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Abstract (in French):

Les microsystémes sont des réacteurs idéaux pour mettre en ceuvre des réactions chimiques car ils
apportent un rapport de contact entre phases ou entre liquide et catalyseurs un million de fois
supérieur a celui rencontré a [’échelle du laboratoire, la possibilit¢é de chauffage et de
refroidissement rapide et enfin des réactions sans interaction avec les produits finaux car conduites
en flux continu. Les dimensions micro-ou nanométriques de ces réacteurs sont treés largement
compensées par la possibilité de parallelisation a grande échelle de ces réacteurs qui permet une
montée en échelle de la production sans nouveau développement. Nous avons choisi comme
réaction-test 1’alkylation des acides benzoiques par I’iodure de méthyle en présence d’une éponge a
protons (TMGN). Cette réaction a été choisie car elle suit une cinétique parfaitement du second
ordre qui peut étre modulée sur plusieurs ordres de grandeur en modifiant les substituants de
I’acide benzoique. Nous avons ainsi pu déterminer les cinétiques d’alkylation d’une série d’acides
benzoiques substitués ce qui nous a permis de déterminer la valeur de la constante de réaction de
Hammett. Nous avons également déterminé les parametres thermodynamiques d’activation de cette
réaction. Pour permettre d’appliquer cette méthodologie a d’autres substrats, une étude comparative
de la basicit¢ d’un ensemble de superbases organiques et de leur vitesse de N-alkylation par
I’iodure de méthyle a été effectuée pour déterminer le rapport entre basicité et nucléophilie de ces
bases. Ensuite, le site d'alkylation du TMGN a été déterminé par RMN et il a été montré que cette
réaction est en compétition avec I’eau résiduelle. Les constantes de diffusion des différentes
espéces chimiques ont été mesurées par RMN DOSY pour mieux comprendre le phénoméne de
mélange. Enfin nous avons réalisé des expériences préparatives sur des substrats bifonctionnels
simples pour mettre en évidence la sélectivité en fonction des conditions de mélange. Ces résultats
ont été étendus a ’alkylation a une échelle préparative d’un polyphénol complexe la quercétine et
de substrats a haute valeur ajoutée tels que 1’acide podocarpique, I’acide clofibrique et le Trolox a
I’aide de systéme microfluidique. Ces réactions conduites 1’échelle de la millimole ont permis une
compléte caractérisation des produits.

Mots-clés Microfluidique, Réacteurs capillaires en flux continu, Mélange et micromélange,
Relation de Hammett, Alkylation, Acides benzoiques substitutes, Superbases organiques, Synthese
organique en microsystéme
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Abstract (in English)

Microsystems are ideal reactors to perform chemical reactions because they provide a high surface
area between phases or between liquid and catalyst up to one million fold higher than what is
encountered in laboratory scale. Microsystems also provide the possibility of fast cooling and
heating and, finally, they run continuously without interaction between the reactant and the final
products. The micro-or nanoscale dimensions of these reactors are largely compensated by the
possibility of large-scale parallelization of these reactors which allows an increase in production
scale without any new development. We have chosen the alkylation reaction of benzoic acids by
iodomethane in the presence of a proton sponge (TMGN) as the test reaction as it follows a perfect
second-order kinetics, which can be modulated over several orders of magnitudes by modifying the
benzoic acid substituants. We were able to determine the kinetics of alkylation for a series of
substituted benzoic acids, which allowed us to determine the value of the Hammett reaction
constant. We also determined the thermodynamic activation parameters of this reaction. In order to
use this methodology on other substrates, a comparative study of the N-alkylation rate of a set of
organic superbases by iodomethane was conducted to determine the relationship between basicity
and nucleophilicity for these bases. The alkylation site of TMGN was determined by NMR
and it was shown that this reaction is in competition with residual water. To better
understand micromixing, the diffusion constants of the different chemical species involved were
determined by DOSY NMR. Finally, we carried out preparative experiments on simple
bifunctional substrates to show the effect of mixing conditions on selectivity. These results were
extended to the alkylation of a complex polyphenol quercetin and substrates with high added value
such as podocarpic acid, clofibric acid and Trolox using a microfluidic system. These reactions
were carried out at millimolar scale allowing us to completely characterize the final products.

Key words: Microfluidics, continuous flow capillary reactors, mixing and micromixing, Hammett
equation, Alkylation, substituted benzoic acids, organic superbases, organic synthesis in
microsystem.
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1 INTRODUCTION

“Faster, cleaner, safer” [1] these three words are enough used to reflect the benefits of
microfluidics in chemistry . A simple search for “microfluidics” in the Chemical Abstracts
Service (CAS) database of chemical and bibliographic information, turned up beyond
27000 hits in english and french language documents excluding patents. Chemistry in
continuous flow microreactors has received considerable attention over the past decade [1-
8]. In microreactors, potentially explosive and hazardous reactions can be safely
conducted, [9-11] short-lived intermediates can be trapped to increase chemical yield [12],
a cascade of reactions can be carried out without the necessity of isolating intermediates,
and alternatively it is possible to use high pressure and/or temperature conditions [13].
Continuous flow microreactor have found broad applications in multi-step organic

synthesis [ 14] and in the synthesis of complex natural products.

Reactors, mixers, pumps, valves,... there is a wide variety of microfluidics devices for
many different purposes, using various fabrication methods. They have been widely
reviewed, for example [15-20]. Among them microreactors and micro structured reactors’
offer the attractive feature of continuous flow. In fact, despite many advances in synthetic
chemistry over the years, organic synthesis is still being carried out using the batch
methodologies (“flask™). However a continuous process based mainly on microreactor
technology (“flow”) can bring many advantages to a synthetic chemist [1, 6-8, 14, 21-24].
Despite predicting a long-term future of flow reactors, a debate has been launched around
obtaining more efficient results from microflow reactors than flasks for homogeneous

catalytic reactions [25]. Nevertheless, because of their lower solvent usage, they have

1 . Microstructured reactors are compact units with small scale channels within, while microreactors are
small size reactor with microchannel within.
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lower carbon footprint and regarding the climate change regulations around the world, this

benefit becomes increasingly important [26-27].

Microreactors have been already used for a broad range of reactions [5, 28-29] but in the
framework of the objectives of this thesis, the present discussion is confined to the survey
of the literature pertaining to the use of microreactors in esterification as well as in

collecting reaction kinetics data.

1.1 Esterification in microreactors

Esterification reactions give relatively high yields in batch mode, but they require also long
reaction times. By using microreactors, it is possible to take advantage of high
concentrations, reduced waste and increased reaction rate [23]. Table 1-1 lists those

esterification reactions conducted in micro reactors.

Acid-catalyzed esterification reaction, entry 1 in the table, has been reported using a set-up
composed of a commercial micromixer followed by two consecutive capillary segments
(ID.600um and 1200pm). The first segment is heating while the second one is cooling to
quench the reaction. The residence time has been 5 min but it has had no obvious effect on
conversion. The highest oleic acid conversion of 99.5% has been obtained at the catalyst
concentration of 3 wt% and the methanol to oleic acid molar ratio of 40 [30].

In another study, the synthesis of ethyl benzoate from benzoic acid, entry 2 in the table,
within a microreactor has been demonstrated [13]. This reaction has been carried out at
300 °C and 120 bar. Due to its high ionic product of ethanol in supercritical conditions, it
plays the role of the solvent as well as the catalyst. The initial concentration of the benzoic

acid and ethanol was 0.33 M. The utilized set-up again consists of a commercial
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micromixer and a capillary reactor (ID.1000pum) but micromixer type has not been

mentioned.

Alongside those examples, Stark et al. [9, 31] utilized in situ generation of diazomethane
and its use in the synthesis of methyl benzoate (entry 3 in the table). Diazomethane was
generated from a commercial precursor, Diazald®, and was consumed on-site by reaction
with benzoic acid to benzoic acid methyl ester at a yield of up to 75 % at temperatures of 0
and 50 °C. This two step process has been done in a set-up comprised of two commercial
micromixers and two capillary segments. In the first step, Diazald® and KOH are mixed
together in a micromixer and the reaction undergoes in a first capillary segment (residence
time 5-15s) another micromixer is connected to the end of the first capillary and it is there
that benzoic acid is introduced and reacts with diazomethane through the second capillary
segment (10 < residence time < 70s). All continuous experiments were carried out using at
a ratio of Diazald®: KOH: benzoic acid = 1.0: 1.5: 4.0. They have demonstrated that this
second residence time has not a major effect on the yield of benzoic acid methyl ester. A
constant yield higher than 65% has been obtained in the temperature range of 0-50°C.

Kulkarni et al. [32] carried out the homogeneous and heterogeneous acid-catalyzed
esterification of acetic acid with butanol (entries 4 and 5 in the Table 1-1). In case of
homogeneous esterification, a set-up comprising of a commercial micromixer followed by
an isothermal tubular reactor (ID. 1.3mm) was used. Sulforic acid was used as the catalyst,
residence time was in the range of 100-8300 s and the maximum temperature was 80°C. In
these conditions and with a quantity of 0.005—4.5% w/w of the homogeneous catalyst
(H2SO4), they have reported a conversion of 85%. The heterogeneous reaction was
conducted in a system of commercial micromixer connected to a custom-built miniaturized
fixed-reactor. The catalyst was Amberlyst-15 and the residence time was in the range of

100-4000 s. The reaction underwent at a temperature of 80°C with a conversion of 74%.
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Table 1-1 Esterification reactions performed in microreactors.

© 2012 Tous droits réservés.

Residence Conversion
Entry Reaction Ref
time (%)
H,SO,
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O~__OH
2 EtOH(superecritical) 12 min 87 [13]
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o | .
3 % \/N\ KO N:\ <3 min >65 [9]
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H,SO,
CH;COOH+ROH CH,COOR+H,0
4 100-8300s 85 [32]
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CH,COOH+ROH CH,COOR+H,0
5 100-4000s 74 [32]
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In all the above studies, “elements” of a micro device are one or two micromixers and
tubular reactors. However, there are other possibilities. The simplest one is to mix all the
reagents together before introducing them into the microreactor. In such a case, a capillary
tube plays the role of the microreactor. Using this, esterification of acetic acid with short
chain alcohols in the presence of p-toluene sulfonic acid as catalyst (entry 6 in the table)
has been reported [33]. Under identical conditions, the batch reactor only went to 94.1%

yield in 40 min.

An alternative method is to have both of micromixer and microreactor on a single chip.
Brivio et al. [34] investigated the acid-catalyzed esterification of 9-pyrenbutyric acid with
ethanol (entry 7 of the table) in a “home-made” glass microreactor. Mixtures of 9-
pyrenbutyric and sulfuric acid as well as ethanol and sulfuric acid were used as the
reagents and the experiments were carried out at 50 °C. In these conditions they could
achieve a conversion of 83 % during 40 min. In these conditions the batch reaction leads to
only 15 % conversion. To simulate the glass walls of the microreactor, silica gel had been
applied in the batch reactor experiments. The authors concluded that the excess of SIOH
groups present in the glass microreactor assist in ethanol activation [23]. Usually the
reagents/solvents are introduced into the microreactor by external pumps (syringe pumps
or microfabricated pumps). This has been applied in all aforementioned examples. An
alternative method to drive the liquid inside the glass microreactors and to generate precise
plug flow is electroosmotic flow (EOF). EOF is fluid motion driven by electric field acting
on the net fluid charge produced by charge separation at a fluid-solid interface [36]. But it
is typically only applicable for aqueous systems, low flow rates, and small channel
dimensions [37]. Wiles et al.[35] demonstrated catalytic esterification of benzoic acid and

nitrobenzoic acid within an EOF-based, borosilicate glass microreactor. Their reaction
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scheme (only for benzoic acid) is presented as entry 8 of the Table 1-1. They achieved

100% conversion over a period of 20 min.

1.2 Microreactors and Reaction Kkinetics

Kinetics can be determined by various methods; flow method, competition method,
relaxation method,...[38]. In flow studies of fast reactions streams of two reactant
solutions are forced under pressure to meet in a mixing chamber from which the mixed
solution passes to an observation chamber [39]. These methods function in the time range
of (approximately) 1 ms to 10 s [39]. Among flow methods, continuous flow method is
generally used to study the kinetics of fast reactions, in liquid and gas phases. The basis of
this technique, as illustrated in Figurel-1, involves the injection of two reactants A and B
in a mixing chamber, whose design contributes to rapid mixing, followed by an
observation tube where the determination of their concentrations or that of the products
takes place at a certain distance from the mixing chamber. With continuing injection of
reactant solutions a steady state is set up in the observation tube, the concentration at any

point being independent of time [38-39].
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Figure 1-1. Schematic diagram of continuous flow kinetic system[39]

In this method mixing is essentially complete in a tiny fraction of second. The
concentrations are at steady state and analytical method is not needed to be fast response.
The major drawback of this method is to maintain the steady-state conditions throughout

17

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

the experiments; this technique requires the use of large quantities of reactants. This
disadvantage however can largely be compensated by using microreactors. Besides this,
microreactors are appropriate for determining the kinetics of extremely fast reactions,
reactions that involve an unstable intermediate or a highly toxic compound and reactions
that show improved operations at high temperature and pressures. Furthermore, it is

possible to combine continuous flow microreactors with in line analysis [40].
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1.3 Thesis Objectives and Overview

Here, we develop a set-up comprised of a commercial micromixer and a capillary reactor
to study the reaction kinetics. Benzoic acid esterification by iodomethane in the presence
of an organic superbase was chosen as model reaction. The effect of several parameters,
such as temperature, alkylating agent and solvent were investigated. Further the
microreactor was used to study the substituent effect and Hammett equation. Chapter 2
describes this parameter optimization process and a comprehensive discussion about

several structure-reactivity correlations.

The second class of chemistries, as described in Chapter 3, to be explored by microreactor
was a group of organic superbases. In this chapter the kinetics of superbases N-alkylation
by iodomethane is studied. Using different bases for different chemical synthesis is quite

usual. However there is not enough information about the rate of their N-alkylation.

Chapters 4 and 5 are two NMR based studies to identify the alkylation site in TMGN

molecule and to determine the diffusion coefficients of some key components in this study.

Chapter 6 describes the optimization of natural carboxylic acids, phenol-acids and
polyphenols O-alkylation. This study is an example of that the same reactor system that
was used for the kinetic studies could also generate production scale quantities of material.
Finally, in Chapters 7 and 8 the experimental procedures in detail and a conclusion to this

thesis are brought.
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2 KINETICS STUDIES

In the chemical industry and fine chemistry, the process of designing a new molecule and
bringing it to market is a complex multistep [41]. To accommodate market fluctuations and
reducing the overall time to market, it is essential to have a rapid process development.
One solution is to improve the initial steps of physical and chemical data acquisition,
especially chemical kinetics data and transport phenomena parameters. Even routine
operation of a plant is safer if the fundamental kinetics of its chemistry is fully understood
[42]. The measurement and the acquisition of massive amounts of rate data must be carried
out at steady state and at isothermal conditions [43]. Also, rapid mixing of reagents and
low consumption of sample are the two other desired features of a system for making high
temporal resolution kinetic measurements of samples [44].

Microfluidic systems are attractive for performing measurements using minute amounts of
reagents. Optimized reaction conditions and rapid experimentation as well as shortening
product development life cycles are some of their advantages [17]. In recent years, an
increased interest and considerable progress have been seen in the use of miniaturized
systems for the study of chemical reactions. Several micro-devices, among them [44-48],
have been developed to investigate physical and chemical phenomena as well as fast
acquisition of chemical kinetic data and crucial transport phenomena parameters.
Continuous flow microfluidic reactors provide a platform for reaction kinetics studies [2,
45-49]. Microfluidic systems operate at low Reynolds Number (Re <100) and therefore it
is possible to highly limit reagents consumption. Moreover, they provide a small diffusive
mixing time and hence a rapid diffusion mixing, due to their small diameter (diffusive

mixing time is directly proportional to the square of striation thickness) [44].
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2.1 Linear free energy relationships [50-51]

An understanding of the dependence of reactivity upon the many reaction variables,
particularly substrate structure, reagent structure and reaction medium, is one of the
primary aims of chemistry. During the past century the steady accumulation of rate and
equilibrium data has led to the formulation of a number of empirical correlations.

The general form of these correlations is a linear relationship between the logarithms of the
rate or equilibrium constants for one reaction (A) and those for a second reaction (B)
subjected to the same variations of reactant structure or reaction conditions.

A free energy relationship is defined by following equation where the parameter a is
called the similarity coefficient.

AG = aAG, + b (1-1)

The term AG is the free energy of a process such as a rate or equilibrium and AGgs is the
free energy of a standard process, often equilibrium, which could be the process under
investigation or some other standard reaction.

Linear free energy relationships are divided into two classes: Class 1 free energy
relationships compare a rate constant with the equilibrium constant of the same process
and Class II where the rate or equilibrium constant is related to the rate or equilibrium
constant of an unconnected but (often) similar process.

Class I1 free energy relationships are in general more common than those of Class I
because equilibrium constants are more difficult to measure than rate constants (except in
certain cases such as dissociation constants). The Hammett equation is the best-known
Class I1 free energy relationship.

It was proposed in 1937 as an empirical correlation:
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logk —logky, = po (1-2)
where k and k; are rate or equilibrium constants for reactions of m- and p-substituted and
unsubstituted benzene derivatives, respectively, ¢ is a parameter dependent only on the
substituent and its position and p is a parameter dependent only upon the nature of the
derivative, the reaction and conditions under which it takes place.

The p value for a reaction measures its susceptibility to change in substituent and a positive
p value registers that electron withdrawing substituents increase the rate or equilibrium
constant consistent with an increase in negative charge at the reaction centre. The p value
is therefore a measure of the change in charge in the system relative to that in the
dissociation of benzoic acids where p is defined as 1.0 and change in charge in the
carboxyl group is -1.0.

The Hammett relationship only applies to systems where substituents are attached to the
reaction centre via aromatic rings and are situated meta or para, ortho substituents are not
included in the Hammett equation owing to steric and through-space interactions. It is not

also applicable to aliphatic compounds.
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2.2 Motivation

Transformation of carboxylic acids into the corresponding methyl esters is a fundamental
process in organic synthesis and many methods have been developed for it [52].
Chlorobenzyl Merrifield resins (Chloromethylated polystyrene-1% divinylbenzene) were
efficiently alkylated by cesium salts of amino acids without quaternization of their
protected amine group and using N, N -dimethylformamide (DMF) as solvent [53-54]. The
scope of this reaction has been extended to the alkylation of crowded carboxylic acids
using hexamethylphosphoramide (HMPA) as solvent [55] and been used in several
synthesis [56-57] including the synthesis of short-lived ''C propyl and butyl esters [58].
Kondo et al. [59-61] demonstrated that the reaction of tetraalkylammonium benzoate salts
with alkyl halides in acetonitrile follows a second order kinetics. There are several reports
on esterification of carboxylic acids in basic mediums [54-55, 62-65]. This alternative
method appears to be milder compared to classical esterification procedures (Fischer
esterification, for example). Ono et al. [64] used 1,8-diazabicyclo [5.4.0]-undec-7-ene
(DBU) as the base to efficiently deprotonate benzoic acid. They reported a yield of 95%
after 1.5 h for the alkylation of benzoic acid in benzene by iodomethane at room
temperature. The concentration of the starting materials was 2 mol L. However in these
conditions the obtained DBUH'T salt is insoluble and the resulting white slurry precludes
its use in a microsystem. Mal et al. [65] employed the same procedure to the O-
methylation of various carboxylic acids in acetone and acetonitrile as solvents. One of the
most serious side reactions in these syntheses is the alkylation of DBU by iodomethane.
Barton et al [66-67] reported that their hindered guanidine bases are much more stable
toward alkylation and therefore enable alkylating crowded carboxylic acid like
adamantane-1-carboxylic acid even with secondary alkyl halide, isopropyliodide [62]. This
reaction has been used during the total synthesis of salinomycin [68].
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In the first part of this chapter, we have examined in detail the kinetics of benzoic acid
alkylation, deprotonated by TMGN in a microfluidic device. The comparison of the
reagents (TMGN, benzoic acid and iodomethane) mixing strategies, the temperature
dependence of reaction rate and finally different linear free energy relationships for this
reaction have been investigated. We used DMF as solvent, because its high polarity avoids
the formation of aggregates or strong ion pairs which complicate the kinetics of the
reaction [69-70]. Here, we have chosen 1,8-bis(tetramethylguanidino)naphthalene
(TMGN) as base. Our development was guided by preliminary results obtained from

monitoring reaction, using different bases, by 'H NMR spectroscopy.

2.3 Description of Benzoic Acid Alkylation

Benzoic acids pK, in DMF is in the range of 10.6 (for 4-nitrobenzoic acid) to 13.0 (for 3,4-
dimethylbenzoic acid) [71]. The ionization constant (pKgy') of TMGN in acetonitrile is
25.1 [72]. By using either of the two linear correlations [73] between the equilibrium
acidities in DMF versus those determined in acetonitrile, pKgy+ of TMGN in DMF is
estimated to be 16.4 or 17.5. Therefore TMGN is able to effectively remove benzoic acid’s
acidic hydrogen.

The reaction of substituted benzoate with iodomethane is a well-known SN, reaction, and
hence follows a second order kinetics. If reaction conversion is shown by f; the values of £
are determined graphically by plotting the function 1/(1-f), against time(¢) which results in
a straight line with a slope equal to k[YC,Hs0, ],, where [YC;Hs0, |, is the initial
concentration of benzoic acid. Here, conversion, f, was calculated by the peak area ratio

based on GC-MS data:

peak area of benzoic acid methyl ester

(1-3)

f

- (peak area of benzoic acid methyl ester + peak area of benzoic acid silyl ester)
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In continuous mode, the flow rates were varied to give different residence times. The
backmixing can be described by Taylor-Aris model, where the molecular diffusion
coefficient is replaced by an effective axial diffusion coefficient D,y and expressed by the

dimensionless Bodenstein number|[74]:

w2d?
Doz = D + 7557 (1-4)
B wh (1-5)
0o =—— -
Dax

In these equations, D is diffusion coefficient; L and d), are length (here, 3m) and
hydrodynamic radius (here, 75um). w is the average velocity that can be calculated by
dividing flowrate to cross-sectional area. The flow rate range employed in continuous
mode corresponds to a Bodenstein number Bo range of 90-1810. For these large Bo
numbers, no dispersion occurs and plug flow is assumed in the capillary tubular reactor

[74].

