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Abstract
In the present work, the two-step synthesis of phenol to 2-allylphenol in micro flow is investigated.
This synthesis involves an SN2 reaction of phenol with allyl bromide towards allyl phenyl ether and
the thermal Claisen rearrangement of allyl phenyl ether to 2-allylphenol. This carbon-carbon bond
forming reaction route is a valuable tool in many syntheses towards complex molecules. By
performing the Claisen rearrangement in micro flow, the reaction time required for a high yield can
be reduced to minutes without the need of a catalyst. While both individual reaction steps have been
optimized separately in earlier research, an initial directly connected two-step synthesis gave low
selectivities.
In this research it has been shown that the main causes for the drop in selectivity are the
presence of the base DBU and allyl bromide during the Claisen rearrangement. Six different
approaches have been examined to improve the overall yield of the continuous synthesis, which
involve dilution, acid-base extraction, acid absorption by using ion exchange resin, using a
heterogeneous base and utilizing phase transfer catalysis. For every option deemed suitable, proposals
for a production set-up are made and anticipated advantages and drawbacks are given to facilitate a
decision for further research.
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Chapter 1: Introduction

1 Introduction
1.1 Claisen rearrangement
The Claisen rearrangement is a classic but powerful reaction, creating a carbon-carbon bond on either
an allyl vinyl ether via the aliphatic Claisen rearrangement or an allyl phenyl ether via the aromatic
Claisen rearrangement, see Figure 1. The products, respectively an unsaturated aldehyde or allyl
phenol, can serve as an intermediate for a variety of functional target molecules. The focus of the
present work will be on the aromatic Claisen rearrangement, which is used to produce target
molecules like chroman and coumarin derivatives1.

Figure 1: top: aliphatic Claisen rearrangement, bottom: aromatic Claisen rearrangement
The Claisen rearrangement is the very first example of a [3,3]-sigmatropic rearrangement
reported in literature, described as early as 1912 by Ludwig Claisen2,3. Since its discovery, numerous
aspects of the reaction have been extensively studied4. The specific reaction that was first reported by
Claisen is the thermal Claisen rearrangement, following an intramolecular, first order, concerted
mechanism upon heating the substrate to high temperatures (~185-225 °C)4 without any other
reactants. This approach has frequently been applied successfully in synthesis of complex organic
molecules5–7. However, when performed in a batch reaction, this thermal method has some inherent
drawbacks. The necessary high temperatures are not standard practice8 during organic synthesis as
they require non-conventional heating methods or special equipment such as high temperature oil or
pressurized systems. Furthermore, at the commonly used reaction temperatures, the reaction takes a
long time (several hours) to reach the desired yields9. Finally, the prolonged exposure to this high
temperature and possible local overheating give rise to several side reactions4,10.
To circumvent the issues associated with the required high temperatures, catalysis is often
utilized to facilitate the use of mild conditions and/or shortened reaction times. Examples of used
catalysts are Lewis acids like BCl3 and ZnCl2, or transition metal catalysts like platinum complexes11.
While these catalysts are highly effective, they are often costly, toxic, or sensitive to water10.
Additionally, efforts have to be made to recover or immobilize the catalyst. Thus, while their use
offers benefits with regard to the thermal batch reaction by reducing energy consumption and
increasing atom efficiency, room for improvement is still present. Therefore, performing the Claisen
rearrangement thermally and uncatalyzed, while keeping the reaction time short and lowering the
1
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formation of impurities, may be a competitive solution to the use of catalysis in quantitative
synthesis.
One route to perform the thermal Claisen rearrangement in such a way is by utilizing the
concept of ‘Novel Process Windows’, which refers to new and unusual process conditions which can
be achieved by making use of a micro flow reactor12–14. Specifically, the possibility of facile pressure
elevation using a back pressure regulator and the high heat transfer rates typically associated with
micro channels15 allow the Claisen rearrangement to be performed at high temperatures (>250 °C),
well above the substrate’s normal boiling point, in a fast and controlled manner. Additionally, the
translation of pharmaceutical production from batch to continuous micro flow has recently gained
increasing attention from industry16. Synthesis routes involving ‘Novel Process Windows’ fit well into
this demand. Previous studies from this group17 have already shown that 2-allylphenol can be formed
selectively from allyl phenyl ether in micro flow. Full conversion was achieved in a reaction time as
low as 4 minutes at 300 °C and 100 bar, a performance that is unmatched by the uncatalyzed
thermal batch reaction.

1.2 Research objective
Since the Claisen rearrangement is frequently used as part of a multistep synthesis towards a target
molecule, it is important to examine the utility of ‘Novel Process Windows’ on the Claisen
rearrangement within the scope of a full synthesis. A frequently used building block of such a
synthesis is phenol18, a cheap and widely available chemical which is converted into allyl phenyl ether
by a Williamson ether synthesis. The formed ether is then reacted to 2-allyl phenol using the Claisen
rearrangement. This synthesis route is depicted in Figure 2. The same reaction path is also available
for use with a number of functional groups positioned on the phenol substrate19, increasing the
number of possible applications of this synthesis.

Figure 2: two-step synthesis of 2-allyl phenol from phenol
Earlier in this group20, in addition to the thermal Claisen rearrangement, the Williamson ether
synthesis of phenol to allyl phenyl ether has been optimized in micro flow. A conversion of 80% was
obtained after 4 minutes residence time using n-butanol as a solvent and the organic homogeneous
base DBU as a base at 100 °C. However, attempts to directly connect the Williamson ether synthesis
to the Claisen rearrangement have been unsuccessful. A subsequent Claisen rearrangement resulted in
an undesirably low yield, with formation of a dark colored product and numerous different side
products.
As it is important to be able to use the earlier developed thermal Claisen rearrangement in micro
flow within the scope of a larger, multistep synthesis, it is the aim of the present research to find a
resolution which increases the compatibility of the described two-step synthesis. Specifically, the goal
is to perform the Claisen rearrangement with a selectivity as close as possible to the selectivity of the
isolated rearrangement. Achieving this objective would result in a two-step synthesis with an overall
yield of 80%, taking into account the performance of the separately optimized conditions for the two
conditions. For this research, the optimizations performed earlier in this group are taken as a starting
point. Two main approaches will be regarded, namely the removing of incompatible components
downstream, and avoiding the presence of these components in general. During this study, the
application in continuous production is to be considered, meaning that several secondary factors will
2
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also have an impact on the overall evaluation of a considered solution. Important secondary factors
include the price of required chemicals and equipment, the complexity of operation, the overall
productivity of the set-up and the energy requirements.
In the present work, a number of approaches have been investigated and evaluated. Firstly, in
chapter 2, theoretical aspects regarding the two-step synthesis are discussed, such as the Claisen
rearrangement, the Williamson ether synthesis, micro reactor transport phenomena and ion exchange
resins. In chapter 3, the details of the applied experimental procedures are given. Following this, in
chapter 4, the obtained results for every method are given, along with a comparison among the
solutions, highlighting expected advantages and drawbacks. Finally, in chapter 5, conclusions are
given, as well as recommendations for further research towards a fully functioning two-step synthesis,
which is then to be integrated in the actual production of a target molecule.

3
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2 Theoretical overview
2.1 Claisen rearrangement
2.1.1 Mechanism and kinetics
The Claisen rearrangement is the earliest reported example of a [3,3]-sigmatropic rearrangement. A
sigmatropic rearrangement is a concerted rearrangement with a cyclic transition state (pericyclic) of
which the result is the conversion of one σ-bond to another one. The prescript [3,3] refers to the
position of the formed bond with regards to the broken one. Examples of other sigmatropic reactions
are the Cope rearrangement and Carroll rearrangement4.
The extensive research performed over the years on the Claisen rearrangement can partly be
accounted to its synthetic potential, since it exhibits many properties regarded as efficient within
synthesis. These properties include its possibility to be performed chemo, region-, diastereo-, and
enantioselective21. The mechanism of the aromatic version is an example of the thoroughly researched
aspects. As depicted in Figure 3, the allyl phenyl ether is first rearranged to the corresponding ortho
dienone with inversion of the allylic group, which in turn readily enolizes to the target, 2-allyl
phenol4. While this is the main reaction mechanism, a second rearrangement of the allyl group to the
para position may especially occur when the ortho position bears another substituent. In these
reaction pathways, the initial [3,3]-rearrangement is the rate determining step19.

Figure 3: general mechanism of the aromatic Claisen rearrangement4
The transition state of the Claisen rearrangement has undergone a long trajectory of both
experimental and theoretical investigation9. While there is to date no full consensus about the exact
geometry of this transition state, it is clear that it is an intramolecular and cyclic transition state.
Studies have pointed out that a chair-like configuration of the transition state is likely22, as indicated
in Figure 4. Proposed transition states19 include one with a six-membered ring, in Figure 5a, with
concerted bond breaking and forming, and a transition state of an ionic pair shown in Figure 5b. It
is likely that the actual transition state will, to a certain extent, resemble both transition states,
depending on e.g. the solvent and the substituents on the substrate9.

Figure 4: chair-like transition state geometry of Claisen rearrangement22
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Figure 5: two proposed transition state structures of Claisen rearrangement with (a) a six-membered
ring (b) an ionic pair19
The effect of several experimental conditions on the reaction rate has been examined in various
publications4. It has e.g. been shown that polar solvents tend to accelerate the rate of reaction23. The
reaction rate constant has shown to increase up to a 300-fold when changing from neat conditions to
a polar solvent. This effect is caused by the polar nature of the transition state, as described above.
Furthermore, protic solvents have shown to have a positive effect on the reaction speed. This is
explained by theoretical calculations24 showing that hydrogen bonds of the solvent to the oxygen
atom in the substrate increase in strength in the transition state, thereby stabilizing it. Additionally,
it is shown that the effects stated above are more pronounced when an electron donating substituent
like a methoxy group is present25. This can be explained by the fact that the positive charge on the
aromatic group in the ionic transition state in Figure 5b is stabilized by the electron donating group.
This stabilization leads to an increase in the overall polarity of the transition state.
Research indicated that increasing pressure also has a positive effect on the reaction rate26.
However, enormous pressures are needed to have a significant gain in reaction speed. An elevation of
the pressure in a neat reaction from 1 bar to 2000 bar is required to increase the reaction rate with a
factor of two.

