyl, causing the rearrangement and the
leaving of bromide (or chloride) ion and eventually forms the isocyanate intermediate 2
(Scheme 8). In the presence of water, the isocyanate intermediate 2 is readily hydrolyzed into
an amine 13.

Scheme 8. Mechanism of Hofmann rearrangement

7

1.1.3.3. Lossen Rearrangement
The Lossen rearrangement transforms a hydroxamate ester 24 into an isocyanate intermediate
2 under basic conditions. The isocyanate intermediate 2 eventually hydrolyzes into an amine
13. Similar to the Hofmann rearrangement, a proton at the nitrogen atom will be abstracted by
the base to make the rearrangement possible. The carboxylate ion 26 will leave as the leaving
group in the process. The mechanism [24] is shown in Scheme 9.

Scheme 9. Mechanism of Lossen rearrangement.
1.1.4. Features of the Curtius Rearrangement
There are several important features of the Curtius rearrangement that distinguish it from others:
(1) In general, the Curtius rearrangement is a concerted intramolecular rearrangement. [1] (2) This
reaction is an important reaction for the synthesis of a chiral compounds, since it retains the
stereochemical configuration of the migrating group.

[1]

(3) The kinetics of the reaction are first

order. [1] (4) For thermal Curtius rearrangements, there are no nitrene or free radical intermediates
involved in the reaction, hence few side-products are created. [25]
Despite the wide implementation, the Curtius rearrangement in most batch process oftentimes
requires several hours to reach completion due to its high activation energy. Moreover, the
production of acyl azide and isocyanate intermediates via toxic azide species requires specific
safety precautions as these high-energy species possess risks such as likely explosion.
Additionally, this reaction is highly exothermic and releasing N2 gas in the process, therefore is
not suitable for a large-scale batch reaction. To perform the reaction in a faster and safer manner,
continuous flow processes have been favored over the last decade.

8

1.2. Continuous Flow Processing
For the last 20 years, the number of continuous flow processes implemented for synthetic
chemistry has increased rapidly. It offers better mixing, more efficient heat transfer, and easier
scale-out compared to analogous reactions in batch mode. [26] As a result, authors frequently report
higher yields for reactions run via continuous flow processes. However, not all reactions are
suitable to be executed in continuous flow fashion, such as reaction that produces solid
intermediate or product,
1.2.1. Benefits of Continuous Flow Chemistry
Continuous flow processing means that a reaction is conducted in a tube or micro-chip
(microfluidic system). Due to the small size of tubes or chips and its continuous manner,
continuous flow processes offer a lot of advantages over the reaction in batch. The abilities to
monitor the reaction and adjust many parameters cause continuous flow process to be superior
compared to batch mode, yet time-consuming to develop. Therefore, it is important to compare
the benefits offered to the convenience and the aims of certain reactions. [26]
1.2.1.1. Safety
In a continuous flow process, it is possible to work with very small quantities of reagents,
especially in chip reactors, making it suitable for handling hazardous reagents and
intermediates. Moreover, the risk of spillage and exposure to hazardous reagents is lower in
continuous flow process due to its self-contained nature.
Its small size and large surface area allow more efficient heat exchange, which is favorable
for highly exothermic reactions (heat dissipation) and for highly endothermic reaction
(controlled heat input). A highly exothermic reaction produces heat that leads to the rise of
temperature and reaction rate. Therefore, quick cooling is required to prevent the formation
of side-products, rapid boiling solvent, or even explosion. In microfluidic systems, large
surface area allows the solution to cool faster.
For reactions with high energy barriers, increased temperature is needed to accelerate the rate
of reactions. It limits the choice of the solvent, since using low boiling point solvents is not
feasible to achieve fast reactions. In batch, it is usually overcome by running the reaction via
a condenser or in a sealed vessel to achieve high pressure. In flow, pressurized conditions can

9

be introduced safely to allow the use of low boiling point solvents. This means a broader range
of solvents are available for allowing better options for solubility, safety, and price.
One important feature exclusively characterizing a microfluidic system is its excellent control
of temperature. Its large surface-to-volume ratio allows rapid heating and cooling. Therefore,
it provides better control and pertains a small temperature gradient when heating or cooling is
introduced. This is crucial to minimize the formation of side-products and improve reaction
profile.
1.2.1.2. Mixing, Reaction Rate and Selectivity
Batch and continuous flow processes are characterized by different mixing regimes. Mixing
affects the conversion and the selectivity of a reaction. In batch, mixing primarily occurs by
diffusion

[27]

and is accelerated by stirring. The size of the vessel is proportional to the

diffusion time. Even with a small vessel, the diffusion time is larger compared to the diffusion
time in continuous flow.
In flow, the diffusion time is much shorter due to the small size of tubes or chips, hence
achieves faster mixing. High intensity mixing can only be achieved by using inline mixers.
[26]

Inline (or static) mixers provide more obstacles inside the tube to create turbulence, thus

improve the mass transfer.
For a high exothermic reaction, fast mixing is very important to achieve homogeneity before
the reaction happens. Slow mixing may allow the product to further react with the remaining
reagent, hence introduce side-products. Furthermore, the heat generated can be easily
controlled due to the large surface area. A continuous flow process offers more efficient heat
exchange, improved mass transfer, and better safety compared to batch.
1.2.1.3. Multiphasic System
In general, multiphase systems can be classified into liquid-liquid systems, gas-liquid
mixtures, and solid-liquid reactions. For a liquid-liquid system, a phase-transfer catalyst
(PTC) and/or better stirring are commonly used to combat poor mixing in batch mode. In a
continuous flow process, the improved surface-area-to-volume ratio and small reactor size
allows large interfacial area, hence improving mixing. Furthermore, the introduction of inline
mixers will further increase the interfacial area and the reaction rate.
10

Typically, a gas-liquid reaction is a very atom economical reaction, but in batch, gas is added
in large excess due to the poor phase mixing. The implementation of gas-liquid reactions in
microfluidic systems benefits from the large surface area to volume ratio and the elimination
of headspace, thus increases mass transfer. Pressurized systems can be further applied to
increase the solubility of gas in solution (Henry’s law). Moreover, a flow system allows for
the control of gas stoichiometry and more convenient quenching and dispensing of toxic gases.
Heterogenous reactions (solid-liquid) is appealing as the separation is straightforward. Most
of these applications in industry are based on using heterogeneous catalysts.

[26]

In a

continuous flow process, a packed-bed reactor is usually adopted to introduce the solid
reagent. Packed-bed reactors permit higher concentration of catalyst and less exposure to the
environment, thus improving the lifetime of the catalyst. However, heterogenous catalysts
might lead to catalyst leaching making it less suitable for long-time continuous flow
applications.
1.2.1.4. Photochemical and Electrochemical Reactions
Both photochemical and electrochemical reactions utilize photons or electrons as the reagent
equivalent in the reaction. With its small dimension, a continuous flow process provides more
efficient and homogeneous irradiation to the system. Additionally, it is more convenient and
reproducible to do scale-up in flow.
Photochemistry occurs when photons (light) are used as the source of energy for the reaction.
The Beer-Lambert-Bouguer law states that attenuation of light is proportional to the length of
light path. Even for reaction in a 1 mL vial, most of the reaction mixture is not irradiated well,
especially at the center of the reaction mixture. In continuous flow process, the small diameter
of tubing (< 1 mm) assures the reaction mixture receives better irradiation. [26]
Electrochemistry employs electrons from the electrodes to perform a redox reaction.
Electrochemistry works under mild conditions and gives the desired product typically with
high chemoselectivity. Scaling electrochemistry in batch is not a trivial issue due to the heat
formation and the high cell resistance caused by the inter-electrode gap. [26] Therefore, scaling
electrochemistry in batch results in ineffective and unselective reactions.

[28]

In batch, a heat

exchanger (fluid passing over the surface) is utilized to mitigate the undesired heat formation.
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Additionally, the formation of gas in the system will reduce the conductivity and the
performance of the reaction.
In contrast, the setup of a microfluidic system itself is a heat exchanger, thus providing better
temperature control. With its small size, the supporting electrolytes are often no longer
required. Moreover, the gas formation in the tube will create a gas-liquid slug, which increase
the mass transfer hence improves the result. [29] At last, continuous flow processing provides
for reactions with higher yield and selectivity, inherent consistency hence reproducible, lower
cost and time, and increased sustainability.
1.2.2. The Components of Continuous Flow System
There are 6 basic components to build a continuous flow system. It consists of fluid and reagent
delivery unit, mixer, reactor, quencher, pressure regulator, and collection unit (Figure 1). Every
part is connected by standardized connections to allow each part to be interchangeable. The
connection consists of nuts and ferrules to assure secure connection to each other. The same
connections are also used for standard HPLC equipment, therefore the component parts are readily
available.

Figure 1. Basic components of continuous flow system: (1) fluid and reagent delivery unit; (2)
mixer; (3) reactor; (4) quencher; (5) pressure regulator; and (6) collection unit.
1.2.2.1. Fluid and Reagent Delivery
The ability to accurately control the movement of reagents is important to regulate the
stoichiometry and the residence time of a reaction. Pressure-driven flow techniques
(hydrodynamic pumping) is used to create pressure difference between the inlet and outlet of
the reactor unit.

[30]

The difference is needed to surpass the pressure set by the pressure

regulating unit.
12

For liquid delivery, there are three different pumps that are commonly used depending on the
flow rate, the pressure, and the nature of liquid phase (Figure 2). HPLC pumps are suitable
for a reaction with low to high pressure, flow rate of > 0.1 mL/min, and non-volatile solvent.
The HPLC pump with single piston reciprocating is cheaper and has higher periodic pressure
pulses compared to HPLC pumps with double pistons. Therefore, a double-piston
reciprocating HPLC pump is better for a reaction that requires high mixing, due to its lower
periodic pressure pulses.
For a reaction with lower flow rate and low pressure, a syringe pump is commonly used. The
simplest form of a syringe pump only consists of one syringe, thus has predefined volume and
limits both the time and the scale of operation. Another version of a syringe pump set-up
consists of two syringes, one syringe delivers the liquid into the system, while the other
simultaneously being refilled. When the former syringe has delivered all the liquid, the latter
syringe will do the delivery while the former syringe is being simultaneously filled. Therefore,
this type of syringe pump allows for a fully continuous process.
Since both HPLC and syringe pumps are in direct contact with the liquid, fouling and blocking
may occur. These problems are less likely to be encountered in peristaltic pumps since the
main part of peristaltic pump does not have any contact with the liquid. Peristaltic pumps
comprise of a central rotor which presses on a flexible tube to force the liquid to move.
Additionally, a peristaltic pump is capable to pump well-suspended slurries. [31] It provides an
alternative for reactions with slightly insoluble reagents.
In all hydrodynamic pumps mentioned above, the fluid moves faster in the middle of the tube
than on the tube’s wall. It leads to a distribution of the residence time. [26] Also, they are not
suitable for moisture- or oxygen-sensitive reagents, because the reagent might receive some
exposure to air. Sample loops are often integrated using 6-way valves to feed the sample
without the contact or exposure to air. [32]
For gas delivery, a gas cylinder is connected to the flow reactor via a pressure regulator. To
achieve more accurate flow rates, thermal mass flow controllers (MFC) are often utilized.
MFC adjust the flow rate via heat transfer phenomena.

[33]

Solid delivery is usually avoided

due to the complexity. Using a packed bed column is a more common approach to include
solid reagents or heterogeneous catalyst.
13

Figure 2. Hydrodynamic pumps commonly used in continuous flow process. (a) HPLC
pump. (b) Single syringe pump. (c) Peristaltic pump. [26]
1.2.2.2. Mixer
Mixing highly influences the yield and the selectivity of a reaction, especially in case of a fast
reaction. There are two types of mixing, active mixing and passive mixing. [34] Active mixing
applies external energy to improve the mixing process, such as ultrasonication, mechanical
agitation, and magnetic stirring. Active mixing is often utilized to avoid clogging when solids
are generated during the mixing process. Passive mixing is proportional to the fluid properties,
the pumping speed, and the physical path of the fluid. The latter factor is mostly modified to
improve passive mixing.
For a slow reaction, a simple T- or Y-shaped mixer is sufficient to ensure enough mixing
before the reaction occurs. For a fast reaction, a specialized micromixing unit (static mixer) is
required. [35] A T-mixer with very small inner diameter combined with high flow rates could
increase the mixing outcome, but would also result in a higher pressure drop.

[36]

To obtain

more efficient mixing, the streams of reagents are carried through the static mixer with
microstructured obstacles inside. Multi-lamination mixers operate by splitting the reagents
into a larger number of small streams and then combining them. Multi-lamination mixers
increase the interfacial area and lead to a better mixing process. [34]
For biphasic liquid/liquid reactions, the same T- or Y- shaped mixer is commonly used. For
biphasic liquid/gas reactions, specialized units such as falling-film microreactors and more
popular gas-permeable membrane reactors (Figure 3) are required.

[37]

The latter technique
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(tube-in-tube) exploits gas permeable membranes which allow only gaseous reagents to pass.
But its application is limited due to low gas loading, insufficient radial mixing, and heating
characteristics. [38]

Figure 3. Schematic view of gas permeable membrane tube (tube-in-tube). [26]
1.2.2.3. Reactor Unit
This unit is the part where a reaction occurs. There are three main types of reactor units: chipbased, coil-based, and packed bed reactor units (Figure 4). Different reaction characteristics
benefit from different types of reactors and materials. Heating and cooling of reactions can be
achieved conventionally by submersing the reaction unit in a cooling/heating bath.
Alternatively, cryogenic cooling units, microwave irradiation, and conductive heating
techniques can be used to achieve the desired temperature. [39] Light transparent material and
light source are essential to run a photochemical reaction. [40] A specialized reactor is required
for electrochemical reactions. [41]
1.2.2.3.1. Chip-Based Reactor Unit
Due to its small size compared to the other type of reactors, a chip-based reactor unit offers
the best heat transfer efficiency.

[42]

But chip-based reactor units come with several

drawbacks: it provides small amount of output, has high tendency to clog, difficult to
mount, and it is costly. The consideration of reactor material depends on the chemicals
used. Each material has different chemical compatibility. The advances of 3D printing
allow for more effective and more efficient fabrication of the reactor. Also, a mixing unit
is often included in a chip-based reactor unit. [26]
1.2.2.3.2. Coil-Based Reactor Unit
Despite its excellent heat transfer, the cost and the scale of reaction hinders chip-based
reactor units to be used in regular manner. With higher throughput and lower cost, a coilbased reactor unit is more common for laboratory use. There are variations on tubing size
and material. In general, the tubing’s outer diameter ranges from 1/8” to 1/16” and the inner
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diameter can be as small as 0.01”. Each material serves a different purpose, it depends on
the pressure, the temperature, and the nature of the chemicals involved in the reaction.
Tubes are often made of inert fluoropolymers (PTFE, PFA, and FEP) and suitable for
reactions at low temperature and low pressure (< 50 oC, < 5 bar) and reactions containing
corrosive reagents. At elevated temperature and pressure (> 150 oC, > 20 bar) some
reagents might not be compatible with the material. A simple solution is the application of
pressure-resistant stainless steel (SST) tubes. FEP with its excellent transmission properties
is ideal for photochemical reaction, [40, 43] which is not the case for PTFE and PFA.
It is important to check the chemical compatibilities of tube materials toward the reagents
used. The chemical compatibility guide is usually provided by the manufacturer. Using
incompatible chemicals can affect the strength, flexibility, surface appearance, color,
dimensions, or weight of the tube. Moreover, external factors, such as elevated temperature
and pressure can affect the chemical resistance properties.
For a reaction with corrosive reagents at high temperature and high-pressure conditions, a
special steel alloy (Hastelloy) needs to be used for this specific application.

[26]

The

temperature of the reactor can be controlled by submerging it in a cooling or heating bath
or by mounting it on a dedicated thermostatic unit. To run photochemical reactions, the coil
is wrapped around the light source or placed next to the light source. [43]
1.2.2.3.3. Packed Bed Reactor Unit
Packed bed reactor units are commonly used for heterogeneous catalysts or reagents. [44, 45]
Until recently, packed bed reactors filled with inert material have also been used as a
mixing unit of biphasic liquid-liquid system. [46] It is defined as volume of solid materials
embedded between the filter unit. Depending on the application, the column or the cartridge
can be made of glass, polymeric materials, or stainless steel.
The size of the solid particles is important. Big particles have lower surface to volume ratio
compare to small particles. Therefore, the mass transfer and conversion might not be
sufficient. Packed bed reactor units may suffer from uncontrolled fluid dynamics and low
heat transfer due to lower surface to volume ratio than the other reactor units. The
advantage of this type of reaction is the high effective molarity of catalyst/reagent, hence
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decreasing the reaction time. Moreover, the separation step is not needed since the solid
particles are trapped within the filter unit.