2.3.1 Reaction kinetics Comparison in Batch and in Continuous

The kinetics of benzoic acid, 1, alkylation by iodomethane, 6, in the presence of TMGN,
16 was investigated in batch and in continuous. The straight line relationship (batch:
R?=0.983 and continuous: R*=0.999) which we observed in every case, substantiated our
assumption of second-order kinetics. Figure 2-1 and 2-2 show second-order kinetic plot for

the reaction in batch and in microfluidic device.
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Figure 2-2 Second-order kinetics plot in continuous mode.

Table 2-1 lists the obtained k values for these experiments. The obtained reaction rate

constant in batch is 0.5948 mol™.L.s™", which is slightly higher than that of the continuous.
26
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Table 2-1 Kinetics comparison in batch and in continuous

16:1 molar
Entry | Process Type | Concentration of 1 (mmol L) 6:1 molar ratio | k (mol ' Ls™)
ratio
1 Batch 14.4 1.0 1.0 0.636+0.0578
2 Continuous 26.7 1.0 1.1 0.571+0.0216

In batch experiments no temperature control was applied and this slightly higher kinetics

can be attributed to the higher ambient temperature on the day of experiment.

2.3.2 Effect of Different Reagents Combination

Since in our microfluidics system there are only two inlet flows, but three main reactants; it
is possible to have three possible combinations for introducing the reagents into the
micromixer. Hence, the effect of reagent combinations on the esterification of benzoic
acid, 1, with iodomethane, 6, in the presence of TMGN, 16, was also studied. A summary

of these experiments and their obtained & values are presented in Table 2-2.

Table 2-2 The effect of the reagent combination. Concentrations of 1, 16 and 6 are ~26mM

First syringe 1,16 1,6 1
Second syringe 6 16 6,16
k(mol'.Ls") | 0.571+0.0216 | 0.536+0.0652 | 0.227

The slight difference in reaction rate constant value between the first two combinations
(first and second entries in Table 2-2) is negligible. The reported reaction rate constant for
the last reagents combination belongs to the residence time up to 60 s. After this the
reaction no more follows a second order kinetics. Moreover the f-¢ graph is curved

downward. Some side reactions seem to occur (it will be discussed later). Hereinafter to

27

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

refer a reagent combination, it is shown as [(A, B), C], which means that compounds A and

B are pre-mixed together in one syringe and compound C is in another syringe.

2.3.2.1 Side Reactions

One side reaction is alkylation of TMGN, 16, by iodomethane, 6. Our studies (Section 3.2)
show that this reaction proceeds at very slow rates. DMF is hygroscopic and even when it
is “anhydrous”, the trace amounts of water can be considered a significant contaminant
with respect to the reactants concentrations [75]. In a separate study of ours (Chapter4),
studying alkylation of TMGN, 16 by NMR technique also illustrates that using dry solvent
is critical. Hence, another possible side reaction is protonation of TMGN, 16 by residual
water in solvent. It means that TMGN, 16 reacts with the residual water to give OH (as an
ion pair TMGNH OH’). This competitive reaction is faster that the main reaction with the
free base. Better results were obtained when this experiment was carried out using DMF
dried over molecular sieve (UOP type 3A) and also an amount of 2-3 gr of molecular sieve
was added in each syringe. The graph below, Figure 2-3, clearly illustrates the difference
between the two experiments. This finding shows that the addition of molecular sieves
improves the reaction rate (k = 0.320 mol™.L.s™ up to 60s) but the reaction still does not
follow the second-order kinetics after 60 s, which is due to the alkylation of TMGN, 16, by

iodomethane, 6.
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Figure 2-3 The effect of Protonation of 16. Reagent combination is [(6, 16), 1]

Partial hydrolysis of iodomethane, 6, due to the residual water is another possible side-
reaction. The hydrolysis of iodomethane, 6, in pure water is kinetically first order with
respect to iodomethane, 6 [76]. It is extremely slow (reaction half life of 103 days) at
ambient temperature (25°C) but is accelerated in an alkaline medium (reaction half life of
3h) [77]. Due to its low molecular weight, methanol can hardly be detected by mass
spectroscopy. To check if this reaction happens, the kinetic experiments were conducted in
pseudo first order conditions with a large excess (10 equivalents) of iodomethane, 6. The
kinetics run was carried out in this condition and the obtained f-¢ graph is curved
downward. To check if it is due to the reaction and not the mixing, we repeated this
experiment using other micromixers, MicroTee and Y connector and every time the result

was the same.
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Figure 2-4 The effect of hydrolysis of 6. Reagent combination: [(1, 16), 6].

This experiment was also carried out using DMF dried over molecular sieve (UOP type
3A) and also an amount of 2-3 gr of molecular sieve was added in each syringe. Figure 2-4
depicts the difference between the results of these two experimental conditions. As it is

observed, a slow hydrolysis of iodomethane is undergoing.

2.3.3 Effect of Reaction Temperature

The effect of the reaction temperature in the range of 4-70 °C on the alkylation of benzoic
acid , 1, by iodomethane , 6, in the presence of TMGN, 16, was then investigated (Table 2-
3). Kinetics for each temperature even the highest show no deviation at shortest residence
time which proves that the thermal equilibrium is rapidly achieved in microreactor

(Appendix A). Otherwise the kinetics would have been slower at short residence time.
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Table 2-3 Effect of Temperature. 16:1 and 6:1 molar ratios: 1.0. Reagents combination :[( 1, 16), 6].

T(°C) 70 50 40 30 4

Concentration of

benzoic acid,1 26.0 26.1 25.9 25.9 26.3
(mmol L™
Experimental k 8.8465, 3.6134, 1.7784, 0.9343,
0.2770,0.2104
(mol™.L.s™) 9.0181 2.8245 1.7476 0.9885
kavg

8.932+0.1213 | 2.767+0.8771 | 1.763+0.0217 | 0.961+0.0383 | 0.244+0.0471
(mol™.L.s™)

© 2012 Tous droits réservés.

The obtained rate constants were used to construct Arrhenius plot (Figure 2-5). The
Arrhenius plot is linear (R* = 0.992) in the applied temperature range (4 to 70°C) and gives
a value of 43.27 kJ.mol”' for the activation energy. The Eyring-Polanyi equation for a

second order reaction is written as:

kgT AS# AH?*
Ko=)\ " wr o

In this equation:

k: Reaction rate constant

Cyp:  Initial concentration of limiting reagent
kg: Boltzmann constant, 1.380 x 10 B K!
T: Absolute temperature

h: Planck’s constant, 6.626 x 10 s

AS" and AH" are the entropy and enthalpy of activation and R is the gas constant (8.314 J.K°
' mol™)

After linearizing this equation, it turns out to
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kC, h AH* 1 AS*
(o, fy A1 A5 17
n X ) R TTR (1-7)

. K ho . . o .
It means that if ln(% X k—) is plotted against % , the activation parameters can be derived
B

from its slope and its intercept. From these data the enthalpy and the entropy of activation
are estimated as AH*=40.3 kJ mol™ and AS¥=-142.4 J X' mol™. There are few reports for
the activation parameters for the alkylation of benzoic acid. Kondo et al [59] found AH¥=
66.6 kJmol' and AS*= -51.0 J.K'.mol"' for the alkylation of 4-nitrobenzoate by
iodomethane in acetonitrile and AH*= 61.9 kJ.mol”" and AS¥= -66.0 JK' mol” for the

alkylation of benzoate by iodoethane also in acetonitrile [78].

In (k)
=

y =-5.180x + 17.103
R?=0.993

2.88 2.98 3.08 3.18 3.28 3.38 3.48 3.58
1/T%1000, (K-

Figure 2-5 Arrhenius plot
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2.3.4 Effect of the Alkylating Agent and of the Solvent

The nature of the alkylating agent affects the rate of the reaction. The effect of the
alkylating agents iodomethane, 6, iodoethane, 7, benzylbromide, 8, 1,2-diiodoethane, 9, 2-
iodopropane, 10, chloromethyl methyl ether, 11, tert-butyl bromoacetate, 12 and 2-iodo-2-
methylpropane,13 (Appendix E) was investigated and the reaction rate constants are
brought in Table 2-4. The reaction rate order observed for iodomethane 6, iodoethane, 7
and 2-iodopropane, 10, is connected to the inherent reactivity of this class (methyl, primary
and secondary alkyl halides) of compounds in a Sx2 reaction. Roberts ef al. [79] have
reported that the reactivity of tert-butyl bromoacetate, 12, is 2.2 times higher than that of
benzyl bromide, 8. Here their reactivity ratio is 2.7. 2-iodo-2-methylpropane, 13, is a
tertiary alkyl halides and 1,2-diiodoethane, 9, decomposes readily, even at moderate
temperatures and in the absence of oxygen, into ethylene and iodine [80-81]. That is the
reason that no reaction was observed for them. For chloromethyl methyl ether, 11,
conversion is decreasing with time. It is due to the silylation that we do to prepare the
samples for gas chromatography. It has been shown that trimethylsilyl bromide is an

effective reagent for the deprotection of methoxymethyl ethers [82].

Table 2-4 Effect of the alkylating agent. Concentrations of benzoic acid, 1, TMGN, 16 and alkylating agent are ~26mM.
Reagent combination is [(1, 16), alkylating agent].

© 2012 Tous droits réservés.

Alkylating 7 8 9 10° 1 12 13
agent
k 0.0580, 0.0395, 0.7545,
(mol'.L.s™) 0.0679 0.3130,0.2392 0.0387 0.7178
ke 1 0.06340.0064 | 0276+0.0522 | NO | 0.03940.0005 | b | 0.736£0.0259 | NO
(mol".L.s™) rxn rxn
a. At 50°C

b. No reaction rate constant can be defined.

The effect of the solvent was also investigated and the reaction rate constants as well as
solvent properties are listed in Table 2-5. As it is illustrated in this table, toluene is a non-
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polar solvent and it is not surprising that no reaction undergoes in toluene. Regarding their

dielectric constant and dipole moment, acetonitrile and DMF both are dipolar aprotic

solvents. But as it is observed the reaction in acetonitrile is much slower than in DMF.

Alexander et al [69] have shown that solvation of polar reactants (e.g. CHsl) and

uncharged transition states decreases slightly and roughly in the order of solvent: DMF >

CH3CN.

Table 2-5 Effect of the solvent. Concentrations of benzoic acid, 1, TMGN, 16 and iodomethane, 6 are ~26mM. Reagent
combination is [(1, 16), 6].

Solvent Toluene | Acetonitrile DMF

Dielectric constant [39] 2.38 36.2 36.7

Dipole moment [39] 0.36 3.92 3.86
k (mol™".L.s™) No rxn | 0.0740+0.0105 | 0.571+0.0216

2.3.5 Substituent Effect

To evaluate the effect of the substituent, we did several experiments using different

substituted benzoic acids and each time the value of log (

the formation of products. A summary of the results is presented in Table 2-6.

© 2012 Tous droits réservés.
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Table 2-6 Substituent Effect. Concentrations of substituted benzoic acid, TMGN, 16 and iodomethane, 6: ~26mM.
[(substituted benzoic acid, 16), 6].

Entry | Substituent o pK, in DMF | k (mol".L.s™)
1 4-NO, 0.778[83] 10.6[71] 0.175%0.004
2 4-CN 0.628[83] 11.02[84] 0.249+0.002
3 4-1 0.276[83] 11.65[85] 0.723+0.035
4 3,5-(OCHs;), | 0.24[86] 11.84° 0.533+0.050
5 4-Br 0.232[83] 11.6[71] 0.647+0.102
6 4-Cl 0.227[83] 11.5[71] 0.456+0.069
7 4-F 0.062[83] 11.84[87] 0.563+0.014
8 4-H 0.00 12.3[71] 0.571+0.022
9 2,3-(OCHs), | -0.054>¢ 12.01° 1.950+0.354
10 | 3,4-(OCHs), | -0.15[86] 12.50° 0.751£0.0343
11 4-CH; -0.170[83] 12.6[71] 0.472+0.046
12 3,4-(CHs), | -0.24[86] 13.0[71] 0.447+0.039
13 4-OCH; -0.268[83] 12.78[87] 0.900+0.063
14 4-OH -0.357[83] 13.25[87] 0.315+0.042
15 [ 2,4-(OCH;), | -0.442°¢ 12.58" 1.181£0.097
16 4-NH, -0.660[83] 13.96[71] 0.313+0.016

a. Values of pK, calculated using pK, values in DMSO[88] and the pK,(DMF)-
pK.(DMSO) correlation [71]
b. Sum of the corresponding ortho-, meta- and para [89]

Oortho = 0.65 Opara [90]
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In order to provide a quantitative correlation to calculate the impact of substituent, a

Hammett plot was constructed to determine the value of p (Figure 2-6).

/\ 2,3<OCH;),
0.46 -

2,4-(OCH,),
0.26 +

= 4-Br /\ #1
=
= 006 A
K /\ 3,5-OCHj),
A
0.14 1 3,4-(CH),
/\ 4-NH, /\ 4-OH
-0.34 -
y = -0.65x + 0.02
R?=0.995
-0-54 T T T T T T
-0.7 -0.5 -0.3 -0.1 0.1 0.3 0.5

Hammett o constant

Figure 2-6 Hammett plot

As it is illustrated, most of the points fall on a straight line but also there are some outliers.

The obtained p value for the points marked with O symbols is -0.65 (n =8, R*=0.995).

Since a negative charge is created over the reaction center, ¢ values were chosen to

construct another Hammett plot. But, the non-linearity is much more pronounced in the

plot of log (%) vs. 6 (Figure 2-7). Values of ¢~ were obtained from [91].
0

An attempt was also made to correlate reaction rate constants with quantum calculated

descriptors but they did not yield the better (linear) correlations.

Hollingsworth et al [92] have demonstrated that calculated Lowdin charges are effective

parameters for the correlation of benzoic acid pK, values in water. Thus we tried to use
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calculated Lowdin charges (Appendix A). Here again, 4-OH and 4-CHj3 substituted
benzoic acids do not fall on the straight line. Equations 1-8 to 1-11 show the obtained
correlations (n=6). These correlations show that by increasing the positive charge in the

acid functional group, the reactivity is decreased.

logi—y=—l6.20QL(COOH)—O.8636, R’=0.9836 (1-8)
0
log ';—Y:-96.096QL(H)+10.994, R?=0.9555 (1-9)
0
1og%=-33,7560 Q1(0)-12.3523, R>=0.9697 (1-10)
0
log %:—17.892 Qu(CO0)-14.272, R*=0.9672 (1-11)
0
0.25
(O 4-OCH,
0.05 -
<
= -0.15
[=2]
S
/\ 4-0H /\ 4-NH,
-0.35 f
y= -0.41x + 0.02
2=0.97 4-NO,
-0.55 T T ' '
-0.5 -0.1 0.3 0.7 1.1 1.5

o

Figure 2-7 Hammett plot using o” values

Another descriptor that has already been used to quantify substituent effects for benzene
[93] and benzoic acids [94] is the molecular electrostatic potential minimum (V).
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Molecular electrostatic potential (MESP) is a degree to which a negative/positive charge is
attracted/repelled to a molecule and has been widely used to quantify molecular reactivity
and substituent effects [95]. The relative Vi, values for different substituted benzoic acids
have been presented in Appendix A. For the series of disubstituted benzoic acids (except of
3,4-(CHs), that the value is taken from reference [94]), the Vnin values were considered to
be sum of the corresponding ortho-, meta- and para values. However if the values of Vi,
are plotted against o constants, except of 2,4-dimethoxybenzoic acid, other
dimethoxybenzoic acids do not fall on the fitted regression line(R*=0.9734). Therefore,
they have been excluded from the following discussion. Figure 2-8 presents the relative
reaction rate constants against Vi, values. Here, again, it is observed that mono- and
dimethyl substituted benzoic acids, para- bromobenzoic acid, as well as para-hydroxyl and

aminobenzoic acids do not follow the fitted regression line.

0.4
O
2,4-(OCH,),
0.2 -
aF [\ 4Br
~ 01 O
= 3.4-(CHy), A O ci
=) 4-é3
)
= .0.2 4
/\4NH,  /\ 4-OH
4-CN
-0.4 -
y =-0.04x + 0.04
R2=0.97 O 4No,
'0.6 T T T T
-10 -5 0 5 10 15
Vmin

Figure 2-8 Rate constant versus the electrostatic potential minimum (V,,;,)
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The study of these figures shows that outliers can be divided in three groups: bulky
halogens (4-1 and 4-Br), alkyl substituents (4-Me and 3, 4-Me,) and two active sites
carboxylic acids (4-NH, and 4-OH). Miron and Hercules [96] attribute deviation of 4-
methylbenzoic acid in nitro solvents to m-electron complexation of the acid and solvent.
Nagarajan et al. [97] have concluded that in case of a stabilized transition state, due to
polarizability effects, the deviation from Bronsted (or Hammett) equation for ortho halo
benzoate, should be increased by increasing the group size, i.e. I > Br > Cl > F. It can also
explain the significant deviation, which we observe here.

The study of Figures 2-6 to 2-8, shows that bulky halogens (4-I, 4-Br) are more reactive
than expected and alkyl substituents (4-Me, 3, 4-Me,) are less reactive than expected. This
led us to suspect that it might be due to solvation effects. In fact, halogen series have a
higher solvatochromic parameter (n*, a measure of solute dipolarity/polarizability) than
unsubsituted benzene (n* = 0.59), arranged in ascending order from fluorine to iodine (w*p
= 0.62, n*c; = 0.71, w*g, = 0.79, ©*; = 0.81) but alkyl substituents have n* values lower
than that of unsubsituted benzene (w*y\;. = 0.55) [98].

Devaition of para-amino- and hydroxybenzoic acids from Hammett ‘normal’ behavior has
already been reported [99]. These are groups that would be especially affected by hydrogen
bonding in aqueous solutions [99]. para-Aminobenzoic acid exists as a zwitterion in

solution and when we use o+ (instead of oyy,) the point displaces much closer to the

fitted straight line (Figure 2-6). Also no alkylation on amino group was detected by GC-
MS. McMahon and Kebarle [100] have shown that in the gas phase the lowest energy
anion derived from p-hydroxybenzoic acid appears to be p-carboxyphenoxide ion rather
than p-hydroxybenzoate ion because phenoxide ion receives the resonance stabilization
(Figure 2-9) while no equivalent stabilization by the OH group is available to the p-

hydroxybenzoate anion. No methoxy benzoic acid was detected by GC-MS, but the
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existence of this p-carboxyphenoxide ion conjugated form is in agreement with lower

reactivity than expected from Hammett correlation of p-hydroxybenzoic acid

14

13

12

pKa (DMF)

11

10

O

HO O HO @)

Figure 2-9 Resonance in phenoxide ion

O 4-NH,
4-OCH
2,4-(0CH,), /\ ’ 4-CH,
3,4-(OCH;), 4H
2340CHO 3,5-(OCHy)
Ehan 312
4-Br 4-l
y=-229x +12.25 4-NO,
R?=0.955
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

(o)

Figure 2-10 Hammett plot based on the ionization constants of different substituted benzoic acids.

A p value of -0.92 for alkylation of substituted tetra-methylammonium benzoate with

iodomethane in acetonitrile have already been reported by Kondo et al [59] (n=4,

R?=0.9895). Our higher Hammett reaction constant value can be attributed to the solvent

effect.

The solvent basicity parameter for DMF and acetonitrile are 0.69 and 0.37

respectively [85]. Bartnicka et al.[85] have demonstrated that for the ionization of

© 2012 Tous droits réservés.
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substituted benzoic acids the greater the basicity of the solvent, the greater are the proton
solvation and the p value.

The reported p values for a Hammett plot of pK, (in DMF) vs sigma constants, are -2.36
(n=8) [101] and -2.49 (n=13) [85]. The obtained p value in this work is -2.29 (Figure 2-
10). Values of pKa (in DMF) for dimethoxy-substituents were obtained from pKa values in
DMSO by Exner et al.[88] , using an equation proposed by Maran et al.[71] Comparing
these p values to those obtained using alkylation reaction rate constants; shows that the
kinetic substituent effect on the equilibrium of ion pair formation is larger than that of on

benzoate reaction.
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3 Basicity and Nucleophilicity

According to the [IUPAC definition, nucleophilicity is the ability of an attacking group, to
furnish nucleophilic displacement in a SN2 reaction [102]. A nucleophile is a Lewis base
that uses an available electron pair to form a bond to its reaction partner (an electrophile)
[103]. Chemical quantities of nucleophilicity and basicity are different, but they are closely
related [102]. However, there is no unanimous agreement about the relationship between
basicity and nucleophilicity [104-105]. It is generally accepted that basicity is a
thermodynamic concept and nucleophilicity a kinetic one [103]. Basicity is determined
chiefly by the original distribution of charge and to a lesser degree by the redistribution of
charge caused by proton [106]. Various factors affect basicity; among them electron
donating  ability, accessibility of the protonation site (steric  factor),
thermodynamic/kinetics stability of the protonated base and solvent effects play important
roles [107-108]. The important factors governing the nucleophilic ability are the solvation
energy of the nucleophile, the strength of the bond being formed, the size of the

nucleophile, the electronegativity and the polarizability of the attacking atom [103].

3.1 Motivation

In conventional methods [109] for direct alkylation of carboxylic acids, usually strong
inorganic acids are used which lead to the harsh reaction conditions, undesirable side
reactions and consequently low yields. In a new method [64-65] an organic base, that is
readily protonated and is a weak nucleophile, serves as the proton acceptor. Among some
general conditions such as solubility, (1) this base must have a larger pK, than the reacting
carboxylic acids and (2) its alkylation rate must be significantly lower than that of the
carboxylic acids. In order to satisfy these two contradictory requirements, it is necessary to

examine the relationship between basicity and nucleophilicity [102-103, 110-111]. The
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goal of this investigation is to quantify the nucleophilicity of organic superbases 14-24
(Appendix E). For this purpose we have conducted kinetics studies for the reaction

between the base and iodomethane in DMF using our microfluidic device.