2.1.2 Synthetic methods
The thermal version of the Claisen rearrangement is, as stated earlier, the first researched version,
while several alternative methods have been utilized since. In order to overcome the high activation
energy of the unimolecular reaction, high temperatures are mandatory. The thermal method is
frequently used in organic synthesis, resulting mostly in yields ranging from good (70%) to
quantitative7,27. As described in chapter 1, the temperature requirement has several practical
drawbacks. To overcome this, the rate of the thermal reaction can be boosted by factors like solvent
and substituent. However, utilizing a substituent effect solely for accelerating the reaction is often
impractical due to the fact that a target molecule with defined functional groups is desired.
Furthermore, while changing the solvent of the reaction can lead to significant improvement of
required temperature and reaction time, there is a limit to these benefits and relatively high
temperatures are still required.
As milder conditions and shorter reaction times were desired to perform the Claisen
rearrangement, numerous catalysts have been tested and utilized over the years. While the number of
unique catalysts is vast, most can be divided into several main categories, namely Brønsted acids,
bases, enzymes, metal compounds and Lewis acids, of which the latter two are the most common28.
Most of these catalysts are highly effective in boosting the reaction for more favorable conditions,
allowing reaction temperatures commonly ranging from -20 °C to 80 °C and reaction times in the
order of minutes to one hour11. While some catalysts simply reduce the activation energy of the
reaction, others alter the reaction pathway itself. Therefore, some catalysts also allow unique reaction
products, either chemically, region-, stereo-, or enantioselectively, which are not reachable with
thermal methods11.
In addition to catalytic methods, the photo- and microwave assisted Claisen rearrangement have
recently gained increasing attention11,29. The former technique, due to its radical mechanism, allows
different products than conventionally obtainable. The latter technique allows the Claisen
rearrangement to be executed uncatalyzed in minutes of reaction time instead of the hours required
for the thermal method. Research indicated that the large acceleration is divided into thermal effects
5
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and microwave irradiation effects30. One drawback of this method is the difficulty of scale-up for
quantitative production14.

2.1.3 Flow reaction
Performing the Claisen rearrangement thermally in micro flow provides benefits similar to the
microwave assisted reaction. The reaction can be accelerated by orders of magnitude while not
utilizing a catalyst. Previous studies from this group17 have reported quantitative yields in a reaction
time as low as 4 minutes at 300 °C and 100 bar. This large acceleration is caused by the high
reachable temperatures, while preventing the solvent from evaporating by means of high pressure.
The rearrangement can be performed at this high temperature in a controlled manner, since the high
heat transfer rates of the microchannel31 allow rapid heating of the reaction mixture to the desired
temperature. Additionally, the reaction mixture can be cooled very quickly after the desired residence
time to prevent side reactions. Since the used solvent is supercritical at the described conditions, a
large density dependency on temperature and pressure is expected32, which is an important factor
affecting the actual residence time. This means that the choice of solvent is not only based on its
influence on the reaction but also by its supercritical properties.
Given the continuous and operationally facile method of performing the reaction in a
microchannel, it provides a competitive alternative in performing this reaction for quantitative
production. In contrast to utilizing microwave heating, one advantage of micro process technology is
the ease of scale-up, which can be achieved by numbering-up12: simply performing the reaction in
multiple parallel channels. Besides the large decrease in reaction time, micro reactor technology can
potentially offer a Claisen rearrangement with fewer impurities than in traditional synthesis;
additionally, the reaction is performed in a closed system with small quantities, increasing process
safety.
The thermal Claisen rearrangement in micro flow has been researched by several research groups,
investigating the effect of different parameters. It has been observed10 that by using a microreactor,
the obtained yield is much less affected by the substituent on the substrate, meaning that this
method might be a more general tool in synthesis, by increasing the window of substrates. The effect
of solvent on the reaction has been extensively studied17,33, showing e.g. that higher boiling alcohols
generally give a higher performance than lower boiling ones. Additionally, the large range of available
process conditions allow the use of tailored, dedicated solvents; as an example, the use of supercritical
water significantly increased the reaction performance. Finally, solvent free operation has shown to be
feasible as well, increasing intensification options for the reaction.
It has been shown that increasing both temperature and pressure leads to an increased reaction
yield17,34. Temperature showed to have a positive effect up to 300 °C. While the Arrhenius equation
predicts35 still a positive effect above this temperature, such high temperatures are difficult to achieve
and are likely to lead to thermal decomposition reactions. Pressures of up to 300 bar continued to
have a positive effect, and even higher pressure might further increase reaction performance. Here,
distinction must be made between pressure dependent thermal expansion effects and activation
volume effects. While pressure and temperature have a significant impact on the reaction,
concentration appeared to have a very small influence17. This is not surprising, given the first order
kinetics of this reaction. Finally, it has been reported10 that a lower superficial velocity gave an
increased reaction yield at a constant residence time.
However, despite the extensive research on this method, no reported studies have been found
investigating the compatibility of the reaction with other substances. Knowledge of this behavior is
necessary to fully utilize this method within a continuous multistep synthesis. Due to the harsh
conditions in the reaction, it is likely that much common organic compounds are not stable at these
conditions36.
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2.2 Nucleophilic substitution
2.2.1 Mechanism and kinetics
The substrate for the Claisen rearrangement, allyl phenyl ether, is often synthesized using the
Williamson ether synthesis. This reaction is a second order nucleophilic substitution (SN2)37 between
an alkoxide ion and a primary alkyl halide. Specifically, in the present research, a phenoxide ion is
reacted with allyl bromide to yield allyl phenyl ether. The phenoxide ion is produced in situ by
deprotonating phenol with a base. The nucleophilic phenoxide ion then attacks the allylic position,
where bromine acts as a leaving group, following a concerted second order mechanism. The full
scheme of this exothermic reaction is shown in Figure 6. While this is the expected main mechanism,
an SN1 mechanism is plausible as well, because the carbocation of allyl bromide is stabilized by
resonance38.

Figure 6: mechanism of the Williamson ether synthesis (SN2) using a base B
To predict solvent effects in this reaction, one needs to check the polarity of the reaction species. The
reagents of the reaction contain a negatively charged phenoxide ion, which is greatly stabilized in
polar solvents. The transition state of the reaction is also negatively charged; however, the negative
charge is dispersed among the entering and the leaving group, decreasing the net polarity. Therefore,
a polar solvent gives less stabilization to the transition state. As shown in Figure 7, this results in an
increased activation energy when using a polar solvent. Since the reaction is concerted, its reaction
rate constant is directly linked to the activation energy through the Arrhenius equation35. This leads
to the conclusion that an apolar solvent boosts the reaction rate. However, when a too apolar solvent
is used, the required phenoxide cannot be solvated, and the reaction cannot proceed. Therefore, it can
be concluded that a moderately polar solvent is optimal for the reaction rate of this SN2 reaction.
The same line of reasoning can be followed for protic and aprotic solvents, regarding the increased
solvation of anions in protic solvents due to hydrogen bonding39. This leads to the conclusion that
aprotic solvents are favorable for the reaction rate in comparison with protic ones.

7
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Figure 7: schematic effect of solvent polarity on SN2 reaction: Eact(1)<Eact(2)

2.2.2 Synthetic methods
In conventional organic synthesis, the SN2 reaction is often carried out in boiling acetone using
potassium carbonate (K2CO3) as a base4. As this base is insoluble in acetone, the deprotonation of
phenol occurs at the surface of the solid. Upon this deprotonation, the formed H2CO3 splits into H2O
and CO2, leaving KBr, also an insoluble salt, after the reaction. In this system, the SN2 reaction is a
fast reaction because the phenoxide ion is a strong nucleophile and bromine is a good, well accessible
leaving group. However, since K2CO3 is a weak base, the deprotonation of phenol is in this case the
rate limiting step, leading to reaction times of several hours.
Since the rate limiting step of the SN2 reaction is the deprotonation step, the reaction time could
be greatly increased by using a strong base. In this way, all phenol could be deprotonated before the
reaction, after which the actual SN2 reaction can occur rapidly. To this end, DBU (1,8diazabicycloundec-7-ene, see Figure 8), a strong, homogeneous, organic base was utilized in micro
flow earlier in this group20. The use of micro flow technology allows the exothermic, fast reaction to
be performed at a controlled reaction temperature and time, while afterwards the mixture can be
rapidly cooled down. This results in a required residence time of only 4 minutes to achieve a yield of
80%, using n-butanol as a solvent at 100 °C. This optimized system is the starting point of
performing the SN2 reaction in the present work.

Figure 8: molecular structure of the strong, homogeneous, organic base DBU (1,8-diazabicycloundec7-ene)
An alternative method to perform the SN2 reaction is by making use of a phase transfer catalyst
(PTC). The basis of this method is maintaining two separate phases in contact with each other, an
aqueous and an organic one. This way, NaOH, which is insoluble in solvents like acetone, can be used
as a base to deprotonate phenol in the aqueous phase. However, allyl bromide is insoluble in water,
forming a separate, pure, organic phase, and therefore hardly reacts by itself with the phenoxide ions
in the water phase. A phase transfer catalyst facilitates interaction between the two species. Often
used phase transfer catalysts are quaternary ammonium salts, containing long carbon chains on the
8
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ammonium to create a lipophilic cation soluble in both organic and aqueous phases. An example is
Aliquat 336, a mixture of two salts represented in Figure 9.

Figure 9: structure of the phase transfer catalyst Aliquat 336, which is a mixture of two salts
containing octyl or decyl groups
In the aqueous phase, the quaternary ammonium exchanges its current anion for a phenoxide ion.
The formed ion pair can then migrate to the organic phase, where the phenoxide can react with allyl
bromide. The formed allyl phenyl ether remains in the organic phase. The released bromide ion is
then migrated back to the aqueous phase with the PTC, where the process can repeat itself. The
PTC is thus not consumed in the process, but merely shuttling ions between the two phases. The
formed allyl phenyl ether remains in the organic phase. A schematic representation of this process is
given in Figure 10. The method using phase transfer catalysis for this specific ether synthesis has
been reported40,41 to successfully give the desired allyl phenyl ether at moderate temperatures and
reaction times. This has been performed in diluted systems; reports on this system using more
concentrated conditions have not been found.

Figure 10: schematic mechanism of phase transfer catalyst (PTC) enabled SN2 reaction

2.3 Microreactor transport phenomena
When performing the two described Claisen reactions in a microreactor, several important transport
phenomena have to be considered. Relevant phenomena include mixing, heat transfer and pressure
drop. While detailed and accurate calculations are outside of the scope of this research, rough
estimations on these phenomena are presented.
9
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2.3.1 Physical properties
In order to describe the relevant transport phenomena, estimations on the physical properties of the
reaction mixture are needed. The basic assumption taken in determining these properties is that they
are all equal to those of pure n-butanol, which is the used solvent, at the given conditions. Even
though components are dissolved in the solvent in relatively high concentrations (~1 M) and this
assumption is likely to deviate significantly from reality, it is deemed sufficiently accurate for the
rough estimates that are required in this research.
The first property to be determined is the density of the stream at the used conditions. While the
density of a liquid in normal circumstances is regarded as independent on temperature42, the liquid is
close to the boiling point in the case of the SN2 reaction, or even in the supercritical state in the case
of the Claisen rearrangement. At these conditions, especially the latter one, significant deviations
from the normal liquid density are expected. This needs to be accounted for when determining the
actual residence time, which now deviates from the space time.
The density of n-butanol at the conditions of the SN2 conditions, where it is in the subcritical
liquid state at 100 °C and 69 bar, is generally not predicted well by thermodynamic equations of
state43. Therefore, a two-parameter corresponding-states generalized liquid density chart proposed by
Lydersen, Greenkorn and Hougen44 has been used, shown in Figure 11. This method uses only the
critical parameters of the compound, which are well documented45. The estimation of the density
starts with the calculation of the saturated liquid density at the same temperature, which can be
accurately calculated using equation (1) proposed by Rackett46. This known density can then be used
in combination with the read of the generalized chart in equation (2), to yield a good estimation of
the liquid density. The input values and results of this procedure are given in Table 1. It can be seen
that the density at these conditions does not deviate very significantly from the normal liquid
density.
=

(

) /

=

(1)
(2)

Table 1: results of density estimation for n-butanol at 100 °C and 69 bar
Parameter

Value
(100 °C, 69 bar)
810
562.9
44.2
0.274
0.663
1.56
0.102
2.67
742

ρ(normal) [kg m-3] 45
Tc [K] 45
pc [bar] 45
Vc [m3 mol-1] 45
Tr [-]
pr [-]
Vsat(100 °C) [m3 mol-1]
ρr [-]
ρ(100 °C, 69 bar) [kg m-3]
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Figure 11: generalized density chart for subcritical liquid by Lydersen, Greenkorn and Hougen43,44
Since the solvent is in the supercritical state when performing the Claisen rearrangement at 300
°C and 69 bar, the method used above cannot be used to estimate the density at these conditions.
Therefore, a different generalized density chart for supercritical fluids, reported by Frye et al.4748, has
been utilized. This chart is given in Figure 12. While this chart only represents typical density
behaviour of supercritical fluids, its use is regarded as accurate enough for the required rough
estimation. The acquired results are given in Table 2. As expected, the density is significantly lower
than the normal liquid density. It is noteworthy that the temperature used is only slightly above the
critical temperature; therefore, a small change in pressure or temperature is likely to have a
significant impact on the fluid properties.