Figure 4. Chip-based, coil-based, and packed bed reactor unit for flow chemistry. [26]
1.2.2.4. Quenching Unit
Quenching of residual reagents and reactive species is essential to accurately control the
reaction time. [26] Moreover, the product may react further and lead to the formation of sideproducts if it is not quenched. Different chemical reactions and flow processes may need
different quenching strategies.
1.2.2.5. Pressure Regulating Unit
The ability to regulate the pressure of a reaction is important for a reaction. Elevated pressure
allows a reaction to be performed at temperature higher than the atmospheric boiling point of
the solvent. Additionally, the solubility of gas is proportional to the pressure of the system.
Therefore, it is beneficial to conduct the reaction at high pressure.
Pressure regulating units govern the pressure of a reaction in continuous flow processes.
Beside the advantages mentioned above, a pressure regulating unit permits better control and
improved reaction rate when there is gas in the reaction. [47]
There are two types of BPR, preset BPR and adjustable BPR (Figure 5). Preset BPR operates
at a designated pressure value. The fluid can only pass through the spring-loaded BPR if there
is enough pressure generated to cause opening. Adjustable BPRs use a diaphragm to set the
pressure that needs to be overcome by the fluid. [26]

Figure 5. Types of back pressure regulators. (a) Preset BPR. (b) Adjustable BPR. [26]
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1.2.2.6. Collection Unit
The final mixture is usually collected in a flask. Off-line purification and analysis can be
performed once the final mixture is fully collected in the collection unit. However, in-line
purifications and in-line analyses are commonly adopted to allow multi-step continuous flow
processing.
1.2.2.7. Optional Unit
The final mixture can be analyzed and purified either off-line or in-line. Offline analysis and
purification are done after the final mixture is collected in a flask. In-line analysis and
purification are connected directly to the system and do not require manual transfer. Any nondestructive and “real-time” analytical method, such as FTIR, Raman, UV-vis, and NMR
spectroscopy, can be integrated to the system and used for inline analysis.
There are several inline purification methods. First, liquid/liquid inline extraction using a
hydrophobic membrane to separate two non-miscible liquids.

[48]

separation using a tube-in-tube device connected to a vacuum line.

[49]

Second, gas/liquid
Third, packed bed

reactor filled with scavenger resins to remove excess reagents or impurities.

[50]

The type of

scavenger depends on the type of purification needed. There are still much more advanced inline purification techniques that can be exploited, such as solvent switching [51-53] (Figure 6),
moving-bed chromatography [54-56], and continuous crystallization [56-58].

Figure 6. Membrane-based liquid-liquid separator for solvent switching [53]
1.2.3. Curtius Rearrangements in Continuous Flow Processes
Continuous flow processing offers superior safety and improved results for several types of
reactions. Therefore, implementing Curtius rearrangements in continuous flow processes allows
for safer conditions, improved yields, and shorter reaction times. It provides better handling of the
potentially explosive and toxic intermediates: acyl azide and isocyanate. Additionally, scaling up
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a Curtius rearrangement in a continuous flow process is more feasible due to the safety issues. For
instance, Marsini et al. has successfully executed a Curtius rearrangement in continuous flow
process as part of a CCR1 antagonist synthesis on 40 kg scale with 80% isolated yield.

[59]

To

achieve this large scale, a 420 mL tube-in-tube heat exchanger reactor was utilized. Furthermore,
only 1.01 equivalents of DPPA were required to obtain this result.
Jensen et al.

[60]

first demonstrated the Curtius rearrangement to synthesize carbamates 31 in a

multistep continuous flow process (Scheme 10). The microfluidic system consisted of three
microchips and one separation unit. The first reactor allows the formation of benzoyl azide with a
residence time of 200 minutes and gave 98% conversion. A liquid-liquid separator separates the
aqueous solution from the organic solution. The organic solution was passed through the second
microchip to produce phenyl isocyanate 29 at 105 oC. To speed up the rearrangement, 12.3 mg of
H-mordenite solid acid catalyst (HS-690, Wako Chemicals) was loaded to the second microchip
to afford 99% conversion in a residence time of 60 minutes. Neat phenyl isocyanate 29 was
acquired by evaporating the toluene (b.p. 108 oC), which has a lower boiling point than the phenyl
isocyanate (b.p. 167 oC). The isocyanate intermediate and the alcohol was pumped to the third
microreactor to obtain the carbamate 31 with 96-99% yield depending on the alcohol used. The
productivity of carbamate 31 synthesis ranged from 80 to 120 mg per day. The reaction was run
for 6-7 days until all the reagents were used.

Scheme 10. Reaction scheme for the synthesis of carbamates 31 by Curtius rearrangement with
micro-chip reactors. [60]

19

Ley et al.

[61]

reported the use of an azide monolith as the azide ion source in a continuous flow

process (Scheme 11). The acyl chloride 32 was injected through the sample loop as a 1 M solution
in acetonitrile. Passing through the azide monolith allows azide ion exchange on the acyl chloride
32 to form an acyl azide. The column of dehydrating agent removes any water left in the solution
to assure no amine or urea side-product forms. The Curtius rearrangement occurs in the 10 mL
coil reactor at 120 oC with a residence time of 20 minutes. The back-pressure regulator allows the
reaction to be conducted above the boiling point of the solvent. The isocyanate intermediate was
collected in a microwave vial with prior addition of nucleophile 33 and was subsequently irradiated
at 100 oC for 10 minutes to ensure the reaction between the isocyanate 2 and nucleophile 33 is
complete. The carbamate product 3 is obtained in good yield and excellent purity (> 95%). The
productivity of the reaction is 1 mmol/ 1.5 hour.

Scheme 11. Curtius rearrangement in continuous flow process with azide monolith as the azide
ion source. [61]
In another report, Ley et al.

[62]

performed Curtius rearrangements in a continuous flow fashion

with the integration of inline purification (Scheme 12). DPPA 10 was employed as the azide
source. It was mixed in a T-mixer with a stream of carboxylic acid 11, triethylamine 34, and a
nucleophile 33 before entering the coil reactor. The 10 mL reactor coil was heated to 120 oC to
ensure the completion of the rearrangement. The resulting isocyanate intermediate was trapped by
the nucleophile 33, producing carbamate 3 or amine derivatives. A column of A-21 resin (base
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equivalent) and A-15 resin (acid equivalent) were integrated to scavenge the diphenyl phosphate,
the remaining carboxylic acid 11, and the residual triethylamine 34.
This procedure allows for the generation of wide range of carbamates, ureas and semicarbazides
in high yields (75-95%) and excellent purities (> 90%). Several modifications were made to
achieve good results for the synthesis of the Boc-protected anilines and mixed semicarbazide
adducts. The reactions were carried out on a 1-5 mmol scale. However, larger scale up has been
successfully performed to achieve up to 25 g of product with an average yield of 75%.

Scheme 12. Curtius rearrangement with DPPA 10 as the azide source and the integration of
inline purification process in continuous flow process. [62]
Born et al. [63] demonstrated a continuous, on-demand generation of DPPA, 10 (Scheme 13). The
diphenylphosphoryl chloride (DPPCl, 9) in toluene was mixed with an aqueous solution of sodium
azide 28 before passing through the reactor. Tetra-n-butylammonium bromide (TBAB, 35) - a
phase-transfer catalyst - was introduced to provide better mixing. A liquid-liquid separator unit
separated the aqueous phase from the product solution. An in-line IR spectrometer was integrated
to allow direct analysis of the DPPA product 10. This procedure can produce 1 mol of DPPA 10
every hour.
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Scheme 13. A continuous and on-demand generation of DPPA 10. [63]
A semi-continuous flow synthesis of thieno[2,3-c]isoquinolin-5(4H)-one 40 with Suzuki coupling
and Curtius rearrangement was reported by Filipponi et al.

[64]

(Scheme 14). The mixture of 3-

bromothiophene-2-carboxylic acid 36 and Pd(PPh3)4 catalyst in THF-PEG-400 was mixed with an
aqueous solution of phenylboronic acid 37, NaOH, and TBAB 35. The mixture was reacted in a
10 mL reactor coil at 173 oC. A petroleum ether stream (PET, 38) was added to remove the apolar
impurities. The solution was passed through a column of sand to improve the extraction and
collected in a separating funnel. The aqueous phase was acidified, and the resulting solid was
filtered to afford 3-phenylthiophene-2-carboxylic acid 39.
The 3-phenylthiophene-2-carboxylic acid 39 and triethylamine 34 were dissolved in 1,2dichlorobenzene and mixed with DPPA 10. Two 10 mL reactor coils maintained at 25 oC and 235
o

C assure the formation of azide compound and the Curtius rearrangement cyclization process

respectively. Two BPRs were integrated to keep the solution in the liquid phase. The resulting
thieno[2,3-c]isoquinolin-5(4H)-one 40 (2.7 g) was collected and further purified by flash
chromatography to achieve 50% overall yield.
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Scheme 14. Reaction scheme of continuous flow synthesis of thieno[2,3-c]isoquinolin-5(4H)one 40. [64]
It is clear that performing high-energy Curtius rearrangements in a continuous flow process
benefits from the ability to conduct this reaction safely, with the integration of in-line purification
processes, and the ease of scale-up. Additionally, the ability to run the reaction across a number of
starting materials, azide sources, and nucleophiles makes this reaction easily applicable in various
settings.

1.3. Biocatalysts in Continuous Flow Processes
Continuous flow processing offers more effective mass transfer and more efficient heat transfer,
which result in improved yields and selectivity, better safety, and easier scale-out. Biocatalysts
allow a reaction to run under mild condition with higher selectivity. Combining biocatalysts with
continuous flow processing therefore has the potential to enhance a given reaction further.
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In general, biocatalysis is categorized as either whole cell or purified enzyme biocatalysis. The
former biocatalysis uses the whole organism, [65] it requires the substrate to enter the cell to react
and the product to exit the cell after the reaction. The latter approach uses only the enzyme without
the cell present. It is usually obtained via bacterial expression in E. coli or yeast or mammalian
cell lines. [66] The enzyme is extracted from the cell and then purified through chromatography or
precipitation.
Whole cell biocatalysis provides a less expensive method compared to the purified protein
biocatalyst. Performing the reaction in the cell means no additional co-factor is required, since it
is contained within the cell. Additionally, it retains the favorable environment of the enzyme. [67]
Despite the advantages, the reaction rate is often slower than the reaction with purified biocatalysts,
[68]

as the substrate must penetrate the cell membrane to perform the reaction and the product needs

to leave the cell membrane as well. With the presence of other enzymes in the cell, side reactions
may occur and decrease the product yield.
The purified enzyme biocatalyst offers specific catalytic properties toward specific substrates, thus
minimizes side-product formation. The reaction rate is higher than the whole cell approach,
because of higher concentration of the enzyme and easier access of the substrate to the enzyme’s
active side.

[69]

The purification process and the need of co-factor can cause the cost of this

approach to be higher. Additionally, not all enzymes retain activity outside the cell.
Immobilization of an enzyme is the process of attaching the enzyme to a support. It permits the
utilization of enzymes as a heterogenous catalyst. Immobilized enzymes can be easily separated
through filtration, thus increasing the ease of purification. Additionally, immobilized enzymes can
be used several times without the loss of activity.
In general, there are three types of immobilization strategies: cross-linking, encapsulation, and
binding to supports (Figure 7).

[70]

The first approach uses a cross-linking agent (e.g.

glutaraldehyde) to immobilize the enzyme. The cross-linking approach is often avoided because it
is a tedious procedure and it often results in poor activity of the enzyme. [70]
The encapsulation strategy traps the enzyme into a caged network (such as a polymer) via covalent
or non-covalent interactions. Despite the ease of preparation, it is prone to leaching and has low
activity. [71] Therefore, this approach is not widely used.
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The third approach attaches the enzyme on the support surface. It can be categorized into covalent
and non-covalent immobilization. In covalent immobilization, surface-exposed amino acids on the
enzyme are covalently bound on the support. The support must have functional groups that can
react and bond with the amino acids. Covalently immobilized enzymes have longer lifetime due
to the strong bond with the support,

[65]

but the enzyme structure may be slightly deformed and

cause a decrease in activity. Non-covalently immobilized enzymes rely on non-covalent
interactions between the enzyme and the support. On the one hand, it is more susceptible to
leaching. On the other hand, if the distortion of enzyme structure is minimal, the enzyme can retain
its activity better. [72]

Figure 7. Different type of enzyme immobilization: (a) binding on support; (b) encapsulation;
(c) cross-linking
In a continuous flow process, immobilized enzymes are commonly embedded in a packed bed
reactor. As the consequence, the ratio of enzyme to substrate is high and the amount of product as
a potential inhibitor is low. Therefore, the rate of biocatalytic reactions is typically higher in
continuous flow process than in batch.
A lipase is found in a living organism to hydrolyze a triglyceride to fatty acids and a glycerol. In
chemistry, a lipase is often used as a biocatalyst for the hydrolysis reaction of an ester and the
esterification reaction of a carboxylic acid. Its independency on a co-factor and its selectivity
toward alcohol and ester makes lipases a powerful and versatile biocatalyst. For this thesis,
Candida antarctica lipase B (CALB) is chosen because it is the most intensively studied lipase.
Nascimento et al. [73] have demonstrated the production of glycerol carbonate 44 in a continuous
flow process using a mixture of immobilized porcine pancreatic lipase (PPL) and CALB (Scheme
15). By passing the solution of vegetable oil 41 and dimethyl carbonate 42 in TBME through a
packed-bed column of PPL and CALB immobilized on epoxy resins, the consecutive reactions of
hydrolysis (catalyzed by PPL) and transesterification (catalyzed by CALB) occurred in excellent
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yield and selectivity. Moreover, the productivity of the reaction in continuous flow process is three
times that of the reaction in batch mode.

Scheme 15. Synthesis of glycerol carbonate 44 with immobilized CALB and PPL on epoxy
resins in continuous flow process.
Another example of CALB usage in a continuous flow process is provided by Wang et al.

[74]

(Scheme 16). The esterification of caffeic acid 45 with methanol in [Bmim][Tf2N] medium using
Novozymes 435 (commercially available immobilized CALB) provides methyl caffeate 46 as the
product. Passing the starting material through a column of Novozymes 435 at 70 oC affords methyl
caffeate 46 in 98% yield within 2.5 hours. Additionally, the Novozyme 435 was reused over 20
times without any enzyme activity lost.

Scheme 16. The synthesis of methyl caffeate 46 using Novozymes 435 in continuous flow
process.
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2. Results and Discussion
The main goal of this research is to synthesize a series of carbamates as valuable building blocks
in which the Cbz group can enable further derivatization. As mentioned earlier in the Introduction
section, the Curtius rearrangement is a powerful reaction that transforms a carboxylic acid into a
carbamate. The abundance of carboxylic acids that are known and easily available, thereby results
in a huge number of possible carbamates to be created with this method.
DPPA was chosen as the azide source for the reaction. While DPPA is not ideal due to its poor
atom-economy, its solubility in organic solvents allows the reaction to be run without any phasetransfer catalyst. Additionally, DPPA allows for the in-situ activation of carboxylic acids thus
avoiding other strategies that would require acid chlorides or mixed anhydrides as starting
materials. Consequently, DPPA has been exploited in several previous studies on Curtius
rearrangements. [18],[59],[61]
Benzyl alcohol was used as the nucleophile to form a Cbz-carbamate substrate. The carbamate
could be further derivatized, exploiting the N-H bond of the carbamate that can be deprotonated
with suitable bases. Of more importance, the Cbz group can be removed readily to give amines
with different substituents.
Therefore, this research focuses on exploiting flow-based Curtius rearrangements of carboxylic
acids with DPPA (as the azide source) and benzyl alcohol (as the nucleophile) to give a set of Cbzcarbamates that can be transformed into valuable structures such as secondary amines and amino
acid derivatives. This rearrangement was initially trialed in batch before developing flow
conditions in view of improving safety and providing a means for reaction telescoping with in-line
purification based on scavenger resins and immobilized enzymes.

2.1. Curtius Rearrangement of Carboxylic Acids
2.1.1. Initial Reaction Optimization for Curtius Rearrangements in Batch Mode
Inspired by previous work by Ley et al.

[59]

, a test reaction involving 4-chlorophenylacetic acid

11a as the starting material was conducted (Scheme 17). The reaction was performed in
acetonitrile, which was chosen as the optimum solvent from the previous work

[59]

. Reacting the
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carboxylic acid with 1.2 equivalents of DPPA 10 and 1.2 equivalents of triethylamine (Et3N, 34)
under reflux conditions for 1 h resulted in the formation of the isocyanate intermediate. The
isocyanate intermediate was then trapped by adding benzyl alcohol (48, 1.2 equivalents).
Oftentimes, an excess of benzyl alcohol 48 was needed to drive the reaction to completion. The
reaction was further refluxed for 3 hours. Standard aqueous extraction was performed to remove
the remaining carboxylic acid 11a and triethylamine 34, and the diphenyl phosphate 49 formed
(Figure 8).