The organic superbases, 14-24, can be classified as guanidine-type (TMG, 14 and Barton’s
base, 15), proton sponge (TMGN, 16 and DMAN, 17), bicyclic guanidine (TBD, 18 and
MTBD, 19), amidines (DBN, 20 and DBU, 21), DABCO, 22 and phosphazenes (BEMP,
23 and P2Et, 24). Amidines and guanidines are very important agents in the deprotonation
of weak O-H, N-H and C-H acids [112]. Phosphazenes are also non-ionic, strong organic
bases with low nucleophilicity and high pK, and they have been already used in several
organic synthesis [113]. The strong Bronsted basicity of 14-24 makes them attractive for

carboxylic acids alkylation.

3.2 Base-lodomethane stability

The rate of reaction of iodomethane with a variety of nucleophiles follows second-order
kinetics [77]. Rates of the reactions of organic bases with iodomethane were determined by
monitoring the relative concentrations of the organic base and its methylated product. If
reaction conversion is shown by f, the values of £ were determined graphically by plotting
the function 1/ (1-f), against residence time (#) which resulted in a straight line with a slope
equal to k[B],, where [B], is the initial concentration of organic base. The straight line
relationship which we observed in every case substantiated our assumption of second-order
kinetics. Several hindered organic bases were studied and their alkylation rates constant as

well as their pK, values are listed in Table 3-1.
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Table 3-1 Base alkylation kinetics results

Initial concentration Kgy in Kz in DMF,calculated de -
Base (mM) acetonitrile Pho [73] Kops mol”L s
TMG, 14 453 233 [113] 14.7-158 6.6(x1 4107
Barton’s ¥
s 47.9 23.56 [114] 14.9-16.0 1.8(20.3)x107
TMGN, 16 46.6 25.10 [72] 16.4-17.5 12 (0.01)<10"
DMAN, 17 46.1 18.18 [113] 9.9-10.8 No reaction
TBD, 18 46.0 25.98 [107] 17.2-18.4 3.8x10"
MTBD, 19 47.0 24.70 [107] 16.0-17.1 5.6(0.89)<10~
DBN, 20 46.0 23.79 [107, 113] 15.2-163 5.5(1.2)<10"
DBU, 21 46.8 2433 [107, 113] 15.7-16.8 2.5 (£0.11)x10"
DABCO, 22 46.3 18.29 [115] 10.0-10.9 8.3(£1.0)
BEMP, 23 46.3 27.63 [107] 18.8-20.0 9.6x10™
P2Et, 24 4.6 32.8[116] 23.6-25.0 72412

© 2012 Tous droits réservés.

But, the interaction of a sterically hindered organic base with a proton is different than its
interaction with an alkylating agent. Due to its small size and its electron deficiency, a
proton is able to approach the protonation site of the base, while the alkylating agent attack
is blocked [117]. Hence, there is a relationship between nucleophilicity and basicity but
they are not directly proportional [103]. As it is observed in Figure 3-1 a general pattern is

observed between the basicity and nucleophilicity.

In guanidine type bases, studied here, Barton’s base 15 has lower methylation reactivity
than TMG 14 due to its steric hinderance [67]. Alkylation of a 0.5 mol L solution of 15 in
CDClsby three equivalents of iodomethane at room temperature, using NMR techniques,
has given a reaction half-life less than 5 minutes [67]. In this work, using only one

equivalent of iodomethane reaction half life is 19.3 min.

DMAN, 17 has not at all nucleophilic reactivity. In order to validate this result, this
experiment was repeated using CDsCl; however again no reaction occurred. This low
nucleophilicity is directly proportional with its basicity, which is also low. However, the
guandine proton sponge, TMGN, 16, has high Bronsted basicity and low nucleophilicity,
which make it a very good candidate for using in alkylation reactions. TMGN

nucleophilicity has been reported much lower than that of MTBD, 19 [72].
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log (k/M-! .s)

10 12 14 16 18 20 22 24
pK, (DMF)

Figure 3-1 plot of log k and pKa for bases 14-24

Between bicyclic guanidines, MTBD, 19, is less nucleophile than TBD, 18, probably due
to its non planar structure and steric reasons [118]. Rabb ef a/ [72] have evaluated the
nucleophilicity of MTBD 19, by following its alkylation of a 1.0 M solution by 2.5
equivalents of iodoethane in CD,Cl, at 25°C by means of 'H NMR and have reported a
reaction half-life of 15 min. In this work, using only one equivalent of iodomethane
reaction half life is 6.33 min.

DBN, 20 and DBU, 21 have frequently been described in the literature as nonnucleophilic
bases [119]. Baidya and Mayr [120] have investigated the nucleophilicity of several
amidines and DABCO, 22, and they have found that nucleophilicity increases in the series
as 21< 20 < 22. The same trend can also be seen in our experiments with their methylation
rates. This is probably due to differences in ring strain in these molecules and the effects of

ring strain upon kinetic reactivity [121-122]. For comparison, alkylation of a 0.5 mol L™
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solution of DBN 20 in CDClI; by three equivalents of iodomethane at room temperature,

using NMR techniques, has given a reaction half-life less than 2 minutes [67].
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Figure 3-2 BEMP-TMGN kinetics comparison on benzoic acid alkylation by Mel

In the group of phosphazenes, BEMP, 23, is much less nucleophiles than P,Et, 24. The
steric hinderance shown by BEMP, 23 is so significant that it is practically inert to
iodomethane [123]. This low nucleophilicity along with its high Bronsted basicity make it
another good candidate for alkylation reactions at the presence of the base. To compare
how the addition of either of the two candidate bases affects benzoic acid alkylation by
iodomethane, two kinetics study experiments were carried out using our microfluidic

device. The conversion vs. residence time plot is shown in Figure 3-2.
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As it is observed, the reaction catalyzed by BEMP, 23, is faster than by TMGN, 16. But
due to higher alkylation rate of BEMP, 23 by iodomethane, the reaction rate slows down in

longer residence times and finally the conversion is nearly the same for both bases.
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4 IDENTIFYING SITE OF ALKYLATION IN TMGN

All the bases studied here, 14-24 (Appendix E) contain one or several nitrogen lone pairs,
which serve as protonation sites as well as alkylation sites. The goal of this part is to

identify the alkylation site for TMGN by NMR techniques.

The term “superbases” applies to bases resulting from a mixing of two (or more) bases
leading to new basic species possessing inherent new properties. It does not mean a base is
thermodynamically and/or kinetically stronger than another, instead it means that a basic

reagent is created by combining the characteristics of several different bases [113].

Classically, proton sponges are organic diamines with unusually high basicity. The name
proton sponge is given because of the high thermodynamic basicity combined with a
kinetic inactivity to deprotonation that resembles the affinity of a sponge for water. The
general feature of all proton sponges is the presence of two basic nitrogen centres in the
molecule, which have an orientation that allows the uptake of one proton to yield a
stabilized intramolecular hydrogen bond (IMHB). The trend that proton sponges with high
thermodynamic basicity typically have a low kinetic basicity (kinetic activity in proton
exchange reactions) is a serious limitation of proton sponges: the captured proton does not
usually take part in rapid proton exchange reactions, which would allow such neutral
superbases to serve as catalysts in base-catalysed reactions. Their further limitations are

moderate solubility in aprotic nonpolar solvents and stability towards auto-oxidation[113].

By combining the proton sponge skeleton, with highly basic guanidine, a superbasic
TMGN was obtained by Raab[72]. It represents the one of most basic guanidines
experimentally determined, with pKa (MeCN)=25.1, PA (MP2)=257.5. The basicity of this

bisguanidines is the combined result of the unfavourable nonbonded repulsions in the
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initial base, the large PA of guanidine group and strong IMHB present in the protonated
species[113]. Its structure as well as the structure of its mono-protonated and di-protonated
derivatives has been studied and reported by 'H NMR [72]. Its proton accepting properties
has been studied extensively by *C NMR, FT-IR and ESI MS spectroscopy [124]. Also,
its transition metal complex has already been synthesized and its structure has

comprehensively been studied by 'HNMR [125].
Several samples were prepared for NMR studies:

a) Four samples of 25-28 mM TMGN in DMSO-d6
b) Two samples of 24-25 mM TMGN and 27mM of iodomethane in DMSO-d6
(stirring and gently heating overnight before analysis)
¢) Two samples of 24-25 mM TMGN and 27 mM "*CH3l in DMSO-d6 (stirring and
gently heating overnight before analysis)
d) Two control samples of 27 mM "“CH3l in DMSO-d6
e) One control sample of 1.0 M TMGN and 1.2 M iodomethane in DMSO-d6 (stirring
and gently heating overnight before analysis)
Unless otherwise necessary only one sample of each group was analyzed. 'H, °C and "N
NMR spectra were recorded with either a Bruker Avance 400 equipped with a 5 mm
broad-band inverse or direct probe with a z-gradient or a Bruker Avance III 800 equipped
with a 5 mm TXI probe with xyz-gradients (Bruker, Wissembourg, France). 'H and °C
chemical shifts were referenced against internal tetramethylsilane at 0.00 ppm while °N
chemical shifts were referenced indirectly [126]. Classical 2D NMR techniques were used:
COSY 90° (COrrelation SpectroscopY), NOESY (Nuclear Overhauser Effect
SpectroscopY) with 200 ms mixing time, HSQC (Heteronuclear Single-Quantum
Correlation), HSQC-TOCSY (HSQC-TOtal Correlation SpectroscopY) with 40 ms mixing

time, HMBC (Heteronuclear Multi-Bond Correlation) with an 8 Hz long-range coupling
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constant. Scalar connections and spatial proximities between protons were observed in
COSY and NOESY spectra, respectively. HSQC and HMBC gave scalar connections
between 'H and "°C (or °’N) through one and (two-) three (-four) bonds, respectively.

Experiments were mainly run at 300 K or 313 K in order to get some weak hetero-nuclear
correlations. All spectra were processed with Bruker Topspin 1.3 and 'H, °C and °N peak
assignments are listed in Tables 4-1 to 4-3 (Chemical shift (ppm), multiplicity (s=singlet,

d=doublet, t=triplet, and br=broad)). The assignments are based on the results obtained in

the 2D spectra. The chemical-shift differences and the relative peak intensities are in good

agreement with the results

spectrometers [72, 124].

obtained wusing conventional

Table 4-1 1H, 3¢ and **N chemical shift assignment of TMGN in DMSO-d6 at 300K

high-resolution NMR

Position 'H Bc
(ppm)(multiplicity) | (ppm)
5 4 7 8 1/6 / 153.6
HC 3 _-CH:  HC 5 _-CH 2/3/4/5/7/8/9/10 2.63 (s) 39.6
3 | 9 11/17 / 149.6
1 6
H,C. 2 X 4)\6/@43 12/18 6.16 (d) 114.7
T N N T 13/19 7.12 (t) 125.4
11 17 10
,CH, 16 CH, 14/20 7.15 (d) 119.1
12 18 15 / 136.2
16 / 122.3
1 19
3 15 N1/N4 / 215.9
14 20 (15N)
N2/N3/N5/N6 / 53.7
(ISN)

© 2012 Tous droits réservés.
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Table 4-2 1H, 3¢ and **N chemical shift assignment of TMGN-H" in DMSO-d6 at 300K

Position "H(ppm)(multiplicity) C (ppm)
1/6 / 158.3
2/3/4/5/7/8/9/10 2.88 (s) 39.8
11/17 / 141.8
H;LL‘\ . 12/18 6.50 (d) 113.5
13/19 7.33 (t) 126.2
16 14/20 7.38 (d) 121.2
15 / 135.9
0 " 16 / 117.4
a5 N1/N4 14.19 (br) 1145?\'3
N2/N3/N5/N6 / 73.1 (P°N)
Table 4-3 'H, 3C and **N chemical shift assignment of TMGN-Me in DMSO-d6 at 300K
Position | 'H (ppm)(multiplicity) C (ppm)
1 / 161.7 (313K)
6 / 159.2
- 3.08 (s)° 40.1
7/8/9/10 2.59 (s)° 39.4
- 2.57 (br)* ~39.4
5 4 7 8 11 / 138.4
HsC\: _CHs HC S/CHs 12 7.33 (d) 124.6
3 21 )6\ 9 13 7.40 () 125.0
HsC\;_;;, ¢ ‘::;~,1»““CH3 N O 14 7.82 (d) 129.0
‘ 15 / 136.7
2CH, PR 3 16 / 122.7
12 18
17 / 146.3
13 19 18 6.38 (d) 117.7
14 % 19 7.35 (1) 126.8
20 7.42 (d) 120.4
21 3.35(s) 43.1
N1 / 105.9 (°N)(313K)
N2/N3 / 75.2 (°N) (313K)
N4 / 197.5 (°N)
N5/N6 / 60.6 (°N)

a. These are three peaks, integrated for 2, 4 and 2 methyl group from top to bottom respectively; but an

© 2012 Tous droits réservés.

51

unambiguous numerical locator cannot be directly assigned to each.

http://doc.univ-lille1.fr



Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

In a preliminary inspection of the spectra, two products (TMGN-H" and TMGN-Me) were
observed. TMGN-H" to TMGN-Me molar quantitative ratio is 85 % to 15 %, for 25mM
solution, and 32% to 68%, for 1M solution (Figures 4-1 and 2). Quantification was made
by integration of "H NMR signals at 6.50 ppm and 6.38 ppm corresponding to the proton
H18 of TMGN-H" and TMGN-Me respectively. TMGN is protonated by water molecule
present in NMR solvent (DMSO-d6) and the —OH group, belonging to the water molecule,
attacks iodomethane to give methanol. This reaction is considered as a side reaction and

can be avoided in anhydrous conditions.

TMGN-H"

TMGN-Me

Figure 4-1 Quantification of TMGN-H' and TMGN-Me for a solution of 25mM taken from 800 MHz '"HNMR spectrum
of TMGN-H" and TMGN-Me
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TMGN-Me

TMGN-H"

|
V

!
B
L

T T T T T T T T T T T T
6.55 6.50 6.45 6.40

-

Figure 4-2 Quantification of TMGN-H' and TMGN-Me for a solution of 25mM taken from 400 MHz "HNMR spectrum
of TMGN-H" and TMGN-Me

4.1 TMGN

The 'H spectrum of TMGN consists of three aromatic peaks therefore, molecule has a
symmetry axis along the C15-C16, but only one peak for the eight methyl groups (at 2.63
ppm). Kovacevic and Maksic [127] have shown that in TMGN molecule, the naphthalene
frame is only slightly nonplanar, the imine nitrogen nuclei are not in the plane of the
molecule, amine nitrogen nuclei are pyramidalized and the guanidine subunits are planar
but one of them is above and the other is below the molecular plane.

Vicinal proton coupling constants (~7Hz) and the number of nearby neighbors, allow
complete assignment of aromatic proton signals. The protons 13 /19 appear as a triplet at
7.12 ppm (Figure 4-3), while the doublets at 6.16 and 7.15 ppm are from protons 12/18 and

14/20. However, four bond scalar coupling (1.3 Hz) between H12 and H14 indicates that
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these doublets are actually doublets of doublets; as later confirmed by NMR 800MHz

studies (Figures 4-3 and 4).

[rel]

1

H14/20 | H13/19

4000
L I

3000
I L

2000
L L

1000
I I

T T T T T T T T T T T T T T T T T T
7.18 7.16 7.14 712 7.10 7.08 [ppm]

Figure 4-3 800 MHz spectrum of TMGN, the triplet of H13/19 and the doublets of doublets of H14/20

[rel]

4000
L I

H12/18

2000 3000
L L I L

1000

LV

T T T T
6.20 6.18 6.16 6.14 6.12 [ppm]

Figure 4-4 800 MHz spectrum of TMGN, the doublets of doublets of H12/18
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The connectivity through space with the protons of the dimethyl amino group allows the
identification of the protons 12/18. Therefore, analysis methyl protons in NOESY
spectrum provides the assignment of protons 12/18 directly (at 6.16 ppm) and that of 14/20
protons (at 7.15 ppm) indirectly. ">C assignments for C2/3/4/5/7/8/9/10, C12/18, C13/19
and C14/20 were directly obtained from the 'H-">C HSQC and C1/6, C11/17, C15 and C16
(quaternary carbons) were assigned from 'H-">C HMBC (Figure 4-5).

The methyl proton signal at 2.63 ppm is correlated with the *C signal of C1/C6 at 153.6
ppm. The signal at 149.6 ppm(C11/17) 1is twice as intense as the signal at 136.2 ppm(C15)
and the one at 122.3 ppm (C16). Finally, the proton signal at 6.16 ppm (H12/18) is
correlated with the "°C signal at 122.3 ppm which is for C16. The remaining "°C signal is

assigned to C15.

Two different kind of "°N are found in 'H-""N-HMBC experiment (Figure 4-6). It is known
that the amino nitrogen nucleus should be more shielded than the imino one by about 100
ppm [128]. So the first nitrogen nucleus, at 215.9 ppm that shows a correlation with
protons H12/18, is assigned to an imino nitrogen nucleus (N1/N4). However, the other one,
at 53.7 ppm, that correlates with the methyl protons (H2/3/4/5/7/8/9/10) is assigned to an
amino one (N2/3/5/6).

Only one signal is observed for protons and carbon nuclei 2/3/4/5/7/8/9/10 (at 2.63 ppm
and at 39.6 ppm) and at 53.7 ppm for nitrogen nuclei 2/3/5/6 which proves that the
chemical exchange of the methyl groups bonded to one nitrogen nuclei and of the methyl

groups in different dimethylamino groups should be very fast.
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Impurity Hé—lO
H13/19MH14/20 H12/18
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crz—— i 0 E
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Figure 4-5 400MHz NMR 2D-HMBC (blue) and 2D-HSQC (red) of TMGN
[H2-10
MH]Z/IS
- jBN2-6
4 | N1/4
T T T T ]
! ® 4 3 F2 [ppm]
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Figure 4-6 400MHz 2D NMR 'H->NHMBC of TMGN
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4.2 TMGN-H*

TMGN protonation is a side reaction due to the presence of residual water in deuterated
solvent and can be avoided in anhydrous conditions. The '"H NMR spectra of *CHsl in
DMSO-d6 consists of an intense water peak, without any methanol peak. However,
methanol peak is observed in the presence of TMGN. It means that TMGN plays its role of
base for the hydrolysis of iodomethane.

TMGN is protonated on either N1 or N4 [72]. The 'H spectrum of TMGN-H" consists of a
strongly deshielded proton signal at 14.19 ppm that might unambiguously be assigned to
labile hydrogen nucleus. It can be seen that this signal correlates with a signal at 145.6 ppm
in "H-""N-HQSC spectrum and with the dimethylamino groups in the NOESY spectrum
('H at 2.88 ppm, “C at 39.8 ppm and "N at 73.1ppm). These also correlate with an
aromatic proton signal at 6.50 ppm in the NOESY spectrum. The proton signals at 6.50 and
at 14.19 ppm have an integrated ratio of 2:1. Considering all 'H and °C chemical shifts,
these signals belong to a molecule with a very close structure to TMGN, but with a
strongly deshielded proton signal. Therefore this molecule is protonated TMGN (TMGN-

HY).

Here again, only one signal is observed for protons and carbon nuclei 2/3/4/5/7/8/9/10 (at
2.88 ppm and at 39.8 ppm) and at 72.9 ppm for nitrogen nuclei 2/3/5/6. A comparison of
the chemical shifts of the signals observed in the "H NMR spectra demonstrates that with
the protonation of TMGN, the signals of the naphthalene ring protons (except 12/18) and
of the methyl groups are displaced around 0.2 ppm. The chemical shifts of protons 12/18
are shifted around 0.3 ppm. It is a sign of intramolecular hydrogen bond and shows that its
deshielding effect on protons 12/18 is slightly higher. It has already been shown that

intramolecular hydrogen bonding triggers an appreciable resonance effect in the
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neighboring guanidine fragment in the protonated species and the introduced positive
charge causes substantial polarization and redistribution of the electron density [127].
Protonation of TMGN has a much pronounced effect on the chemical shifts of almost all
naphthalene ring carbon nuclei. The signals of all carbon nuclei (except 13/19 and 14/20)
shift toward lower ppm values, a sign of increasing electron density at these nuclei.
However, The C13/19 and C14/20 signals shift toward higher ppm values that indicate

decreasing electron density around them.

The protonation in one guanidine group is accompanied by the substantial charge
relocation on the other. The spatial proximity of the N1 and N4 (their distance is 271.7 pm
[72]) allows rapid exchange of labile proton, which extends the redistribution of the
electron density over two guanidine/guanidinium groups. Therefore, the effect of TMGN
protonation on the chemical shifts of nitrogen nuclei is remarkable. In TMGN molecule,
the large '’N chemical shift of N1/4 is due to the N1-C1 and N4-C6 double bonds. But
their '°N chemical shifts moves (about 70 ppm) to lower frequency on protonation showing
a loss in double bond character. Also, the '°N signal for N2/3/5/6 shows an increase in
deshielding in passing from the free base to the salt of about 20 ppm, indicating more
double bond character [129]. This reflects that those double bonds that are not attached to
these nitrogen nuclei are largely involved in redistribution of the electron density. This
result requires that naphthyl, guanidine and guanidinium groups become more coplanar. It
has already been reported that after protonation, the naphthalene frame is planar with the
captured proton located between the imine nitrogen nuclei in the same plane [72]. Also as a
result of the cationic resonance effect within the guanidine subunits, amino groups also

become planar [127].
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4.3 TMGN-Me

If TMGN was alkylated on N2/3/5/6, it was expected to find one singlet which integrates
for 9H. However, such a signal was not observed and therefore, either N1 or N4 is the site

of alkylation.

The 400 MHz '"H NMR spectrum of TMGN and iodomethane reaction product is very
complex. Many peaks were observed in high field (methyl range) as well as low field
(aromatic range), which means more than one compound, is present in the reaction
medium. The remaining signals (those that are not already assigned to TMGN-H") belong

to a molecule that has a more complex structure.