11
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Figure 12: generalized density chart for supercritical fluids by Frye et al.47
Table 2: results of density estimation for n-butanol at 300 °C and 69 bar
Parameter

Value
(300 °C, 69 bar)
810
562.9
44.2
270
1.02
1.47
1.37
370

ρ(normal) [kg m-3] 45
Tc [K] 45
pc [bar] 45
ρc [kg m-3] 45
Tr [-]
pr [-]
ρr [-]
ρ(300 °C, 69 bar) [kg m-3]

Besides the fluid density, several other properties are required for the preliminary calculations.
The required properties are the viscosity, the heat capacity and the thermal conductivity. Since these
parameters are dependent on temperature, the standard values cannot be used. Instead, the pure
component physical property analysis tool of the Aspen Plus v7.2 simulation engine has been used to
provide an estimation of the temperature dependency. The thermodynamic method that has been
used is the Peng-Robinson method49. This cubic equation-of-state method is used for its consistency
in the supercritical region (unlike liquid activity coefficient methods), for its suitability for
components of all polarity at high temperatures and pressures, and for its consistency of the given
parameters at standard conditions with reported values50,51. The acquired property values are given
in Table 3.
12
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Table 3: results of physical property estimation of n-butanol using Aspen Plus v7.2 simulation
software with the Peng-Robinson thermodynamic method
Parameter
μ (Pa s)
Cp (J kg-1 K-1)
λ (W m-1 K-1)

Value
(20°C, 1 bar)
2.90·10-3
2.38·103
0.156

Value
(100 °C, 69 bar)
5.31·10-4
2.73·103
0.136

Value
(300 °C, 69 bar)
1.36·10-5
5.34·103
0.0757

2.3.2 Mixing
Micro reaction technology often involves very fast reactions with reaction times below one minute, or
in some cases even below one second. Here, highly efficient micromixers with mixing times below 100
milliseconds and not uncommonly below 10 milliseconds are needed. Usually, high flow rates (>50
ml/h) are involved and therefore, the corresponding Reynolds numbers are in the intermediate regime
(50<Re<1000). This enables the facile use of convection effects for mixing. In turn, flow chemistry
focuses more on chemical intensification of otherwise slow reactions, resulting in typical reaction
times of 5-50 minutes. Here, the involved flow rates, and thereby Reynolds numbers, are lower than
in micro reaction technology. Under such highly laminar conditions, mixing by convection is
difficult52. The use of specialty micromixers is not common; this is also related to possible pressure
drop issues in combination with the associated long micro capillaries. Therefore, an estimation of the
mixing time with respect to the residence time needs to be made when combining the two streams of
the SN2 reaction with a T-piece. If the mixing time is too long, a micromixer directly after the Tpiece is needed to efficiently mix the two streams, for example by shortening the diffusion path using
the split and recombine principle53.
In order to determine the main type of mixing occurring, the Reynolds number needs to be
calculated. The results are shown in Table 4. Since its maximal value is 10, which is clearly under
2000, it can be assumed that the flow is laminar and no significant mixing by turbulence or
convection occurs. Therefore, the mixing speed is dominated by the diffusion rate. To describe this
rate, an estimated diffusion coefficient is needed. The used estimate is the binary diffusion coefficient
at infinite dilution, DAB0, of benzene in n-butanol45. To scale this diffusion coefficient at standard
conditions to the desired conditions, the temperature and viscosity dependency of the Stokes-Einstein
equation42 is used, which is shown in equation (3).
When the diffusion coefficient is known, the speed of diffusion can be estimated by applying
penetration theory42. In reality, the two streams combine in the T-piece to form two touching half
cylinders, where diffusion occurs from the interface. This system has been simplified to two planar
slabs in contact with each other. The diffusion distance x that has been set to a value, assuming the
cross sectional area remains constant, as depicted in Figure 13. A futher assumption is that during
the diffusion, the concentration at the interface of the slabs remains constant and equal to the initial
concentration of the diffusing component. The related equation for diffusion time used is derived by
Fourier instationary mass transfer charts54 for averaged concentration and is given in equation (4).
Using these equations, the time of diffusion has been calculated as a function of the temperature, of
which the results are shown in Figure 14 and Table 4. From these results, assuming that diffusion
speed goes quickly to the speed at 100 °C, it can be concluded that diffusion is sufficiently rapid to be
negligible with respect to the space time of the stream (4 minutes), and additional mixing is not
necessary.
=

(3)

6

= 0.45

1
4
13

(4)

Chapter 2: Theoretical overview

r

A

x

2r

A

2r

Figure 13: simplification of diffusion through a half cylinder to a planar slab, where the cross
sectional area A remains equal (x = πr)
Table 4: results of diffusion time estimation of SN2 reaction
Parameter
Re(20 °C, 69 bar) [-]
Re(100 °C, 69 bar) [-]
DAB0(benzene in n-butanol, 20 °C, 1 bar) [m2 s-1]
DAB0(benzene in n-butanol, 100 °C, 69 bar) [m2 s-1]
tD(20 °C, 69 bar) [s]
tD(100 °C, 69 bar) [s]
τs [s]

Value
1.94
10.6
1.00·10-9
6.96·10-9
40.6
5.84
240

Figure 14: estimated diffusion time in simplified plate geometry as a function of temperature

2.3.3 Heat transfer
A major and often utilized advantage of microreactors is the high heat transfer rates associated with
them, mainly due to the high surface to volume ratios involved. This is an aspect that the Claisen
rearrangement in micro flow especially benefits from. The reaction mixture needs to be heated from
room temperature to 300 °C and subsequently cooled down back to room temperature again. This
needs to take place very rapidly, due to the short residence time of the stream and the sensitivity of
the reaction to the high temperature. This is why an estimation on the heat transfer rate is
necessary. This estimation has been made on the case where heat transfer is most limiting, which is
the Claisen rearrangement at 300 °C and 69 bar.
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During the calculations, it is assumed that external- and wall heat transfer resistances are
negligible compared to the inner heat transfer resistance. This combined with the Graetz
dimensionless number being larger than 0.1, as shown in Table 5, leads to the Nusselt dimensionless
number being equal to 3.66 54. The inner heat transfer coefficient and resistance can thereby be
calculated. When the wall heat transfer resistance is calculated using equation (5), it appears that the
wall heat transfer is indeed not limiting, as assumed earlier. If now the logarithmic mean temperature
difference ΔTln is calculated for a temperature 1 °C below the target temperature, the required time
to heat up the stream can be calculated using equation (6). From these calculations, the required
heating time to reach 299 °C is 12.2 s, well below the space time of 240 s, meaning that the
assumption of instantaneous heating and cooling is acceptable. Furthermore, the enthalpy of reaction
can be determined using the Aspen v7.2 simulation software. Subsequently, the heating power
generated by reaction at full conversion can be calculated, leading to the conclusion that this power
can be neglected when quantifying heat transfer.

=

=
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(5)

2

(

)

Δ
Δ
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Table 5: results of heat transfer rate estimation in Claisen rearrangement
Parameter
α (=λf/(ρCp)) [m2 s-1]
λhastelloy(300 °C) [W m-1 K-1]55
Gz [-]
Nu [-]
hinner [W m-2 K-1]
Rinner [K W-1]
Rwall [K W-1]
UAtotal [W K-1]
ΔTln(→299 °C) [-]
UAreq [W K-1]
theat [s]
τs [s]
ΔHr(Claisen rearrangement) [J mol-1]
Qreaction [W]

Value (300 °C and 69 bar)
3.83·10-8
15.0
7.59
3.66
364
0.500
3.39·10-3
2.00
49.5
0.102
12.2
240
-3.82·104
-7.95·10-2

2.3.4 Pressure drop
Since the channels involved with micro reactor technology are very narrow, high pressure drops are
possible, depending on operating conditions52. Having a too high pressure drop might be inefficient in
an actual production, and in some cases it is then more viable to elongate the reactor to utilize lower
flow rates. To this end, an estimation on the pressure drop of the performed reactions is given. This
estimation is made by using the Navier-Stokes equation, modified for a circular channel54, which is
given in equation (7). From this equation, a pressure drop directly follows of 0.96 bar for the SN2
reaction and 0.17 bar for the Claisen rearrangement, with the heating and cooling section combined,
which are both regarded as acceptable pressure drops56.
=
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2.4 Ion exchange resins
Ion exchange resins are polymeric materials containing functional groups linked in their network. Ion
exchange is defined by “the reversible interchange of ions between a solid (ion exchange material) and
a liquid in which there is no permanent change in the structure of the solid”57. These resins are used
in numerous applications, which include waste water treatment58 and catalysis of various chemical
reactions57. Their use is attractive due to e.g. their stability at moderate temperatures, their ability
to be regenerated and re-used numerous times and their low production cost59.
Ion exchange resins are divided into two structure classes, being gel-type (microporous) and
macroreticular (macroporous)57. The latter, which is used in the present research, contains a network
of relatively large pores (~300 Å) which allow easy access of molecules to the interior exchange sites.
The skeleton of the resin is often formed out of a crosslinked copolymer of styrene and
divinylbenzene, with functional groups on the aromatic ring60, as shown in Figure 15. The structures
of the pores is defined in the manufacturing process, during the crosslinking of the polymer.
Therefore, the structure of the resin is swollen and shrunk upon wetting and drying after
manufacturing, but remains rigid.