Scheme 17. A test reaction for the Curtius rearrangement of 4-chlorophenylacetic acid 11a in
batch mode.

Figure 8. Structure of diphenyl phosphate 49.
The test reaction afforded carbamate product 47a with an NMR yield of 79%. While it provided
the target product 47a in a good yield, the remaining benzyl alcohol 48 was not separable by
column chromatography due to its similar polarity to the carbamate product 47a. Furthermore, its
high boiling point of ca. 205 °C prevented simple evaporation. Therefore, another approach had to
be taken to remove the benzyl alcohol 48.

2.1.2. Test Reactions for the Curtius Rearrangement in Flow Mode
With a positive result obtained in batch mode, the Curtius rearrangement of 11a was also
implemented in flow mode (Scheme 18). Beginning with a small scale reaction (1 mmol), all the
starting materials: carboxylic acid 11a, DPPA 10, triethylamine 34, and benzyl alcohol 48 were
dissolved in 20 mL acetonitrile at 0.05 M concentration. The starting material solution was then
pumped at 0.5 mL/min into a coil reactor (PFA, 10 mL) of a Vapourtec E-series flow reactor. The
coil reactor was heated at 100 oC. A back-pressure regulator (BPR, 100 psi) was incorporated to
keep a uniform biphasic slug flow regime caused by the release of nitrogen gas and to keep the
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acetonitrile in liquid form (boiling point at atmospheric pressure ca. 82 oC). The product solution
containing carbamate 47a was collected in a flask.

Scheme 18. A test reaction for the Curtius rearrangement of 4-chlorophenyl acetic acid 11a in
flow mode.
The formation of an insoluble white solid was observed in the middle of the reaction. The white
solid which later being identified as the urea side-product 14, was the cause. Drying the starting
material solution prior with anhydrous Na2SO4 did not prove effective to remove traces of moisture
that was suspected to be the root cause of the fouling.
The urea side-product 14 is formed in the presence of water as shown previously in Scheme 6.
The small size of the tubing caused the urea side-product formation to become more problematic
causing pressure built-up and eventual blocking. Acetonitrile is known to contain small amounts
of water that are difficult to remove. Therefore, it was worthwhile to perform the reaction in a
different solvent.
The Curtius rearrangement of 4-chlorophenylacetic acid 11a was thus tested with toluene as the
solvent. Toluene was chosen for its high boiling point as well as the low solubility of water in it
(ca. 0.053% at 25 oC, solubility of water in acetonitrile: ca. 31.7% at -10 oC). With the same
conditions as in the batch test reaction above in Scheme 17, the NMR yield of the product was
71%. It provided comparable result with the reaction in acetonitrile. Moreover, urea side-product
14 formation was not observed in the process.
With the success of the reaction in batch, the Curtius rearrangement in toluene was tested in flow
mode. Unfortunately, the formation of urea side-product 14 was still observed. As the initial
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hypothesis, the problem was believed to be due to the methylene group of the acid. Therefore,
alternative carboxylic acids that do not contain methylene groups were evaluated.

2.1.3. Curtius Rearrangement of Several Benzoic Acids in Batch Mode
Moving on from phenylacetic acids, the Curtius rearrangement of several benzoic acids was
performed with the same reaction conditions as stated previously (Scheme 19). In contrast to the
benzyl (4-chlorobenzyl)carbamate 47a, the resulting phenyl carbamates 47b-47e were separable
from the remaining benzyl alcohol by column chromatography. The procedure afforded the
carbamates in good isolated yields (63-75%). The reaction was performed on 2-3 mmol scale
providing a throughput of 0.39 – 0.56 mmol/h (ca. 0.13 – 0.14 g/h).

Scheme 19. The Curtius rearrangement of several benzoic acids.

2.1.4. Benzyl Alcohol Removal
Despite the good isolated yield for the Curtius rearrangement rendering carbamates 47b-47e, the
isolation of pure carbamate was challenging due to the similar polarity of the carbamate and the
benzyl alcohol 48. Therefore, another strategy was proposed. The key idea thereby was to
chemoselectively derivatize the remaining benzyl alcohol into a species that has significantly
different polarity to the carbamate. Both benzyl alcohol and the Cbz group of the carbamate are
susceptible to the esterification reaction. But utilizing a lipase as the catalyst allows the benzyl
alcohol to be chemoselectively derivatized yet keeping the Cbz-carbamate unaffected. A lipase is
usually found in a living organism to hydrolyze a triglyceride to fatty acids and a glycerol, but also
commonly used as a biocatalyst for hydrolysis and esterification reactions. Candida antarctica
lipase B (CALB), a lipase extracted from Candida antartica, was chosen for this thesis. It has been
intensively studied and utilized in flow chemistry, including in the synthesis of glycerol carbonate
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[69]

and the esterification of caffeic acid

[70]

. The CALB (provided by Almac) was used as an

immobilized species on acrylic resin with ca. 10% wt loading.
To ensure full conversion, the benzyl alcohol 48 was esterified with a vinyl butyrate 50 to afford
benzyl butyrate 51 and vinyl alcohol 52 as the product (Scheme 20). It is crucial to use vinyl ester
as oppose to the other esters. The vinyl alcohol product 52 tautomerizes into acetaldehyde 53 which
pushes the reaction toward the product. Moreover, acetaldehyde can be easily removed by
evaporation since it has a very low boiling point (20.8 oC). Additionally, benzyl butyrate 51 has
significantly different polarity compared to the carbamate, therefore, it can be separated quite
easily with several techniques which will be covered in later chapter.

Scheme 20. The esterification of benzyl alcohol 48 with vinyl butyrate 50.
Triethylammonium as the byproduct of the Curtius rearrangement reaction, could potentially
catalyze the esterification of benzyl alcohol. But triethylammonium could not selectively catalyze
the esterification of benzyl alcohol only and keep the Cbz-carbamate unreacted. Additionally, it
requires elevated temperature and longer reaction time. Therefore, the immobilized CALB was
chosen as the catalyst for the esterification reaction.
The catalytic activity of CALB heavily relies on its catalytic triad: S105, D187, and H224 (Scheme
21).

[75, 76]

The hydrogen bond between the anionic oxygen atom of the aspartic acid residue

(D187) and the N-H bond from the histidine residue (H224), greatly enhances the basicity of the
other nitrogen atom in the histidine residue. Therefore, the histidine residue can act as base to
abstract the hydrogen from the serine residue (S105) causing the oxygen atom to be more
susceptible to an electrophile. The lone pair of this oxygen atom on the serine residue can then
attack the carbonyl carbon of the vinyl butyrate 50 forming a tetrahedral intermediate with 3 C-O
bonds (step 1). In receiving a hydrogen atom from protonated H224, the intermediate would
release vinyl alcohol 52 which readily tautomerizes to acetaldehyde 53 (step 2). The carbonyl
carbon of ester-S105 intermediate then is attacked by a deprotonated benzyl alcohol 48 forming
another intermediate possessing 3 C-O bonds (step 3). The intermediate subsequently releases
benzyl butyrate 51 in the process by abstracting a hydrogen from H224 (step 4).
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Scheme 21. The mechanism of the benzyl alcohol 48 esterification with vinyl butyrate 50,
facilitated by CALB.

2.1.5. Optimization of the Benzyl Alcohol Esterification
The optimization process towards incorporating a CALB mediated tagging strategy was begun by
evaluating the best solvent for the system. The optimization was initially performed in batch mode.
A mixture of benzyl (4-chlorobenzyl)carbamate 47a and benzyl alcohol 48 (1:1 mol/mol) was
prepared in a given solvent. Two equivalents of vinyl butyrate 50 was added together with 10 mg
of immobilized CALB. The reaction was stirred at room temperature overnight.
The five solvents tested in this study were toluene, acetonitrile, tert-butyl methyl ether (MTBE),
diethyl ether, and tetrahydrofuran (Table 2). The conversion was calculated as the mol ratio of the
benzyl butyrate 51 to the sum of benzyl butyrate 51 and benzyl alcohol 48. In all the solvents
tested, the carbamate was found unaffected due to the chemoselective feature of the CALB.
Toluene was found to be the best solvent for the reaction with 96% conversion. Additionally,

32

having the same solvent for both the Curtius rearrangement and the esterification would simplify
a telescoped flow process subsequently.
Table 2. Solvent Optimization for CALB-Catalyzed Benzyl Alcohol Esterification a

a

Entry

Solvent

Conversion

1

Toluene

96%

2

Acetonitrile

82%

3

MTBE

69%

4

Diethyl ether

68%

5

Tetrahydrofuran

60%

reaction time: 24 hours.

The next parameter to be optimized was the reaction time. With a similar set-up and toluene as the
solvent, the reaction was monitored by analyzing an aliqout by 1H-NMR at 10 minutes, 30 minutes,
1 hours, 3 hours, 6 hours, and 12 hours of reaction time. Surprisingly, full conversion was achieved
already after 10 minutes. It was unforeseen since the esterification of caffeic acid 45 in more
intense condition (under ultrasound irradiation at 75 oC) was complete only after 9 hours

[70]

. It

indicated that by exploiting vinyl ester, the reaction was pushed toward the product irreversibly,
allowing the reaction to complete quickly.
With the successful optimization in batch mode, the esterification reaction was optimized further
in flow. An Omnifit column (length = 80 mm, i.d. = 6.6 mm) was packed with CALB (ca. 1 g). A
mixture of benzyl alcohol 48 and vinyl butyrate 50 was dissolved in toluene (0.05 M). The mixture
was pumped through the CALB column at 0.5 mL/min to afford ca. 3.5 minutes of residence time.
The crude product solution was collected, evaporated, and analyzed by 1H-NMR. There was still
10% of benzyl alcohol 48 left when using 2 equivalents of vinyl butyrate 50 (Table 3, entry 1).
Using 3 equivalents of vinyl butyrate 50 afforded 99% conversion (entry 2). Increasing the vinyl
butyrate amount to 4 equivalents resulted in full conversion of benzyl alcohol into benzyl butyrate
51 (entry 3). Therefore, 4 equivalents were chosen as the optimum amount of the vinyl butyrate
50.
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Table 3. Optimization of the amount of vinyl butyrate 50 in the esterification of benzyl alcohol
48.

Entry

Vinyl butyrate, 50
(equiv.)

Conversion

1

2

90%

2

3

99%

3

4

100%

2.1.6. The Optimization of the Curtius Rearrangement in Flow Mode
To realize a successful flow process for the Curtius rearrangement several parameters such as the
flow rate, the residence time, the concentration of the starting material solution, the temperature,
and the stoichiometry of starting materials needed to be optimized. For the system set-up (Table
4), the starting material solution was pumped through a 10 mL coil reactor at elevated temperature
(110-120 oC). A 100 psi back-pressure regulator was installed to keep the N2 gas produced in the
solution, as well as keeping the solvent from boiling. The aqueous extraction was substituted by
in-line purification utilizing Amberlyst-15 (A-15) and Amberlyst-21 (A-21). A column of A-15
and A-21 mixture (1:1) was added at the end of the system to remove any acidic and basic
impurities. A-15 is a macro-porous polystyrene resin with strongly acidic sulfonic groups, which
captures the remaining triethylamine. A-21 is a macro-porous polystyrene resin with weak basic
dimethyl amine groups, which removes the remaining carboxylic acid and the diphenyl phosphate,
and also freebases the Et3N salt to be scavenged by A-15.
For optimization purposes, the Curtius rearrangement of 2-fluorobenzoic acid 11b was going to
be the focus since initial experiments showed that it led to high conversions. As the starting point,
the following conditions were applied: starting material concentration 50 mM (acid 11b 1.0 equiv.,
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triethylamine 34 1.4 equiv., DPPA 10 1.4 equiv., BnOH 48 1.4 equiv.), toluene as solvent,
residence time 20 minutes, and temperature 110 oC. By applying this set of conditions, the 1HNMR yield of the carbamate 47b was 79% (Table 4, entry 1). Increasing the residence time to 25
minutes, the 1H-NMR yield of the product 47b increased to 96% (entry 2). Despite the high yield,
there was still too much DPPA 10 remaining in the crude product. Reducing the amount of DPPA
10 to 0.9 equivalent did reduce the amount of remaining DPPA significantly, but the yield was
decreased despite longer residence time (entry 3). In another experiment with 2-bromo-5fluorobenzoic acid 11c, increasing the amount of benzyl alcohol 48 to 1.8 equivalent and the
temperature to 120 oC significantly improved the yield while keep the amount of DPPA left in the
crude product at a minimum (entry 4).
Table 4. The Optimization of Curtius rearrangement in Flow Mode.

DPPA 10

BnOH 48

equiv.

equiv.

1a

1.4

2a

tRes (min)

%DPPA left c

NMR yield

1.4

20

22%

79%

1.4

1.4

25

22%

96%

3a

0.9

1.4

33.3

3.5%

77%

4b

0.9

1.8

33.3

2.5%

100%

Entry

a

2-Fluorobenzoic acid 11b 1.0 equiv.; Et3N 34 1.4 equiv.; concentration 50 mM; temperature 110 oC; scale 1.0

mmol. b Reaction with 2-bromo-5-fluorobenzoic acid 11c: 11c 1.0 equiv.; Et3N 34 1.4 equiv.; concentration 50
mM; temperature 120 oC; scale 1.0 mmol. c The percentage of DPPA amount in crude product (%DPPA left) =
(mol of DPPA/ mol of all substrates in crude product) x 100%.
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In conclusion, an excess of benzyl alcohol is required to push the isocyanate reaction to completion
which is acceptable since the benzyl alcohol can be easily removed with the CALB-catalyzed
esterification reaction. Additionally, DPPA whose removal requires column chromatography, will
be chosen to be the limiting reagent for the system.
Therefore, the best conditions for the Curtius rearrangement in the continuous flow process have
been assembled. A minor tweak for the optimized stoichiometry was done to ease the yield
calculation. The optimum residence time was rounded to 30 minutes which later proved to offer
similar results. The optimized conditions for the Curtius rearrangement in flow are as followed:
carboxylic acid 11 1.25 equiv.; Et3N 34 1.25 equiv.; DPPA 10 1.0 equiv.; BnOH 48 1.8 equiv.;
concentration 50 mM; toluene as the solvent; residence time 30 minutes; temperature 120 oC.
These conditions mentioned above would be used for the telescoped reaction in the next sections.

2.1.7. Telescoping the Curtius Rearrangement and CALB-Catalyzed Benzyl Alcohol Esterification
With the knowledge of the optimized conditions for both the Curtius rearrangement and CALBcatalyzed benzyl alcohol esterification, combining both reactions was studied next. The starting
material mixture consisted of carboxylic acid 11, triethylamine 34, DPPA 10, and benzyl alcohol
48 was premixed in toluene and pumped at 0.333 mL/min through the 10 mL coil reactor heated
at 120 oC. A BPR (100 psi) and a column filled with a mixture of A-15 and A-21 was added after
the coil reactor to render solution containing carbamate product 47 and residual benzyl alcohol 48.
In a T-mixer, the product solution stream and the vinyl butyrate 50 solution stream were mixed
before passing through a column packed with the immobilized CALB (ca. 1 g). The residence
times for the Curtius rearrangement and the benzyl alcohol esterification are 30 minutes and ca.
3.5 minutes, respectively. The optimized conditions for the telescoped reaction of the Curtius
rearrangement and the CALB-mediated impurity tagging reaction is shown in Scheme 22.
The Curtius rearrangement of all benzoic acids (47b-47f) went well with high to quantitative yields
(83-100%). But the Curtius rearrangement of the phenylacetic acids (47a, 47g-47j) afforded
modest yields (27-33%). As discussed in the previous section, blockages were cause by urea sideproducts in the Curtius rearrangement of 4-chlorophenylacetic acid 47a in flow. For the synthesis
of 47g, doubling the residence time did not improve the reaction outcome (33% yield). The low
conversion was confirmed by the huge amount of remaining DPPA in the 1H-NMR and 31P-NMR
of product solution. Additionally, a competing reaction was observed that involved the formation
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of a benzyl ester from the reaction of acyl azide and benzyl alcohol. The side reaction could be
eliminated by delaying the benzyl alcohol addition right after the isocyanate formation.
A similar situation was found in the synthesis of 47h, where a considerable amount of benzyl
butyrate 51 was found in the product solution analysis by 1H-NMR. The high amount of benzyl
butyrate 51 meant there was a large amount of benzyl alcohol 48 that was not consumed in the
Curtius rearrangement process, thus indicating low conversion. Beside poor yield (27%), the ester
side-product was more apparent and larger in quantity compared to the carbamate product. It shows
that the rate of the competing ester formation reaction is similar or greater than the rate of the
Curtius rearrangement.