% ] | |
ig]
=
A mu )
.
[

<
:
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Figure 4-7 800MHz 1HNMR (above) and 400 MHz 1HNMR (below) of TMGN-Me, aromatic range

For this molecule, six signals are observed in the aromatic region and four signals are

found in the methyl region. This indicates a loss of symmetry, i.e. right and left parts of the
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molecule are not equivalent anymore and therefore, give different NMR signals. Far better
resolution in low field (aromatic range), was achieved by re-running spectrum on the
800MHz NMR spectrometer and thereby aid the assignment of aromatic protons. Scalar-
coupled protons H13 and H19 appear as triplet, while the signals of other four aromatic

protons are doublets (Figure 4-7).

For six signals of aromatic protons, COSY, TOCSY and BC-HSQC-TOCSY spectra
identified two different spin systems corresponding to system A, the signals at 6.38, 7.35
and 7.42 ppm and to system B, the signals 7.33, 7.40 and 7.82 ppm. The values of
chemical shifts of the former are very similar to those of TMGN / TMGN-H, whereas
those of the latter are different. On 'H-'>’N HMBC spectrum, it can be seen that the most
shielded proton signal of system A(6.38 ppm) correlates with a "N nucleus at 197.5
ppm, while the second (7.33 ppm) which is very large, shows correlation with a °N
nucleus at 105.9 ppm. Therefore, system A is assigned to H18/19/20 and system B to

H12/13/14.

In order to determine, in high field (methyl range), which peaks come from the alkylating
agent and thus verify if there is at least one N-alkylation product, CHsI was used as the
source of label. The labeled sample was analyzed through its °C -decoupled 'H NMR
spectrum and three peaks for *C-labeled methyl groups were observed at 2.18 ( assigned
to unreacted *CH;l ), 3.16 ( assigned to *CH3OH) and 3.35 (unknown) ppm. For the first
two peaks, the assignment was confirmed by 'H-C-HSQC. These two peaks show
correlations at -22.6 and 48.5 ppm respectively. The unknown peak correlates with a °C at
43.1 ppm.

On NOESY spectrum, it can be observed that the proton signal at 6.38 ppm correlates with
a relatively broad signal (width at half-height, 7 Hz) of a dimethylamino group at 2.63

ppm. The integration ratio of these two peaks is 1 to 11 (almost four methyl groups), then
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this broad signal can be assigned to methyl groups C7/8/9/10. It can be seen that, on'H-
>N HMBC spectrum, it is correlated with a nitrogen nucleus at 60.6 ppm. As in TMGN

and in TMGN-H", the chemical exchange of these methyl groups is very fast.

The two methyl signals at 3.08 and 2.58 ppm are more shielded. They integrate for six
protons each, but they do not look like the same; the more shielded one (width at half-
height, 2.2 Hz) is rather sharp, however, the other one is very broad (width at half-height,

19 Hz) and extends over 2.63 ppm (Figure 4-8).
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Figure 4-8 400MHz 'H NMR of TMGN-Me, methyl range

Both of these signals display connectivity to C12 (at 7.33 ppm) in NOESY spectrum. This
identifies them as methyl groups C2/3/4/5 who are in slow exchange on the NMR time-
scale without being possible to unambiguously assign them to specific sites. It is only the
methyl group signal at 3.08 ppm that shows a correlation with a N nucleus at 75.5 ppm
on "H-"N HMBC spectrum. The labeled singlet at 3.35 ppm, integrates for 3H and hence
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belongs to the remaining methyl group. Through examining 'H-""N HMBC, it is found that
it, as well as H12, correlates with a N nucleus at 105.9 ppm and can safely be assigned to
methyl group C21. The NOESY spectrum indicates that protons of this methyl group, as

well as those of methyl groups C2/3/4/5, and C12 must be in close spatial proximity.

It is important to have a clue on the structure of TMGN-Me and thus it is required to have
a closer look at the chemical shifts of nitrogen nuclei. For this purpose the chemical shifts

of nitrogen nuclei for TMGN, TMGN-H" and TMGN-Me are listed again in Table 4-4.

Table 4-4 ®N chemical shifts of TMGN, TMGN-H" and TMGN-Me

Bond TMGN | TMGN-H" | TMGN-Me
N1 N1-Cl 215.9 144.9 105.9
N2/3 | N2-C1/N3-C1 | 53.7 73.1 75.5
N4 N4-C6 215.9 144.9 197.5
N5/6 | N5-C6/N6-C6 | 53.7 73.1 60.6

It has already been reported that for TMGN, there is no conjugation between the n-systems
of the naphthalene ring and the guanidine moiety [127] or the degree of their conjugation
is marginal [72] and for TMGN-H', due to spatial configuration conjugation is only
possible with only one of the guanidine groups [72]. This is not corroborated by our
observations here that show a NIl/4-naphthalene conjugation for TMGN and N4-
naphthalene conjugation for TMGN-Me. However, we cannot quantify the degree of
conjugation. As illustrated in Table 4-4, on alkylation, N4 nucleus is shielded by about 20
ppm (215.9 to 197.5 ppm) while N5 and N6 are slightly (7 ppm) deshielded (53.7 to 60.6
ppm). Increased °N shielding signifies a decrease in the double bond character [129].
When the double bond character decreases for the central nitrogen (N1 or N4), it increases

for the terminal nitrogen (N2/N3 or N5/N6), and vice versa. This reflects the contributions
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of the mesomeric forms. Sibi and Lichter [130] have demonstrated that for different
methylated N, N-dimethylaniline, nitrogen resonance position move upfield as nitrogen
lone-pair m delocalization 1is inhibited and it is consistent with an increase in electron
density as well as a decrease in the C-N m bond character. In TMGN-Me,
pentamethylguanidinum, N1 lone-pair delocalization is influenced by the electronic

interaction of guanidine group and therefore is sterically inhibited from conjugation.

>N chemical shifts of N2/N3 for TMGN-Me (75.5 ppm) are very close to those observed
for TMGN-H" (73.1 ppm). However, N1 is 39 ppm more shielded in TMGN-Me than in
TMGN-H'. The shielding effect of methyl groups on the nitrogen nuclei in urea has
already been demonstrated and has been explained in terms of a decrease in the lone pair

delocalization upon substitution [131].

>N chemical shifts of N4 and N5/N6 indicate that in TMGN-Me, the degree of guanidine-
naphthalene conjugation is not as much as that of in TMGN and therefore they are not

coplanar.

Moreover, 'H and "°C chemical shifts of C12/14 are not similar to those of TMGN and of
TMGN-H" and to C18/20 of TMGN-Me. It is, therefore, another reason to conclude that
pentamethylguanidinum group in TMGN-Me is not coplanar with naphthalene. There are
also other reasons to rationalize it; such as the observed correlation between methyl group
C21 and proton H12, steric hinderence of methyl group C21 and N4, some observed broad

proton signals (H12, methyl group C2/3 and C4/5).
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5 Measuring Diffusion Coefficients

Diffusion is the term used to describe random, Brownian (translational) motion of a solute
in solution. This motion is characterized by the coefficient of lateral diffusion, which is
critically dependent on sample temperature, solvent viscosity, molecular shape, and
molecular size.

NMR has been used to study diffusion for many years [132]. It can be used to measure
self-diffusion constants with an accuracy approaching 1% for objects in solution from the
size of molecules to micelles. DOSY is an example of a pulsed field gradient stimulated
echo experiment. Such experiments incorporate a series of magnetic pulses of varying
intensity and duration. In DOSY experiment, the NMR signal is attenuated by increasing
the gradient strength. In other words, the gradient strength increases, the NMR signal
diminishes. A plot is made of intensity of one or several selected peaks against gradient
strength. Stejskal et Tanner[133] have shown that the intensity of the signals in diffusion

experiments is described by the following equation:

1 1
= exp [—yz(Ssz (A—§6>D] (5-1)

0

where:

I = intensity or integral of the peak at a given G

Iy= intensity or integral of the peak at G =0

g = magnetogyric constant of the nucleus (for 'H, g =2.675 x 108 T s™")
0 = diffusion gradient length (set to 1ms)

A = diffusion delay

G = gradient field strength

D = diffusion coefficient
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The diffusion coefficient D is generally determined as the slope of the linear plot of In(I/Iy)
versus k, where k is equal to —y252G? (A — 55)

Here, diffusion ordered nuclear magnetic resonance spectroscopy (DOSY-NMR) was
applied to measure the self diffusion coefficients of benzoic acid, 1, syringic acid, 2,

TMGN, 16, DBU, 21, iodomethane, 6, and methyl syringate and syringic acid methyl

ether (2a and 2b) in DMF-d7.

Pa P? P4 Ps
90" 180° s80° 80"

-
%
[
.

Figure 5-1 The PGSE pulse sequence (left). G is the amplitude of the pulsed gradient, & its duration and A the
separation between the leading edges of the pulsed gradients[132]. The STE sequence (center) [134].Bipolar pulse
pair-longitudinal eddy current delay(right)[135].

Table 5-1 NMR experimental parameters for DOSY experiments

Diffusion time (A) 60 ms
Length of the diffusion gradient (6) | 3 ms (2 ms for 6)
Number of steps (TD) 2048
Relaxation delay Ss
Number of scans 16
Number of points 32
Gradient level 5-95%
Maximum intensity of gradient 32Gem’
Experimental time 11h
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The concentration of the prepared solutions was approximately 0.0lmol L. 'H DOSY
NMR spectra were recorded on a Bruker Avance 300 MHz spectrometer using a Quattro
Nucleus Probe (QNP) probe. Pulsed Gradient Spin Echo (PGSE) experiments were
measured using the STE sequence, modified with bipolar pulses and longitudinal eddy
current delay (BPP-STE-LED). The PGSE sequence and BPP-LED are shown in Figure 5-

1. The experimental parameters used in the NMR measurements are summarized in Table

5-1.
Table 5-2 Diffusion and Stokes radius data for model components
D(m’s™) x10’ (A) ryaw(A)
Sample This Literature This Literature This
work value work value work
1.78 [136]"
Benzoic acid, 1 0.8783 3.29 3.7 [138] 3.43
0.91 [137]°
Syringic acid, 2 0.6127 4.72 3.89
Methyl syringate, 2a 0.7104 4.07 4.10
Syringic acid methyl ether, 2b 0.6749 4.28 4.10
1.70+0.4
Iodomethane, 6 1.806 1.60 1.8 [140] 2.94
[139]°
TMGN, 16 0.6678 433 5.15
DBU, 21 1.033 2.80 3.78
1,16 0.5786
1,21 0.7590
DMF (solvent) 1.48 1.95 3.20
a. In CH,Cl,

b. In water,

c. Ina solution of 0.3M tetrabutylammonium perchlorate/DMF
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Table 5-2 lists the obtained diffusion coefficient values and the calculated stokes radius.
Appendix C offers the detailed raw results of these experiments.

Through the Stokes-Einstein equation (equation 5-2), it is possible to correlate the
diffusion coefficient (D) with the hydrodynamic radius (ry):

_ kgT
= 6mnD

(5-2)

where kp is the Boltzmann constant (1.3806503 x 10% m” kg s K' ), T is the
temperature expressed in Kelvin ( here 293 K) and # is the dynamic viscosity of solution .
For DMF-d7, n=7.550 x10™* Pa.s) [141]. As it is seen in this table, molecules that are not
much bigger than those of the solvent diffuse faster. However, large non-spherical

molecules diffuse slower.

5.0

O sA

SA methyl ether

> TMGN

40 A SA methyl ester <>

ru(A)

3.0 A1

2.0 1

1-5 OlMeI T T L]
25 3.0 3.5 4.0 45 5.0 55

 vaw(A)

Figure 5-2 Relationship between Stoke’s radius and van der Waals radius
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In this table, finally van der Waals radius (r vaw) was calculated through the following

equation:

(5-3)

3 MwqY/3
Tvaw = [4 an]

In this equation MW, and p are the molecular weight and the density of the compound
(their values were taken from CAS data bank) and N is the Avogadro constant.

Figure 5-2 shows the correspondence between the van der Waals and Stokes radius. Their
relation however is very poor. it is clear that the hydrodynamic radii are different from the
van der Waals ones and this fact can be associated with formation of ion-pairs and neutral
aggregates mainly due to Coulombic interactions between ions and the equilibrium

between these species[142].
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6 Preparative-scale synthesis

Despite many technological improvements, it is still the traditional “round-bottomed
flask” concept that is widely used for most chemical reactions. However, because of
excellent potential for the integration of a high level of automation and for the
incorporation of on-demand reaction analysis, continuous flow technology can be a better
alternative [3].

In recent years, an increased interest and considerable progress have been seen in the use
of miniaturized systems for the study of chemical reactions. Several micro-devices, among
them [44-49], have been developed to investigate physical and chemical phenomena as
well as fast acquisition of chemical kinetic data and crucial transport phenomena
parameters. Microfluidic technologies have, also, emerged as viable tools for carrying out
the chemical reactions in continuous flow processes, among them [143-145]. The many
advantages and efficiency gains, such as reduced reaction times, better mass and heat
transfer, the enhanced safety, reduced solvent usage and lower waste generation, combined
with the easier scale-up and reproducibility due to the precise control over reaction

conditions in these devices, adds considerable value to the concept [3-4, 145-146].

6.1 Motivation

Phenolic compounds, “’phenolics”, constitute a large group of secondary plant products
with an aromatic ring bearing one or more hydroxyl substituents [147-148]. Phenolic acids
and flavonoids are examples. In plants foods, flavonoids account for approximately two-
thirds of the dietary phenols, however, phenolic acids account for almost all of the

remaining third [148]
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There are two classes of phenolic acids; hydroxybenzoic acids and hydroxycinnamic acids
[149]. Both occur frequently in foods. Phenolic acids are mainly protective antioxidants.
But beyond this other biological activities of phenolic acids have been reported. For
example, syringic acid (studied here), exhibits in vitro antibacterial [150], antimicrobial
activity and fungitoxicity [151].

Many of cinnamic and benzoic acid derivatives exist in all plant and plant-derived foods
(e.g., fruits, vegetables, and grains). But only a minor fraction exists in the free acid form
and the major fraction is linked through ester, ether, or acetal bonds to cellulose, proteins,
lignin, flavonoids, glucose, terpenes, etc [152]. Then, the extraction of bioactive
compounds from plant materials is the first step in synthesis of phenolic acids derivatives.
But it is not a straight-forward process [153-154]. Then chemical or bio-synthesis methods
can appear very helpful.

A brief research overview of the literature on the single step alkylation of syringic acid, 2,
shows that mainly four methods have been employed; the first method involves benzyl
bromide to synthesis either di-alkylated product or its mixture with the ester.

Catel et al. [155] have synthesized benzyl 3,5-dimethoxy-4-benzyloxybenzoate with a
yield of 76% by adding potassium carbonate ( 3.0 equiv) and benzyl bromide (3.0 equiv) to
a solution of syringic acid (0.257 M) in dry DMF under an argon blanket. After stirring
the mixture for 15 h, the reaction medium has been transferred into distilled water. The
final product has been extracted with diethyl ether and distilled water. Another route to
esterification of syringic acid, 2, is Fischer esterification. Methyl 4-hydroxy-3,5-
dimethoxybenzoate with a yield of 96% has been obtained by adding 0.015 mol
H,S04(98%) to a 0.3M solution of syringic acid in methanol. The reaction is carried out by
heating under reflux for 3 h. The final product obtains after cooling the system, adding

water and saturating by sodium chloride and extracting five times by dichloromethane
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[156]. In another report, using a more concentrated solution of syringic acid in methanol
(0.6M) and a higher amount of H,SO4 (0.037 mol) and a reflux time of 10h a yield of 95%
has been achieved. In this report the residue has been dissolved in ethyl acetate and been
washed with a saturated solution of NaHCO; [157]. Lipase-catalyzed esterification of
syringic acid with hexanol has been also investigated in selected diethyl ether with a yield
of only 2% [158]. Buisman ef al. [158], reported that the reactivity of the carboxylic
function of syringic acid are affected by the electron donating substituents (methoxy
groups) in its aromatic rings, hence limiting the nucleophilic attack of the alcohol. Syringic
acid ethers may also be prepared by the alkylating esterification of syringic acid with alkyl
halides. It is usually done in the presence of a base. As part of the synthesis of 3,5-
dimethoxy-4-hydroxy-benzoic acid 4-(N,N’-Boc-guanidino)-butyl ester, Liu et al [159]
have synthesized 4-(acetyloxy)-3,5-dimethoxy- benzoic acid by using triethylamine as base
and dichloromethane as the solvent. This reaction has been done at room temperature and

it has taken two hours.

Clofibric acid, 3, is a pharmaceutical drug and a structural isomer of the phenoxyalkanoic
acid herbicide 2-[4-chloro-2-methylphenoxy] propionic acid (MCPP). It is a high volume
chemical with an estimated annual production in the low kiloton range [160]. It is mainly
used in the form of the ethyl ester (clofibrate) in human medical care as a blood lipid
regulator [161]. Clofibrate has been prepared by using the Ph;P-CCI;CN with a yield of
78%. The total reaction time was 5h and THF was employed as the solvent [162]. In
another report [163] and using distannoxane ([CI(C¢F3C2H4)2,SnOSn(C,H4CeF13),Cl]5) as
catalyst, benzyl alcohol as alkylating agent and toluene as solvent, phenylmethyl ester of
clofibric acid has been obtained with a yield of 98%. The reaction time and temperature are

16h and 150°C respectively.
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Podocarpic acid, 4, is an abietic-type resin phenol -acid obtained from rimu resin [164]
has been considered as an attractive starting material for the synthesis of biologically
important compounds [165]. Methyl-O-methyl podocarpate (4¢) exhibits antiviral activity
[166].

Podocarpic acid esters were synthesized by acid chloride activation( using SOCI,),
followed by reaction with appropriate alkyl halides [167]. In this way a large number of
podocarpic esters were generated. Dimethylated podocarpic acid derivative was
synthesized by using caustic soda and Me,SO4[167].

Trolox, §, is a water-soluble analogue of vitamin E and a stronger antioxidant than vitamin
E [168]. It is used as an standard for measuring antioxidant activity [169].

In one report, trolox has been perbenzylated (benzyl bromide, K,CO3;, DMF) at room
temperature to give dialkylated trolox. The reflux time was 15h [155]. The obtained yield
has not been precised but the utilized method suggests a yield around 91-92% [170].
Muller et al [171] when the reflux time is increased to 40h, obtained a yield of 95%. In
their experiments DMF has been replaced by acetone and for one equivalent of trolox, 9
equivalents of potassium carbonate and three equivalents of benzylbromide have been

used.

6.1.1 Quercetin

Flavonoids belong to a group of natural substances with variable phenolic structure and are
found in the fruits, vegetables, grains, bark, roots, stem, flowers, tea and wine [172].
Flavonoids have multiple biological activities including potent anti-allergic, anti-
inflammatory, and antiviral actions, which may result, at least in part, from their
antioxidant and free radical-scavenging abilities [173].

The flavonoid, quercetin, 25, (flavonol subclass) is one of the most extensively studied

polyphenols. It serves as a good example here because of its overwhelming presence in
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foods and because its metabolism in humans is well understood, and many conjugates have
been identified [174-175].

Quercetin could especially be effective in preventing atherosclerosis and thrombosis by
protecting low density lipoproteins (LDL) against oxidation, as well as by lowering the
cytotoxicity of oxidized LDL and platelet aggregation [176-177]. Furthermore, quercetin
exhibits antitumor effects in vitro and inhibits the development of experimental cancers in
animal models [176]. Most of the knowledge about quercetin has originated from in vitro
studies while in vivo data that take into consideration the complex interplay of diverse
processes like uptake, metabolism and organ and tissue interactions within a whole animal
are more limited [178]. As its adverse health effects, quercetin appears to stimulate the
proliferation of estrogen receptor-positive cells in vitro at concentrations physiologically
relevant in vivo. Moreover, quercetin is genotoxic in various in vitro systems. Furthermore,
evidence for covalent binding of quercetin to cellular protein and DNA has been reported
[177].

Methylation to isorhamnetin  (3’-O-Methylquercetin) or tamarixetin  (4’-O-
Methylquercetin) seems to be an important conjugation process in quercetin metabolism
[178]. Conjugated metabolites are likely to possess different biological properties than
parent compounds do. A decrease in the in vitro antioxidant activity of quercetin following
methylation of the hydroxyl groups was found in different studies [179]. Despite this, 3-O-
Methylquercetin  presents pronounced antiviral activity and moderate anti-inflammatory
and antioxidant properties [180]. Isorhamnetin, which is found in sea-buckthorn, has
recently been reported to have antioxidant activity, the ability to increase the resistance of
human low-density lipoprotein to oxidation induced by Cu®", scavenger radical activity,

and antitumor activity [181]. 7-O-Methylquercetin (rhamnetin) (as well as isorhamnetin
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and quercetin) reduces serum cholesterol in the rats fed with cholesterol-enriched
diet[182].

Quercetin, isorhamnetin and tamarixetin increase the resistance of worms against thermal
and oxidative stress and are also able to prolong their lifespan [178]. Azaleatin 3[-
glucoside, a derivative of azaleatin (5-O-Methylquercetin) has a very high antioxidant
activity [183]

Flavanoids are usually obtained in pure forms by extraction/purification from their natural
sources. However, chemical synthesis or biothenological approaches clearly play an
important role in accessing polyphenols in pure forms [172, 184].

The general strategy for the synthesis of quercetin alkyl derivatives involves the selective
protection of hydroxyls, selective O-alkylation to introduce an alkyl group and unblocking
(deprotection) of hydroxyls. As an example for a single-step quercetin O-alkylation, 3°, 7-
Di-O-benzylquercetin was synthesized at room temperature over 24h by mixing quercetin
(3.315 mmol), borax (9.966 mmol), benzyltriethylammonium chloride (0.483 mmol),
benzyl chloride (13.29 mmol) and potassium carbonate (9.957 mmol). The reported yield,
after extraction and purification is 52%. It shows that borax-type protection of adjacent
hydroxyl groups could be effective in inducing selective alkylation [184].

O-methylation is a reaction characterized by the transfer of a methyl group from a donor,
to an oxygen atom [185]. This transformation can even been detected in bacteria. O-
Methyltransferase (OMT), SaOMT-2,isolated  from Streptomyces avermilitis, and
expressed in E. Coli transfers a methyl group to the C-7 hydroxyl of Quercetin. The
reported relative conversion is even higher than 100% for a reaction time of 12 h at 30°C
[186].