Figure 15: general structure of an ion exchange resin, where R represents its functional group60
The functional groups in an ion exchange resin can be divided in 4 main groups, being strong
acid, weak acid, strong base, and weak base59. The corresponding functional groups are shown in
Figure 16. From these groups, the weak and strong basic ion exchange resins have been utilized in
this research. The weak basic resin, containing tertiary amine functional groups, have no net charge
and thus have no counter ion. Instead, they can be ionized by a strong acid, meaning that the resin
acts as an acid absorber without releasing other ions back into the stream. The resin can then be
regenerated by NaOH to return to the uncharged state.
Strong basic ion exchange resins contain quaternary amine functional groups with a net positive
charge, with OH- ions as counter ions. This resin acts as an immobilized strong base and can be used
for numerous reactions which require a base61. In present research, it has been utilized to initiate the
SN2 reaction. Here, the counter ion OH- exchanges with phenol, thereby deprotonating it to form
H2O. Afterwards, allyl bromide can react at the exchange site with the phenoxide ion, leaving Br- as
a counter ion while releasing the target product allyl phenyl ether into solution. This resin can then
also be regenerated with NaOH to exchange back to the OH- form.

Figure 16: functional groups of (a) strong acid (b) weak acid (c) strong basic (d) weak basic ion
exchange resins59
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3 Experimental procedures
3.1 Microchannel experiments
Microchannel experiments have been executed in the reactor set-up depicted in Figure 17 and
schematically depicted in Figure 18. The input mixtures are pumped using HPLC pumps (Knauer
Azura P4.1S). The two pumps are connected to a T-piece (Valco). The stream is then led through a
Hastelloy-C® capillary tube reactor (ID 0.03”, OD 1/16”, 3.3 m, ). Of this reactor length, 2.3 m (1.05
ml) is immersed in a heating bath (Lauda C6 CS) containing thermal oil (Lauda Ultra 300) with a
set temperature; the remaining 1 m (0.46 ml) is immersed in a cooling bath (Lauda Ecoline
StarEdition RE104) filled with demineralized water at 15 °C. The mixture then flows through a 6port sample valve (VICI) with a sample loop of 100 μl, in order to take samples before the back
pressure regulator, where circulation might occur due to internal volume. After the sample valve, a
back pressure regulator is attached, either of the type Bronckhorst EL-PRESS or the type IDEX
cartridge, both set at 69 bar.

Figure 17: picture of the used microchannel set-up. 1: HPLC pumps, 2: heating bath, 3: cooling bath,
4: sampling valve, 5: back pressure regulator
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Figure 18: schematic overview of the used microchannel set-up
In a typical Claisen rearrangement experiment, allyl phenyl ether (1.68 g, 12.5 mmol) and the
internal standard benzonitrile (0.258 g, 2.5 mmol) are diluted in the solvent n-butanol until 25 ml.
This solution is introduced into the described setup at 0.262 ml/min (space time = 4 min) at 69 bar
and 300 °C. A sample is taken with the sample loop after 4 and 5 space times to ensure steady state
operation. The taken 100 μl of sample is diluted in 1400 μl acetonitrile. Subsequently, 100 μl of this
mixture is taken and diluted in 1400 μl acetonitrile, to yield a target analyte concentration of approx.
2 mM for HPLC analysis.
In a typical SN2 experiment, phenol (2.35 g, 25 mmol) and the internal standard benzonitrile
(0.516 g, 5 mmol) are diluted in the solvent n-butanol. Subsequently, while cooling with ice, DBU
(7.61 g, 50 mmol) is added slowly. This mixture is further diluted with n-butanol until 25 ml. Then,
in a separate vessel, allyl bromide (6.05 g, 50 mmol) is diluted in n-butanol until 25 ml. The two
solution are introduced into the set-up with two HPLC pumps connected to the T-piece, using a flow
rate of 0.131 ml/min per pump (space time = 4 min). Samples are prepared and analyzed equal to
Claisen rearrangement experiments.

3.2 Packed bed experiments
The packed bed reactor used for experiments is a stainless steel 316 tube (ID 0.18”, OD 1/4”, 10.3
cm, 1.69 ml) with frits attached to both ends with a pore diameter of 20 μm to hold the packing. The
packed bed reactor set-up utilizes the same equipment as the microchannel set-up, but is now
configured as depicted in Figure 19. A single HPLC pump is connected with a capillary tube to the
packed bed reactor, which is immersed in a regulated heating bath. For temperatures under or equal
to 80 °C, the Lauda Ecoline StarEdition RE104 with demineralized water is used; for temperatures
higher than 80 °C, the Lauda C6 CS with Lauda Ultra 300 oil is used. Optionally, a second identical
packed bed reactor is directly connected in series to the first packed bed reactor with a short
capillary tube and immersed in the same heating bath. After the last packed bed, a back pressure
regulator of the type IDEX cartridge set at 6.9 bar is optionally connected. Then, the resulting
stream is collected in a vial without the use of a sampling valve or cooling bath. For a sample, 100 μl
of liquid is collected and is then diluted and analyzed in the same manner as in a microchannel
experiment. All packed bed space times have been determined assuming that the solid volume
fraction εsol is equal to 0.50.
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Figure 19: schematic packed bed set-up, where (a) and (b) represent two different options used
In a typical potassium carbonate (K2CO3) packed bed experiment, a mixture of K2CO3 and 1 mm
borosilicate glass beads is prepared in a mass ratio of 1:1.4. The inert glass beads are used to prevent
the K2CO3 crystals to compress to an impermeable layer (Δp>100 bar). The packed bed reactor is
filled with the prepared mixture (1.73 g, εsol=0.45), connected to the described set-up and wetted
with pure solvent before use. In a vessel, phenol (1.18 g, 12.5 mmol), allyl bromide (3.02 g, 25 mmol)
and the internal standard benzonitrile (0.258 g, 2.5 mmol) are diluted to 25 ml with the solvent
methyl ethyl ketone (MEK). This solution is introduced in the set-up with the HPLC pump at 0.085
ml/min (space time = 10 min). After the experiment, the packed bed is emptied and cleaned, and
filled with unused solid mixture for the next experiment.
In a typical Amberlyst A26 experiment, the ion exchange resin is first treated before use. The
resin (20 g) is washed with subsequently 2 times 20 ml H2O and 2 times 20 ml MEK. The resin is
then mixed with 40 ml of MEK in a closed vessel and shaken for 24 hours, to remove all water from
the resin pores. The resin is then decanted and dried at room temperature for 24 hours. The packed
bed reactor is filled with dry resin which is then swollen with the solvent MEK by flooding the
reactor vertically using the HPLC pump at 0.5 ml/min. The reactor is then sealed at both sides and
ready for use in the same manner as in a K2CO3 experiment. After an experiment, the bed is
regenerated to the OH- form by flowing an aqueous 1M NaOH solution over the bed for 1 hour at 0.5
ml/min. The resin is returned to the MEK-swollen form by flowing pure MEK over the bed at 0.5
ml/min for 20 minutes.

3.3 Other experiments
3.3.1 Acid-base liquid-liquid extraction and acid absorption
In order to perform the L-L acid-base extraction on a mixture obtained after the SN2 reaction, HCl
(37%) is diluted with H2O to a concentration of 2 M. Then, 40 ml of mixture to be extracted is
mixed with 40 ml of the HCl solution in a separating funnel. The funnel is shaken for 5 minutes and
then left for settling for at least 12 hours. The aqueous and organic phases are thereafter separately
collected. The extent of extraction has been checked by means of acidity measurement and detection
of DBU in the HPLC.
For acid absorption by use of the weak basic ion exchange resin Amberlyst A21, the resin (20 g)
is first washed with 2 times 20 ml H2O and subsequently dried at 100 °C for at least 12 hours. The
dried resin is added to 40 ml of n-butanol, left for at least 12 hours and decanted. An excess (10 g) of
ion exchange resin is added to 20 ml of solution where acid needs to be absorbed. The mixture is
shaken for at least 12 hours and filtrated. The extent of acid absorption is tested by acidity
measurement.

3.3.2 Batch SN2 reaction
In a batchwise SN2 reaction to test different solvents, phenol (0.47 g, 5 mmol) and benzonitrile (0.103
g, 1 mmol) are added to the used solvent. DBU (1.52 g, 10 mmol) is slowly added under ice. The
mixture is diluted with the solvent until 10 ml. At the start of the reaction, allyl bromide (1.12 g, 10
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mmol) is slowly added under ice. This mixture is then heated stepwise to 50 °C in 2 hours and left at
50 °C for 1 hour with a reflux cooler.
In a batchwise experiment to test different bases, phenol (0.24 g, 2.5 mmol) and benzonitrile
(0.05 g, 0.5 mmol) are diluted in the solvent MEK until 5 ml. To this mixture, the base to be tested
(5 mmol) is added. At the start of the experiment, allyl bromide (0.60 g, 5 mmol) is added, after
which the mixture is heated to 70 °C in a sealed stirred vessel. The mixture is left for 4.5 hours and
cooled down before noting the visual results.

3.3.3 Phase transfer catalyst batch experiments
In order to perform a typical batch SN2 reaction with the use of a phase transfer catalyst (PTC),
NaOH (0.12 g, 3 mmol) and phenol (0.235 g, 2.5 mmol) are dissolved in water until 5 ml. In a
separate vessel, benzonitrile (0.052 g, 0.5 mmol) and Aliquat 336 (0.25 mmol, 0.101 g) are dissolved
in allyl bromide (0.91 g, 7.5 mmol). The aqueous phase is heated to 60 °C and then added to the
organic phase which is at room temperature. This mixture is stirred at 60 °C using a reflux cooler for
3 hours. Afterwards, the two phases are separated using a separating funnel and analyzed.

3.4 Analysis
Samples collected from the various experiments are analyzed using the HPLC internal standard
method, with benzonitrile as internal standard in a 1:5 molar ratio with the limiting reactant. A
Shimadzu Prominence HPLC system has been used with a GraceSmart RP 18 5u column (150 mm),
using a flow of 0.75 ml/min H2O with 1 vol.% formic acid and 0.25 ml/min acetonitrile. A Shimadzu
SPD-M20A diode array detector has been used at 215 nm with a bandwidth of 4 nm. All measured
samples had an approximate analyte concentration of 2 mM with an injection volume of 1 μl.
For pH measurement of an aqueous mixture, a 4-color pH indicator strip has been used. For
acidity measurements of organic mixtures, the 4-color indicator strip was first wetted with H2O
before measurement of the mixture.