Scheme 22. Telescoped reaction sequence for the Curtius rearrangement and the CALBcatalyzed benzyl alcohol esterification.
a

Flow rate = 0.167 mL/min and 0.133 mL/min. b Tempareture = 55 oC
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The Curtius rearrangement of ibuprofen 11j afforded a good yield (72%) with extended residence
time (60 minutes). As expected, a substituted phenylacetic acid performed better in the Curtius
rearrangement. The methyl group at alfa position of carboxylic acid increased the migratory
aptitude of the R group, which here is a secondary alkyl group. Therefore 11j rearranges more
easily to the isocyanate intermediate. Moreover, the formation of an ester was not observed in the
reaction. It further verifies the substituent effect of a phenylacetic acid in accelerating the
isocyanate intermediate formation.
Further varied aliphatic carboxylic acids,

cyclohexanecarboxylic acid

11k and 3-

oxycylobutanecarboxylic acid 11m were also tried. The Curtius rearrangement of both substrates
was performed at lower flow rate to afford 60 minutes residence time. The synthesis of 47k via
flow Curtius rearrangement resulted in moderate yield (62%). For the synthesis of 47m, the
reaction was performed at 55 oC and resulted in poor yield (19%). Beside the carbamate product,
the ester side-product (from the reaction of benzyl alcohol and the acyl azide intermediate) was
also observed in the 1H-NMR analysis. In this reaction, it is important to keep the temperature
below 55 oC. At 55 oC–60 oC, the urea 54 formation was significantly amplified [77] (Scheme 23).
At even higher temperature, the carboxylic acid started to decompose.

Scheme 23. The mechanism of side-product urea 54 formation.
By incorporating CALB-mediated tagging purification in the telescoped reaction, the benzyl
alcohol 48 conversion into benzyl butyrate 51 for all reactions was high (> 92%). Beside the high
conversion, the CALB column could be reused multiple times without any compromising, despite
the change in color (Figure 9). The CALB column (Figure 9, top) was used more than 10 times
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over one month without any decreased activity. The CALB column was flushed with toluene after
each run and stored in a fridge to extend its usability.

Figure 9. The discoloration of used CALB column

2.1.8. Final Purification Process of the Carbamate Product
Once the residual benzyl alcohol 48 was fully transformed into benzyl butyrate 51, the product
solution contains only the carbamate product 47 and the benzyl butyrate 51. With only one
impurity left, there are several techniques that can be used to separate them depending on the
quantity of the product (Table 5).
Column chromatography allows the separation of substrates by exploiting their different polarities.
Since the benzyl butyrate 51 is more apolar compared to the carbamate 47, the separation by
column chromatography will be straightforward. This technique works well in a small-scale
reaction (< 1 g) with relatively small amount of silica, solvent, and time consumed. But in a largescale reaction, this process will be too laborious and generating large quantity of solvent waste,
therefore other techniques are preferred. For the separation of benzyl butyrate 51 from the
carbamate 47, the optimum eluent system for many examples was 10-20% ethyl acetate/hexane.
The other option is the organic/organic extraction. Due to their different polarities, the benzyl
butyrate 51 and the carbamate 47 have different solubilities in any solvent system. By exploiting
the difference in solubility, the benzyl butyrate 51 can be separated from the carbamate 47.
Although this technique requires the least processing time compared to the others, optimization is
needed to achieve optimum results. Several parameters must be optimized including the solvent
system and the temperature. Additionally, it usually requires repeated extraction to fully recover
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all the product. In this study, the solvent system used was hexane/acetonitrile. However, the
separation process was not successful since a significant amount of carbamate was lost in the
process. Further optimization would be required to fully exploit this technique.
For larger scale reactions (> 500 mg), the most suitable technique is crystallization. The crude
product containing benzyl butyrate 51 and the carbamate 47 was dissolved in warm heptane. Once
the crude product fully dissolved in the solvent, the solution was cooled to let the carbamate
product crystallize to produce crystalline carbamate product. This technique is less suitable for
small scale reactions where crystallization might not occur due to inadequate amount product
crystal formed.
Table 5. The comparison of purification techniques for the separation of the benzyl butyrate 51
from the carbamate product.
Technique
Column Chromatography

Advantages

Disadvantages

Works well for small scale Requires large amount of
reaction (< 1 g)

solvent.
Laborious,

time-consuming,

and need, and requires high
skill.

Organic/organic extraction

Less processing time.

Requires

optimization

to

achieve optimum result.
Need repeated processes to
recover all the product.
Crystallization

Generate less solvent waste.

It is not effective for small
scale reaction (< 500 mg)

40

2.1.9. The Comparison of Curtius Rearrangement in Batch Mode and in Flow Mode
In previous sections (Section 2.1.2 dan 2.1.3), the synthesis of carbamates 47a – 47e has been
performed in batch mode resulted in quite good yield (63-75%). In this section, the Curtius
rearrangement of other carboxylic acids was completed and shown in Scheme 24.
The synthesis of 47g and 47h were both performed in batch under the following conditions:
carboxylic acid 11 1.2 equiv., triethylamine 34 1.5 equiv., DPPA 10 1.5 equiv., BnOH 48 1.0
equiv., toluene as the solvent, temperature 120 oC. Benzyl alcohol 48 was used as the limiting
reagent to simplify the purification process since it has similar polarity to the carbamate products.
The synthesis of 47g required 5 hours to complete with 73% NMR yield. While for 47h, the
reaction required 6 hours to complete and resulted in 71% NMR yield. Due to the difficult isolation
process, the isolated yields for both reactions were not optimal (20% for 47g and 37% for 47h). In
the batch reaction, there was no ester formation as observed in flow mode.
The Curtius rearrangements of 11f and 11j were also performed in batch mode with similar
conditions as in flow mode: carboxylic acid 11 1.25 equiv., triethylamine 34 1.25 equiv., DPPA
10 1.0 equiv., BnOH 48 1.8 equiv., temperature of 120 oC, 4.45 hours of reaction time. With these
conditions, both the synthesis of 47f and 47j afforded a high NMR yield (87% and 98%).
For cyclohexanecarboxylic acid 11k, the same conditions as previously were applied. The
synthesis of 47k in batch afforded a poor yield (41% NMR yield) after 3 hours of reaction. There
was huge amount of benzyl alcohol left in the crude product, but the DPPA was fully consumed.
One possible explanation is the formation of the urea side-product which consumed the DPPA and
starting material, but not the benzyl alcohol. The urea side-product was not recovered since it was
removed in the aqueous extraction process.
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Scheme 24. Scope of Curtius rearrangement in batch mode (isolated yield in bracket).
a

Acid 11 1.0 equiv.; Et3N 34 1.2 equiv.; DPPA 10 1.2 equiv.; t1= 0.5; BnOH 48 1.2 equiv.; t2= 3.

b

Acid 11 1.25 equiv.; Et3N 34 1.25 equiv.; DPPA 10 1.0 equiv.; t1= 1; BnOH 48 1.8 equiv.; t2= 4.45.

c

Acid 11 1.2 equiv.; Et3N 34 1.5 equiv.; DPPA 10 1.5 equiv.; t1= 1; BnOH 48 1.0 equiv.; t2= 5.

d

Acid 11 1.2 equiv.; Et3N 34 1.5 equiv.; DPPA 10 1.5 equiv.; t1= 1; BnOH 48 1.0 equiv.; t2= 6.

e

Acid 11 1.25 equiv.; Et3N 34 1.25 equiv.; DPPA 10 1.0 equiv.; t1= 1; BnOH 48 1.8 equiv.; t2= 3.

f

Acid 11 1.25 equiv.; Et3N 34 1.25 equiv.; DPPA 10 1.0 equiv.; t1= 1; BnOH 48 1.8 equiv.; t2= 3; T= 55 oC.

A similar situation was observed in the synthesis of benzyl (3-oxocyclobutyl)carbamate 47m. All
parameters were retained except the reaction temperature of 55 oC in order to prevent the
elimination. The isolated yield of the reaction was 41%. The formation of benzyl ester sideproduct was also observed in the 1H-NMR of the crude product. A smaller amount of benzyl ester
side-product was found in the batch reaction compare to the flow reaction. In the batch reaction,
the isocyanate intermediate was allowed to form before the addition of the benzyl alcohol (step 1).
In the flow reaction, the benzyl alcohol was added together with the starting material solution,
therefore increasing the possibility of benzyl ester formation.
In general, the Curtius rearrangement in batch mode required longer reaction times compared to
the reactions in flow mode. The integration of in-line purification exploiting CALB-mediated
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BnOH tagging could further accelerate the processing time. Applying the reaction in flow also
benefited from the increased safety due to the generation of nitrogen gas and potentially toxic and
explosive intermediates, such as acyl azide and isocyanate. Additionally, it is easier to do scale-up
in flow as it is going to be presented in the next section.
The synthesis of phenyl Cbz-carbamates (47b-47f) via Curtius rearrangement resulted in higher
yield when performed in flow. Combined with shorter reaction time, the reaction throughput is
significantly higher compared to the reaction in batch. However, for benzyl Cbz-carbamates (47a,
47g, 47h) and aliphatic Cbz-carbamates (47k, 47m), performing the Curtius rearrangement in flow
mode might require further optimization. With the procedure proposed here, the side reactions of
benzyl ester formation and the urea formation which eventually caused blockage were observed.
To reduce the problem, several modifications would be needed, including separating the benzyl
alcohol from the starting material stream and increasing the residence time for the isocyanate
formation reaction.

2.1.10.Scale-Up of the Curtius Rearrangement in Flow Mode and the Robustness of CALB
In another experiment [78], the Curtius rearrangement of 4-(trifluoromethyl)benzoic acid 11f was
performed on a 100 mmol scale (Scheme 25). To improve the throughput, three consecutive 10
mL coil reactors were utilized to allow higher flow rates to be exploited whilst maintaining the
original residence time (30 minutes). Moreover, increasing the concentration of starting material
solution to 1 M did not lead to a reduced reaction yield. The CALB enzyme was packed in a larger
Omnifit column (length = 150 mm, i.d. = 10 mm) to ensure full conversion of the remaining benzyl
alcohol. Additionally, the DPPA 10 solution was mixed to the starting material solution in a Tmixer to achieve full conversion of the corresponding acyl azide and to avoid substitution reaction
with the BnOH in the holding flask.
Using a Vapourtec E-series flow system, a solution (1 M toluene) containing 11f (1.0 equiv.),
triethylamine 34 (1.0 equiv.), and BnOH 48 (1.8 equiv.) was mixed with a solution of DPPA 10
(0.9 M toluene) in a T-mixer. Both solutions were pumped at 0.5 mL/min through 30 mL reactors
to afford a residence time of 30 minutes. The coil reactors were heated at 120 oC employing a BPR
(100 psi). The crude product solution was then mixed with vinyl butyrate 50 solution (3 equiv.).
The esterification of benzyl alcohol 48 occurred in the CALB column before being collected. The
crude product solution was evaporated, extracted (EtOAc/water) and evaporated again. The
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crystallization of the mixture in heptane yielded the carbamate 47f with 83% isolated yield. This
procedure allows a throughput of 6.6 g/h of the carbamate. Another interesting finding is that full
conversion of benzyl alcohol into benzyl butyrate was observed throughout the entire process
(monitored by HPLC and 1H-NMR) (Figure 10). It proved the robustness of CALB whose activity
was not diminished throughout the experiment.

Scheme 25. Scaled-up Curtius rearrangement of 4-(trifluoromethyl)carboxylic acid 11f in
tandem with CALB-catalyzed benzyl alcohol esterification in flow.

Figure 10. The 1H-NMR analysis of the scaled-up reaction over time.
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2.2. The Derivatization of the Cbz-Carbamate
The procedure for the synthesis of Cbz-carbamates via Curtius rearrangement has been well
developed. Applying the procedure, several Cbz-carbamates (47a-47m) had been produced.
Therefore, it is sensible to showcase the versatility of Cbz-carbamates. Exploiting the weakly
acidic N-H in the carbamate, reaction with a number of electrophiles can be performed to the
carbamate. This research will focus on derivatizing the Cbz-carbamates 47 into secondary amines
57 and amino acid derivatives 60 (Scheme 26).
Secondary amines 57 are valuable precursors for the synthesis of drugs. Cbz-carbamate 47 is a
perfect starting point, its carboxybenzyl (Cbz) group is stable in strong basic condition and acts as
the protecting group for the nitrogen atom. To form a general secondary amine 57, the Cbzcarbamate 47 is alkylated followed by the removal of its Cbz-group. The alkylation of Cbzcarbamate requires strong base to deprotonate the nitrogen atom, followed by the reaction with an
alkoxide ion. Once the alkylated Cbz-carbamate 55/56 has been formed, the Cbz-group can be
removed by hydrogenation or acid-catalyzed hydrolysis to afford a secondary amine 57 (Scheme
26a).
β-Amino 60 acid can also be formed from the Cbz-carbamate 47. Once being deprotonated, the
carbamate can act as the Michael donor. With an acrylonitrile as the Michael acceptor, a
cyanoethyl Cbz-carbamate 58 can be formed. With a methyl acrylate, the Michael addition reaction
affords ester substituted Cbz-carbamate 59. Both the nitrile and ester substituents can be
hydrolyzed to afford Cbz-substituted β-amino acid 60 (Scheme 26b).

Scheme 26. The derivatization of the Cbz-carbamate 47 into (a) a secondary amine 57; and (b) a
β-amino acid 60.
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2.2.1. The Alkylation of the Cbz-Carbamate
As discussed previously, the alkylation of Cbz-carbamate requires a strong base to abstract the
hydrogen from the nitrogen atom. For this experiment, sodium hydride was chosen as the base of
choice because it could deprotonate the N-H bond without reacting with the alkyl halide.

[79]

As

the alkylating agents, 1-bromobutane and methyl iodide were selected.
To optimize the reaction conditions, the reaction of benzyl (4-(trifluoromethyl)phenyl)carbamate
47f and 1-bromobutane 61 on 0.5 mmol scale was going to be the focus. The optimization of this
reaction is shown in Table 6. The first attempt using 1.2 equivalents of NaH 62 in 10 mL DMF at
room temperature for 2.5 hours afforded full conversion for the reaction (entry 1). DMF was
chosen because of its polar property, hence can solubilize both the NaH 62 and the Cbz-carbamate
47. A small excess of NaH 62 was used to compensate the possibility of its reaction with moisture
in air. Despite the full conversion, the isolation of alkylated carbamate 55f was poor (46%). The
isolation process includes extraction with diethyl ether, followed by evaporation of the organic
phase to afford clean alkylated carbamate product 55f. The poor isolated yield might be caused by
the huge amount of DMF used, therefore diminished the efficiency of the extraction.
In the next trial (entry 2), only 3 mL of DMF was used to avoid the previous isolation problem.
Additionally, a higher amount of NaH 62 (4.0 equiv.) was added to increase the reaction rate. The
reaction was monitored by HPLC every half an hour. The amount of remaining starting material
47f was decreasing as the reaction proceeded, but after an hour, a new peak started to emerge and
kept getting bigger. After 3.5 hours, the reaction was stopped and analyzed by 19F-NMR. A new
peak at -60.9 ppm was spotted and indicating that a side-product was formed.
This side-product was formed when the reaction involved large excess of NaH 62 and prolonged
reaction time. To minimize the side-product formation, only 2 equivalents of NaH 62 were used
in next reaction (entry 3). After one hour of reaction at room temperature, there was still significant
amount of starting material left in the solution as shown by HPLC analysis. Therefore, the solution
was heated at 60 oC for an hour to accelerate the full consumption of the starting material. The
amount of side-product was significantly reduced to 12%. It indicated that less NaH 62 had to be
used to completely eliminate the side-product formation.
In the next step, only 1.2 equivalent of NaH 62 was added to the solution (entry 4). The reaction
was performed at room temperature for 3.5 h. Considerably less side-product was observed this
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time (5%). Performing the reaction at 60 oC for 1 h (entry 5) eliminated the side-product formation
and afforded full conversion with a very good isolated yield (93%). Switching DMF to THF as the
solvent gave no conversion at all (entry 6). Due to more significant polarity difference, the sodium
hydride was not fully soluble in THF, hence did not fully react with the carbamate.
Table 6. Optimization of the alkylation of benzyl (4-(trifluoromethyl)phenyl)carbamate 47f with
1-bromobutane 61. a

NaH

DMF

(equiv.)