Matsuda et al. [187] were treated a solution of quercetin in methanol by ethereal

diazomethane (1 h , room temperature) to produce a mixture of mono-, di- and
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tetramethylated quercetin. The product distribution is as following; 7 and 4’ monomethyl
(22% and 2%), 3,7-dimethyl (13%), 4°,7-dimethyl (16%), 3,4°,7 trimethyl (32%) and
3,3.4’,7-tetramethyl (14%).

As illustrated in the aforementioned examples for phenol-acids and quercetin, the process
of acid-phenols esterification and quercetin methylation usually involves harsh reagents
and conditions and the reaction time is long. Therefore, it is important to develop
approaches that would insure regioselectivity with relative simplicity and high yields.
Here, we disclose our findings regarding using our microfluidic device to synthesize esters
and ethers in a single step process. The synthesized products as well as their reactants are

listed in Appendix E.
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6.2 Syringic acid

The purpose of this work is to use syringic acid, 2, as a model compound to study the
selectivity in the microfluidic device. Mechanism of its alkylation to produce methyl ester,
2a, is similar to that of benzoic acid. lonization constants for syringic acid, 2, in water are
pKa1=4.46 for carboxyl group and pK,,=9.33 for phenolic one [188]. Using the equation
proposed by Gonzalez and Herrador [189] to correlate the aqueous pK, to that of in DMF,
pK. values in DMF for syringic acid are roughly estimated to be pK,=7.69 and
pKax=12.56. Recalling pKa of TMGN, 16, in DMF is in the range of 16.5-17.5, therefore
TMGN is able to effectively remove both syringic acid acidic and phenolic hydrogen.
Guided by previous researches done in our laboratory [190], DBU, 21, was chosen as the

alternative base. Its pK, in acetonitrile is 24.33 [107] and in DMF is estimated to be 16-17

[73].
COOR, COOR,
Base, CH,|
|
MeO OMe DMF, 20°C MeO OMe
OR, OR,
2 2a-c

Figure 6-1 Syringic acid alkylation by iodomethane

Syringic acid, 2, alkylation by iodomethane, 6, in the presence of an organic base (TMGN,
16, or DBU, 21) in preparative scale experiments were carried out in batch as well as in
continuous mode and the effect of several parameters was investigated. Figure 6-1
presents the reaction scheme. The results are presented in Tables 6-1 to 6-7. In these tables,

F»a, F2p and F;, are weight percents of methyl syringate, 2a, syringic acid methyl ether, 2b
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and dialkylated syringic acid 2¢ in the pure product and F; is the weight percent of syringic

acid 2 in the residue.

Through these tables the following points have been emerged:

1) The NMR (300 MHz) results are in good agreement with gas chromatographic
(GC) analyses

1) In general, conversion is lower in the presence of DBU 21 than in the presence
of TMGNI16.

1i1) Regardless of the reaction conditions employed, syringic acid methyl ether 2b
is not produced while using TMGN 16 as base (which will be discussed later)

1v) By increasing reaction time, F», is decreased in favor of F,. (entries 1, 2 and 3
or 4, 5 and 6 in Table 6-1).

V) The conversion and the selectivity toward methyl syringate 2a are higher in
continuous mode than in batch mode for both bases TMGN 16 ( entry 4 in
Table 6-1 and entries 1,2 in Table 6-7) and DBU 21(entry 1 in Table 6-1 and
entries 1,2 in Table 6-6)

Vi) In the presence of DBU 21, when DBU 21 and iodomethane 6 to syringic acid 2
molar ratios are 1.0, by doubling concentration of syringic acid 2, conversion is
decreased around 13% ( entries land 2 in Table 6-2). However, when DBU 21
and iodomethane 6 to syringic acid 2 molar ratios are 1.6 by doubling
concentration of syringic acid 2, conversion is increased by 2% or 15%(
entries 3, 4 and 5 in Table 6-2)

vii)  In the presence of DBU 21, by doubling base concentration, conversion and F»,
are decreased around 14% and 6 %( entries land 6 in Table 6-2).

viii)  In the presence of DBU 21, maximum conversion has obtained when DBU 21

and iodomethane 6 to syringic acid 2 molar ratios are 1.6 (entries 3 and 5 in
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Table 6-2) and the reagents combination is [(2, 6), 21] (entry 2 in Table 6-3).
Because of the alkylation of DBU 21 by iodomethane 6 (section 3.2), the third
combination of [2, (6, 21)] does not work.

1X) In the presence of TMGN 16, by doubling concentration of syringic acid 2,
conversion is increased around 13% (entries 7and 8 in Table 6-2).

X) In the presence of TMGN 16, by doubling base concentration, conversion is
increased around 15% without noticeable change in F,, and Fj. (entries 8 and
10 in Table 6-2).

x1) In the presence of TMGN 16, maximum conversion has again obtained when
TMGN 16 and iodomethane 6 to syringic acid 2 molar ratios are 1.6 (entry 9 in
Table 6-2)

xii)  In the presence of TMGN 16, maximum conversion has obtained when reagents
combinations are [(2, 6), 16] (entry 2 in Table 6-4) and [(2, 16), 6] (entry 6 in
Table 6-4). However F», is slightly higher in the former than in the latter.

xiil)  In the presence of DBU 21, the reaction is not affected by changing micromixer
from Nanomixer® to Y-Microreactor. Because despite a less efficient mixing in
Y-microreactor, because of its volume (13uL), the reaction residence time is 39
s longer than usual. However, reaction conversion is decreased by 18% when
using MicroTee. Nevertheless, the products distribution remains almost
unchanged (entries 1, 3 and 5 in Table 6-5).

xiv)  In the presence of TMGN 16, the reaction conversion is not again affected by
changing micromixer from Nanomixer® to Y-Microreactor but slightly affected
(2%) by using Microtee(entries 2, 4 and 6 in Table 6-5).

xv)  Both for TMGN 16 and DBU 21 by increasing flowrate (decreasing residence

time), reaction conversion is decreased. But it is decreased more dramatically
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with DBU 21 than with TMGN 16. At the same time by increasing flowrate, Fa,
is decreased. But it is decreased more dramatically with TMGN 16 than with
DBU 21. However, F,, remains nearly constant and F,, does not follow any

particular trend (Tables 6-6 and 6-7).
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Table 6-1 Batch experimentst

Base Entry Concentratio_lll of 2 Base:Z. 6:2 | Recovered mass (%) NMR GC

(mmol L) molar ratio | molar ratio Faa | Fac | Fo | Faa | Fay | Fac | Fa
1 168.0 1.7 1.7 85.1 79.1 | 21.0 [ 6.5]|825|1.6| 158 6.7

DBU, 21 2 168.4 1.7 1.7 88.7 763 (1237 0 |83.0|02]|16.8]|1.5
3 167.7 1.7 1.7 84.5 740 (260 0 |81.1|04|184|1.4

4* 96.4 1.7 1.7 93.6 722 (278 | 0 | 78.4 216 | 0
TMGN, 16 5 97.3 1.7 1.7 60.4 56.0 | 44.0| 0 | 64.0 36.0 0.3
6 98.0 1.7 1.6 67.2 62.0 380 0 |73.5 2651 0

a.Reaction time for entries 1 and 4 is 9 min and for other entries is 1 h
T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6.
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Table 6-2 Effect of the alkylating agent and base quantityt. Micromixer:NanoMixer®; Total flowrate: 20 pL min. Reagents combination: [(2, 6), Base]).

Base Ent Concentration of 2 Base:2 6:2 Recovered mass (%) NMR GC
y (mmol L'l) molar ratio | molar ratio ° F,;? Faa | Fap | Fac | Fa
1 96.4 1.0 1.0 48.2 50.3 199.1100]|09|522
2 168.3 1.0 1.0 42.6 67.0 197511906 | 65.1
3 97.6 1.6 1.6 56.3 326 191.813.0]|52|343
DBU, 21
4 97.4 1.6 1.6 43.4 563 (95314304535
5 168.5 1.7 1.7 43.9 394 (899 |5.0|5.1]386
6 96.4 2.0 1.0 40.8 563 (93514421533
7 473 1.0 1.0 84.5 41.8 1996 | 0 |04 ]398
8 95.3 1.1 1.1 67.1 223 | 989 | 0 |1.1]26.5
TMGN, 16
9 96.5 1.6 1.7 62.5 00 |972| 0 |28 6.0
10 96.9 2.0 1.0 58.5 127 {971 0 |29 11.0

a. F,,, Fyc by NMR analysis are 100 and 0% respectively

T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6.
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Table 6-3 Effect of the reagents combinationt. Micromixer: Nanomixer®; Total flowrate: 20 pL min™

. 1 21:2 6:2 o~ | NMR GC
Entry | Concentration of 2 (mmol L) molar ratio | molar ratio Recovered mass (%) T T Fo || 5

1 96.4 1.0 1.0 48.2 503 199.110.0]09|522
[(2,6), 21]

2 97.6 1.6 1.6 56.3 326 | 918 3.0|52|343

3 96.4 2.0 1.0 40.8 563 | 9354421533

4 96.3 1.0 1.0 45.6 57.1 199.110.0]0.9|56.6
[(2,21), 6]

5 93.0 1.7 1.6 54.3 45.6 | 93.83.6|2.6|46.1

6 96.4 2.0 1.0 37.8 53.6 | 9274825 |554

a.Fy,, F2. by NMR analysis are 100 and 0% respectively

T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6.
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Table 6-4 Effect of reagents combinationt. Micromixer: Nanomixer®; Total flowrate: 20 pL min*

Entry | Concentration of 2 (mmol L") | 16:2 molar ratio mola61:‘2ratio Recovered mass (%) N}E;R Fo FZbGCcm F
1 95.3 1.1 1.1 67.1 22.6 1989 (0.0 |1.1]265
[(2,6),16] | 2 96.5 1.6 1.7 62.5 0.0 |97.2/0.028] 6.0
3 96.9 2.0 1.0 58.5 12.7 [ 97.1 1 0.0 {29 | 11.0
4 95.5 1.0 1.1 60.8 19.5 199.310.0 0.7 | 15.1
5 190.2 1.1 1.1 41.2 219 [ 989]0.0 | 1.1 |18.5
[(2,16),6]
6 90.1 1.8 1.7 66.8 40 [963]0.0(3.7]| 6.4
7 96.6 2.0 1.0 64.4 18.1 {96.7 0.0 |3.3|18.8
8 96.1 1.0 1.0 45.0 40.2 1994 10.0 | 0.6 | 439
[2,(6,16)] 9 96.4 1.6 1.7 62.4 31.0 {98.7 0.0 | 1.3 |30.1
10 96.5 2.0 1.0 44.7 51.4 199.0]0.0]| 1.0 482

a. Fj,, F5c by NMR analysis are 100 and 0% respectively
T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6, TMGN, 16, iodomethane, 6.

&3

LLOZ ‘L @Il ‘1Zenys-Inodiuie|oys) JYNopIuLEZY 8p 8SayL



"SOAIOS9 S}0IP SNOL ZL0Z ©

1 LalII-AIUN00py/:d]y

Table 6-5 Effect of micromixert. Total flowrate: 20 uL min''; Reagents combination: [(2, 6), Base]).

' N ' 6:2 NMR GC
Entry | Base | Concentration of 2 (mmol L) | Base:2 molar ratio . | Recovered mass (%)
molar ratio F,' | Fp | Fyp | Foe | Fy
Nanomixer® 1 21 97.6 1.6 1.6 56.3 326 |91.83.0 52343
2 16 96.5 1.6 1.7 62.5 0.0 197.2]0.0]28] 6.0
Y-microreactor 3 21 98.4 1.6 1.6 62.6 354 19242353338
4 16 96.4 1.7 1.7 82.4 83 [964/0.0[3.6] 63
MicroTee 5 21 96.1 1.7 1.7 44.5 53.6 [ 93.73.5]|2.8|52.0
6 16 96.9 1.7 1.7 79.7 6.5 196.60.0]34] 8.6

a. F,,, Fo. by NMR analysis are 100 and 0% respectively, except for entry 6 where F,, and F,. are 97.0 and 3.0%

T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6, TMGN, 16, DBU, 21, iodomethane, 6.
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Table 6-6 Effect of the residence timet; Micromixer: NanoMixer®.Reagents combination: [(2, 6), 21]).

Residence time (s), . r 21:2 6:2 NMR GC
Entry Flowrate (UL migl')l) Concentration of 2 (mmol L) molar ratio | molar ratio Recovered mass (%) . | Fy F . |Fy | B | F
1 530, 1.5 168.8 1.7 1.7 - 883 | 11.7| 59 |93.1|0.1]6.8]|10.6
2 530, 1.5 168.5 1.7 1.7 - 8721128 9.0 {928 0072 | 7.9
3 79, 10 168.8 1.6 1.6 49.5 964 | 3.6 {3541909|3.5]|5.6]34.0
4 79, 10 168.7 1.1 1.0 50.1 100 0 [453]98.0|0.0]19|46.6
5 40, 20 168.5 1.7 1.7 439 100 0 (394899 |5.0]|5.1]38.6
6 40, 20 97.4 1.6 1.6 434 100 0 [563]953(|43|104]535
7 40, 20 168.3 1.0 1.0 42.6 100 0 [67.0]975]19]0.6]65.1
8 20, 40 168.9 1.7 1.7 41.4 100 0 [52.8]905]|59|3.5]|46.7
9 20, 40 168.5 1.7 1.7 44 8 100 0 [569|885|88|27|539
10 20, 40 168.4 1.7 1.7 37.7 100 0 [473]91.7]|5.0]3.3|49.0
11 8, 100 168.4 1.7 1.7 35.7 100 0 [624]1924 5719|599
12 8, 100 168.9 1.7 1.7 - 100 0 [685]926]52(22]657
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T syringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6, DBU, 21, iodomethane, 6.
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Table 6-7 Effect of the residence timet; Micromixer: NanoMixer®. Reagents combination: [(2, 6), 16]).

. . Concentration of 2 16:2 molar 6:2 molar Recovered mass NMR GC
Entry Residence time (s), 1 . . o .
Flowrate (uL min'l) (mmol L) ratio ratio (%) Faa | Foe | F2 Faa | Fap | F2e | Fa
1 530, 1.5 97.3 1.7 1.7 70.9 8 | 151 0.0 |912| 0 |88 ]| 1.2
2 530, 1.5 97.6 1.7 1.6 70.9 955146| 00 [926| 0 |74 1.2
3 79, 10 96.6 1.1 1.1 - 100 | 0 | 2521989 | 0 |1.1]259
4 79, 10 94.7 1.6 1.6 - 100 | 0 | 0.0 |956| 0 |44 ]| 04
5 40, 20 47.3 1.0 1.0 84.5 100 | 0 | 41.8|1996| 0 |04 ]39.8
6 40, 20 96.5 1.6 1.7 62.5 100 | 0 | 0.0 |972] 0 | 28] 6.0
7 20, 40 90.7 1.7 1.7 69.3 100 | 0 | 183|100 | O |0.0]20.9
8 8, 100 91.0 1.7 1.7 - 100 | 0 | 388|989 | 0 |1.1]|324

fsyringic acid, 2, methyl syringate, 2a, syringic acid methyl ether, 2b, dialkylated syringic acid, 2¢, iodomethane, 6, TMGN, 16, iodomethane, 6.
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6.2.1 Reaction kinetics Comparison in Batch and in Continuous

In order to explain our results in the previous section we have to open parenthesis in to the
kinetics of syringic acid, 2, alkylation in the presence of TMGN, 16, or DBU, 21 by
iodomethane, 6. The kinetics studies were carried out in batch and in continuous mode.
Both reactions follow second order kinetics and the main product is the ester and no ether

was detected with none of the bases. Table 6-8 summarizes results for these experiments.

Table 6-8 Rate constants of the reaction of syringic acid, 2, and iodomethane, 6 at the presence of an organic base
(TMGN, 16 and DBU, 21) at various reagents combination

Entry | Reagents Combination | Base | Concentration of 2 (mM) | Base:2 | 6:2 | k/mol™.L.s™
16 21.6 1.1 1.0 | 1.49+0.6142

: [(2, base), 6] 21 215 10 | 1.0 | 02£0.0181
16 20.7 1.0 1.1 | 1.07+0.2437

2 (2. 6), basc] 21 19.8 1.0 | 1.0 | 0.14+0.0289

3 batch 16 11.7 1.0 1.0 | 1.05+0.0278
21 11.6 1.0 1.0 | 0.17+0.0178

It is observed in this table, with DBU, 21, the reaction goes much slower than with TMGN,
16. It was seen (section 3.2) that the rate of alkylation of DBU, 21 by iodomethane, 6 is
roughly 2000 times greater than that of TMGN 16. Here it is observed again that reagents
combination and reaction mode (batch or continuous) have no major effect on the reaction
rate. However, the reaction rate constant is slightly higher for the first reagents
combination (entry 1) which is due to this point that diffusion coefficient of bases are less

than that of iodomethane.

Table 6-9 Rate constants of the reaction of methyl syringate, 2a, and iodomethane, 6 at the presence of an organic
base (TMGN, 16 and DBU, 21).

Reagents Combination | Base | Concentration of 2a (mM) | Base:2 | 6:2 | k/mol”.L.s™

[(2a, base), 6] 16 21.6 1.1 | 1.0 | 0.0457+0.0057
- 21 215 1.0 | 1.0 | 0.0400£0.0096
87
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In order to study chemical kinetics of the phenolic function of syringic acid, the kinetics
studies were carried out on authentic methyl syringate, 2a, in continuous mode in the
presence of TMGN, 16 and DBU, 21. Here again both reactions follow second order
kinetics Table 6-9 summarizes results for these experiments. As it is seen in this table, the

reaction rate constant ratio is surprisingly 1.0.
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6.2.2 Protonation route

To answer to the question of why no ether is produced when TMGN, 16 is used as base;
we have to look to its protonation by phenols. A simple search shows that this subject has

not been extensively studied except [124].

However, protonation of DMAN, 17 has been investigated comprehensively and it can be
considered as a model for the proton sponges. Basicity of DMAN,17 is due to sterically
favorable arrangement of two basic centers so that an attached proton can be shared
between the two nitrogen atoms, forming strong NHN' hydrogen bridges [191]. This
intramolecular hydrogen bond is also observed in our studies about protonation of TMGN,
16 by NMR method (Chapter 4). The high basicity of ‘proton sponges' is combined with
low rates of their protonation - deprotonation. The deprotonation rate constant for DMAN
17 in DMSO-H,O (v: v 3:7) is 6.1 x10° mol ' L s™. The low rates of cation deprotonation
are mainly caused by the necessity of cleavage of the strong intramolecular hydrogen bond
[192]. Another consequence of the strong hydrogen bond and rigid structure' of the
monoprotonated ion of DMAN 17 is that diprotonation is exceptionally difficult. The
second protonation of DMAN 17 is only half complete in 86% sulfuric acid and it is clear
that the dication must be badly strained [193]. The second protonation of DBU 21 is

possible in its complex with two equivalents of TFA [128].

Usually IR and NMR methods have been used to investigate the interaction of 17 with
phenols. An unexpected finding is that phenol (pK,=9.99) hardly protonates “proton
sponge”, although its basicity exceeds that of the phenolate anion by more than two orders
of magnitude. Distinct protonation is observed only with phenols having pKa <8.4 [192].

This reaction gives two types of salts having composition of 1:1 and 1:2, the latter being

' The effect of the protonation on the structure of TMGN 16 has been discussed in chapter 4

&9
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much more stable [192]. The formation constant for 2:1 complexes is one order of
magnitude higher than that for 1:1 complexes [194]. The protonation of DMAN 17 by
phenols in polar solvents proceeds mainly with the participation of two phenol
molecules[194] and the formation of homoconjugated anions, ArOH...."OAr [192]. In
fact, DMAN 17 interacts with phenol derivatives to give the protonated base and
homoconjugated (OHO) anions and in several cases, complexes of higher stoichiometry
are formed [195]. There is a competition between molecules of DMAN 17 and phenolate
anions as proton acceptors. Even in the case of such a strong proton donor as
pentachlorophenol both in acetonitrile and in 1, 2-dicholoroethane the protonation takes
place only to a limited extent if no excess of phenol is used for binding the phenolate anion
into a homoconjugated species [194]. The salt of DMAN 17 with pentachlorophenol (1:1)
disproportionate in acetonitrile to give a 1:2 salt and a non-protonated “proton

sponge”[192]

2(17 — H*CsCl507) » 17 + 17 — H* C4Cls0™ .. HOCCly

These homoconjugated homoconjugated (OHO) ~ anions have been also observed in the
case of TMGN, 16, complex with pentachlorophenol. Przybylski, P., et al.[124] have
found that in this case, an intramolecular hydrogen bond [N-H...N] © as well as

intermolecular hydrogen bond [O...H...O] " are formed.

Brzezinski and Zundel [196] have studied the formation of hydrogen-bonded chains
between a bicyclic guanidine base, MTBD 19 and phenols in acetonitrile. N'H...O
hydrogen bonds were observed for a mixture of MTBD 19 and para-cyanophenol
(pK,=7.95) (1:1).These homoconjugated hydrogen bonds show large proton polarizability
and with increasing the acidity of the phenols, these hydrogen bonds become more

asymmetrical and these bonds dissociate more and more. The experimental results show
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that there is a rough correlation between the degree of protonation and the pK, of the
proton donor [191, 194]. Toppet et al [191] have shown that percentage protonation of
DMAN 17 by 3,5-dichlorophenol ( aqueous pK,=8.04 [197]) in dichloromethane is around
10% when molar ratio of phenol to base is 0.6. Huyskens et a/ [198] have demonstrated
that using identical phenol-base molar ratio, in acetonitrile none of the molecules of 3,5-

dichlorophenol are perturbed by one molecule of DMAN 17.

100 =

OPhenols

90 1 OCarboxylic acids

80 -

70 1 = -10.53x + 105.31

R?=0.99
60 -

50 -
40 -

30

Percentage of protonation of DMAN

20 | y = -17.08x + 103.43
R®=0.95
10 -

0 2 4 6 8 10
Aqueous pK,

12

Figure 6-2 Percentage of protonation of DMAN,17 in 1:1 salt [194]

Brzezinski et al [194] have shown that by increasing pK, of phenol and carboxylic acids,
the percentage of protonation of DMAN 17 in 1:1 salt is decreased dramatically (Figure
6-2) Assuming that these figures hold also for TMGN 16, we try now to estimate the

protonation percentage in our experiments. lonization constants for syringic acid 2 in
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water are pK,;=4.46 for carboxyl group and pK,,=9.33 for phenolic one [188]. Therefore
protonation of TMGN 16 will be less than 0.4 % by phenolic group and less than 29% by
carboxyl group in 1:1 salt. Moreover aqueous pK, of methyl syringate 2a is 8.38 [199]
and in this case again around 17% protonation of TMGN 16 will be expected in 1:1 salt.