3.5 General reagent information
The supplier of used chemicals and additional information is given in Table 6. All chemicals are used
as received, except for Amberlyst A21 and Amberlyst A26. These procedures are described earlier in
this chapter.
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Table 6: supplier and additional details of used chemicals
Chemical
2-Allyl phenol
Acetonitrile
Aliquat 336
Allyl Bromide
Allyl phenyl ether
Amberlyst A21
Amberlyst A26
Benzonitrile
DBU (1,8-diazabicycloundec-7-ene)
Formic acid
Hydrochloric acid
Methyl ethyl ketone (MEK)
n-Butanol
Potassium carbonate (K2CO3)
Sodium hydroxide

Supplier
Sigma-Aldrich
VWR
Sigma-Aldrich
Acros
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Merck
Merck
Sigma-Aldrich
VWR
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Additional information
98%
HiPerSolv Chromanorm
Stabilized, 99%
99%
Free base
OH-form
For synthesis
For synthesis
For synthesis
ACS reagent, 37%
AnalaR Normapur
Chromasolv Plus
Food grade
98.5%, microprills

3.6 Kinetic model of SN2 reaction
In order to qualitatively describe the SN2 reaction in the solvent MEK with simultaneous baseassisted decomposition of allyl bromide, a small kinetic model is used. In this model, plug flow
behavior, instant mixing and instant heating are assumed along with a constant volumetric flow rate.
The used equations are given in equation (8), for every described component. The reaction rate term
Rx is based on the reactions listed in equations (9)-(12) relevant for that species, where the rate of an
individual reaction equals the reaction rate constant ki multiplied by the concentrations of both
reagents, thereby obeying second order kinetics. Here, the deprotonation of phenol has been assumed
infinitely fast with respect to the other reactions. Note that the used values for the reaction rate
constants have not been fitted to obtained data; instead, they have been manually chosen to
qualitatively represent the found data points.
=
Reaction
Reaction
Reaction
Reaction

1:
2:
3:
4:

(0.5

)

PhOH + DBU  PhO- + DBU-H+
PhO- + allyl bromide  allyl phenyl ether + BrPhO- + allyl bromide  PhOH + Br- + propadiene
DBU + allyl bromide  DBU-H+ + Br- + propadiene

(8)
(9)
(10)
(11)
(12)

Table 7: manually chosen reaction rate constants used to describe the SN2 reaction with allyl bromide
decomposition
Parameter
k1
k2
k3
k4

Value [l mol-1 min-1]
100
0.25
0.8
1.25
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4 Results and discussion
4.1 Cause investigation
As described in section 1.2, the starting point of the present research is the low selectivity of the
optimized Claisen rearrangement when connected directly to the optimized SN2 reaction. The
resulting mixture contains the target, 2-allyl phenol, along with a number of different side products.
This is likely to be caused by the incompatibility of the thermal Claisen rearrangement with the
residual components from the SN2 reaction.
Razzaq et al.34 have investigated the various side reactions possible in the thermal Claisen
rearrangement in flow and have identified the observed by-products. Their proposed reaction
pathway is shown in Figure 20. The three main types of by-products are phenol resulting from an Odeallylation, E/Z 2-(prop-1-enyl)phenol resulting from allylic double bond migration and 2methylbenzofurans from cyclization. The amount of formed components is depending on reaction
conditions.

Figure 20: reaction pathway of the thermal Claisen rearrangement in flow including side reactions
proposed by Razzaq et al.34
In order to investigate the cause for selectivity issues of the two-step synthesis, the Claisen
rearrangement has been performed with and without manually added DBU, the base used in the SN2
reaction. As seen in Figure 21, the reaction without DBU gave an excellent yield (X=99%, S=95%),
while the reaction with added DBU had a selectivity of only 35%.
Additionally, the Claisen rearrangement has been performed with manually added phenol and
allyl bromide. The resulting HPLC chromatogram can be seen in Figure 21. While the reaction has a
selectivity similar to the reaction with DBU (S=25%), there is a shift in the distribution of by22
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products. While DBU predominantly gave rise to by-products 1 and 2, the reaction with allyl
bromide gave increased amounts of phenol and by-products 3 and 4. Furthermore, upon relieving
pressure of the stream, large amounts of gas left the system along with the liquid phase. This gas is
expected to be a gaseous pyrolysis product of allyl bromide which dissolves in the liquid under high
pressures; one of the possible pyrolysis products is propene36. Another possible product is HBr; this
leads to the hypothesis that an acid might especially induce the O-deallylation and either the
cyclization reactions or double bond migration, while a base assists mainly the other side reaction.

Figure 21: HPLC chromatograms of Claisen rearrangement with 0.5 M allyl phenyl ether; (a) no
additions (b) with 2 eq. DBU (c) with 1.2 eq. allyl bromide and 0.2 eq. phenol
While the formed by-products have not been identified in the present study, it can be observed
that the HPLC-UV spectra (Figure 22) of by-products 3 and 4 have much similarity with those of
the target product, while by-products 1 and 2 differ much from these. From this, it can be assumed
that one of these two groups corresponds to the methyl-benzofuran by-products while the other group
corresponds to the E/Z 2-(prop-1-enyl)phenol by-products. A fifth by-product has been identified as
phenol. The fact that five by-products have been obtained, with likely three different main groups, is
in agreement with the side reactions proposed by Razzaq et al34.
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Figure 22: HPLC-UV spectra of Claisen rearrangement target- and by-products
The obtained results lead to the conclusion that both allyl bromide and the base DBU cause
various side reactions at the conditions of the Claisen rearrangement. In order to improve the
selectivity, the presence of both components needs to be minimized before performing the second
reaction.

4.2 Dilution
There are several approaches to attempt to improve the selectivity of the 2-step synthesis of 2allylphenol. One of the most direct ones is to simply use the inherent reaction kinetics of the
occurring reactions. As described in section 2.1.1, the Claisen rearrangement obeys first order
reaction kinetics, so the conversion after a given reaction time is insensitive to absolute
concentration. However, the various side reactions are all caused by components other than allyl
phenyl ether, meaning that they are likely to follow second order reaction kinetics. Therefore, these
reactions are expected to be relatively faster at high absolute reagent concentrations. This means
that upon diluting the mixture obtained after the SN2 reaction, the conversion will remain high while
the selectivity increases.
The effect of diluting the mixture from the SN2 on the Claisen rearrangement has been
investigated and is shown in Figure 23. Note that in all experiments, the result of the SN2 is
collected, mixed and separately used as input for the Claisen rearrangement. A clear positive effect of
diluting on the selectivity can be observed. Selectivities as high as 95% have been reached at a
dilution of allyl phenyl ether from 0.5 M to 0.035 M; this selectivity is equal to the selectivity in the
single step Claisen rearrangement.
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Figure 23: effect of dilution of the SN2 mixture on the Claisen rearrangement selectivity; lines are for
guidance only
When this resolution to improve selectivity would be used in a quantitative continuous
synthesis, the Claisen rearrangement should be performed at a sufficiently low concentration. The
SN2 reaction, however, as described in section 2.2.1, obeys second order kinetics. Therefore, if the
entire two-step synthesis is performed at low concentrations, the reaction rate of the SN2 greatly
decreases. This leads to the conclusion that low concentrations in the Claisen rearrangement can only
be utilized when dilution occurs after the SN2 reaction. When this is translated to a production
operation, this leads to a proposed set-up as depicted in Figure 24. After the SN2 reaction, a T-piece
or micromixer is placed, depending on speed of mixing. Afterwards, a delay is needed for mixing
before entering the Claisen rearrangement reaction zone.

Figure 24: schematic production operation for 2-allylphenol utilizing dilution for higher selectivity
When diluting before the Claisen rearrangement, the volumetric throughput of the second
reaction zone is depending on the amount of dilution. To maintain the same space time required for
the Claisen rearrangement, a larger reactor is needed at higher dilutions. Two different approaches
can be taken when designing the production set-up. From an atom economy point of view, the
highest dilution possible is theoretically optimal because the selectivity will be highest, wasting the
least reagent. One can, however, also look at the volumetric reactor efficiency of the operation. A
reactor efficiency can be calculated for different amounts of dilution, assuming that the SN2 reaction
is operated at a fixed method giving a yield of 80% and assuming that the Claisen rearrangement
reactor section is scaled to give a space time of 4 minutes. The different reactor efficiencies are given
in Figure 25. It can be seen that there is an optimum around a concentration of 0.35 M, where the
selectivity of the Claisen rearrangement is 79%. By diluting further, the reactor volume increase is
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limiting the reactor productivity. The actual optimal operation of this reaction is likely to be
somewhere between the two discussed approaches.

Figure 25: volumetric reactor productivity plot for different Claisen rearrangement concentrations;
lines are for guidance only
The approach of diluting the mixture after the SN2 reaction has several advantages and
drawbacks. The main advantage of this method is its relative simplicity: no intermediate unit
operations other than diluting are necessary, while the yield performance of the two-step synthesis
approaches the theoretically optimal value of the two reactions performed separately. One main
drawback is that by diluting to low concentrations, the inherent potential for miniaturization that
microreactor technology possesses62 is ignored. Kobayashi et al.17 reported that the Claisen
rearrangement in micro flow can even be performed solvent free; this potential of very high
volumetric efficiency is rejected by operating at low concentrations, thereby needing larger reactor
volumes and also large quantities of solvent. Finally, another drawback is that the product, 2allylphenol, is not obtained in the pure form but in a diluted state, mixed with several other
components like DBU, allyl bromide and phenol. In order to obtain the target molecule, potentially
for further synthesis, it needs to be separated from all these components and the solvent. The large
quantities of solvent are also likely to increase the overall energy consumption of the process. Because
of these drawbacks, other methods have been searched to obtain a good selectivity.

4.3 Homogeneous base removal
An alternative approach for obtaining higher selectivity is by treating the resulting mixture of the
SN2 reaction to remove all harmful components before the Claisen rearrangement, which are in this
case DBU and allyl bromide. The initial focus of this work is on removing the base DBU. Attempts
to remove this base have been made by means of acid-base liquid-liquid extraction. All extractions
have been performed in batch.

4.3.1 Liquid-liquid extraction and acid absorption
Initially, the resulting mixture of the SN2 reaction has been extracted with an aqueous HCl solution.
The DBU is expected to react with the HCl and migrate to the aqueous phase, removing it from the
organic phase. However, upon performing the Claisen rearrangement with the extracted mixture, the
selectivity of the reaction has dropped to 0.05, which is lower than without any treatment. The
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reason for this even lower selectivity is that during the extraction, the desired result of all DBU
migrating to the aqueous phase was not obtained. Instead, DBU was present in both the aqueous and
the organic phase, while both phases have become highly acidic. It is expected that both HCl and the
formed ion pairs DBU-H+Cl- interact with the polar, protic solvent n-butanol, resulting in a high
solubility in both phases. When then performing the Claisen rearrangement afterwards, HCl is likely
to cause side reactions, leading to a very low selectivity.
For these reasons, an acid-base extraction by itself is not sufficient to increase the selectivity.
Therefore, a method has been searched to remove the acid which is present after the extraction. In
this case, DBU-H+Cl- ion pairs are still present, but the solution being pH-neutral is expected to
increase the selectivity of the Claisen rearrangement. The method used to remove the HCl is by
utilizing the weak base ion exchange resin Amberlyst A21. As mentioned in section 2.4, this resin can
absorb acids from an organic solution without modifying it.
The mixture obtained after extraction has been exposed to an excess of ion exchange resin in
batch. As expected, the solution was pH-neutral after the treatment. The resin has absorbed all
excess HCl in the solution, but had no interaction with the DBU ion pairs. The Claisen
rearrangement with this mixture gave an improved selectivity (S=85%, compared to 65% without
treatment). The HPLC chromatograms of all relevant mixtures are shown in Figure 26.