(mL)

1

1.2

2

Entry

a

19
o

t (h)

T ( C)

10

2.5

4.0

3

3

2.0

4

F-NMR Ratio (%)

Isolated

Product

SM

Byproduct

Yield (%)

r.t

100

0

0

46

3.5

r.t

65

4

31

N/A

3

1; 1

r.t; 60

87

1

12

N/A

1.2

3

3.5

r.t

93

2

5

N/A

5

1.2

3

1

60

100

0

0

93

6

1.2

3b

3

r.t

-

100

-

N/A

scale 0.5 mmol

b

THF as the solvent

SM = starting material

Therefore, the optimum conditions for the alkylation of the carbamate are: Cbz-carbamate 47 1.0
equiv., alkyl halide 1.0 equiv., NaH 62 1.2 equiv, concentration 0.167 M, reaction temperature 60
o

C, DMF as the solvent. With the optimized conditions on hand, the alkylation procedure was

applied to several carbamates (Scheme 27). In general, the procedure afforded clean alkylated
carbamates in very good isolated yields (≥ 89%), except for the synthesis of 55a and 56e. No
remaining starting material and side-product formation were observed.
The 1H-NMR analysis of the crude product of 55a revealed that there was only 83% conversion
of starting material. To obtain the pure alkylated carbamate 55a, the crude product was further
purified by column chromatography to afford 48% isolated yield. The poor isolated yield was
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associated with the poor isolation process despite the high conversion (83%). For the synthesis of
56e, full conversion of starting material was observed as there was no starting material left in the
crude product. However, several unknown impurities were observed, thus being removed by
column chromatography. The synthesis of 56e resulted in 78% of isolated yield.
In conclusion, the alkylation of Cbz-carbamate with simple alkyl halide (1-bromobutane 61 and
methyl iodide 63) was successful. A little excess of sodium hydride as a strong base was required
to deprotonate the Cbz-carbamate. The reaction was accelerated by heating to avoid the sideproduct formation in prolonged reaction time. The isolation process was straightforward since the
starting material was fully consumed and no side-product was formed.
As previously discussed, the deprotection of alkylated carbamate by removing the Cbz-group
concludes the transformation of a carbamate to a secondary amine. The procedure will not be
discussed in this study due to the limited research time. However, several procedures are known
and can be utilized for the removal of Cbz-group, including hydrogenation with palladium in
carbon (Pd/C) [80, 81].

Scheme 27. The scope of the Cbz-carbamate alkylation reaction. a
a

scale 0.25 mmol

b

scale 0.50 mmol

c

required column chromatography
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2.2.2. The Synthesis of Amino Acid Derivatives via Michael Addition
In the previous chapter, the Cbz-carbamates were treated with alkyl halides to form alkylated Cbzcarbamates. Despite its effectiveness and easy purification process, the reaction involves a strong
base (NaH, 62) and alkyl halides that would be undesirable in a large-scale industrial process. The
reaction with the alkyl halide generates iodide and bromide waste which have high atomic mass
(Br = 79.9 g/mol, I = 126.9 g/mol). Therefore, the reaction is not ideal in the perspective of atomeconomy and waste management. Additionally, the generation of flammable H2 gas also hindered
the reaction to be run safely on a large scale. In this section, a more facile approach is discussed,
i.e. via aza-Michael addition reaction.

2.2.2.1. The Optimization of aza-Michael Addition Reaction in Batch Mode
A more atom-economy approach to derivatize the Cbz-carbamate is by the aza-Michael addition
reaction of the carbamate. The deprotonated Cbz-carbamate acts as the Michael donor, while the
electron-deficient acrylonitrile and methyl acrylate act as the Michael acceptors. To deprotonate
the Cbz-carbamate, a selection of bases was tested as shown in Table 7.
At the beginning, two moderately strong bases were tested (K2CO3 and DIPEA). Due to its poor
solubility in ethyl acetate, the Michael addition reaction with K2CO3 resulted in no conversion in
overnight reaction under reflux condition (Table 7, entry 1). With more soluble
diisopropylethylamine (DIPEA), the conversion did not improve (entry 2). Therefore, more
forcing conditions were applied: using slightly stronger base (DBU) and acrylonitrile 64 both in
excess (2.0 equiv.) at reflux overnight. The forcing conditions caused the Cbz-carbamate 47f to
decompose. The decomposition was observed by 19F-NMR analysis of the crude product where it
showed 5 new peaks at around -61 ppm. Additionally, the 1H-NMR analysis shows the
disappearance of the benzyl group and relatively messy aromatic region.
Inspired from the successful aza-Michael addition of several carbamates utilizing freshly ground
K2CO3 in DMSO by Selig and Raven [82], a similar reaction was performed (entry 4). Despite 49%
conversion of the starting material 47f, the Michael addition product 58f was not observed. The
Cbz-carbamate was transformed to other unidentified side-product.
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Table 7. Base screening for the aza-Michael addition of the Cbz-carbamate. a

Entry

1

2

3

4

Base (equiv.), solvent,

Acrylonitrile

Temperature,

addictive (if any)

64 (equiv.)

time

K2CO3

(0.33

equiv.),

EtOAc
DIPEA

(1.0

equiv.),

EtOAc
DBU (2.0 equiv.), EtOAc
Ground

K2CO3

(1.0

equiv.), DMSO

1.1

1.1

2.0

Reflux,
overnight
Reflux,
overnight
Reflux,
overnight

1.2

100 oC, 2.5 h

1.2

r.t., 2.5 h

Conversion

0

0

Decompose

Side-product formation

50% KOH(aq) (1.2 equiv.),
5

toluene, TBAB 35 (0.1

94%

equiv.)
a

scale = 0.25 mmol.

In another publication, Lee et al. [83] exploited tetrabutylammonium bromide (TBAB) as a phase
transfer catalyst to facilitate the aza-Michael addition of Boc-carbamates with KOH(aq) as the base.
The carbamate 47f (1.0 equiv.) was dissolved in toluene before the addition of TBAB 35 (0.1
equiv.) and 50% KOH aqueous solution (1.2 equiv.). The reaction was stirred at room temperature
for 2.5 hours to afford 94% conversion (entry 5).
Once the suitable base had been discovered, the next parameters to be optimized was the reaction
time and the amount of Michael acceptor (acrylonitrile 64). As shown in Figure 11, running the
reaction for more than 1 hour did not offer any substantial improvement to the conversion.
Similarly, using more than 1.2 equivalents of acrylonitrile did not increase the conversion
substantially. (Figure 12).
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Conversion (%)

100
95
90
85
80
75
70
65
60
0.5

1

1.5

2

2.5

reaction time (h)

Conversion (%)

Figure 11. Optimization of the aza-Michael addition of Cbz-carbamate reaction time.
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Acetonitrile Equiv.

Figure 12. Optimization of the acrylonitrile 64 amount for the aza-Michael addition of Cbzcarbamate.
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To further improve the reaction, another solvent system was taken into consideration. The azaMichael addition reaction was performed in ethyl acetate, dichloromethane, and chloroform
(Figure 13). The aza-Michael addition reaction worked well in all solvents tested, especially in
DCM and chloroform. Although using chloroform as the solvent afforded full conversion of the
starting material, the crude product was contaminated with dark brown impurities that could be
removed by filtration. The weakly acidic C-H bond in chloroform might be deprotonated by the
KOH base that could further lead to series of side-reactions. [84] Also, the 1H-NMR analysis showed
two unusual multiplets around 3.0 ppm and 2.8 ppm. Therefore, dichloromethane was decided as
the solvent of choice for the optimum condition.
In conclusion, the optimum conditions for the aza-Michael addition of Cbz-carbamate with
acrylonitrile 64 as the Michael acceptor in batch are as followed: Cbz-carbamate 47 1.0 equiv.,
acrylonitrile 64 1.2 equiv., 50% KOH(aq) 1.2 equiv., TBAB 35 0.1 equiv., dichloromethane as the

Conversion (%)

solvent, room temperature, one hour of reaction time.

100
98
96
94
92
90
88
86
84
82
80
Toluene

EtOAc

DCM

Chloroform

Acetonitrile Equiv.

Figure 13. Optimization of the solvent system for the aza-Michael addition of Cbz-carbamate
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2.2.2.2. The Optimization of aza-Michael Addition Reaction in Flow Mode
With the successful batch reaction, the aza-Michael addition reaction was next optimized in flow
(Table 8). Stream A (solution of Cbz-carbamate 47f 1.0 equiv., acrylonitrile 64 1.2 equiv., and
TBAB 35 0.1 equiv. dissolved in DCM) and stream B (50% KOH(aq)) were pumped with the same
flow rates and mixed in a T-mixer. The mixture was pumped through a coil reactor (PFA, 10 mL)
at room temperature to afford a biphasic slug flow pattern. The crude product was collected in a
separating funnel forming two separate liquid phases. The organic phase was separated and
evaporated to afford the cyanoethyl substituted Cbz-carbamate 58f. To obtain the pure product
58f, column chromatography was needed to remove the TBAB 35 and the residual Cbz-carbamate
47f.
Table 8. Optimization of aza-Michael addition reaction of Cbz-carbamate in flow mode. a

Concentration

Entry

Residence time (minutes)

1b

16.7

0.25

11

2

16.7

0.25

72

3

20

0.25

84

4

25

0.25

89

5

33.3

0.25

95

6

33.3

0.50

90

7

33.3

1.00

86

a

Flow rate A = flow rate B.

b

Using 17 mg/mL KOH(aq).

(M)

Conversion (%)

53

In the batch reaction, only 1.2 equivalents of 50% KOH solution was needed. Therefore, only 17
mg/mL KOH solution (1.7% wt/vol) was used to get similar amount of KOH while maintaining
the same flow rate for both streams (Table 8, entry 1). These conditions resulted in a very poor
conversion (11%). Using 50% KOH(aq) increased the conversion significantly to 72% (entry 2). To
further improve the conversion, different flow rates were tested. The best conversion (95%) was
achieved when both streams were pumped at 0.15 mL/min to provide 33.3 minutes of residence
time (entry 5). More concentrated solutions were tested (entry 6 and entry 7) to increase the
throughput. Both 0.5 M and 1 M solution afforded good conversion (90% and 86%), but insoluble
yellow solids formed in the latter reaction that might cause fouling in a scale-up reaction.
Therefore, the former concentration was preferred and resulted in good isolated yield (75%) after
column chromatography.
The optimum condition for the aza-Michael addition reaction of Cbz-carbamate in flow mode are
as follows: 0.5 M starting material solution in DCM (Cbz-carbamate 47 1.0 equiv., Michael
acceptor 1.2 equiv., TBAB 35 0.1 equiv.), 50% KOH aqueous solution, flow rate A = flow rate B
= 0.15 mL/min (33.3 minutes residence time), room temperature. The mild temperature causes the
strong KOH base to selectively deprotonate the N-H bond while leaving the Cbz group unaffected.
The selectivity allows further derivatization of the product with the Cbz group protecting the
nitrogen atom.
A range of Cbz-carbamates were reacted with acrylonitrile 64 and methyl acrylate 65 (Scheme
28). With the optimized conditions, the reaction of various Cbz-carbamates with acrylonitrile (58b,
58f, 58g) resulted in good isolated yield (65-99%). In contrast, the reactions with methyl acrylate
(59c, 59f, 59h) showed significantly lower isolated yield (22-63%). The methyl acrylate 65 has an
inferior electron withdrawing group (EWG), thus is less reactive compared to acrylonitrile 64 as a
Michael acceptor. To increase the conversion, more forcing condition (i.e. higher temperature) and
longer residence time can be introduced.
To conclude the derivatization of Cbz-carbamate to an amino acid, one of the Michael addition
products 59f was hydrolyzed to transform the ester group into a carboxylic acid. The methyl ester
substituted Cbz-carbamate 59f was reacted with 1.5 equivalents of NaOH in H2O/THF (0.8 M) for
3 hours at 60 oC. The β-amino acid product 60f was afforded in good isolated yield (84%) without
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affecting the Cbz group (Scheme 29). The amino acid product could be further derivatized with
Cbz group as the protecting group.

Scheme 28. The scope of Aza-Michael addition of Cbz-carbamates 47.

Scheme 29. The hydrolysis of the ester group of Cbz-carbamate.
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3.Conclusion
The procedure for the synthesis of Cbz-carbamates 47 via a strategic Curtius rearrangement has
been developed through this research. Performing the reaction in continuous flow process allows
the integration of inline purification processes, including the CALB-mediated benzyl alcohol
tagging. With this procedure, the carboxylic acid is transformed into a Cbz-carbamate 47 with only
benzyl butyrate 51 left as the impurity (Scheme 30). The final purification process to obtain pure
Cbz-carbamate 47 has been discussed depending on the scale of the reaction: column
chromatography for the small-scale reaction (< 1 g) and crystallization for the large scale reaction
(> 500 mg).

Scheme 30. The synthesis of Cbz-carbamate 47 via Curtius rearrangement in continuous flow
process.
The Cbz-carbamates 47 were further derivatized to alkylated Cbz-carbamates 55/56 and an Cbzsubstituted amino acid 60. Both reactions exploited the N-H bond of the Cbz-carbamate. In the
presence of NaH, the Cbz-carbamate reacted with alkyl halides 61/63 to afford the alkylated Cbzcarbamates 55/56 (Scheme 31). As an alternative, the Michael addition of the Cbz-carbamate 47
and an electron-deficient alkene 64/65 facilitated the derivatization in a more facile and atomeconomic approach. The Michael addition procedure in flow involving 50% KOH aqueous
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solution and TBAB 35 in dichloromethane afforded a nitrile/ester substituted Cbz-carbamate
58/59, which upon hydrolysis transformed into an β-amino acid 60 (Scheme 32).

Scheme 31. The alkylation of Cbz-carbamates.

Scheme 32. The synthesis of β-amino acid via Michael addition from a Cbz-carbamate.
For future work, several improvements can be implemented, especially to the Curtius
rearrangement procedure. By separating the benzyl alcohol from the other starting material, the
ester side-product formation could be avoided, hence increases the yield. Moreover, adding a
reactor after the isocyanate formation, could ensure the carbamate formation and further improve
the yield. At last, the procedure for the final purification process using organic/organic extraction
could be further optimized. Therefore, column chromatography could be avoided for the
purification of the small-scale reaction.
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4.Experimental
4.1. General Experimental
Unless otherwise stated, all solvents were purchased from Fisher Scientific and used without
further purification. Substrates and reagents were purchased from Fluorochem or Sigma Aldrich
and used as received.
1

H-NMR spectra were recorded on 300 MHz, 400 MHz, and 500 MHz instruments and are
reported relative to residual solvent: CDCl3 (δ 7.26 ppm). 13C-NMR spectra were recorded on the
same instruments (75 MHz, 100 MHz, and 125 MHz) and are reported relative to CHCl3 (δ 77.16
ppm). 19F-NMR were also recorded at the same instruments (282 MHz, 376 MHz, and 470 MHz).
Data for 1H-NMR are reported as follows: chemical shift (δ/ ppm) (multiplicity, coupling constant
(Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q =
quartet, quint = quintet, m = multiplet, br s = broad singlet, br tr = broad triplet. Data for 13C-NMR
are reported in terms of chemical shift (δ/ ppm) and multiplicity (C, CH, CH2, CH3). Where
splitting occurred, the coupling constants are reported as well. COSY and HSQC experiments were
used in the structural assignment.
IR spectra were obtained by the use of a Bruker Platinum spectrometer (neat, ATR sampling) with
the intensities of characteristic signals being reported as week (w, < 20% of tallest signal), medium
(m, 21-70% of tallest signal), or strong (s, > 71% of tallest signal).
HPLC was performed on an Agilent 1260 Infinity II system, using a Zorbax SB-C18 column (50
o
C, 50 mm length) and a gradient ranging from 95/5 to 0/100 (0.05% TFA in water – MeCN, flow
rate 1.2 mL/min) over 12 minutes. The wavelength was set to 250 nm.
High-resolution mass spectrometry was performed using the indicated techniques on a micromass
LCT orthogonal time-of-flight mass spectrometer with leucine-enkephalin (Tyr-Gly-Phe-Leu) as
internal lock mass.
Continuous flow experiments were performed on a E-series Vapourtec flow reactor system in
combination with Omnifit glass columns of the indicated dimensions.

4.2. General Procedures
4.2.1. Curtius Rearrangement in Batch Mode
The carboxylic acid (0.1 M, 1.25 equiv.) is dissolved in toluene. Triethylamine (1.25 equiv.) and
DPPA (1.0 equiv.) are added to the solution. The mixture is refluxed for 30 minutes. The benzyl
alcohol (1.8 equiv.) is added after cooling the solution to 50 oC. The mixture is refluxed for ≥ 3
hours until the reaction is complete. The crude product is evaporated and redissolved in EtOAc.
The solution is extracted with NH4Cl(aq) and NHCO3(aq), dried with anhydrous Na2SO4, and
evaporated. The solution is further purified with column chromatography with 10-20%
EtOAc/hexane as the eluent.
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4.2.2. The Telescoped Curtius Rearrangement and CALB-catalyzed Benzyl Alcohol Tagging in
Flow Mode
Starting material solution (0.05 M in toluene) consists of carboxylic acid (1.25 equiv.),
triethylamine (1.25 equiv.), DPPA (1.0 equiv.), and benzyl alcohol (1.8 equiv.) is pumped to a
heated coil reactor (PFA, 10 mL, 120 oC). The flow rate is 0.333 mL/min to afford 30 minutes of
residence time. A back-pressure regulator (BPR, 100 psi) and a column of A-15 and A-21 mixture
are incorporated after the coil reactor. The product solution is mixed with vinyl butyrate stream (4
equiv. in toluene, 0.17 mL/min) in a T-mixer. The combined stream was passing through the
CALB column before being collected and evaporated. For a small-scale reaction, column
chromatography with 10-20% EtOAc/hexane is required to obtain pure carbamate product. For a
large-scale reaction, the product solution is crystallized in heptane to afford the pure carbamate
product.