However, in these experiments the molar ratio of phenol to base is 0.6.
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The structure of quercetin contains five hydroxyl functional groups that have the potential

to be conjugated and that differ in their inherent chemical reactivities [174], with the

following decreasing reactivity: OH-C(7)>OH-C(4’) ~ OH-C(3)>OH-C(3’)>>0OH-C(5)

[200]. The following bond dissociation enthalpy (BDE) sequence for quercetin OH groups

has been reported [201]: OH-C(4’) < OH-C(3’) < OH-C(3) < OH-C(7) < OH-C(5). The

values of aqueous macroscopic pKa as well as the values of individual BDE have been

brought in Table 4-11. This clearly confirms that H-transfer from the B-ring (4’-OH and

3’-OH groups) is easier than from the A-ring (7-OH and 5-OH groups) [201]. However,

the methylation rates of 7- and 4'-OH groups and 3- and 4'-OH groups do not differ

sufficiently for a satisfactory selective methylation[202].

Table 6-10 Calculated values of the aqueous pKa and BDE for the different OH positions in quercetin

OH

Hydroxyl group | Macroscopic aqueous pK,[203] | BDE (kcal mol™)[201]
7-OH 7.04 88.6
4’-OH 8.55 74.6
5-OH 11.26 99.3
3-OH 13.06 83.7
3’-OH 77.0

Quercetin, 25, alkylation by iodomethane, 6, in the presence of an organic base in

preparative scale experiments were carried out in batch and in continuous mode.

The

results are summarized in Tables 6-11 to 6-13. In these tables, F,s is the weight percent of

© 2012 Tous droits réservés.
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quercetin 25 in the residue; Wasa-c, Wasa-r, Wasg and Wssy, are weight percents of mono-,di-,
tri- and tetramethyl quercetin in the residue; Fjs,, Fasp and Fas. are weight percents of 3-
methyl quercetin 25a, 4’-methyl quercetin 25b and 7-methyl quercetin 25¢ in monomethyl
quercetins and Fjsq, Fase and Fas¢ are weight percents of 3,4’-dimethyl quercetine 25d, 3,7-

dimethyl quercetin 25e and 4°,7-dimethyl quercetine 25f in dimethyl quecetins.

Through these tables the following points have been emerged:

1) Maximum conversion in batch mode has been obtained while using TMG 14 as
base (entry 6, Table 6-11).

i1) While using TMGN 16 as base, by increasing reaction time, conversion is
increased by 12% majorly in favor of producing trimethyl quercetin 25g,
dimethyl quercetine 25d-f and tetramethyl quercetine 25h at the expense of
monomethyl quercetine 25a-¢ (entry 1 and 3 in Table 6-11). This demonstrates
that during the reaction time monomethyl quercetins are converted to di-and
polymethyl quercetins. However, by using a threefold excess of iodomethane,
conversion is increased by 3% in slightly favor of only trimethyl quercetin 25¢g
and tetramethyl quercetin 25h at the slight expense of dimethyl quercetin 25d-f
and of monomethyl quercetin 25a-c¢ (entry 1,2 in Table 6-11). During all of
these changes, the mono-and dimethyl product distributions remain nearly
constant.

1i1) The best selectivity of 3-methyl quercetine 25a is seen while using DBU 21 as
base.

1v) With TMGN 16 as base in batch and continuous mode, selectivity is observed
for 3,7-dimethyl quercetin 25e.

V) In continuous mode, while using TMGN 16 as base, minimum conversion has

obtained while mixing TMGN 16 and iodomethane 6 together in one syringe,
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due to the alkylation of TMGN 16 by iodomethane 6. However, mixing theses
two in a two-step process increases the conversion dramatically (entries 4 and 5
in Table 6-12 Moving to a two-step process has also a positive effect while the
reagent combination is [(25, 6), 16] (entries 3 and 6 in Table 6-12).

Vi) Unlike the already reported [190], because of the alkylation of DBU 21 by
iodomethane 6 (section 3.2), the third combination of [2, (6, 21)] did not work.
Moving to the two-step process, while keeping the same mixing strategy, was
not at all selective either as already reported.

vil)  Here again, by using a threefold excess of iodomethane, conversion is increased
by 15% in favor of trimethyl quercetin 25g, dimethyl quercetin 25d-f and
tetramethyl quercetine 25h at the expense of monomethyl quercetin 25a-c
(entry 1,2 in Table 6-12).

viil) Comparing different mixing strategies, maximum conversion has obtained
while the reagent combination of [(25, 16), 6]. Nevertheless, by increasing
flowrate (decreasing residence time), conversion is decreased (entries 3 and 7 in
Table 6-12).

1X) Changing reagents molar ratio, number of steps and even reagents combination
(except [25, (6, 16)]) do not have a major effect of the individual mono- and
dimethyl quercetins.

X) With DBU 21 as base, with up to eight times more of flowrate, conversion is
decreased only by 20% (entries 1-6 in Table 6-13). However by changing the
mixing strategy to [(25, 21), 6] conversion is increased up to 30% (entries 5, 7).
Moving to a two-step process has a positive effect on conversion (entries 5, 8)

but it has a negative effect on selectivity.
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Experiments by two-pumps are not reproducible, probably due to the high
difference between the powers of the two pumps which gives a back mixing
toward the third syringe (entries 9, 10 in Table 6-13).

In two-step process by increasing the flowrate (decreasing the residence time)
conversion is decreased which is not surprising (entries 11 and 13 in Table 6-
13). Also by increasing the amount of iodomethane 6 conversion is decreased
which is due to the high alkylation rate of DBU 21 by iodomethane 6 (entries
11 and 12 in Table 6-13).

As illustrated in Table 6-13, changing the aforementioned parameters, does not
have a significant effect on mono-and dimethyl

quercetin individual

distribution.

Table 6-11 Batch mode experimentst, Concentration of 25: 0.11 mmol L'l, Molar ratio of base: 25=: 1.26 and of 6:25 =

© 2012 Tous droits réservés.

1.26°
By | Base | Rantime | B | e NG| b g | Vo | W
I | TMGN, 16 | 4-5h | 63 (43.1,%421:1,32.8) (29.9,2(6):2,19.8) 34 17
2 | TMON16 | 4-5h | 3.7 (43.5,54715,32.3) (30.3,2(5):491,19.2) 400/ 3.3
3 | TMGN.16 | 9min | 188 (44.3,322?,29.5) (27.5;2:?,15.7) 11.21 04
4 | bBU2L | Omin | 23.1 (62.9,?2:45‘,18.6) (37.6,2542.39,9.5) 42100
5 |DMAN,17 | 9min |97.5 (48.9,12é.52,3z.9) 0 0| 0
6 | T™™MG 14 | Smin | 17.] (53.5,42%:(9),23.6) (31.9,2%@,14.3) 93 103

a.These ratios for entry 2 are 1.4 and 3.42 respectively.

+ Quercetin, 25, 3-monomethyl quercetine, 25a, 4’-monomethyl quercetin, 25b, 7-monomethyl
quercetin, 25¢, 3,4’-dimethyl quercetin, 25d, 3,7-dimethyl quercetin, 25e, 4°,7-dimethyl quercetin,
251, 3,4°,7-trimethyl quercetin, 25¢g and 3,3’,4°,7-tetramethyl quercetin, 25h.
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Table 6-12 Continuous mode experimentst; Concentration of 25: 0.11 mmol L'l, Molar ratio of 16: 25= 1.27 and of

6:25 = 1.26; Micromixer: Nanomixer

Enry | POV | combtion | 5 | (b | (bt | W | Was
! 15 [(25.16).6]" | 11.4 (45.3,3(5):;3,29.6) (29.4,;51:461,16.2) 213109
2 .5 [(25.16).6] | 27.5 (46.1,32:?,29.9) (27.7,?7‘:;‘,15.0) 79| 02
3 15 [(25.6).16] | 34.9 (48.0,3471:3,27.1) (26.4,28:3,13.6) 74| 02
4 .5 [25.(6.16)] | 72.5 (63.6,167'?7,18.7) (28.5,222.9,8.6) 10253
> 225 [25,(6.16)]" | 46.0 (41.0,21;,33.3) (25.4%(5):?,14.5) 66 | 05
6 2.25 [(25.6).16]" | 31.1 (44.7,3411:;,30.4) (25.5,?1;:3,13.4) 15826
7 > [(25.16).6] | 55.6 (48.8,2331.'31, 28.0) (27.6,597'.72,15.2) 361 00

a. 16:25 molar ratio=1.39, 6:25 molar ratio=3.42

b. Two- step
+ Quercetin, 25, 3-monomethyl quercetine, 25a, 4’-monomethyl quercetin, 25b, 7-monomethyl quercetin,

25¢, 3,4’-dimethyl quercetin, 25d, 3,7-dimethyl quercetin, 25e, 4°,7-dimethyl quercetin, 25f, 3,4°,7-trimethyl
quercetin, 25g and 3,3°,4’,7-tetramethyl quercetin, 25h.

© 2012 Tous droits réservés.
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Table 6-13 Continuous mode experimentst; Concentration of 25: 0.11 mmol L'l, Molar ratio of 21: 25= 1.27 and of
6:25 = 1.26; Micromixer: Nanomixer

Entry | Flowrate Reagents combination F Wisae Wisat W w
(nL min_l) s (F25a Fasns Fase) (F545 Fases Fasp) e o
1 8.5 [(25,6),21] 68.5 28.6 2.9 00 | 00
(67.0,17.6,15.3) | (41.9,58.1,0.0)
2 5 [(25,6),21] 60.4 34.2 5.0 04 | 00
(66.4,17.2,16.3) | (36.7,52.3,11.0)
3 3 [(25,6),21] 58.3 34.5 6.5 071 00
(69.4,15.3,15.3) | (38.5,48.5,12.9)
4 2 [(25,6),21] 51.0 39.0 9.1 09 | 00
(65.8,16.1,18.0) | (37.4,53.0,9.6)
5 1.5 [(25,6),21] 50.1 38.6 10.2 1.2 | 0.0
(67.1,16.4,16.6) | (40.4,50.5,9.1)
6 1 [(25,6),21] 48.8 37.9 11.7 1.6 | 0.0
(62.5,17.2,20.4) | (34.5,51.6,13.8)
7 1.5 [(25,21),6] 20.2 48.8 259 49 | 0.1
(52.6,23.2,24.2) | (34.6,49.8,15.6)
8 2.25 [(25,6),21]3’b 41.5 37.3 16.1 46 | 0.5
(67.5,16.2,16.3) | (45.3,46.5,8.3)
9 2.25 [(21,6),25]&’b 78.3 13.8 5.7 19 | 03
(68.3,15.9,15.8) | (46.4,46.2,7.4)
10 2.25 [(21,6),25]3’b 64.6 279 6.0 1.4 | 0.0
(63.4,18.2,18.4) | (38.4,49.1,12.5)
11 2.25 [(21,6),25]" 55.1 37.6 5.8 1.3 0.2
(60.0,18.2,21.7) | (38.1,50.8,11.1)
12 2.25 [(21,6),25]*¢ 80.6 16.6 2.0 08 | 0.0
(55.4,18.5,26.1) | (34.9,49.1,16.0)
13 7.5 [(21,6),25]" 70.8 26.3 2.6 02| 00
(63.6,17.6,18.8) | (34.3,55.0,10.7)

a. Two- step

b. using two pumps
c.

© 2012 Tous droits réservés.

6:25 molar ratio=2.52
1 Quercetin, 25, 3-monomethyl quercetine, 25a, 4’-monomethyl quercetin, 25b, 7-monomethyl quercetin,

25¢, 3,4’-dimethyl quercetin, 25d, 3,7-dimethyl quercetin, 25e, 4°,7-dimethyl quercetin, 25f, 3,4°,7-trimethyl
quercetin, 25g and 3,3°,4°,7-tetramethyl quercetin, 25h.
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Clofibric acid alkylation by iodomethane in the presence of TMGN, 16, in preparative

scale experiments were carried out in continuous mode. Figure 6-3 presents the reaction

scheme

oy

3

Figure 6-3 Clofibric acid alkylation by iodomethane

OR
TMGN, CH,|

DMF, 20°C

CQO‘QOR

3a

Table 6-14 Alkylation of clofibric acidt , Micromixer: NanoMixer®. Reagents combination: [(3,16),6]).

Flowrate Conentration 16:3 molar 6:3 molar | Recovered mass
Entry . of 3 ) . o Fza
(uL min™) (mmol L) ratio ratio (%)
1 5 115.1 1.3 1.3 18.9° 100
2 5 115.1 1.3 1.3 10.1 88-100
3 5 114.5 1.3 1.3 26.3 100
4 10 109.3 1.0 1.0 - 70
5 10 101.8 1.0 1.0 - 56

a. After washing filtrate of the first extraction with diethyl ether (3x30 cm®) and adding the obtained mass to
the previous one, the total recovered mass was increased to 89.8%. However the NMR analysis shows
that the obtained mass is totally comprised of 3

1 Clofibric acid methyl ester, 3a, iodomethane, 6, TMGN, 16.

The results are presented in Table 6-14. The value of pK, for clofibric acid in acetonitrile

using the equation proposed by Canbay et a/ [204] is 7.0.Therefore TMGN can strip away

the acid proton totally. Despite it, the conversion and the yield are low. The most important

feature of clofibric resistance to deprotonation can be due to steric hindrance from two
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methyl groups adjacent to carboxylic acid function. The presence of these two methyl
groups even makes it resistant to microbial degradation [205].

While obtaining a pure product, the recovered mass is low. The value of Log P for
clofibric acid is 2.57 [206]. This value is relatively low. Zhang et al [206] have shown that

1-octanol is a better solvent for clofibric acid extraction from water.
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6.5 Trolox

Trolox alkylation by iodomethane in the presence of TMGN, 16, in preparative scale
experiments were carried out in continuous mode. Figure 6-4 presents the reaction scheme

and the results are summarized in Table 6-15.

TMGN, CH,|

OR OR,  DMF, 20°C OR; OR,

5 5a-c
Figure 6-4 Trolox alkylation by iodomethane

The obtained product is trolox methyl ester 5a and other expectable products are absent
here. The aqueous acidic and phenolic pK, values of Trolox are 4.4 and 11.9
respectively [207]. Using the equation proposed by Chmurzynski [208] the value of
phenolic pKa in DMF is estimated to be around 19.0, which is far beyond the pKa value of
TMGN in DMF. As it is observed, changing the temperature or quenching medium does

not have a significant effect on Fs,.

Table 6-15 Alkylation of Trolox®t, Micromixer: NanoMixer®. Reagents combination: [(5, 16), 6]).

Entry Flowrat? Conentration1 of 5 16:5 6:5 Recovered mass (%) | F
(uL min™) (mmol L) molar ratio | molar ratio *

1 10 110.4 1.0 1.0 - 100
2 10 111.0 1.0 1.1 75 90"
3 10 113.2 1.1 1.1 74 93
4 10 113.3 1.3 1.3 - 90
5 5 113.7 1.3 1.3 81.5 100
a. Temperature:30°C,
b. Quenched in a solution of methanol and formic acid (v/v,10:1)

1 Trolox® methyl ester, 5a, iodomethane, 6, TMGN, 16
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Podocarpic acid alkylation by iodomethane in the presence of TMGN, 16, in preparative

scale experiments were carried out in continuous mode. Podocarpic acid ionization

constant for its carboxylic acid function was estimated to be in the range of the pK, of

dimethylpropanoic acid (aqueous pK, =5.03[209]) and for its phenolic function was

approximated by the pK, of 3,4-dimethyl phenol ( aqueous pK, =10.36[210]). Using the

equation proposed by [208] to correlate the aqueous pK, to that of in DMF, pK, values in

DMF for podocarpic acid are roughly estimated to be pK,;=8.6 and pK,,=16.9. Recalling

pKa of TMGN, 16, in DMF is in the range of 16.5-17.5, therefore TMGN is able to

effectively remove podocarpic acid acidic hydrogen but not its phenolic hydrogen.

" TMGN, CH,|

Figure 6-5 Podocarpic acid alkylation by iodomethane

DMF, 20°C

Table 6-16 Alkylation of podocarpic acidt , Micromixer: NanoMixer®. Reagents combination: [(4, 16), 6].

Entry F lowrate1 Conentration1 of 4 16:4 6:4 Recovered mass (%) | Fi,
(UL min™) (mmol L) molar ratio | molar ratio

1 10 114.1 1.1 1.1 - 74

2 5 114.5 1.1 1.1 71.2 88

3 Batch (1 hr) 114.3 1.1 1.1 87.1 100

1 Podocarpic acid methyl ester, 4a, iodomethane, 6, TMGN, 16.
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Figure 6-5 presents the reaction scheme and the results are summarized in Table 6-16. The
obtained product is only 4a and other expectable products are absent here. Shaw and
Kunerth [55] reported a quantitative yield of 4¢ for the reaction of podocarpic acid, 4, with
sodium hydroxide and methyl iodide in HMPA. The deprotonation and alkylation time
were 0.5 h and 7 h. Therefore, an experiment in batch with the reaction time of one hour

was carried out but again 4b and 4c were not observed.
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7 METHODOLOGY

7.1 Micromixers

Mixing is a transport process for species, temperature and phases to reduce inhomogeneity.
Mixing leads to secondary effects such as reaction and change in properties [20]. There are
three established terminology for mixing in conventional macroscale mixing techniques;
Macromixing is concerned with mixing on a macroscopic scale [211]. It is governed by
mechanical stirring [211] and refers to the overall mixing performance in a reactor [212].
Micromixing is concerned with contact and mixing on a molecular scale [211]. It
comprises the viscous-convective deformation of fluid elements, followed and dominated
by molecular diffusion [211-212]. Mesomixing is in the scale between macromixing and
micromixing [20]. Micromixing is normally the much slower process [213]. The process of
mixing is classified as: Passive mixing, where the interfaces between the substances being
mixed follow the flow and have no back effect on it [214]. In active mixing processes, the
interfaces between the substances being mixed interact with the flow and modify it [214].
Therefore, mixing devices are classified as: Passive (static, in-line) mixers; they have no
moving parts and achieve mixing by virtue of their topology alone. Mixing in passive
micromixers is induced by lamination, injection, chaotic advection or droplet. In case of
lamination; it can be achieved in two ways, parallel lamination and serial (sequential)
lamination. In parallel lamination, the inlet streams are split into several substreams, and
then are joined altogether into one stream [215]. Sequential (serial) lamination segregates
the joined stream into two channels, and rejoins them in the next transformation stage.
Injection-based micromixers, split only one flow into many streams and inject them into
the solvent flow [215]. In droplet-type of micromixers, for reducing the mixing path, the
droplets of mixed liquids is formed.
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Active mixers, they have either moving parts (rotor-stator) or they use externally applied
forcing functions such as pressure or electromagnetic fields. Lack of moving parts, makes
passive mixers free of additional friction and wear effects. But their complicated topology

is often hard to fabricate. Also they cannot be controlled externally [214].

As micromixer we used four passive micromixers; a multilaminating distributive
micromixer chip (NanoMixer®, Upchurch), a Y configuration microreactor (Micronit), a

MicroTee junction (Upchurch) and a Y connector (Upchurch).

The NanoMixer® consists of two inlets (A and B), the microchannel cascades, and one
outlet, which operate in co-current flow mode. The layout of the micromixer is based on
the principle of distributive mixing. The microchip is made up from a glass/silicon/glass
sandwich. On the silicon wafer, the inlet channel of liquid A is split into 16 partial flows.
This is achieved by repeated splitting of the channels in such a way that an array of
symmetrical elements results. On the backside of the silicon wafer (layer 2), liquid B is
split into the same number of partial flows by an identical arrangement. In order to bring
the two liquids together, liquid B is introduced to layer 1 via a number of wafer-through
nozzles. Coming out of a nozzle, liquid B is allowed to develop into the full vertical height
of the channel before it enters a channel with liquid A. Sequentially combining two
neighboring channels into one is repeated until all partial flows are united in one broad

outlet channel.

Y configuration microreactor (Micronit) has two inlets and one outlet. Two fluids can be
injected separately and will mix by diffusion, without turbulence. It is made of borosilicate

glass and has a volume of 13pL.

MicroTee and Y connector are made of chemically compatible PEEK® polymer and have

very low swept volumes.
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Mixing time (ty) of these micromixers was calculated by measuring the pressure drop (AP)

in them and calculating the energy dissipation (&):

AP
&= Qp_V (7'1)
t,, = 0.15¢7045 (7-2)

In these equations Q, V and p are flow rate, micro mixer volume and fluid density
respectively. Pressure drop was measured using a Knauer Smartline pump 100, equipped

with a pressure sensor. The results have been listed in Table 7-1.

Table 7-1 mixing time measurement for different applied micromixers

Micromixer v Q. 1 AP £ x10 _14 tn x10°
(nL) (ml.min") (Mpa) (Wkg) (s)
0.3 4.6 135 2.61
Y Connector 17 0.2 3.5 68.6 3.55
0.1 1.7 16.7 6.70
0.3 4.4 75.9 3.39
MicroTee 29 0.2 2.9 33.3 4.91
0.1 1.5 8.62 9.02
Nanomixer 60 0.05 4.5 6.25 10.4
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7.2 Kinetics study experiments

We used a set-up (Figs.7-1 and 7-2) composed of two streams of reagents solution in DMF
simultaneously delivered, by a high pressure syringe pump, to a micromixer followed by a
fused silica-based capillary tubular reactor. As micromixer, we utilized a multilaminating

distributive micromixer chip (NanoMixer®, Upchurch).