Figure 26: HPLC chromatograms of the mixture after (a) SN2 (b) SN2 and Claisen rearrangement (no
treatment, S=65%) (c) SN2, extraction and Claisen rearrangement (S=5%) (d) SN2, extraction, acid
removal and Claisen rearrangement (S=85%)
From these results, it can be seen that the selectivity of the two-step synthesis can be improved
by extracting the mixture after the SN2, and then removing the excess acid with weak basic ion
exchange resin. While this does not lead to the highest selectivity possible, it is a viable option in
improving it. When this method is to be utilized in a continuous production, the liquid-liquid
extraction can be performed in a continuous manner with e.g. the combination of a capillary slug
flow followed by a membrane phase separator63. The ion exchange resin could be utilized
continuously in a parallel packed bed operation. In one column, the stream from the extraction is
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exposed to the ion exchanger for acid removal. Since the ion exchanger’s functional groups are
consumed in this process, a second column is necessary to simultaneously regenerate the consumed
ion exchanger with a NaOH solution and a third one to flush the remaining NaOH before use. This
system is then switched at the moment that acid is about to break through the end of the first
column. An overview of a proposed process is given in Figure 27.

Figure 27: proposed process utilizing continuous L-L extraction and acid absorption using weak basic
ion exchange resin (Amberlyst A21) parallel packed beds
An advantage of this method is that the full process can be operated at high concentrations,
remaining the potential volumetric efficiency of the two reactions. The main drawback of this method
is the high level of complexity of the entire operation, with multiple unit operations and partially
unsteady operation due to the parallel packed bed switching. Additionally, this method requires the
consumption of both an HCl and NaOH solution in addition to the normal reagents. Finally, in the
resulting mixture, there are still DBU-H+Cl- ion pairs present which need to be separated before
obtaining the pure product.

4.3.2 Solvent selection
The reason that acid needs to be removed after the extraction is the interaction of the acid with the
polar protic solvent, n-butanol. Experiments have indicated that when performing the same
extraction with an apolar aprotic organic solvent like toluene, all DBU migrates to the aqueous phase
and the resulting organic phase is pH-neutral. Therefore, if n-butanol is switched for such a solvent,
the acid-base extraction would fully reach its target and the Claisen rearrangement could be
performed directly after the extraction.
In order to select which solvent is suitable for this purpose, a small list of possible alternatives
has been made (Table 8). These solvents follow the criteria that it needs to be aprotic and immiscible
with water for the extraction. From these solvents, a selection is made based on a number of factors.
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Table 8: list of potential solvents for two-step synthesis, of which all are aprotic and immiscible with
water, sorted by polarity; relative density equals density at given conditions divided by normal liquid
density
Solvent

Toluene
Diethyl ether
Ethyl acetate
Isobutyl acetate
Chloroform
Methyl isobutyl ketone (MIBK)
Cyclohexanone
Dichloromethane (DCM)
1,2-Dichloroethane
Methyl ethyl ketone (MEK)

Polarity64
(water=100,
n-butanol=60) [-]
9.9
11.7
23
24.1
25.9
27
28
30.9
32.7
32.7

Relative density
(300 °C, 69 bar)
0.60
0.20
0.29
0.54
0.16
0.60
0.67
0.11
0.35
0.30

Based on several criteria, every solvent in this selection has been examined for potential
suitability. Firstly, since the thermal expansion at the conditions of the Claisen rearrangement
heavily influences the actual reaction time, a high relative density at the given conditions is favorable
for the Claisen rearrangement. Furthermore, as described in section 2.1.1, a more polar solvent is
advantageous for the Claisen rearrangement reaction rate. However, as described in section 2.2.1, a
more apolar solvent increases the reaction rate of the nucleophilic substitution. Therefore, a single
solvent will always show a compromise between boosting the rate of both reactions.
One of the reasons to perform the two-step synthesis in micro flow is that the reaction can be
performed more green, with potentially high intensification, low energy consumptions and absence of
catalyst. However, chlorinated solvents are generally not a preferred green solvent choice due to their
toxic nature65. Therefore, in this selection, chlorinated solvents (chloroform, DCM, 1,2dichloroethane) have been omitted, since their use compromises the potentially green character of the
synthesis.
Additionally, the selected solvent should be stable at the harsh conditions used in the synthesis,
which includes the use of a strong base and high pressure and temperature. Esters (ethyl acetate,
isobutyl acetate) are likely38 to participate in thermal decomposition, transesterification with phenol
or hydrolysis in the presence of water at these conditions, and are therefore not deemed suitable.
Finally, it is important that all reactants remain dissolved during the reaction, since precipitation
in a microchannel can cause clogging, which hinders the operation of the reaction. Since ionic species
are involved in the SN2 reaction, a highly apolar solvent is likely to be unable to dissolve these
species. To investigate which solvents show this behavior, the reaction has been performed in batch
in different solvents as described in section 3.3.2. From these experiments, it appeared that the
solvents toluene, diethyl ether and methyl isobutyl ketone show precipitation during the reaction,
meaning that they are too apolar, while methyl ethyl ketone (MEK) and cyclohexanone remained
transparent.
Maintaining these criteria, the only solvents deemed suitable from the selection are methyl ethyl
ketone (MEK) and cyclohexanone. To investigate the reactivity in the new solvent, the SN2 reaction
has been conducted in flow in the same manner as in the original reaction, but now with MEK as
solvent. However, even though theoretically, this solvent leads to a higher reaction rate, the yield of
allyl phenyl ether obtained is merely 40%, as opposed to 80% when using n-butanol. This yield is
independent on space time from 1-8 minutes.
In order to investigate this unexpected behavior, the SN2 has been performed at a fixed space
time of 4 minutes, while varying the temperature from 20 to 120 °C. The obtained results are shown
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in Figure 28. It appears that the obtained yield increases with increasing temperature, but this rise
staggers when the outlet concentration of allyl bromide becomes low. From this, it can be deduced
that the final obtained yield is in fact not limited by the reaction rate of the SN2 reaction, but by the
concentration of allyl bromide. The SN2 reaction follows a second order mechanism, so the rate will
rapidly become low when the concentration of allyl bromide drops. Since allyl bromide is added in 2
equivalents to phenol, it is concluded that allyl bromide acts as a reagent in a reaction besides the
SN2 reaction. Even though the product(s) of this reaction have not been detected in HPLC, this
reaction is expected to be the base-induced decomposition of allyl bromide. This reaction may yield
allene, HBr, propene and benzene36. The fact that the final yield slightly drops at even higher
temperatures, indicates that the decomposition reaction is relatively favored slightly more at higher
temperatures.

Figure 28: yield and outlet concentration of allyl bromide of SN2 reaction in flow with MEK as
solvent, as a function of temperature, at a space time of 4 minutes
It is observed that using the apolar aprotic solvent MEK results in a significantly lower yield of
allyl phenyl ether than using n-butanol, which is already reached after 1 minute of space time. This
leads to the conclusion that while the new solvent may indeed increase the rate of the SN2 reaction, it
increases the rate of the decomposition reaction even further, leading to a higher allyl bromide
consumption. The higher allyl bromide consumption, paired with the second order reaction kinetics of
the SN2, leads to a lower final yield of allyl phenyl ether when the allyl bromide is consumed. Similar
results have been obtained using cyclohexanone as solvent. In order to perform the two-step synthesis
with intermediate extraction successfully, the yield of the SN2 reaction in the new solvent first needs
to be improved.
In order to predict if a higher yield can be reached with this system using different conditions, a
kinetic model has been created describing the deprotonation of phenol, the SN2 reaction to allyl
phenyl ether, and the decomposition reaction of allyl bromide assisted by both DBU and a phenoxide
ion. The used equations and reaction rate constants can be found in section 3.6. The reaction rate
constants have been manually set to qualitatively match the results obtained at different space times
at 20 °C. The outcome of this model along with the obtained data points is shown in Figure 29. The
yield is limited to approximately 50% due to the decomposition of allyl bromide. When using a
doubled inlet concentration of allyl bromide, the final yield remains the same because in this case, all
DBU is consumed, after which no deprotonation of phenol can occur, inhibiting the SN2 reaction.
Both increasing the equivalents of DBU and allyl bromide only slightly increases the final yield;
additionally, using such excess is undesired due to the large amount of waste in this case. For these
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reasons, it is assumed that the current reaction system cannot give the desired results for the SN2
reaction.

Figure 29: kinetic model prediction of SN2 reaction with decomposition of allyl bromide, where
obtained data points are represented by circles

4.3.3 Base selection
It can be concluded that in the current SN2 reaction system using MEK as solvent, no good results
can be achieved inherently due to the base assisted decomposition of allyl bromide. Therefore,
attempts have been made to use a different organic base than DBU, which is ideally strong enough to
deprotonate phenol, but weaker than DBU to minimize decomposition effects. A number of different
bases have been tested for performance in the SN2 reaction, which are listed in Table 9. The bases
have been tested in batch mode as described in section 3.3.2 at 70 °C for 4.5 hours.
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Table 9: list of organic bases tested for performance in the SN2 reaction
Abbreviation

Full name

DABCO

1,4-diazabicyclo[2.2.2]octane

DBU

1,8-Diazabicycloundec-7-ene

DIPEA

N,N-Diisopropylethylamine

DMAP

4-Dimethylaminopyridine

Lutidine

2,6-Lutidine

Proton Sponge

1,8-Bis(dimethylamino)naphtalene

Pyridine

Pyridine

TEA

Triethylamine

TMEDA

Tetramethylethylenediamine

Chemical structure

The results of the base screening are given in Table 10. As can be seen, the different bases gave
varying results in assisting the decomposition of allyl bromide, in some cases causing a solid or liquid
phase separation. However, not a single base gave a higher yield of allyl phenyl ether than DBU,
meaning that every base either did not deprotonate phenol well enough or gave a too rapid
decomposition of allyl bromide. The only viable base remaining is DIPEA, which gave a relative
decomposition rate lower than DBU, along with a low yield however. In order to test if this new base
is viable, it has been used in micro flow instead of DBU at elevated temperatures with a space time
of 10 minutes. The results are given in Figure 30; it can be seen that even though the yield increases
with temperature, the desired yields are not nearly achieved. Therefore, also DIPEA is deemed
unsuitable for this reaction. This leads to the conclusion that after the screening of several bases,
DBU is still considered as the most effective one. Therefore, performing the SN2 reaction using MEK
as solvent with L-L extraction is not regarded as viable resolution to the selectivity issue
encountered.
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Table 10: results of SN2 reaction using different organic bases
Base
DABCO
DBU
DIPEA
DMAP
Lutidine
Proton Sponge
Pyridine
TEA
TMEDA

Yield(allyl phenyl ether)
[%]
0
43
5
0
0
0
0
2
0

X(allyl
bromide) [%]
100
93
7
97
2
9
100
2
100

Visual observation
Clear yellow layer on bottom
Clear, yellow
Clear, light yellow
Large, yellow crystals
Yellow, clear
From clear orange to clear yellow
Dark brown liquid layer on bottom
White suspension
White suspension

Figure 30: yield of allyl phenyl ether in SN2 reaction as a function of temperature, using DIPEA as a
base with a space time of 10 minutes; lines are for guidance only

4.4 Heterogeneous base
In earlier sections, resolutions to the selectivity issues have been sought through modifying the
reaction system utilizing a homogeneous base. However, it might be a more potent method to use a
heterogeneous base instead of a homogeneous one in the SN2 reaction, because in this case, no
removal of the base in the stream is necessary at all. Therefore, two different solid bases have been
investigated, being potassium carbonate (K2CO3) and the strong base ion exchange resin Amberlyst
A26. The investigated solid-liquid continuous reaction system in both cases is a milli-packed bed
reactor. In all experiments, MEK has been used as solvent for its theoretical suitability for the
reaction and its immiscibility with water.