Spectroscopic data:
Benzyl (4-chlorobenzyl)carbamate, 47a
Yield: 71% (586 mg, 2.13 mmol)
Appearance: white solid
(400 MHz, CDCl3) δ/ppm 7.36-7.25 (m, 7H), 7.20 (br
s, 1H), 7.18 (br s, 1H), 5.12 (br s, 1H), 5.11 (s, 2H), 4.32 (d, J =
6.2 Hz, 2H). 13C-NMR (100 MHz, CDCl3) δ/ppm 156.4 (C),
137.0 (C), 136.3 (C), 133.3 (C), 128.8 (2CH), 128.8 (3CH),
128.5 (2CH), 128.2 (CH), 128.1 (CH), 67.0 (CH2), 44.4 (CH2). IR (neat) ν/cm-1: 3282 (m), 1678
(s), 1542 (m), 1489 (m), 1254 (s), 978 (w), 802 (m), 746 (m), 693 (s), 471 (m). HR-MS (TOF
ES+) calcd for C15H15ClNO2 276.0786, found 276.0789 (M+H+).
1H-NMR

Data is consistent with previous report: doi.org/10.1002/ejoc.200700627.

Benzyl (2-fluorophenyl)carbamate, 47b
Yield: 96% (235 mg, 0.96 mmol).
Appearance: white solid
(400 MHz, CDCl3) δ/ppm 8.12 (br tr, J = 7.1 Hz, 1H),
7.43-7.32 (m, 5H), 7.12 (td, J = 8.0 Hz, 0.78 Hz, 1H), 7.09 – 6.96
(m, 2H), 6.94 (br s, 1H), 5.22 (s, 2H). 13C-NMR (100 MHz,
CDCl3) δ/ppm 153.0 (C), 152.1 (d, J = 241 Hz, C), 135.8 (C),
128.6 (2CH), 128.5 (CH), 128.4 (2CH), 126.3 (d, J = 10 Hz, C), 124.6 (d, J = 4 Hz, CH), 123.4
(d, J = 7 Hz, CH), 120.2 (CH), 114.8 (d, J = 19 Hz, CH), 67.3 (CH2). 19F-NMR (282 MHz, CDCl3)
δ/ppm -132.4 (s). IR (neat) ν/cm-1: 3281 (m), 1693 (s), 1597 (w), 1519 (s), 1498 (s), 1304 (s),
1H-NMR
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1109 (w), 1027 (m), 740 (s), 580 (m). HR-MS (TOF ES+) calcd for C14H13FNO2 246.0925, found
246.0928 (M+H+).
Data is consistent with previous report: doi.org/10.1016/j.tetlet.2008.05.010.

Benzyl (2-bromo-5-fluorophenyl)carbamate, 47c
Yield: 100% (324 mg, 1.0 mmol).
Appearance: cream solid.
(400 MHz, CDCl3) δ/ppm 8.07 – 8.02 (dd, J = 11.2
Hz, 2.9 Hz, 1H), 7.46 – 7.33 (m, 6H), 7.27-7.20 (m, 1H), 6.65
(s, 1H), 5.23 (s, 2H). 13C-NMR (100 MHz, CDCl3) δ/ppm
162.4 (d, J = 244 Hz, C), 152.7 (C), 137.0 (d, J = 12 Hz, C),
135.5 (C), 132.9 (d, J = 9 Hz , CH), 128.7 (2CH), 128.6 (CH),
128.5 (2CH), 111.2 (d, J = 23, CH), 107.5 (d, J = 30 Hz, CH), 106.1 (d, J = 3 Hz, C), 67.6 (CH2).
19F-NMR (376 MHz, CDCl ) δ/ppm -111.2 (m). IR (neat) ν/cm-1: 3264 (m), 1695 (s), 1525 (s),
3
1243 (s), 1230 (s), 1167 (s), 1030(m), 953 (m), 746 (s), 588 (s). HR-MS (TOF ES+) calcd for
C14H12BrFNO2 324.0030, found 324.0030 (M+H+).
1H-NMR

Data is consistent with previous report: doi.org/10.1002/anie.201402661.

Benzyl (4-(trifluoromethoxy)phenyl)carbamate, 47d
Yield: 83% (258 mg, 0.83 mmol)
Appearance: white solid
(400 MHz, CDCl3) δ/ppm ppm 7.46–7.32 (m, 7H),
7.13 (d, J = 8.0 Hz, 2H), 6.89 (br s, 1H), 5.19 (s, 2H). 13C-NMR
(100 MHz, CDCl3) δ/ppm 153.4 (C), 144.8 (C), 136.5 (C),
135.8 (C), 128.6 (2CH), 128.5 (CH), 128.3 (2CH), 121.8 (2CH),
120.5 (q, J = 255 Hz, CF3), 119.8 (2CH), 67.2 (CH2). 19F-NMR (376 MHz, CDCl3) δ/ppm -58.2
(s). IR (neat) ν/cm-1: 3333 (m), 1703 (m), 1528 (s), 1414 (w), 1216 (s), 1148 (s), 1064 (m), 734
(m), 606 (m), 510 (m). HR-MS (TOF ES+) calcd for C15H13F3NO3 312.0842, found 312.0844
(M+H+).
1H-NMR

60

Benzyl (4-chloro-3-methylphenyl)carbamate, 47e
Yield: 97% (267 mg, 0.97 mmol)
Appearance: white solid
(400 MHz, CDCl3) δ/ppm 7.45-7.35 (m, 5H), 7.347.30 (m, 1H), 7.29-7.27 (s, 1H), 7.16 (dd, J = 11.5 Hz, 4.3 Hz,
1H), 6.61 (br s, 1H), 5.22 (m, 2H), 2.37 (s, 3H). 13C-NMR (100
MHz, CDCl3) δ/ppm 153.3 (C), 136.7 (C), 136.3 (C), 135.9 (C),
129.4 (CH), 128.8 (C), 128.6 (2CH), 128.4 (CH), 128.3 (2CH), 121.0 (CH), 117.4 (CH), 67.1
(CH2), 20.2 (CH3). IR (neat) ν/cm-1: 3274 (m), 1693 (s), 1609 (m), 1537 (s), 1305 (w), 1229 (s),
1078 (s), 883 (m), 814 (w), 737 (s). HR-MS (TOF ES+) calcd for C15H15ClNO2 276.0786, found
276.0790 (M+H+).
1H-NMR

Benzyl (4-(trifluoromethyl)phenyl)carbamate, 47f
Yield: 100% (295 mg, 1.00 mmol)
Appearance: white solid
(400 MHz, CDCl3) /ppm 7.53 (d, J = 8.8 Hz, 2H),
7.48 (d, J = 8.8 Hz, 2H), 7.32-7.40 (m, 5H), 6.98 (br s, 1H), 5.20
(s, 2H). 13C-NMR (100 MHz, CDCl3) /ppm 153.1 (C), 140.9
(C), 135.6 (C), 128.7 (2CH), 128.5 (CH), 128.4 (2CH), 126.3
(q, J = 4 Hz, 2CH), 125.3 (q, J = 33 Hz, C), 124.1 (q, J = 270 Hz, CF3), 118.1 (br s, 2CH), 67.4
(CH2). 19F-NMR (376 MHz, CDCl3) /ppm -62.0 (s). IR (neat) ν/cm-1: 3338 (m), 1705 (m), 1597
(m), 1534 (m), 1515 (m), 1413 (m), 1325 (m), 1232 (m), 1154 (m), 1110 (s), 1082 (s), 830 (s), 728
(s), 591 (m). HR-MS (TOF ES): calculated for C15H13NO2F3 296.0893, found 296.0895 (M+H+).
1H-NMR

Data is consistent with previous reports: doi.org/10.26434/chemrxiv.9736049.v1.

Benzyl (3,4-dimethoxybenzyl)carbamate, 47g
Yield: 73% (438 mg, 1.46 mmol).
Appearance: white solid.
(400 MHz, CDCl3) δ/ppm 7.36-7.27 (m, 5H),
6.81-6.77 (m, 3H), 5.12 (s, 2H), 4.99 (br s, 1H), 4.30 (d, J =
5.9 Hz, 2H), 3.86-3.82 (m, 6H). 13C-NMR (125 MHz,
CDCl3) δ/ppm 156.4 (C), 149.1 (C), 148.5 (C), 136.5 (C),
131.0 (C), 128.5 (3CH), 128.2 (2CH), 119.8 (CH), 111.2
(CH), 110.9 (CH), 66.8 (CH2), 56.0 (CH3), 55.9 (CH3), 45.0 (CH2). IR (neat) ν/cm-1: 3330 (m),
2966 (w), 2153 (w), 1678 (m), 1592 (w), 1514 (s), 1230 (s), 1138 (s), 1021 (m), 648 (m). HR-MS
(TOF ES+) calcd for C17H19NO4Na 324.1206, found 324.1210 (M+Na+).
1H-NMR
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Benzyl (2-nitrobenzyl)carbamate, 47h
Yield: 71% (406 mg, 1.42 mmol)
Appearance: yellow solid.
(400 MHz, CDCl3) δ/ppm 8.06 (d, J = 8.5 Hz, 1H),
7.67-7.58 (m, 2H), 7.45 (td, J = 7.5 Hz, 2.2 Hz, 1H), 7.37-7.27 (m,
5H), 5.60 (br tr, 1H), 5.09 (s, 2H), 4.62 (d, J = 6.7 Hz, 2H). 13CNMR (100 MHz, CDCl3) δ/ppm 156.4 (C), 136.2 (C), 134.1
(CH), 134.0 (C), 131.9 (CH), 129.2 (C), 128.8 (CH), 128.5 (2CH), 128.2 (CH), 128.1 (2CH), 125.2
(CH), 67.0 (CH2), 42.9 (CH2). IR (neat) ν/cm-1: 3310 (m), 1681 (s), 1536 (s), 1510 (s), 1342 (m),
1217 (s), 967 (m), 832 (m), 698 (s), 474 (m). HR-MS (TOF ES+) calcd for C15H15N2O4 287.1026,
found 287.1030 (M+H+).
1H-NMR

Benzyl (1-(4-isobutylphenyl)ethyl)carbamate, 47j
Yield: 72% (112 mg, 0.36 mmol)
Appearance: white solid
(400 MHz, CDCl3) δ/ppm 7.36 - 7.27 (m, 5H),
7.22 – 7.17 (m, 2H), 7.13 – 7.08 (m, 2H), 5.11 (d, J = 12.0
Hz, 1H), 5.05 (d, J = 12.0 Hz, 1H), 5.02 (br s, NH), 4.84 (br
m, 1H), 2.45 (d, J = 7.2 Hz, 2H), 1.84 (septet, J = 6.8 Hz,
1H), 1.48 (d, J = 7.6 Hz, 3H), 0.90 (d, J = 6.7 Hz, 6H). 13C-NMR (100 MHz, CDCl3) δ/ppm
155.5 (C), 140.8 (C), 140.6 (C), 136.5 (C), 129.5 (2CH), 128.5 (2CH), 128.1 (3CH), 125.8 (2CH),
66.7 (CH2), 50.4 (CH), 45.0 (CH2), 30.2 (CH), 22.4 (3CH3). IR (neat) ν/cm-1: 3343 (m), 2959 (m),
1682 (s), 1529 (s), 1453 (w), 1319 (w), 1248 (s), 1081 (m), 845 (w), 642 (m). HR-MS (TOF ES+)
calcd for C20H26NO2 312.1958, found 312.1961 (M+H+).
1H-NMR

Benzyl cyclohexylcarbamate, 47k
Yield: 41% (95 mg, 0.41 mmol)
Appearance: white solid
(400 MHz, CDCl3) δ/ppm 7.36 – 7.27 (m, 5H), 5.07 (s,
2H), 4.60 (br s, 1H), 3.48 (br s, 1H), 1.92 (dd, J = 12.6 Hz, 3.4 Hz,
2H), 1.68 (dt, J = 14.5 Hz, 3.8 Hz, 2H), 1.62 – 1.54 (m, 1H), 1.33
(dd, J = 28.0 Hz, 11.0 Hz, 2H), 1.17 – 1.08 (m, 3H). 13C-NMR
(100 MHz, CDCl3) δ/ppm 155.5 (C), 136.7 (C), 128.5 (3CH), 128.1 (CH), 128.0 (CH), 66.4 (CH2),
49.9 (CH), 33.4 (CH2), 25.5 (2CH2), 24.7 (2CH2). IR (neat) ν/cm-1: 3317 (m), 2931 (m), 2853
(m), 1684 (s), 1537 (s), 1452 (w), 1310 (m), 1231 (s), 1045 (s), 693 (s). HR-MS (TOF ES+) calcd
for C14H20NO2 234.1489, found 234.1492 (M+H+).
1H-NMR

Data is consistent with previous report: doi.org/10.1039/C3OB40918J.
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Benzyl (3-oxocyclobutyl)carbamate, 47m
Yield: 41% (90.6 mg, 0.413 mmol)
Appearance: off-white solid
(600 MHz, d6-DMSO) δ/ppm 8.72 (br d, J = 6.0 Hz,
NH), 7.32-7.38 (m, 4H), 7.27-7.32 (m, 1H), 5.02 (s, 2H), 4.10-4.20
(m, 1H), 3.24-3.31 (m, 2H), 2.95-3.05 (m, 2H). 13C-NMR (150
MHz, d6-DMSO) δ/ppm 206.6 (C), 156.2 (C), 137.4 (C), 128.8
(2CH), 128.3 (2CH), 128.3 (CH), 65.8 (CH2), 54.3 (2CH2), 36.8 (CH). IR (neat) ν/cm-1: 3356 (m),
3035 (w), 2977 (w), 2935 (w), 1780 (s), 1682 (s), 1528 (s), 1262 (s), 1214 (s), 1073 (s), 1012 (s),
752 (s), 729 (s), 694 (s), 571 (s). HR-MS (TOF ES+) calcd for C12H14NO3 220.0968, found
220.0970 (M+H+).
1H-NMR

4.2.3. Alkylation of the Cbz-Carbamate
Sodium hydride (60% dispersion in parafin oil, 2 equiv.) was dissolved in DMF (0.167 M) at 0 oC.
The carbamate (1 equiv.) and alkyl halide (1 equiv.) are added to the solution. The mixture is
heated to 60 oC for 1 hour. To quench the reaction, the mixture is poured onto ice. HCl (1 M)
solution is added until the pH of the solution is lower than 3. The mixture is extracted three times
with diethyl ether. The organic phases are combined, dried with anhydrous Na2SO4, and
evaporated.