N

/ : MYA;RUD, PHD 2000
High préssure Ry ey _ s

Syringe pump

r-
guenching Viab

g o
Yy 4

Nanomixe™s

Enlarged view of the internal
chip of the Nanomixer®

Size on Nanomixer® entry
channels : 50 microns

High pressure coupling ferrule

Figure 7-1. Experimental set-up and layout of Nanomixer®

COOH
COOCH
DMF ' ' ' 3
+ TMGN /Mlcromlxer Capillary Reactoﬁ
(1 equiv.)
Y
Y
CH,| DMF |
(1 equiv.)

\ 5-100 s /

Figure 7-2. Schematic diagram of the experimental set-up. It comprises of a micromixer and a fused silica-based
capillary tubular reactor. The two syringes, containing reagents are connected via 30cm capillaries (ID: 50um) to the
micromixer. The micromixer is followed to a 300cm fused silica-based capillary tubular reactor (ID: 75um). The
capillary reactor is kept at 20°C in a water bath.
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The high pressure syringe pump (PHD 22/2000 Hpsi) was a product of Harvard Apparatus
(Les Ulis, France). Capillary tubes were purchased from Polymicro Technologies.
Capillary reactor internal diameter and length were 75 um and 300 cm respectively.
Capillaries with the internal diameter of 50 um were employed as inlets to stop backward
flow. In order to provide heating (70°C) or cooling (4°C) the capillary tubular reactor was

immersed in a water bath equipped by thermostat or an ice/water bath.

To control the system  performance, two internal standards, 1,3,5-
trimethoxybenzene(TMB) and 1,4-dimethoxybenzene (DMB), were dissolved in reagents
inlet streams. 4-lodoanisole is another internal standard which was added to the samples,

just before being analyzed by GC.

Table 7-2 displays different flow rates and their corresponding residence time and Tables
9-6 and 9-7 (Appendix D) display the results as well as the statistical analysis for a typical
experiment.

For different flow rates, 240 uL sample of reaction medium was collected at the outlet of
the tubular reactor and quenched in a mixture of 400 uL of dichloromethane and 50 pL of
formic acid. For each flow rate, two samples were taken directly and analyzed
independently. A volume of 30 pL of the taken sample was diluted by 400 pL of
iodoanisole in dichloromethane solution. This sample, was later derivatized by 50 pL of

BSTFA and 20 puL of pyridine and was kept overnight for GC-MS analysis.

Table 7-2 Flowrates used in kinetics studies and their corresponding residence times

Flowrate (uL.min™) | 150 | 75 |37.5|18.75 | 12.5|9.375| 7.5

Residence time (s) | 5.3 | 10.6 | 21.2 | 424 | 63.6 | 84.8 | 106
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Batch kinetics studies were conducted in a 10ml vial or a beaker containing a certain
volume solution comprised of acid and base in DMF. To begin the reaction, a
stoichiometric volume of alkylating agent was injected as rapidly as possible. During the
experiments samples of 240 pL volume, were withdrawn at different times and were
quenched. Quenching medium, dilution and derivatization, as well as the analysis method,

are exactly those that were applied in continuous method.

7.2.1 Analysis method: GC-MS

All samples were analyzed on a Thermo Finnigan® TRACE GC Ultra gas chromatograph
equipped with a split/splitless injector, a Thermo Finnigan® AS3000 Variable-volume
autosampler and a Thermo Finnigan® PolarisQ mass spectrometer. Thermo Finnigan®
Xcalibur® software was used to control the instrument and analyze data. Separations were
accomplished using a 60 m, 0.25mm i.d., 0.50pum film thickness Rxi®-5ms column
(Crossbond® 5% diphenyl/95% dimethyl polysiloxane; Restek). Liquid injections of 1pL
were introduced into a 250 °C injector with a 50:1 split ratio and a mobile phase (Helium)
flow rate of 1 mL/min. Unless otherwise noted, all separations were performed using the a
linear temperature program 50 °C, 10 °C/min to 250 °C, 250 °C for 10 min. The mass

selective detector was scanned from 40 to 400 (m/z).

7.3 Base-Mel stability study experiments

The principal of operation and set-up is similar to that of the previous experiment
(described in section 7.2). The only difference was that here, we did not used the internal
standards. We ran several preliminary tests for each compound to find the best micromixer,
capillary size and residence time range. Table 7-3 displays different flow rates and their
corresponding residence time for different bases. As micromixer, for all bases except
TMGN 16 and BEMP 23, we utilized a multilaminating distributive micromixer chip
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(NanoMixer®, Upchurch) and capillary reactor internal diameter and length were 75 pm

and 300 cm respectively. To do the kinetics studies for TMGN 16 and BEMP 23 we used a

MicroTee and we employed a capillary reactor size of 200 um and 400 cm.

For different flow rates, 40 uL (10 uL for TMGN, 16, DMAN, 17, and BEMP, 23, 100 uL

for DABCO, 22, and P2Et, 24) sample of reaction medium was collected at the outlet of

the tubular reactor and quenched in 1000 pL methanol:water:trifluoroacetic acid

(50:50:0.1, v/v/v). A volume of 20 uL (100 uL for DABCO, 22, and P2Et, 24) of the taken

sample was diluted again to 1000 pL (500 pL for TMGN, 16, and BEMP, 23) of

methanol:water:trifluoroacetic acid (50:50:0.1, v/v/v). This sample was later analyzed by

mass spectrometry.

Table 7-3 Flowrates used in base-Mel stability study experiments and their corresponding residence times

. . Capillary size 75 um and Capillary size 200 um and 400
Capillary size 75 pm and 300 cm, 380 crrr}ll, for 22 alrlld 24 i crgq, for 16 aIllld 23
(Ei()'vgf;_el) Time(s) (ilﬁ)'wnrl?;i) Time (s) (Ei()'vgf;_el) Time(s)
7.948 100 79.48 10 1.047 7200
8.832 90 88.32 9 1.142 6600
9.936 80 99.36 8 1.26 6000
11.35 70 113.5 7 1.396 5400
13.25 60 132.5 6 1.571 4800
15.90 50 159.0 5 1.795 4200
19.87 40 198.7 4 2.094 3600
26.50 30 265.0 3 2.513 3000
39.74 20 397.4 2 3.142 2400
79.48 10 4.188 1800
6.283 1200
12.566 600
75.398 100

7.3.1 Analysis method: Mass spectrometry

The electrospray and tandem mass spectra were recorded on a Micromass Quattro II triple

quadrupolemass spectrometer (Micromass, France) equipped with an ESI source. Nitrogen

was used as the nebulizing and drying gas at flow rates of 10-15 and 250-300 L h™

© 2012 Tous droits réservés.
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respectively. The samples were infused into the ESI source by using a Harvard apparatus
Biomedical Dispensing system syringe pump at the flow rate of 0.5 mL hr'. The ESI
source potentials were: Capillary 3.5 kV and cone at 25 V. The mass spectrometer scan
time was fixed at 4.00 seconds and mass scan range was set depending to the component
mass. Data acquisition and processing were carried out using Mass Lynx 4.0 software
supplied with the instrument. Data acquisition was conducted in the multichannel analyzer

(MCA) mode and the spectra were accumulated over ten scans.
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7.4 Preparative-scale experiments

The same set-up and the same procedure as the continuous kinetics experiments were
followed. But the flow rate was kept constant all over the experiment. Table 7-4 displays

different flow rates and their corresponding residence time.

Table 7-4 Flowrates used in preparative-scale experiments and their corresponding residence times

Flowrate (uL.min™") | 100 [ 40 {20 [ 10| 5 | 1.5

Residence time (s) 8 2040 | 79| 159 | 530

The reactor output was entirely collected in a quenching medium containing 100 ml of
dionized water and 10 ml of formic acid. At the end of the reaction(except for 25), the
aqueous solution was washed with dichloromethane (3 x 30 cm), acidified and extracted
with hydrochloric acid Imol L™ (3 x 30 em®). The extract was dried over MgSQ, filtered
through Whatman No. 1 filter paper, evaporated in vacuo and kept overnight at 60-70 °C.
The total amount of the residue was dissolved in NMR solvent (DMSO-d6) and was
analyzed through its ?C NMR spectra.

To do further investigation, for syringic acid, 2, 30 pL of this NMR sample was diluted to
400 pL of dichloromethane and silylated and analyzed by GC/MS as described before
(Section 7.2.1). Batch kinetics studies were conducted in a 10ml vial or a beaker
containing a certain volume solution comprised of acid and base in DMF. To begin the
reaction, a stoichiometric volume of alkylating agent was injected as rapidly as possible
and at the end of the reaction all the compounds were transferred to a flask containing
quenching medium. Quenching medium, extraction procedure, as well as the analysis

method, are exactly those that were applied in continuous method.

112

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

7.4.1 Extraction evaluation test

Using authentic compounds, the extraction procedure was evaluated. For this, 0.2002 gr of
syringic acid, 2, was mixed with 0.2138 gr of methyl syringate, 2a, and 0.2121 gr of
syringic acid methyl ether, 2b. This mixture was entirely dissolved in the quenching
medium containing 100 ml of dionized water and 10 ml of formic acid and further
extracted with dichloromethane (3 x 30 cm’), and with water (3 x 10 cm®). The extract
was dried over MgSQy, filtered through Whatman No. 1 filter paper, evaporated in vacuo
and kept overnight at 60-70 °C. The total amount of the recovered mass was 93%of the

initial mass.

7.4.2 Two-Step process

For Quercetin, 25, some experiments were carried out in a two-step process, using two
pumps or one pump (Figure 7-3). The inlets of the first micromixer are connected to the
first syringe pump which is high pressure syringe pump (multiple syringe, PHD 22/2000

Hpsi, Harvard Apparatus, Les Ulis, France).

DMF
DBU
Micromixer 1
CH,| DMF Micromixer 2  Capillary reactor
_ MF Alkylated quercetin
Quercetin

Figure 7-3 Schematic diagram of the experimental two step set-up. It comprises of two micromixers and a fused
silica-based capillary tubular reactor. The three syringes, containing reagents are connected via 30cm capillaries (ID:
50um) to the micromixer. Micromixerl is followed to a 25 cm fused silica-based capillary tubular reactor (ID: 50um)

and then to Micromixer 2. The capillary reactor (3m, 75um) is kept at 20°C in a water bath
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The first inlet of the second micromixer is fed from the first stage outlet. The third reagent
is delivered to the second inlet of the second micromixer either by a second syringe pump
(double syringe, PHD 22/2000 Advance Syringe Pump, Harvard Apparatus, Les Ulis,
France) or by using another syringe drive of the first syringe pump. Micromixer 1 and 2
were Nanomixer® and MicroTee respectively. Table 7-5 displays different flow rates and

their corresponding residence time in quercetin experiments (one step and two-step).

Table 7-5 Flowrates used in preparative-scale experiments (Quercetin) and their corresponding residence times

Flowrate (uL.min™) | 1 [ 15| 2 [225] 3 | 5 [ 7585

Residence time (s) | 795 | 530 | 397 | 353 | 265 | 159 | 106 | 94

The reactor output was entirely collected in a quenching medium containing 100 ml of
dionized water and 10 ml of formic acid. At the end of the reaction, the aqueous solution
was washed with ethyl acetate until no further color was detectable visually. The organic
layer was then acidified and extracted with hydrochloric acid 1mol L™ (1 x 30 cm®). The
extract was dried over MgSQy, filtered through Whatman No. 1 filter paper, evaporated in
vacuo and kept overnight at 60-70 °C. The total amount of the residue was dissolved in
NMR solvent (DMSO-d6) and was analyzed through its B3C NMR spectrum. For some
experiments the step of drying over MgSO, was skipped.

To prepare a sample for a LC-MS analysis, 25 pL of NMR sample was diluted in 1ml
acetonitrile/0.1 %( v/v) formic acid in water (50:50). 10 pL of this sample was then further
diluted to 500 pL acetonitrile/0.1 %( v/v) formic acid in water (50:50) to make a suitable

concentration for LC-MS analysis.
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7.4.3 Analysis method: NMR

All NMR spectroscopy was conducted at 7 Tesla, using a Bruker Avance 300 spectrometer
(Wissembourg, France) with TOPSPIN software (version 2.1) for data acquisition and
processing. '>C NMR spectra were recorded in DMSO-d6 at 25°C, with the sample
spinning at 20 Hz for one-dimensional experiments. Both 'H and °C chemical shifts were
referenced to internal tetramethylsilane (TMS), chemical shifts are given in 6 (ppm) and

coupling constants in Hz.

7.4.4 Analysis method: LC-MS

Samples were analyzed by LC-MS using a Hewlett Packard Model 1100 liquid
chromatography (Palo Alto, USA) coupled to a Quattro II tandem quadrupole mass
spectrometer (Micromass, Manchester, UK) fitted with an electrospray ionization
source(ESI) and equipped with a Micromass MassLynx data system. Separation were
achieved on a C18 HPLC column (250 x 20 mm, 5 pm) (Intechim, Montlugon, France)
with a QS-guard C18 guard column (10 x 20 mm) (Interchim) at 25°C. The mobile phase
consisted of (A) 0.5 % formic acid in water and (B) 0.5% formic acid in acetonitrile at a
flowrate of 150pL min ! The percentage of solvent B was increased linearly from 10 to
50% in 30 min and then from 50 to 90% in 10 min. The injected volume was 10uL. The
column was re-equilibrated following each injection by 10% solvent B for 13 min.

The column eluent was first directed to a UV detector set at 280 nm and then without
splitting to a pneumatically assisted ESI interface operating with a capillary voltage of 3.17
kV and temperature at 120°C. The cone voltage was maintained at 30V. Nitrogen was used
as nebulization and drying gas at flowrates of 10-15 and 250-300 L hr™' respectively. The

mass spectrum was acquired from m/z 200 to 400 with scan duration of 1.5 s.
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8 CONCLUSION

A microchemical device was developed to study the kinetics of the reaction in continuous
flow mode and the results were compared to that of batch mode. The model reaction was
base catalyzed benzoic acid alkylation by iodomethane. An organic superbase, TMGN was
used as the base.

This reaction follows a second order kinetics. Additionally it was determined that the
reagents combination as long as mixing iodomethane and TMGN is avoided, does not have
a remarkable effect on reaction kinetics. The set-up enabled also the study of the effect of
temperature on this reaction. The large negative entropy of activation indicates that the
transition state in DMF has a relatively specific structure and is more strongly solvated
than the initial neutral state. The values of the enthalpy of activation indicate that the
process is endothermic. The rate constants were determined for the reaction between some
different alkylating agents and benzoic acid and also in different solvents. To investigate
the origin of substituent effects on the reactivity of benzoic acids, the alkylation kinetics of
a series of para-substituted benzoic acids was also studied. Their reactivities are correlated
with a slope of -0.65 (Hammett reaction constant). This indicates a decrease in electron
density at the reaction site. With this system, the kinetics of syringic acid alkylation in the
identical conditions was also studied. Syringic acid is a phenol acid but the reaction
proceeds quantitatively to ester product.

Guided by the observed side reaction in the first section (TMGN alkylation by
iodomethane), the microreactor system was used to investigate the kinetics of several
organic superbases alkylation by iodomethane. These organic superbases are of guanidine-
type, of proton sponges, of bicyclic guanidines, of amidines and of phosphazenes and their
strong Bronsted basicity makes them attractive for many chemical syntheses. As the result,

it is found that TMGN has the lowest alkylation rate.
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In order to find the alkylation site on TMGN, this compound was extensively studied by
different NMR techniques and the central nitrogen was identified as the N-alkylation site.
It was also found that in methylated TMGN molecule, the naphthalene and the

pentamethylguanidinum group are perpendicular.

To explain our results by the '"H NMR DOSY technique, diffusivity coefficients of several

compounds were measured.

The microreactor as a chemical tool shows great promise, particularly in the areas of
determining optimum reaction conditions. The ability to rapidly scan a wide range of
reaction conditions in addition to the flexibility to test multiple reagents can greatly
accelerate chemical research. With the reduced reagent consumption and increased speed
of data collection, the microreactor system enabled small scale synthesis of several natural
compounds. An extensive study of determining the effect of the reaction conditions on the
selectivity and yield was done for syringic acid alkylation. In these studies, better results
were obtained with TMGN than with DBU. Reagents combination and micromixer type
have no remarkable effect on the selectivity and yield but the flowrate of 10 pL min™' was
determined as the optimum flowrate. In methylquercetin synthesis, DBU was more
selective toward monomethyl quercetins, however with TMGN, a wide product
distribution was observed. For trolox and clofibric acid, the reaction proceeded

quantitatively, however for podocarpic acid, the obtained yield is fairly good.
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Figure 9-1 Second order kinetics plot of benzoic acid alkylation by iodomethane in the presence of TMGN and in DMF
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Figure 9-2 Second order kinetics plot of benzoic acid alkylation by iodomethane in the presence of TMGN and in DMF

at 70 °C
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Table 9-1 Calculated Léwdin charges for para substituted benzoic acids [92]
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Substituent | QL(H) | QL(O) | QL(COO") | QL(COOH)
NO, |0.1191 [-0.3540 | -0.7719 | -0.0254
CN | 0.1182]-0.3567 | -0.7768 -0.0312
-Cl 0.1156 | -0.3645 | -0.7907 | -0.0459
F 0.1149 | -0.3688 | -0.7986 | -0.0526
H 0.1135 | -0.3699 | -0.8018 -0.0533
CH; |0.1126 | 03713 | -0.8046 | -0.0597
OCH; |0.1123]-0.3729 | -0.8076 | -0.0688
OH | 0.1150 | -0.3637 | -0.7956 | -0.0471

Table 9-2 The relative V,,;, values of different substituted benzoic acids [94]

Substituent | Vouno | Vineta | Vpara
-NO, 1.53 | 10.67 | 10.98
-CN 8.88 | 8.79 | 9.71
-Br 3.85 | 421 | 4.12

-Cl 1.49 | 447 | 4.25
-F 1.89 | 3.11 | 2.54
-H 0.00 | 0.00 | 0.00
-CH; -0.72 | -1.30 | -1.76
-OCH; -440 | -1.02 | -3.21
-OH 5.03 | 0.02 | -2.17
-NH, -3.16 | -3.76 | -6.12
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9.2 Appendix B
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Figure 9-7 400MHz 2D NMR ‘H->’NHMBC of TMGN-Me, methyl groups of C7/8/9/10
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9.3 Appendix C

Table 9-3 Diffusion coefficient of different compounds in DMF by 'H NMR

Dy (m”s™)
Sample | Signals D (m*s™)x10°
x10°
1 Aromatic (7.73 ppm) 0.8783 0.8783
2 OCHj;, Aromatic 0.6131, 0.6123 0.6127

CH3(3.91 ppm), CHj; (3.88 ppm),
2a 0.7086, 0.7136, 0.7091 0.7104
Aromatic (7.32 ppm)

CH;(4.01 ppm), CH; (3.99 ppm),
2b 0.6730, 0.6770, 0.6746 0.6749
Aromatic (7.53 ppm)

6 CH; 1.806 1.806
CHs;, Aromatic (7.39 ppm), Aromatic (6.42

16 0.6713, 0.6651, 0.6669 0.6678
ppm)

Aliphatic (3.35 ppm), Aliphatic (2.5 ppm),
21 1.033, 1.033, 1.032 1.033
Aliphatic (1.8 ppm),

1,16 | 1,16 (6.8 ppm), 16 (3.16 ppm) a, 0.5716, 0.5856 0.5786

0.70260, 0.76370, 0.76250, 0.75860,
1,21 1,21 0.7590
0.76300, 0.74700

a. Not measurable(superimposed with DMF)

Table 9-4 Measuring diffusion coefficient of DMF by 'H DOSY NMR

D (CH;) x10” (m*s™) | D (COH) x10” (m”s™") | Dyy(m” s™) x10°
DMF(1) 1.485 a 1.485
DMEF(2) 1.468 1.472 1.470
DMF(2a) 1.478 1.484 1.481
DMEF(2b) 1.484 1.484 1.484
DMEF (6) 1.488 1.490 1.489
DMEF(16) 1.453 1.481 1.467
DMEF(1,16) 1.451 a 1.451
DMF(21) 1.484 1.487 1.486
DME(1, 21) 1.466 1.455 1.461

a. Not measurable (superimposed with sample)
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Table 9-5 Measuring diffusion coefficient of Water by 'H DOSY NMR
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D (m*s™)x10°
Water in 1 1.624
Water in 2 1.567
Water in 2a 1.662
Water in 2b 1.602
Water in 6 1.700
Water in 16 1.692
Water in 21 1.673
Water in (21, 1) a
Water in (16,1) a

a.

Not measurable (very large signal)
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Table 9-6 Peak area data for a typical experiment
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Flowrate (uL. min™') | TMB peak area | DMB peak area | Iodoanisole peak area

150 1011733 895986 943854

150 1058023 912141 984773

75 984080 919312 951730

75 1028007 925414 958760

37.5 1007530 918272 944272

37.5 1005388 926264 964276

18.75 1050252 946008 988435

18.75 1059301 936870 988676

12.5 1008086 918933 972378

12.5 1040201 929565 994153

9.375 1023249 926211 980643

9.375 1019407 926312 982046

7.5 1026044 923791 992671

7.5 1039291 922644 972631

7.5 858977 756139 824274

Table 9-7 Statistical analysis for the typical experiment
TMB DMB | Iodoanisole TMB DMB
TMB + DMB | TMB + DMB
Average Peak area 1014638 | 912257 | 962904 0.5 0.5
Standard Deviation 47931 | 44573 41913 0.5 0.5
Standard Deviation to Average ratio
4.72 4.89 4.35 0.5 0.5
(%)

© 2012 Tous droits réservés.
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9.5 Appendix E

Carboxylic acids and acid-phenols

COOR
1 R:H
1, la 1a RZCH3
COOR,
2 Ri=R;:H
2a R1§CH3, Rz:H
23 2a-c MeO OM 2b Rl:H, Rz:CH3
e € 2¢ R;:CH;, R,:CH;
OR,

2: 3C NMR (DMSO-d’, 300MHz):  (ppm) 166.27, 147.42, 140.16, 120.35, 106.79, 55.96, 51.90.

2a:*C NMR (DMSO-d’, 300MHz): & (ppm) 166.12, 147.54, 140.60, 119.17, 106.65, 56.019,
51.90.