4.4.1 Potassium carbonate
Potassium carbonate is, as described in section 2.2.1, the preferred base of choice in laboratory
synthesis using the SN2 reaction. In this case, it is stirred to form a suspension, where the K2CO3
transforms after the reaction into the (also insoluble) salt KBr, H2O and CO2. Therefore, if this base
can be utilized in continuous flow, the Claisen rearrangement can potentially be performed after the
SN2 without additional work-up.
Initially, the milli-packed bed has been completely filled with K2CO3 crystals. However, the
K2CO3 is not in the form of spheres, which is the preferred shape for a packed bed, but very small
crystals with an undefined shape. This leads to the packing of the reactor rapidly forming an
impermeable solid cake with a pressure drop of over 100 bars. In order to still use this base in a
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packed bed reactor, it has been mixed with inert glass beads with a size of 1 mm, in a mass ratio of
1:1.4 K2CO3:glass beads.
The milli-packed bed reactor set-up has been used at a temperature of 60 °C, in the order of
magnitude of laboratory synthesis, with a space time of 10 minutes. The results can be seen in Figure
31. The yield of allyl phenyl ether quickly rises to a value of 25%, which is maintained for
approximately 5 space times. However, the K2CO3 in this reaction is not a catalyst but a reagent.
Therefore, after some time, the decreasing amount of base present leads to a lower yield obtained at
the end of the reactor. At this point, the reactor needs to be opened, emptied, and filled with unused
packing to obtain the original yield. Since the original yield of 25% is not deemed high enough to be
usable, the temperature has been increased to 120 °C, with the use of a backpressure of 6.9 bar to
prevent solvent evaporation. This leads (Figure 31) to a significantly higher maximal yield of 90%,
which is even higher than when using a homogeneous base. However, since the consumption rate of
the base is also higher, the yield rapidly decreases during operation time. This is very unfavorable,
since in a production, a pseudo-steady state flow is desired for a significant time frame; after this
time frame, the bed can be switched to maintain a relatively constant output.

Figure 31: yield of allyl phenyl ether plotted against operation time using a milli-packed bed reactor
filled with K2CO3, τs=10 min (a) 60 °C (b) 120 °C; lines are for guidance only
In order to attempt to increase the timeframe of constant yield, a lower reagent concentration
(from 0.5 M to 0.1 M) has been used at 120 °C. However, due to the second order of the reaction, the
rate is significantly lowered, leading to a maximum yield 40%. For this reason, a concentration of 0.5
M has been maintained, while utilizing two identical packed beds in series. This way, the amount of
available base is effectively doubled. Additionally, allyl bromide is now used as limiting reactant at
0.5 M, instead of phenol, which is now used in 2 equivalents. This way, the amount of allyl bromide
present in the resulting mixture can be minimized, since allyl bromide also causes problems in the
Claisen rearrangement. The results are shown in Figure 32. It can be seen that while the outlet
concentration of allyl bromide is initially low, it quickly rises despite the larger amount of base used.
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Figure 32: yield of allyl phenyl ether and outlet concentration of allyl bromide plotted against
operation time using two milli-packed bed reactors filled with K2CO3, τs=20 min, T=120 °C, using
allyl bromide (0.5 M) as limiting reactant; lines are for guidance only
In order to simulate the outcome of the Claisen rearrangement when connected directly to the
packed bed reactor, the outlet of the first 80 operation minutes has been collected and mixed, leading
to a concentration of allyl bromide of 0.065 and an average yield of 88%. With this mixture, a
Claisen rearrangement has been performed using a space time of 6 minutes, to compensate for the
different thermal expansion of the solvent MEK. The Claisen rearrangement has in this case only a
conversion of 62% and a selectivity of 62%. This indicates that even low amounts of allyl bromide
cause significant issues, possibly in the form of catalytic activity of HBr, a possible decomposition
product.
From the obtained results, it can be concluded that in order to use potassium carbonate as a
base in a milli-packed bed reactor, virtually all allyl bromide needs to be reacted to obtain a good
overall multistep synthesis. A high yield of the SN2 can be achieved using a temperature of 120 °C.
However, to maintain this high yield for a usable timeframe, a high excess of K2CO3 is needed, so a
large packed bed reactor is required. The highest used reactor volume of 3.4 ml was not enough at a
space time of 20 minutes. A proposed production operation is depicted in Figure 33. In this set-up,
two beds are required, where one bed is utilized until the outlet yield is below a specified value, while
the other bed is being refilled with new, unused base. Advantages of this method include the fact
that there is no base present at all in the final result of the two-step synthesis, which can
significantly increase the ease of recovery of the pure product. A significant drawback is that after a
packed bed has been consumed, it has to be opened, emptied, cleaned and refilled with new base,
which increases the manual labor required for the process. An additional disadvantage is that due to
the undefined shape of the K2CO3 intermixed with the glass beads, the transport phenomena in the
packed bed are very unpredictable and difficult to describe; for example, ‘channelling’ may occur in
the packing.
There are two options to minimize the allyl bromide concentration, as is required for the Claisen
rearrangement. Firstly, allyl bromide can be used as limiting reactant instead of phenol. In this case,
the packed beds should be sufficiently large to obtain a conversion of allyl bromide of 1 for a larger
timeframe. This brings the advantage with it that no intermediate work-up is required after the SN2
reaction. The downside of this is that the phenol, not allyl bromide, is often the building block in the
two-step synthesis and it may already have functionalized groups from earlier synthesis steps. Using
allyl bromide as limiting reactant leads to an inherently lower conversion of the phenolic substrate.
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The other option is, while leaving phenol as limiting reactant, removing allyl bromide through a
single stage micro distillation. This is possible since the boiling point of allyl phenyl ether (190 °C) is
significantly higher than that of allyl bromide (70 °C). However, if this method is utilized, a solvent
with a higher boiling point is likely to be needed, since MEK boils at 80 °C.

Figure 33: proposed production set-up using the base K2CO3 in a milli-packed bed, where one bed is
in use while the other bed is refilled with new base, while (a) and (b) represent different options

4.4.2 Strong base ion exchange resin
As an alternative to using K2CO3 as a base, the strong base ion exchange resin Amberlyst A26 has
additionally been tested in the SN2 reaction. This resin is sold in either uniform or non-uniform
spheres, which are much more suitable for use as a packing than K2CO3 crystals.
Initially, a batch SN2 experiment has been performed with an excess of Amberlyst A26. From this
experiment, it appeared that reaction occurred in significant amounts in the temperature range of 2060 °C, meaning that the resin is basic enough to deprotonate phenol. A noteworthy result is that
while the target allyl phenyl ether was gradually formed, all phenol was already disappeared from the
solution after 15 min. This leads to the assumption that the deprotonation of phenol is very rapid
and does not need to be accompanied by a simultaneous SN2 reaction with allyl bromide, meaning
that deprotonated phenol is the new stable counter-ion of the resin.
The milli-packed bed reactor has been filled with the Amberlyst A26 resin. Subsequently, phenol
and allyl bromide are simultaneously flowed over the bed at 60 °C with a space time of 10 minutes.
The results are shown in Figure 34. The highest yield obtained was 70%, which subsequently lowered
again due to consumption of the resin’s functional groups. It can be noted that also here, less product
is initially leaving the reactor than phenol is disappearing. Additionally, allyl bromide is consumed
significantly more than allyl phenyl ether is formed, leading to the assumption that a part of the
resin’s functional groups is consumed by allyl bromide decomposition. This leads to a short timeframe
of higher yields.
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Figure 34: concentration, conversion or yield of phenol, allyl bromide and allyl phenyl ether plotted
against operation time using a packed bed filled with Amberlyst A26 at 60 °C at a space time of 10
minutes
In order to utilize the ion exchange resin’s potential for creating an immobilized form of
deprotonated phenol, phenol is first flowed over the bed, after which allyl bromide is subsequently
flowed over the bed. The results, shown in Figure 35, show that the predicted deprotonation and SN2
do occur, but accompanied with severe tailing effects due to lower amounts of active resin.
Additionally, phenol is leaving the reactor during the second step, which could either indicate
leaching of phenol, possibly from re-protonation of phenol due to allyl bromide decomposition, or
solvated phenol still being present from the previous step. In the second step there is, again, a small
window of time at which the yield is high and the allyl bromide concentration low. Performing the
same sequence at 20 °C with a space time of 20 minutes yielded similar results.

Figure 35: outlet concentration, conversion or yield or conversions when using a packed bed filled
with Amberlyst A26 at 60 °C with a space time of 10 minutes, (a) entering only phenol (b)
subsequently entering only allyl bromide
A proposed design for a production synthesis is given in Figure 36. This process utilized the
separate deprotonation of phenol and SN2 reaction with allyl bromide. Experimentally, this sequence
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gave severe tailing effects leading to large unusable timeframes. It is however believed that a large
increase of ion exchange resin could lead to a significant timeframe in which allyl phenyl ether can be
obtained without any allyl bromide present. This resulting mixture can then be immediately
connected to the Claisen rearrangement, which is expected to give a high selectivity. In the proposed
design, five parallel packed beds are necessary. In the first packed bed, phenol is deprotonated. In the
second one, the residual phenol is flushed out, while in the third one the actual SN2 reaction with
allyl bromide occurs. Then, the resin is regenerated with NaOH, forming NaBr as waste, and in the
last bed the remaining NaOH is flushed out.

Figure 36: proposed production design utilizing Amberlyst A26 as base in packed beds in series,
utilizing the following sequence: phenol deprotonation, flushing, SN2 with allyl bromide, regeneration
and flushing
Utilizing Amberlyst A26 in a packed bed gives rise to (dis)advantages similar to using K2CO3.
Compared to utilizing K2CO3, this method sacrifices compactness and simplicity. More parallel
packed beds and streams are needed and larger required reactor volumes are anticipated, since the
volumetric capacity of Amberlyst A26 is lower than that of K2CO3 (approx. 3.5 times as low). In
return, the process is more streamlined, since all packed beds can remain stationary and do not need
to be opened. Instead, the resin can be used numerous times due to its capability to be regenerated,
while K2CO3 is constantly consumed permanently. Additionally, the separate introduction of phenol
and allyl bromide potentially increases the efficiency in both reactants. Finally, the packed beds in
this case can be operated at ambient temperature, making the SN2 reaction energetically very
efficient.