Spectroscopic data:
Benzyl butyl (4-chlorobenzyl)carbamate, 55a
Yield: 48% (40 mg, 0.12 mmol).
Appearance: beige oil.
Rotamers are observed by NMR.
(400 MHz, CDCl3) δ/ppm 7.39 – 7.02 (m, 9H), 5.20 –
5.11 (m, 2H), 4.48 – 4.40 (m, 2H), 3.30 – 3.13 (m, 2H), 1.56 –
1.43 (m, 2H), 1.35 – 1.17 (m, 2H), 0.94 - 0.79 (m, 3H). 13C-NMR (100 MHz, CDCl3) δ/ppm 136.5
(C), 130.0 (C), 129.1 (CH), 128.6 (3CH), 128.4 (2CH), 128.0 (2CH), 127.8 (CH), 122.9 (C), 113.3
(C), 67.2 (CH2), 49.9 and 49.6 (2xCH2, rotamers), 47.1 and 46.2 (2xCH2), 30.2 and 29.9 (CH2),
19.9 (CH2), 13.8 (CH3). IR (neat) ν/cm-1: 2957 (w), 2929 (w), 2871 (w), 1695 (s), 1465 (m), 1406
(m), 1222 (s), 1139 (m), 1087 (m), 697 (m). HR-MS (TOF ES+) calcd for C19H23ClNO2 332.1412,
found 332.1412 (M+H+).
1H-NMR
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Benzyl butyl (2-fluorophenyl)carbamate, 55b
Yield: 89% (67 mg, 0.223 mmol)
Appearance: yellow oil
Major : minor rotamers = 77:23
(400 MHz, CDCl3) δ/ppm 7.44 - 7.08 (m, 9H), 5.265.16 (m, 2H, minor), 5.11 (s, 2H, major), 3.64 (t, J = 7.6 Hz, 2H),
1.51 (quintet, J = 7.2 Hz, 2H), 1.31 (sextet, J = 7.4 Hz, 2H), 0.88
(t, J = 7.7 Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ/ppm 158.4 (d, J = 249 Hz, C), 155.3 (C),
136.6 (C), 129.8 (2CH), 128.7 (d, J = 8 Hz, 2CH), 128.3 (CH), 127.7 (CH), 127.2 (CH), 125.5 (C),
124.3 (d, J = 4 Hz, CH), 116.3 (d, J = 20 Hz, CH), 67.2 (CH2), 50.0 (CH2), 30.1 (CH2), 19.8 (CH2),
13.8 (CH3). 19F-NMR (376 MHz, CDCl3) δ/ppm -120.2 (s, minor), -120.7 (s, major). IR (neat)
ν/cm-1: 2958 (w), 1705 (s), 1501 (s), 1402 (s), 1299 (s), 1150 (s), 1017 (m), 820 (w), 757 (s), 696
(s). HR-MS (TOF ES+) calcd for C18H21FNO2 302.1551, found 302.1553 (M+H+).
1H-NMR

Benzyl butyl (2-bromo-5-fluorophenyl)carbamate, 55c
Yield: 91% (86.2 mg, 0.227 mmol)
Appearance: amber oil
Major : minor rotamers = 76:24
(500 MHz, CDCl3) δ/ppm 7.58 (dd, J = 9.0 Hz, 5.75
Hz, 1H), 7.46-7.15 (m, 5H), 7.05-6.90 (m, 2H), 5.30-5.17 (m,
2H, minor), 5.11 (s, 2H, major), 3.82 (dt, J = 14.5, 15.0 Hz,
1H), 3.40 (dt, J = 13.6, 14.3, 1H), 1.55 (2xquintet, J = 7.4 Hz, 2H), 1.35 (sextet, J = 7.8 Hz, 2H),
0.92 (t, J = 7.5 Hz, 3H). 13C-NMR (125 MHz, CDCl3) δ/ppm 161.7 (d, J = 248 Hz, C), 154.8
(C), 141.8 (d, J = 9 Hz, C), 136.4 (C), 133.9 (d, J = 9, CH), 128.3 (2CH), 127.8 (CH), 127.5
(2CH), 118.5 (d, J = 4 Hz, C), 117.8 (d, J = 23 Hz, CH), 116.2 (d, J = 22 Hz, CH), 67.4 (CH2),
49.8 (CH2), 30.2 (CH2), 20.0 (CH2), 13.8 (CH3). 19F-NMR (470 MHz, CDCl3) δ/ppm -113.1 (q,
J = 7 Hz, minor), -113.2 (q, J = 8 Hz, major). IR (neat) ν/cm-1: 2952 (w), 1705 (s), 1503 (s), 1454
(w), 1307 (s), 1150 (s), 1001 (w), 820 (w), 755 (s), 696 (s). HR-MS (TOF ES+) calcd for
C18H20BrFNO2 380.0656, found 380.0660 (M+H+).
1H-NMR

Benzyl butyl (4-(trifluoromethoxy)phenyl)carbamate, 55d
Yield: 89% (82 mg, 0.223 mmol)
Appearance: yellow oil
(400 MHz, CDCl3) δ/ppm 7.35 – 7.16 (m, 9H), 5.13
(s, 2H), 3.66 (t, J = 7.6 Hz, 2H), 1.51 (quintet, J = 7.3 Hz, 2H),
1.29 (sextet, J = 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C-NMR
(100 MHz, CDCl3) δ/ppm 155.2 (C), 147.3 (C), 140.5 (C),
136.5 (C), 129.6 (CH), 128.6 (2CH), 128.4 (2CH), 127.9 (CH), 127.6 (CH), 121.4 (2CH), 120.4
1H-NMR
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(q, J = 256 Hz, CF3), 67.2 (CH2), 50.2 (CH2), 30.4 (CH2), 19.8 (CH2), 13.7 (CH3). 19F-NMR (376
MHZ, CDCl3) δ/ppm -58.0 (s). IR (neat) ν/cm-1: 2959 (w), 2930 (w), 2873 (w), 1705 (s), 1509
(m), 1400 (w), 1255 (s), 1220 (s), 1154 (s), 734 (w). HR-MS (TOF ES+) calcd for C19H21F3NO3
368.1468, found 368.1467 (M+H+).

Benzyl butyl (4-chloro-3-methylphenyl)carbamate, 55e
Yield: 90% (75 mg, 0.225 mmol)
Appearance: yellow oil
(400 MHz, CDCl3) δ/ppm 7.35 – 7.22 (m, 6H), 7.05
(br s, 1H), 6.98 – 6.92 (m, 1H), 5.13 (s, 2H), 3.63 (t, J = 7.6 Hz,
2H), 2.34 (s, 3H), 1.49 (quintet, J = 7.7 Hz, 2H), 1.28 (sextet, J
= 7.4 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H). 13C-NMR (100 MHz,
CDCl3) δ/ppm 155.3 (C), 140.3 (C), 136.7 (C), 136.6 (C), 132.3 (C), 129.7 (CH), 129.4 (2CH),
128.4 (2CH), 127.9 (CH), 127.6 (CH), 125.9 (CH), 67.2 (CH2), 50.2 (CH2), 30.1 (CH2), 20.1
(CH3), 19.8 (CH2), 13.7 (CH3). IR (neat) ν/cm-1: 3282 (w), 2957 (w), 1698 (s), 1484 (m), 1254
(s), 1141 (m), 979 (w), 802 (w), 694 (s), 471 (m). HR-MS (TOF ES+) calcd for C19H23ClNO2
332.1412, found 332.1416 (M+H+).
1H-NMR

Benzyl butyl (4-(trifluoromethyl)phenyl)carbamate, 55f
Yield: 93% (164 mg, 0.46 mmol)
Appearance: yellow oil
(400 MHz, CDCl3) δ/ppm 7.62 – 7.58 (m, 2H), 7.36 7.26 (m, 7H), 5.16 (s, 2H), 3.71 (t, J = 7.5 Hz, 2H), 1.52 (quintet,
J = 7.4 Hz, 2H), 1.30 (sextet, J = 7.5 Hz, 2H), 0.87 (t, J = 7.2
Hz, 3H). 13C-NMR (100 MHz, CDCl3) δ/ppm 155.0 (C), 145.1
(C), 136.3 (C), 128.5 (2CH), 128.2 (q, J = 27 Hz, C), 128.0 (2CH), 127.8 (2CH), 127.1 (CH),
126.0 (q, J = 4 Hz, 2CH), 123.9 (q, J = 271 Hz, CF3), 67.4 (CH2), 50.0 (CH2), 30.4 (CH2), 19.8
(CH2), 13.7 (CH3). 19F-NMR (376 MHZ, CDCl3) δ/ppm -63.5 (s). IR (neat) ν/cm-1: 3283 (w),
2961 (w), 1700 (s), 1398 (w), 1280 (s), 1123 (s), 1067 (s), 1014 (m), 764 (m), 695 (s), 471 (w).
HR-MS (TOF ES+) calcd for C19H21F3NO2 352.1519, found 352.1518 (M+H+).
1H-NMR

Benzyl methyl (4-chlorobenzyl)carbamate, 56a
Yield: 94% (68 mg, 0.235 mmol)
Appearance: yellow oil
Rotamers are observed by NMR.
(400 MHz, CDCl3) δ/ppm 7.40 – 7.23 (m, 7H), 7.20
– 7.04 (m, 2H), 5.17 (s, 2H), 4.44 (s, 2H), 2.91 – 2.83 (m, 3H).
1H-NMR
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(100 MHz, CDCl3) δ/ppm 156.7 and 156.2 (2xC, rotamers), 136.7 (br s, C), 136.0 (C),
133.2 (C), 129.2 (CH), 128.7 (2CH), 128.7 (CH), 128.5 (2CH), 128.0 (CH), 127.9 (2CH), 67.4
(CH2), 52.0 and 51.8 (2xCH2), 34.5 and 33.7 (2xCH3). IR (neat) ν/cm-1: 3032 (w), 2924 (w), 1697
(s), 1490 (m), 1399 (m), 1216 (m), 1139 (s), 1090 (w), 768 (w), 697 (m). HR-MS (TOF ES+)
calcd for C16H17ClNO2 290.0942, found 290.0945 (M+H+).
13C-NMR

Benzyl methyl (2-fluorophenyl)carbamate, 56b
Yield: 93% (60.7 mg, 0.234 mmol)
Appearance: amber oil
Major : minor rotamer = 74:26
(400 MHz, CDCl3) δ/ppm 7.44 - 7.16 (m, 7H), 7.147.06 (m, 2H), 5.13 (s, 2H), 3.26 (s, 3H). 13C-NMR (100 MHz,
CDCl3) δ/ppm 162.7 (C), 159.2 (C), 156.0 (d, J = 126 Hz, C),
136.5 (C), 128.5 (d, J = 1 Hz, 2CH), 128.7 (CH), 128.6 (d, J = 8 Hz, CH), 128.4 (CH), 127.8
(CH), 127.4 (CH), 124.4 (d, J = 4 Hz, CH), 116.4 (d, J = 20 Hz, CH), 67.4 (CH2), 37.5 (2xCH3).
19F-NMR (376 MHz, CDCl ) δ/ppm -120.9 (s, minor), -121.4 (s, major). IR (neat) ν/cm-1: 2952
3
(w), 1705 (s), 1502 (s), 1454 (m), 1387 (m), 1263 (m), 1150 (s), 1001 (m), 821 (w), 755 (s), 696
(s). HR-MS (TOF ES+) calcd for C15H15FNO2 260.1081, found 260.1084 (M+H+).
1H-NMR

Data is consistent with previous report: doi.org/10.1021/ja808959e.

Benzyl methyl (2-bromo-5-fluorophenyl)carbamate, 56c
Yield: 96% (81.5 mg, 0.24 mmol)
Appearance: yellow solid
Major : minor rotamer = 75:25
(500 MHz, CDCl3) δ/ppm 7.57 (dd, J = 8.9 Hz, 5.75
Hz, 1H), 7.47-7.17 (m, 5H), 7.10-6.98 (m, 1H), 6.93 (td, J =
8.3 Hz, 3.1 Hz, 1H), 5.24 (s, 2H, minor), 5.12 (s, 2H, major),
3.23 (s, 3H, minor), 3.22 (s, 3H, major). 13C-NMR (125 MHz, CDCl3) δ/ppm 162.0 (d, J = 248
Hz, C), 154.9 (C), 143.0 (d, J = 10 Hz, C), 136.6 (C), 134.3 (d, J = 10 Hz, CH, minor), 134.0 (d,
J = 9 Hz, CH, major), 128.5 (2CH, minor), 128.3 (2CH, major), 128.2 (CH, minor), 128.1 (2CH,
minor), 127.9 (CH, major), 127.5 (2CH, major), 117.8 (d, J = 4 Hz, C), 117.3 (d, J = 22 Hz, CH,
minor), 116.9 (d, J = 22 Hz, CH, major), 116.5 (d, J = 22 Hz, CH, minor), 116.4 (d, J = 22 Hz,
CH, major), 67.7 (CH2, minor), 67.6 (CH2, major), 37.1 (CH3, minor), 36.9 (CH3, major). 19FNMR (470 MHz, CDCl3) δ/ppm -112.7 (q, J = 8 Hz, minor), -112.8 (q, J = 7 Hz, major). IR
(neat) ν/cm-1: 2923 (w), 1707 (s), 1580 (w), 1470 (m), 1418 (m), 1340 (m), 1150 (s), 1041 (m),
762 (m), 699 (s). HR-MS (TOF ES+) calcd for C15H14BrFNO2 338.0186, found 338.0189 (M+H+).
1H-NMR
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Benzyl methyl (4-(trifluoromethoxy)phenyl)carbamate, 56d
Yield: 98% (80 mg, 0.245 mmol)
Appearance: beige oil
(400 MHz, CDCl3) δ/ppm 7.36 – 7.24 (m, 7H), 7.20 –
7.15 (m, 2H), 5.16 (s, 2H), 3.31 (s, 3H). 13C-NMR (100 MHz,
CDCl3) δ/ppm 155.3 (C), 146.8 (C), 141.7 (C), 136.3 (C), 129.6
(CH), 128.5 (2CH), 128.1 (2CH), 127.8 (CH), 126.9 (CH), 121.4
(2CH), 120.4 (q, J = 256 Hz, CF3), 67.5 (CH2), 37.6 (CH3). 19F-NMR (376 MHz, CDCl3) δ/ppm
-58.0 (s). IR (neat) ν/cm-1: 2956 (w), 1706 (s), 1509 (m), 1348 (w), 1253 (s), 1219 (s), 1150 (s),
1109 (m), 1014 (w), 698 (w). HR-MS (TOF ES+) calcd for C16H15F3NO3 326.0999, found
326.1003 (M+H+).
1H-NMR

Benzyl methyl (4-chloro-3-methylphenyl)carbamate, 56e
Yield: 78% (56 mg, 0.195 mmol)
Appearance: yellow oil
(400 MHz, CDCl3) δ/ppm 7.37 – 7.26 (m, 6H), 7.11
(br s, 1H), 7.00 (dd, J = 8.2 Hz, 2.5 Hz, 1H), 5.15 (s, 2H), 3.28
(s, 3H), 2.34 (s, 3H). 13C-NMR (100 MHz, CDCl3) δ/ppm 155.3
(C), 141.6 (C), 136.6 (C), 136.5 (C), 131.7 (C), 129.3 (2CH),
128.5 (2CH), 128.2 (CH), 128.0 (CH), 127.8 (CH), 124.4 (CH), 67.4 (CH2), 37.7 (CH3), 20.1
(CH3). IR (neat) ν/cm-1: 2952 (w), 1702 (s), 1597 (w), 1481 (m), 1342 (m), 1253 (w), 1148 (s),
1112 (m), 1050 (m), 696 (s). HR-MS (TOF ES+) calcd for C16H17ClNO2 290.0942, found
290.0948 (M+H+).
1H-NMR

Benzyl methyl (4-(trifluoromethyl)phenyl)carbamate, 56f
Yield: 97% (75 mg, 0.24 mmol)
Appearance: bronze solid
(400 MHz, CDCl3) δ/ppm 7.61 – 7.56 (m, 2H), 7.41 –
7.28 (m, 7H), 5.18 (s, 2H), 3.35 (s, 3H). 13C-NMR (100 MHz,
CDCl3) δ/ppm 155.0 (C), 146.3 (C), 136.2 (C), 128.5 (2CH),
128.2 (CH), 128.0 (2CH), 127.9 (q, J = 32 Hz, C), 125.9 (q, J =
3 Hz, 2CH), 125.2 (2CH), 124.0 (q, J = 270 Hz, CF3), 67.7 (CH2), 37.3 (CH3). 19F-NMR (376
MHz, CDCl3) δ/ppm -62.4 (s). IR (neat) ν/cm-1: 2924 (w), 1714 (m), 1611 (w), 1388 (w), 1318
(m), 1257 (w), 1158 (s), 1094 (s), 1063 (s), 835 (m). HR-MS (TOF ES+) calcd for C16H15F3NO2
310.1049, found 310.1052 (M+H+).
1H-NMR
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Benzyl methyl (3,4-dimethoxybenzyl)carbamate, 56g
Yield: 100% (79 mg, 0.25 mmol)
Appearance: yellow oil
Rotamers are observed by NMR.
(400 MHz, CDCl3) δ/ppm 7.38 – 7.25 (m, 5H), 6.81 –
6.62 (m, 3H), 5.17 (s, 2H), 4.40 (s, 2H), 3.85 – 3.75 (m, 6H), 2.87
13
and 2.83 (2xs, 3H, rotamers). C-NMR (100 MHz, CDCl3) δ/ppm 156.8 and 156.3 (2xC), 149.2
(C), 148.4 (C), 136.9 (C), 130.0 (C), 128.5 (3CH), 128.0 (CH), 127.8 (CH), 120.3 and 119.8
(2xCH), 111.0 (CH), 110.5 (CH), 67.2 (CH2), 55.9 (2CH3), 52.4 and 52.1 (2xCH2), 34.2 and 33.4
(2xCH3). IR (neat) ν/cm-1: 2936 (w), 2835 (w), 1698 (s), 1514 (m), 1325 (m), 1258 (s), 1234 (m),
1140 (s), 1025 (s), 847 (w), 764 (m), 696 (m). HR-MS (TOF ES+) calcd for C18H22NO4 316.1543,
found 316.1543 (M+H+).
1H-NMR

4.2.4. Michael Addition of the Cbz-Carbamate in Flow Mode
Starting material solution (0.5 M in dichloromethane) consists of Cbz-carbamate (1.0 equiv.), the
Michael acceptor (1.2 equiv.), and TBAB (0.1 equiv.) and 50% KOH aqueous solution are mixed
in a T-mixer. Both solutions are pumped at 0.15 mL/min to a coil reactor (PFA, 10 mL, r.t.) to
afford 33.3 minutes of residence time. The product is collected in a separating funnel. The organic
phase is separated. The water phase is washed with dichloromethane and separated. The combined
organic phases are dried with anhydrous Na2SO4 and evaporated. The product is further purified
by column chromatography with 10-20% EtOAc/hexane as the eluent.

Spectroscopic data:
Benzyl (2-cyanoethyl)(2-fluorophenyl)carbamate, 58b
Yield: 99% (298.3 mg, 1.010 mmol)
Appearance: colorless oil
Major : minor rotamer = 77:23
(400 MHz, CDCl3) δ/ppm 7.45 - 7.10 (m, 9H), 5.305.17 (m, 2H, minor), 5.12 (s, 2H, major), 3.88 (t, J = 6.9 Hz,
2H), 2.66 (br t, J = 6.8 Hz, 2H, major), 2.60-2.50 (m, 2H, minor).
13C-NMR (100 MHz, CDCl ) δ/ppm 158.1 (d, J = 249 Hz, C), 155.1 (C), 136.0 (C), 129.9 (CH),
3
129.8 (2CH), 129.7 (2CH), 128.4 (CH), 128.0 (C), 127.3 (CH), 124.9 (d, J = 4 Hz, CH), 117.6
(CN), 116.5 (d, J = 19 Hz, CH), 68.3 (CH2, minor), 67.8 (CH2, major), 46.4 (CH2, minor), 46.1
(CH2, major), 17.4 (CH2, minor), 16.8 (CH2, major). 19F-NMR (376 MHz, CDCl3) δ/ppm -120.6
(s, minor), -121.0 (s, major). IR (neat) ν/cm-1: 2957 (w), 1705 (s), 1501 (s), 1403 (s), 1303 (s),
1197 (s), 1012 (m), 755 (s), 697 (s), 485 (w). HR-MS (TOF ES+) calcd for C17H16FNO2 299.1190,
found 299.1193 (M+H+).
1H-NMR
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Benzyl methyl (4-(trifluoromethyl)phenyl)carbamate, 58f
Yield: 75% (65.2 mg, 0.187 mmol)
Appearance: yellow oil
(400 MHz, CDCl3) δ/ppm 7.66 – 7.61 (m, 2H), 7.40
– 7.22 (m, 7H), 5.17 (s, 2H), 3.47 (t, J = 6.6 Hz, 2H), 2.66 (t, J
= 6.8 Hz, 2H). 13C-NMR (100 MHz, CDCl3) δ/ppm 154.6 (C),
144.0 (q, J = 2 Hz, C), 135.7 (C), 129.3 (q, J = 33 Hz, C), 128.6
(2CH), 128.4 (CH), 127.9 (2CH), 127.4 (2CH), 126.5 (q, J = 4 Hz, 2CH), 123.7 (q, J = 271Hz,
CF3), 117.4 (CN), 68.1 (CH2), 46.3 (CH2), 17.2 (CH2). 19F-NMR (376 MHz, CDCl3) δ/ppm -62.5
(s). IR (neat) ν/cm-1: 2957 (w), 2251 (w), 1705 (s), 1615 (m), 1399 (m), 1322 (s), 1108 (s), 1068
(s), 1015 (m), 845 (m), 697 (m). HR-MS (TOF ES+) calcd for C18H16F3N2O2 349.1158, found
349.1162 (M+H+).
1H-NMR

Benzyl (2-cyanoethyl)(3,4-dimethoxybenzyl)carbamate, 58g
Yield: 65% (106.2 mg, 0.30 mmol)
Appearance: colorless oil
Major : minor rotamer: 56 : 44
(400 MHz, CDCl3) δ/ppm 7.38 – 7.26 (m, 5H), 6.83 –
6.60 (m, 3H), 5.18 (s, 2H), 4.50 (s, 2H), 3.84 – 3.63 (m, 6H), 3.51
– 3.41 (m, 2H), 2.55 (br t, 2H, major), 2.37 (br t, 2H, minor). 13C-NMR (100 MHz, CDCl3) δ/ppm
155.9 (C), 149.3 (C), 148.7 (C), 136.2 (C), 129.3 (C), 128.6 (2CH), 128.3 (CH), 128.1 (2CH),
120.4 (CH, minor), 119.9 (CH, major), 118.2 (CN, major), 117.8 (CN, minor), 111.1 (2CH, major),
110.6 (2CH, minor), 67.8 (CH2, minor), 67.7 (CH2, major), 55.9 (2CH3, major), 55.7 (2CH3,
minor), 51.3 (CH2), 43.3 (CH2, major), 42.2 (CH2, minor), 17.3 (CH2, minor), 16.6 (CH2, major).
IR (neat) ν/cm-1: 2956 (w), 2251 (w), 1703 (s), 1501 (s), 1454 (m), 1402 (s), 1303 (s), 1140 (m),
1025 (m), 754 (s), 697 (s). HR-MS (TOF ES+) calcd for C20H23N2O4 355.1652, found 355.1653
(M+H+).
1H-NMR

Methyl 3-(((benzyloxy)carbonyl)(2-bromo-5-fluorophenyl)amino)propanoate, 59c
Yield: 34% (68.5 mg, 0.167 mmol)
Appearance: yellow oil
Major : minor rotamers = 77:23
(400 MHz, CDCl3) δ/ppm 7.55 (dd, J = 8.9 Hz, 5.68
Hz, 1H), 7.44-7.12 (m, 5H), 7.06-6.87 (m, 2H), 5.28-5.14 (m,
2H, minor), 5.09 (s, 2H, major), 4.09 (ddd, J = 14.2 Hz, 14.4
Hz, 7.2 Hz, 1H), 3.74 (ddd, J = 14.2 Hz, 14.3 Hz, 7.1 Hz, 1H), 3.60 (s, 3H, major), 3.58 (br s, 3H,
minor), 2.74 – 2.58 (m, 2H). 13C-NMR (100 MHz, CDCl3) δ/ppm 171.7 (C), 161.8 (d, J = 248
Hz, C), 154.6 (C), 141.5 (d, J = 10 Hz, C), 136.1 (C), 134.0 (d, J = 8.7, CH), 128.3 (d, J = 46,
1H-NMR
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CH), 128.3 (2CH), 127.9 (CH), 127.5 (CH), 118.3 (d, J = 4 Hz, C), 117.8 (d, J = 23 Hz, CH),
116.5 (d, J = 22 Hz, CH), 67.9 (CH2, minor) 67.6 (CH2, major), 51.7 (CH3), 46.0 (CH2), 33.5
(CH2, minor), 32.9 (CH2, major). 19F-NMR (376 MHz, CDCl3) δ/ppm -112.7 (m, minor), -112.8
(q, J = 8 Hz, major). IR (neat) ν/cm-1: 2952 (w), 1708 (s), 1597 (w), 1473 (m), 1301 (s), 1171 (s),
1011 (m), 813 (m), 696 (m), 599 (m). HR-MS (TOF ES+) calcd for C18H18BrFNO4 410.0398,
found 410.0396 (M+H+).

Methyl 3-(((benzyloxy)carbonyl)(4-(trifluoromethyl)phenyl)amino)propanoate, 59f
Yield: 63% (59.9 mg, 0.157 mmol)
Appearance: colorless solid
(500 MHz, CDCl3) δ/ppm 7.62 (d, J = 8.0 Hz, 2H),
7.27-7.40 (m, 7H), 5.17 (s, 2H), 4.04 (app t, J = 5.6 Hz, 2H),
3.57 (s, 3H), 2.61 (app t, J = 5.6 Hz, 2H). 13C-NMR (125 MHz,
CDCl3) δ/ppm 171.5 (C), 154.7 (C), 144.6 (C), 136.0 (C),
128.7 (d, J = 33 Hz, C), 128.5 (2CH), 128.2 (CH), 127.9 (2CH), 127.2 (2CH), 126.2 (q, J = 4 Hz,
2CH), 123.9 (q, J = 273 Hz, CF3), 67.7 (CH2), 51.7 (CH3), 46.3 (CH2), 33.2 (CH2). 19F-NMR (470
MHz, CDCl3) δ/ppm -62.5 (s). IR (neat) ν/cm-1: 2954 (w), 1739 (s), 1692 (s), 1611 (m), 1449
(m), 1323 (s), 1305 (s), 1109 (s), 752 (m), 700 (m). HR-MS (TOF ES+) calcd for C19H19NF3O4
382.1261, found 382.1265 (M+H+).
1H-NMR

Methyl 3-(((benzyloxy)carbonyl)(2-nitrobenzyl)amino)propanoate, 59h
Yield: 22% (14.3 mg, 0.038 mmol)
Appearance: yellow oil
Major : minor rotamer = 55:45
(400 MHz, CDCl3) δ/ppm 8.05 (d, J = 8.2 Hz, 1H),
7.60 – 7.49 (m, 1H), 7.43-7.20 (m, 6H), 7.14 (br s, 1H), 5.19 (s,
2H, minor), 5.08 (s, 2H, major), 4.89 (s, 2H), 3.64-3.55 (m, 5H),
13
2.69-2.51 (m, 2H). C-NMR (100 MHz, CDCl3) δ/ppm 172.0 (C, major), 171.7 (C, minor), 156.4
(C, minor), 156.1 (C, major), 148.3 (C, minor), 148.0 (C, major), 136.2 (C), 134.0 (C, major),
133.7 (CH), 133.5 (C, minor), 128.6 (CH, major), 128.5 (CH, minor), 128.5 (CH, minor), 128.4
(CH, major), 128.2 (CH), 128.1 (CH, minor), 128.1 (CH, major), 128.0 (CH), 127.9 (CH), 127.7
(CH), 125.2 (CH), 67.8 (CH2, minor), 67.5 (CH2, major), 51.8 (CH3), 49.0 (CH2, major), 48.9
(CH2, minor), 44.6 (CH2, major), 43.7 (CH2, minor), 33.4 (CH2, minor), 32.9 (CH2, major). IR
(neat) ν/cm-1: 2952 (w), 1734 (s), 1698 (s), 1523 (s), 1435 (m), 1339 (m), 1245 (m), 1114 (m),
728 (s), 698 (s). HR-MS (TOF ES+) calcd for C19H21N2O6 373.1394, found 373.1396 (M+H+).
1H-NMR
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4.2.5. Hydrolysis of Michael Addition Product into a Cbz subtituted β-Amino Acid
The Michael addition product is dissolved in H2O/THF (0.8 M). Sodium hydroxide (1.5 equiv.) is
added to the solution. The mixture is heated to 60 oC for 3 hours. The crude product is extracted
with ethyl acetate to remove the remaining starting material. The aqueous phase is acidified with
HCl 1M and extracted twice with ethyl acetate. The combined organic phase is dried with
anhydrous Na2SO4 and evaporated to obtain the Cbz substituted β-amino acid.

Spectroscopic data:
3-(((Benzyloxy)carbonyl)(4-(trifluoromethyl)phenyl)amino)propanoic acid, 60f:
Yield: 84% (510 mg, 1.39 mmol)
Appearance: colourless solid
(400 MHz, CDCl3) δ/ppm 7.59 (d, J = 7.8 Hz, 2H),
7.30-7.40 (m, 5H), 7.23-7.28 (m, 2H), 5.14 (s, 2H), 4.50 (br s,
1H), 4.01 (app t, J = 5.6 Hz, 2H), 2.62 (app t, J = 5.6 Hz, 2H).
13C-NMR (100 MHz, CDCl ) δ/ppm 176.1 (C), 154.8 (C), 144.4
3
(C), 135.9 (C), 128.9 (q, J = 33 Hz, C), 128.5 (2CH), 128.2 (CH),
127.8 (2CH), 127.2 (2CH), 126.2 (q, J = 4 Hz, 2CH), 123.8 (q, J = 273 Hz, CF3), 67.8 (CH2), 46.0
(CH2), 33.0 (CH2). 19F-NMR (376 MHz, CDCl3) δ/ppm -62.5 (s). IR (neat) ν/cm-1: 3068 (broad),
2937 (w), 2906 (w), 1720 (m), 1692 (s), 1613 (m), 1398 (m), 1321 (m), 1301 (m), 1217 (s), 1198
(s), 1164 (s), 1113 (s), 1102 (s), 1064 (s), 1012 (m), 923 (m), 852 (m), 736 (m), 698 (m), 625 (m).
HR-MS (TOF ES+) calcd for C18H17F3NO4 368.1104, found 368.1104 (M+H+).
1H-NMR
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Appendix: Copies of NMR Spectra
Benzyl (4-chlorobenzyl)carbamate, 47a: 1H, 13C, HSQC

xii

xiii

Benzyl (2-fluorophenyl)carbamate, 47b: 1H, 13C, 19F, HSQC

xiv

xv

Benzyl (2-bromo-5-fluorophenyl)carbamate, 47c: 1H, 13C, 19F, HSQC

xvi

xvii

Benzyl (4-(trifluoromethoxy)phenyl)carbamate, 47d: 1H, 13C, 19F, HSQC

xviii

xix

Benzyl (4-chloro-3-methylphenyl)carbamate, 47e: 1H, 13C, HSQC

xx

xxi

Benzyl (4-(trifluoromethyl)phenyl)carbamate, 47f: 1H, 13C, 19F, HSQC

xxii

xxiii

Benzyl (3,4-dimethoxybenzyl)carbamate, 47g: 1H, 13C, HSQC

xxiv

xxv

Benzyl (2-nitrobenzyl)carbamate, 47h: 1H, 13C, HSQC

xxvi

xxvii

Benzyl (1-(4-isobutylphenyl)ethyl)carbamate, 47j: 1H, 13C, HSQC

xxviii

xxix

Benzyl cyclohexylcarbamate, 47k: 1H, 13C, HSQC

xxx

xxxi

Benzyl (3-oxocyclobutyl)carbamate, 47m: 1H, 13C, HSQC

xxxii

xxxiii

Benzyl butyl (4-chlorobenzyl)carbamate, 55a: 1H, 13C, HSQC

xxxiv

xxxv

Benzyl butyl (2-fluorophenyl)carbamate, 55b: 1H, 13C, 19F, HSQC

xxxvi

xxxvii

Benzyl butyl (2-bromo-5-fluorophenyl)carbamate, 55c: 1H, 13C, 19F, HSQC

xxxviii

xxxix

Benzyl butyl (4-(trifluoromethoxy)phenyl)carbamate, 55d: 1H, 13C, 19F, HSQC

xl

xli

Benzyl butyl (4-chloro-3-methylphenyl)carbamate, 55e: 1H, 13C, HSQC

xlii

xliii

Benzyl butyl (4-(trifluoromethyl)phenyl)carbamate, 55f: 1H, 13C, 19F, HSQC

xliv

xlv

Benzyl methyl (4-chlorobenzyl)carbamate, 56a: 1H, 13C, HSQC

xlvi

xlvii

Benzyl methyl (2-fluorophenyl)carbamate, 56b: 1H, 13C, 19F, HSQC

xlviii

xlix

Benzyl methyl (2-bromo-5-fluorophenyl)carbamate, 56c: 1H, 13C, 19F, HSQC

l

li

Benzyl methyl (4-(trifluoromethoxy)phenyl)carbamate, 56d: 1H, 13C, 19F, HSQC

lii

\

liii

Benzyl methyl (4-chloro-3-methylphenyl)carbamate, 56e: 1H, 13C, HSQC

liv

lv

Benzyl methyl (4-(trifluoromethyl)phenyl)carbamate, 56f: 1H, 13C, 19F, HSQC

lvi

lvii

Benzyl methyl (3,4-dimethoxybenzyl)carbamate, 56g: 1H, 13C, HSQC

lviii

lix

Benzyl (2-cyanoethyl)(2-fluorophenyl)carbamate, 58b: 1H, 13C, 19F, HSQC

lx

lxi

Benzyl methyl (4-(trifluoromethyl)phenyl)carbamate, 58f: 1H, 13C, 19F, HSQC

lxii

lxiii

Benzyl (2-cyanoethyl)(3,4-dimethoxybenzyl)carbamate, 58g: 1H, 13C, HSQC

lxiv

lxv

Methyl 3-(((benzyloxy)carbonyl)(2-bromo-5-fluorophenyl)amino)propanoate, 59c: 1H,
19
F, HSQC

13

C,

lxvi

lxvii

Methyl 3-(((benzyloxy)carbonyl)(4-(trifluoromethyl)phenyl)amino)propanoate, 59f: 1H, 13C,
19
F, HSQC

lxviii

lxix

Methyl 3-(((benzyloxy)carbonyl)(2-nitrobenzyl)amino)propanoate, 59h: 1H, 13C, HSQC

lxx

lxxi

3-(((Benzyloxy)carbonyl)(4-(trifluoromethyl)phenyl)amino)propanoic acid, 60f: 1H, 13C, 19F,
HSQC

lxxii

lxxiii