4.5 Phase transfer catalysis
One final approach has been taken to perform the two-step synthesis in a different way, which is by
the use of a phase transfer catalyst (PTC), of which its functioning is described in section 2.2.2. An
initial batch experiment has been performed with phenol and NaOH in the aqueous phase, with allyl
bromide and PTC without solvent as organic phase. Phenol was used in a concentration of 0.5 M
with 3 equivalents of allyl bromide and 0.1 equivalents of PTC at 60 °C. In this experiment, all
phenol has already converted in 30 minutes, indicating that the PTC is effectively catalyzing the
reaction. This means that if allyl bromide is used as limiting reactant and its conversion of 100% can
be achieved, the target product allyl phenyl ether can be obtained solvent-free. This is a potent
aspect since the Claisen rearrangement can be performed without solvent present.
The SN2 with PTC has also been performed with allyl bromide as limiting reactant with equal
volumetric amounts of organic and aqueous phase. While this reaction led to a full conversion of allyl
bromide, extremely concentrated aqueous solutions of phenol and NaOH are required (12 M) which
are deemed especially difficult to handle in flow due to their high viscosity. Therefore, lower
volumetric ratios of the organic phase should be used. When this is done, it is anticipated that pure
allyl phenyl ether mixed only with PTC can be obtained; this has however not been experimentally
validated. Therefore, in order to determine if the potential of this reaction system can be fully
utilized, a more thorough investigation is required.
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As a simple process design utilizing the PTC-catalyzed SN2 reaction, a liquid-liquid capillary slug
flow is proposed. A schematic overview is shown in Figure 37. Here, allyl bromide (organic phase)
should be used as limiting reactant with a lower volumetric flow rate than the aqueous phase. In
order to minimize mass transfer limitations in the two viscous phases, a high reactor volume and
superficial velocity should be used to induce internal circulation patterns in the slugs66. The two
phases could thereafter be separated using e.g. a micro-membrane phase separator or a micro-settler.
It is anticipated that PTC is present along with the product allyl phenyl ether; it is not tested if this
can lead to selectivity issues in the Claisen rearrangement. If this is the case, the PTC needs to be
separated before this reaction, possibly by micro-liquid-liquid extraction67. The main advantage of
this method is that solvent-free product can potentially be obtained, which is more difficult to
achieve in the other discussed methods. It has also been shown that this reaction already occurs
rapidly at 60 °C, making it potentially more energetically efficient than using a homogeneous organic
base. An additional advantage over packed bed operation is that a fully continuous and steady state
operation can be achieved, whereas the heterogeneous base operation is an unsteady operation.
Steady state operation leads to an increased ease of operation and more facile integration with other
continuous production steps.

Figure 37: proposed production design utilizing PTC-catalyzed SN2 reaction, where (a) and (b)
represent different options
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5 Conclusions and
recommendations
5.1 Conclusions
In the present work, the selectivity issues of the multistep synthesis of phenol to 2-allylphenol have
been investigated. It has been found that both DBU and allyl bromide from the first reaction step are
the main cause for side reactions during the Claisen rearrangement. In order to improve the overall
selectivity, the presence of both components needs to be minimized before performing the Claisen
rearrangement. Six alternative approaches to these issues have been considered, of which five are
regarded as viable. The starting point has been the SN2 reaction using the homogeneous base DBU in
the solvent n-butanol at 100 °C and the Claisen rearrangement in n-butanol at 300 °C.
The first resolution found is diluting between the SN2 reaction and the Claisen rearrangement.
This way, the difference in reaction kinetics of the Claisen rearrangement and the side reactions is
utilized. While this approach is the most facile one, it requires diluted operation and increases the
difficulty of product separation afterwards.
Secondly, it is possible to perform an acid-base extraction after the SN2 reaction. However, the
polar protic nature of the solvent causes acid to be present in the organic phase after extraction. This
acid can be removed using the weak basic ion exchange resin Amberlyst A21 using two parallel
packed beds. While this option does not require operating at low concentrations, it does not give the
highest selectivity possible and has an increased operation complexity. Alternatively, different
solvents and bases have been explored in order to omit the need of acid removal; however, no
reaction conditions have been found that gave satisfactory yields in the SN2 reaction.
Furthermore, the use of heterogeneous bases has been investigated. Both K2CO3 and the strong
basic ion exchange resin Amberlyst A26 have shown to be suitable for this purpose. The main issue
involved is the consumption of the base leading to a dropping yield, thereby requiring large amounts
of excess base to maintain a constant output. The use of K2CO3 gives a larger volumetric base
capacity, but the base is permanently consumed, while the ion exchange resin can be re-used
numerous times. Additionally, the use of K2CO3 requires high temperatures while the ion exchange
resin functions at room temperature.
Finally, a phase transfer catalyst has been used to perform the SN2 reaction. This way, the base
of the reaction is in a different phase and the intermediate product allyl phenyl ether can be obtained
by separating the two phases. This method can potentially yield solvent-free product, since allyl
bromide forms the organic phase without solvent. However, more experimental research is necessary
to validate this potential.
The five listed options to be used in continuous synthesis all have their own advantages and
drawbacks. For this reason, it is not possible to consider one option as optimal. In order to make it
possible to make a deliberate choice between the different options, a comparison between them has
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been made on several aspects which are relevant to quantitative synthesis. This comparison is shown
in Table 11. From this comparison, it is evident that the preferred choice is depending on the relative
importance of the various aspects.
Table 11: comparison of the proposed synthesis resolutions on various aspects
Dilution before
Claisen
rearrangement
Ease of operation

++

Acid-base
extraction
and acid
absorption
-

SN2: K2CO3
packed bed

Volumetric
efficiency

--

+

+/-

-

++

Energy
consumption

--

-

--

++

+

Product purity

--

-

+

++

+/-

Chemicals
requirement

+/-

-

+

-

+

Steady operation

++

+/-

--

--

++

Additional
research needed

++

+

-

-

--

SN2: phase
transfer
catalysis

-

SN2:
Amberlyst
A26 packed
bed
--

+/-

5.2 Recommendations
The recommendations for further research are largely depending on what is the preferred
approach of choice to improve the two-step synthesis. As mentioned in Table 11, the amount of
additional research needed varies for the different options.
In the case of intermediate dilution, little additional research is anticipated. The functioning of
the method has been shown, meaning that the proposed continuous set-up needs to be used for
validation only. Subsequently, the preferred amount of dilution needs to be determined, along with
the mixing time required for this dilution. The mixing time can optionally be reduced by utilizing a
micromixer. Furthermore, a micromixer might also decrease the required reaction time for the SN2
reaction, since it has been shown that the reaction is very fast but limited by allyl bromide
consumption. Finally, it needs to be determined how the obtained product can be separated from the
solvent and the other components after the reactions.
When utilizing the acid-base liquid-liquid extraction with acid absorption, the extraction in flow
needs to be examined for this system. A choice needs to be made for the type of phase separator used
and its operation limits need to be mapped out. Additionally, the use of the weak basic ion exchange
resin Amberlyst A21 in a packed bed needs to be examined. Specifically, the time for acid to break
through and the regeneration time and conditions are relevant. In addition to this, a more exhaustive
search for a reaction system including solvent and base can be performed. If a suitable system can be
found, the need for acid absorption is redundant because the extraction is successful in this case.
Utilizing a heterogeneous base also requires addition research. In both the cases for K2CO3 and
Amberlyst A26, a significantly larger packed bed needs to be tested to see if a constant output can be
generated for a larger timeframe. If the presence of allyl bromide after the packed bed cannot be
avoided, the possibility of a continuous single stage distillation needs to be explored. In the case of
K2CO3, it should be examined if the undefined packing can lead to reproducibility problems like bed
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compression or channeling. In the case of Amberlyst A26, it is especially important to chart the
behavior in all five different parallel steps. Preferably, the system needs to be modified so that all
beds are ready for the next step at the same time, so that no chemicals are wasted. Additionally, the
presence of mass transfer limitations should be investigated since the used spheres are porous.
Finally, the use of phase transfer catalysis in the SN2 reaction is likely to need the most
additional research. The reaction system has only been investigated in batch operation in the present
work. While the reaction has proven to give satisfactory yields in acceptable timeframes, it needs to
be validated if this can be utilized in a liquid-liquid slug flow operation. Here, the optimal volumetric
ratio between the aqueous and organic phases needs to be determined. If the concentration in the
aqueous phase appears to be too high in this case, the organic phase could be diluted with e.g.
toluene. However, the advantageous possibility of solvent-free operation is omitted this way. In the
slug flow reaction system, the presence of mass transfer limitation should be investigated. If these are
present, internal circulation of the slugs could be accelerated by using a higher superficial velocity or
a lower viscosity. Finally, the recovery of PTC by means of e.g. extraction needs to be investigated.
When the PTC proves to be harmful in the Claisen rearrangement, this recovery needs to be
performed in between the two reactions. In this system, also the operation of a continuous liquidliquid extraction needs to be researched.
In addition to these specific research suggestions, some general remarks can be made. In all
systems, it is important to search for the concentration limits that can be used in order to operate as
efficiently as possible. In addition, the heating and cooling of the streams in a production operation
should be optimized. For example, it might be more efficient to utilize a parallel micro cross-flow
heat exchanger for heating and cooling of liquid-only sections. This way, the energy consumption of
the process can be minimized.
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6 List of symbols
Symbol
A
Cp
Cx
D
DAB0
dr
FV
Gz
h
kb
ki
Lr
Nu
pc
Qreaction
Re
rin
rout
rparticle
rr
Rx
T
tD
theat
Tr
UA
V
v
Vc
Vi
Vsat
x
Zc
α
ΔHr
Δp
ΔT
ΔTln

Meaning
Cross sectional area
Heat capacity
Concentration of component x
Diffusion coefficient
Diffusion coefficient of component A in B at infinite
dilution
Reactor inner diameter
Volumetric flow rate
Graetz dimensionless number (=αLr/(dr2v))
Heat transfer coefficient
Boltzmann constant (=1.38·10-23)
Reaction rate constant of reaction i
Reactor length
Nusselt dimensionless number (=hdr/λ)
Critical pressure
Total formed reaction heat
Reynolds dimensionless number (=ρvdr/μ)
Reactor inner diameter
Reactor outer radius
Radius of diffusing particle or molecule
Inner reactor radius
Component production term of component x
Temperature
Time required for diffusion
Time required for heating
Reduced temperature
Overall heat transfer rate
Molar volume
Superficial velocity
Critical molar volume
Molar volume at conditions i
Molar volume of saturated liquid
Distance
Critical compressibility factor
Thermal diffusivity (=λ/(ρCp))
Enthalpy of reaction at given conditions
Pressure drop
Temperature difference
Logarithmic mean temperature difference (=
)

dm
m3 s-1
W m-2 K-1
J K-1
l mol-1 min-1
m
W
m
m
m
m
mol l-1 min-1
K
s
s
W K-1
m3 mol-1
m s-1
m3 mol
m3 mol-1
m3 mol
dm
m2 s-1
J mol-1
Pa
K
-

εsol
λ
μ
ρ
ρr i
τs

Solid volume fraction
Thermal conductivity
Dynamic viscosity
Density
Reduced density at conditions i
Space time

W m-1 K-1
Pa s
kg m-3
s
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Dimension
m2
J kg-1 K-1
mol l-3
m2 s-1
m2 s-1
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