2b *C NMR (DMSO-d’, 300MHz): § (ppm) 166.96, 152.66, 141.33, 125.93, 106.51, 60.12, 55.92.
@)

OR

O 3 RH
3,3a /©/ 3a R:CH;
Cl

3:"C NMR (DMSO-d’, 300MHz): § (ppm) 174.69, 154.15, 129.00, 125.35, 120.05, 78.74,25.14
0

4 R1:R2:H

4a R1§CH3, Rz:H
4b Ri:H, R,:CH;
4c R1:CH3, RQZCH3

4, 4a-c

4: °C NMR (DMSO-d’, 300MHz): & (ppm) 178.54, 155.10, 148.82, 129.49, 125.02, 112.96,
111.51, 51.88, 42.98, 39.03, 38.05, 37.07, 30.64, 28.33, 23.01, 20.93, 19.69.

4c: °C NMR (DMSO-d’, 300MHz): & (ppm) 176.97, 157.35, 148.73, 129.59, 126.81, 111.38,
110.62, 54.81, 51.93, 51.15, 43.33, 38.70, 38.10, 36.89, 30.58, 27.95, 22.52, 20.73, 19.55

o) o) 5 R=R,:H

Sa R1§CH3, Rz:H

5 Sa-¢ OR 5b R;:H, Ry:CH;
OR; ! 5¢ R,:CH;, Ry:CH;

5: °C NMR (DMSO-d’, 300MHz): & (ppm) 174.71, 145.54, 144.94, 122.52, 120.82, 120.07,
116.40, 76.05, 30.10, 25.15, 20.56, 12.69, 11.82, 11.72

5b: °C NMR (DMSO-d’, 300MHz): & (ppm) 174.45, 149.35, 147.51, 126.97, 125.13, 121.64,
117.16, 76.37, 59.78, 29.83, 25.14, 20.39, 12.30, 11.76, 11.39

126

© 2012 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

Alkylating agents
6 - I Iodomethane(Mel)
7 N | Iodoethane(EtI)
Br
8 Benzyl bromide
9 '\/\l 1,2-Diiodoethane
I
10 /k 2-lodopropane
Cl
11 ( Chloromethyl methyl ether
0
O
12 Br\)J\ tert-Butyl bromoacetate
O
I
13 2-lodo-2-methylpropane

© 2012 Tous droits réservés.
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Bases
NH
~ ~
14 l|\l l|\l ™G
-
/ \H/ N
15 N Barton’s base
\N/ \N/
N R
16 | | TMGN
|
17 DMAN
N
18 )\\ TBD
N N
H
N
19 )\\ MTBD
l|\l N
N>
20 \ ( DBN
N\
N
)
21 DBU
=
N
N
22 @ DABCO
N
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'I\l/
_P—N
23 NN = BEMP
~_
R
24 _N—P=N—P—N_ P2Et
A
SN
Polyphenols
25,25a-h
Compound | Ry(7A) | Ra(5B) | Rs(3C) | Ry(3'D) [ Ry(4’E)
25 H H H H H
25a H H CH, |H H
25b H H H H CH,
25¢ CH, |H H H H
25d H H CH, |H CH;
25¢ CH, |H CH, |H H
25f CH, |H H H CH;,
25¢ CH, |H CH, |H CH,
25h CH, |H CH; |CH; |CHy
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10 Extended Abstract (In French)

REACTIVITE ORGANIQUE: ETUDES CINETIQUES ET
OPTIMISATION DE SYNTHESES EN SYSTEMES
MICROFLUIDIQUES

Azarmidokht GHOLAMIPOUR-SHIRAZI

Résumé: Les microsystémes sont des réacteurs extraordinaires pour mettre en ceuvre des réactions chimiques
chimie car ils apportent : un rapport de contact entre phases ou entre liquide et catalyseurs un million de fois
supérieur a celui rencontré a 1’échelle du laboratoire, la possibilit¢ d’hypertrempe thermique tant au
chauffage qu’au refroidissement et enfin des réactions sans interactions avec les produits finaux car conduites
en flux continu. Les dimensions micro-ou nanométriques de ces réacteurs sont tres largement compensées par
la possibilit¢ de parallélisme a grande échelle de ces réacteurs qui permet une montée en échelle de la
production sans nouveau développement. Nous avons choisi comme réaction test 1’alkylation des acides
benzoiques par I’iodure de méthyle en présence d’une éponge a proton (TMGN). Cette réaction a été choisie
car ¢’est une réaction qui suit une cinétique parfaitement du second ordre. Nous avons ainsi pu déterminer la
relation de Hammett pour une série d’acides benzoiques substitués et réaliser des expériences préparatives
sur des substrats bifonctionnels simples et de mettre en évidence la sélectivité. Une étude comparative de la
basicité des superbases organiques comparée a leur vitesse d’alkylation par I’iodure de méthyle a effectué
pour mieux cerner le rapport basicité, nucléophilie de ces bases qui est peu étudi¢e. Paralléelement I’alkylation
d’un polyphénol complexe la quercétine et de substrats a haute valeur ajoutée tels 1’acide podocarpique,
I’acide clofibrique et le Trolox a I’aide de systéme microfluidique ont été étudié a 1’échelle de la millimole.

Mots-clés: corrélation de Hammett, cinétique, microfluidique, N-alkylation, O-alkylation, phénol-acide,
polyphénols, superbase organique, éponge a proton, TMGN

Introduction:

La transformation des acides carboxyliques en leurs esters méthyliques est une réaction
fondamentale en synthése organique pour laquelle de nombreuses méthodes ont ét¢ développées
[52]. L'estérification des acides carboxyliques par alkylation aprés déprotonation par une base a fait
I’objet de nombreuses études [54-55, 62-65]. La chimie en microréacteurs a flux continu a re¢u une
attention considérable au cours des dix derniéres années [1-8]. Dans un microréacteur, les réactions
potentiellement explosives et dangereuses peuvent étre effectuées sans danger [9-11], les
intermédiaires a courte durée de vie peuvent &tre piégés afin d’augmenter le rendement
chimique[12], une cascade de réactions peut étre réalisée sans la nécessité d'isoler les
intermédiaires et, enfin il est possible d'utiliser des conditions de pression et / ou température
¢levées [13]. Les microréacteurs ont trouvé de nombreuses applications dans plusieurs étapes de la
synthése organique [14] et dans la synthése de produits naturels complexes. Différents
microréacteurs, par exemple [44-48], ont été développés pour étudier des phénomeénes physiques et
chimiques ainsi que l'acquisition rapide de données cinétiques et les parametres cruciaux liés aux

phénomeénes de transport. Pour ces ¢études un mélange rapide des réactifs et une faible
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consommation de 1'échantillon, sont les deux caractéristiques souhaitées, ainsi que la comptabilité
avec I’analyses en ligne.. Les réacteurs microfluidiques remplissent parfaitement ces conditions

[44] et fournissent ainsi une plateforme pour les études cinétiques de réaction [45-48].

Dans cette thése, nous avons développé un montage expérimental composé d'un micromélangeur
commercial, suivi d’un réacteur capillaire pour étudier la cinétique de la réaction d’O-alkylation
des acides carboxyliques en présence d’une superbase organique (TMGN), la cinétique de N-
alkylation des superbases organiques, et enfin l'optimisation de 1’O-alkylation des acides

carboxyliques, de phénol-acides et de polyphénols naturels.

Ce méme montage a été utilisé pour étudier l'effet de substituant sur la réactivité des acides
benzoiques. Cette réaction suit la relation de Hammett. La précision des mesures nous a permis de
discuter précisément les points mal corrélés. Nous avons pu montrer que la solvatation joue un role
fondamental dans ces écarts. Des études de RMN ont ét¢ conduites afin d’identifier le site
d'alkylation de la molécule de TMGN (site amine ou imine). Les coefficients de diffusion de
produits clés de cette étude sont aussi déterminés par la technique DOSY afin de préparer des

simulations numériques.

COOH
COOCH
DMF i ' i 3
+ TMGN /Mlcromlxer Capillary Reactom
(1 equiv.)
Y
Y
CH;| DMF ‘
(1 equiv.)

\ 5-100 s /

Figure 1. Schéma du montage expérimental. Il comprend un micromélangeur et un capillaire en
silice fondue qui sert de réacteur tubulaire. Les deux seringues qui contiennent les réactifs sont
connectées au micromélangeur par des capillaires de 30 cm de long et de 50 microns de diamétre
interne. Le micromélangeur est suivi par un capillaire en silice fondue de 300 cm de long et de diamétre

interne 75 microns. Le reacteur capillaire est maintenu a 20°C par un bain d’eau thermostaté.

Matériel et Méthodes:

Nous avons utilis¢ un montage (Figure 1) composée de deux flux d'une solution de réactifs dans le
DMF délivrés simultanément par une pompe seringue a haute pression, a un micromélangeur suivie
d'une capillaire qui sert de microréacteur. Nous avons utilis¢é un micromélangeur (NanoMixer®,

Upchurch) basé sur une technique de multi-lamination distribuée. Pour les études cinétiques a
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différents débits, un échantillon de milieu réactionnel a été collecté a la sortie du réacteur pour
chaque débit. La réaction est arrétée immédiatement a la sortie par dilution dans une solution
acide. Le mélange réactionnel est ensuite analysé par GC-MS en utilisant 1’ionisation par impact
¢lectronique ou en LC-MS en utilisant 1’¢lectronébulisation. Pour les expériences préparatives, le
débit a été maintenu constant tout au cours de l'expérience. La sortie du réacteur a été entierement
collectée dans un milieu acidifié, stoppant ainsi la réaction. A la fin de la réaction, et apres
plusieurs étapes d'extraction et de séchage, la totalité du résidu a été dissout dans le solvant deutéré
(en général le DMSO-d6). L’échantillon a ensuite été analysé en RMN "C. Pour la quercetine,
certaines expériences ont été réalisées en utilisant un montage a deux étages, en utilisant deux

micromélangeurs en série. Les échantillons ont été analysés par LC-MS.

Résultats et discussion
Les réactions dont les cinétiques ont été étudiées dans cette thése, sont :
1-Alkylation de I’acide benzoique par I’iodométhane en la présence de TMGN

Cette réaction suit une cinétique de second ordre. Les différentes combinaisons des réactifs (1 :
acide benzoique, TMGN ; Mel. 2 : acide benzoique, Mel ; TMGN. 3 : acide benzoique ; Mel,
TMGN ) n’a pas d’effet sur la cinétique de la réaction tant que le mélange diodométhane et de
TMGN est évité. Dans ce dernier cas la réaction parasite est due a 1’hydrolyse de 1’iodure de
méthyle par ’anion hydroxyde généré par la réaction du TMGN avec 1’eau résiduelle. Le dispositif
expérimental a également permis 1'étude de l'effet de la température sur cette réaction. L'entropie
négative importante de l'activation indique que 1'état de transition dans le DMF a une structure
relativement spécifique et est plus fortement solvaté que 1'état initial neutre. Les valeurs de
l'enthalpie d'activation indiquent que le processus est endothermique. Les constantes de vitesse ont
été déterminées pour la réaction entre différents agents alkylants, et une série acide benzoique

substitués et aussi dans différents solvants.
2-Alkylation d'une série d’acides benzoiques para-substitués

Cette étude a été conduite pour déterminer 1’effet des substituants sur la réactivit¢ des acides
benzoiques. Toutes ces réactions suivent une cinétique de second ordre. Leurs réactivités sont
corrélées avec une pente de -0,66 (Figure 2, log(k) versus constante ¢ de Hammett). Ceci indique
qu’une augmentation de la densité électronique sur le groupe acide carboxylique accélére la
réaction. La précision des mesures a permis d’interpréter les points mal corrélés. Ces écarts sont
dus a de fortes différences de solvatation entre 1’état initial (avec charge localisée) et 1’état de

transition (avec charge répartie)
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4- N-alkylation des superbases organiques par iodomethane.

Ces superbases organiques sont des guanidines, des éponges a proton, des guanidines bicycliques,
des amidines et des phosphazénes. Leur basicité de Bronsted est trés forte et ceci les rend
attrayantes en synthéses chimiques. Toutes ces réactions suivent une cinétique de second ordre.
Globalement, on observe comme attendu une corrélation entre basicité et nucléophilie. Les bases
TMGN et BEMP sont en dehors de cette corrélation et ont le meilleur rapport basicité/nucléophilie

(Figure 3).
4-Alkylation de I’acide syringique par I’iodométhane en présence de TMGN ou de DBU

L’acide syringique est un acide phénol. Cette réaction suit pour les deux bases une cinétique du
second ordre. Le produit principal est l'ester et aucunes traces d'éther n’ont été détectées avec
aucunes des bases dans les conditions analytiques. Une vaste étude de détermination de I'effet des
conditions de réaction sur la sélectivité et le rendement a été conduite. De meilleurs résultats ont
été obtenus avec le TMGN qu'avec le DBU. En effet en présence de DBU, la réaction va beaucoup
plus lentement qu'avec TMGN car la réaction parasite d'alkylation du DBU par I’iodométhane est
environ 2000 fois supérieure a celle de ’alkylation du TMGN. En augmentant la concentration des
réactifs la formation d’éther a pu étre observée. La quantité d’éther est inversement proportionnelle

au temps de réaction ce qui montre clairement un effet li¢ au mélange.

/\ 2,3-(0CHy),

0.46

o
N
&

log(klks)
o
8

e
=

3,4-(CHy),

log k (mol'.L .s*)

/\ 4-NH, /\ 4-0H 3
-0.34

y = -0.65x + 0.02 =

R?=0.995
0.54 5
0.7 0.5 0.3 0.1 0.1 0.3 0.5 0.7 10 12 14 16 18 20 22 24
Hammett o constant PKgy. (DMF)
Figure 2 Hammett plot Figure 3 Plot of log k and pK, for bases

5-Alkylation sélective de produits naturels par ’iodométhane en présence de TMGN

Les conditions opératoires ont été optimisées pour le Trolox, l'acide clofibrique , 1’acide
podocarpique et le quercetine. Les produits ont été isolés et analysés par RMN 'H et C et par
spectrométric de masse. La réaction est quantitative pour le Trolox, ainsi que pour l'acide
clofibrique, et sélective pour la formation de I’ester de l'acide podocarpique qui posséde une
fonction hydroxyle avec de plus un assez bon rendement obtenu. Le DBU s’est montré le plus

sélective pour I’obtention d’un monoéther a partir de la quercetine qui est un polyphénol
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comprenant cinq fonctions hydroxyles différentes. Avec le TMGN, une large distribution de

produits a par contre été observée.
Conclusion

Un dispositif microfluidique de type microréacteur capillaire a été développé afin d’étudier les
cinétique de réaction puis d’effectuer ces mémes réactions en mode continu Les cinétiques de plus
d’une trentaine de réactions ont été étudiées et des conditions optimales ont été obtenues pour
I’alkylation préparative des acides carboxyliques et des polyphénols avec un rendement quantitatif.
Les microréacteurs apparaissent donc comme un outil trés prometteur, en particulier pour la
détermination des conditions optimales de réaction. La capacité d’étudier quantitativement et
rapidement un large éventail de conditions de réaction, la flexibilité¢ de tester des réactifs multiples
permettent d’accélérer grandement 1’obtention de conditions optimales. Avec une consommation
de réactif réduite et une vitesse accrue de collecte de données, le microsystéme développé a permis

la synthese a I’échelle de plusieurs millimoles de composés naturels a forte valeur ajoutée.
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ABSTRACT: Alkylation of para-substituted benzoic acids by iodomethane using an organic superbase, 1,8-bis-
(tetramethylguanidino)naphthalene (TMGN) in DMF was chosen as a model reaction to test the quality of the control of
experimental parameters in a continuous flow microfluidic reactor as it is expected to follow a perfect second order kinetics with a
large dynamics by varying the substituents. These conditions may be directly used for the synthesis of natural product esters.
Because TMGN reacts slowly with iodomethane, the three different mixing strategies between substrate, base and a]kylating
reagent were compared. The rate constants were determined for the reaction with a set of alkylating agents and in different
solvents. In order to test the quality of the obtained data, temperature effect and free energy relationships, which are expected to
follow predictable laws, were investigated. The kinetics vary over 6 orders of magnitude and follows a perfect Arrhenius law,
allowing the determination of the energies, enthalpies, and entropies of activation. Finally, we established a Hammett linear
relationship for a series of 16 substituted benzoic acids, leading to a reaction constant p of —0.65 for this reaction. The quality of
the obtained kinetics allowed us to discuss the outliers. All kinetics were obtained with less than 0.5 mmol of substrate.

B INTRODUCTION

Chemistry in continuous flow microreactors has received
considerable attention over the past decade! In microreactors,
potentially explosive and hazardous reactions can be safely
c:onducted,za_c short-lived intermediates can be trapped to
increase chemical yield,* a cascade of reactions can be carried
out without the necessity of isolating intermediates, and
altematively it is possible to use high-pressure and/or
-temperature conditions.” Continuous flow microreactors
have found broad applications in multistep organic sg'nthesis3a
and in the synthesis of complex natural products. b4 One
more advantage of microreactors is that they provide an
opportunity for greener chemistry and faster process
deVeIDPmentseig Scale-up Of microreactors can be eaSlly
achieved by using multiple microreactors in parallel* The
efficiency of a given reaction in a microreactor compared to that
in batch relies critically on the mixing process of the
reagents.>*° Most of the mixing evaluation reactions are
based on highly nonlinear reactions such as Bourne’s
reactit)ns,Sb*d and the iodine-iodate Villermaux—Dushman
reaction, which leads to complicated kinetics valid only in a
limited range of concentrations>® Furthermore, these conven-
tional methods are based on spectrophotometric determination
of the products rather than using the isolated product yield.*
We were interested, therefore, to find and to study in a
continuous flow microreactor, a second-order reaction with
isolable products and variable rates by wvarying the substrate
without changing the reaction kinetics. The reaction of
substituted benzoate with iodomethane, which is a well-
known Sy?2 reaction, seems to fulfill these criteria. Chlorobenzyl
Merrifield resins {chloromethylated polystyrene—1% divinyl-
benzene) were efficiently alkylated by cesium salts of amino

<7 ACS Publications  © 2012 American Chemical Society
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acids without quaternization of their protected amine éroup
and using N,N'-dimethylformamide (DMF) as solvent.”*> The
scope of this reaction has been extended to the alkylation of
crowded carboxylic acids using hexamethylphosphoramide
(HMPA) as solvent”* and has been used in several synthesesm’e
including the synthesis of short-lived "'C propyl and butyl
esters.”® Kondo et al. demonstrated that the reaction of
tetramethylammonium benzoate salts with alkyl halides in
acetonitrile follows a second-order kinetics® Instead of using
cesium or tetraalkylammonium salts, Ono et al. used 1,8-
diazabicyclo[5.4.0]-undec-7-ene (DBU) as the base to
eﬂicienﬂy depmtonate benzoic acid in toluene at room
temperature.” However, in these conditions the obtained
DBUH'T salt is insoluble, and the resulting white shurry
precludes its use in a microsystem. In another study, Mal et al.
employed the same procedure for the O-methylation of various
carboxylic acids in acetone and in acetonitrile as solvent.®
However, one of the most serious side reactions in these
syntheses is the alkylation of DBU by iodomethane. Barton et
al. reported that the hindered guanidine bases they synthesized
were much more stable toward alkylation.'®® Barton’s bases
enable the alkylation of crowded carboxylic acid such as
adamantane-1-carboxylic acid even with a secondary alkyl
halide such as isopropyliodide. This reaction has been used
during the total synthesis of salinomycin,'*® In order to apply
the results of this work to the synthesis of more complex
molecules such as phenol acids we used DMEF as solvent, which
was a good solvent in carboxylate cesium or sodium salt

a]kylation.u Furthermore, the high polarity of DMF avoids the
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Figure 1. Experimental setup. It comprises a commercially available micromixer (NanoMixer) and a fused silica-based capillary tubular reactor.
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Figure 2. Second-order kinetics plot of benzoic acid alkylation by iodomethane in the presence of TMGN and in DMF at 20 °C.

formation of aggregates or strong ion pairs which complicate
the kinetics of the reaction.'> We chose 1,8-bis-
(tetramethylguanidino)naphthalene (N“,N""-1,8-naphthalene-
diyl-bis[ N,N,N',N"-tetramethyl |-guanidine, TMGN) as a base
as it is even less reactive than Barton's bases toward
alkylation."** Tts backbone is the well-known ‘proton sponge’
1,8-bis(dimethylamino)naphtalene (DMAN) which does not
react with methyl iodide but which, unfortunately, is not basic
enough."*™ The ionization constant (pKyy;") of TMGN in
acetonitrile (25.1) is higher than that of DBU (24.33).1%7¢ By
using the linear correlations between acidities in DMF and in
acetonitrile, pKyy, of TMGN in DMF is estimated to range
from 16.4 to 17.5.'* pK.’s of benzoic acids in DMF are in the
range of 10.6 for 4-nitrobenzoic acid to 13.0 for 3,4-
dimethylbenzoic acid.'* Therefore, TMGN is able to fully
remove acidic hydrogen of all benzoic acids. Furthermore, in
those conditions either for DBU or TMGN the salt of the
protonated base cation with iodide remains soluble in DMF,
which is a requirement for experimental studies in micro-
reactors,

While several groups have developed their own continuous
flow microreactors dedicated to organic synthesis,'” the setup
we used in this study has the advantage of being based on
commercially available devices and thus can be reproduced
easily. We present here results obtained with this setup on the
kinetics of alkylation of substituted benzoic acid deprotonated
by TMGN, which is focused on the comparison of three mixing
strategies of the three reagents, TMGN, benzoic acid, and
iodomethane, which may be mixed in any combination, the
influence on the rate of the alkylating agents and of the solvent,

812

the temperature dependence of reaction rate, and finally the
linear free energy relationships for this reaction. The linear
correlation obtained shows that continuous flow microreactors
may be used in physical chemistry experiments with the
consumption of very small amounts of reagents.

B RESULTS AND DISCUSSION

Fused glass capillary tubes with inherent microscale internal
dimensions provide modular and inexpensive buildin§ blocks
for the on-demand assembly of microfluidic reactors.'® All the
microfluidic experiments were carried out in a setup (Figure 1)
composed of two streams of reagent solutions in DMF
simultaneously delivered by a high-pressure syringe pump to
a micromixer followed by a fused silica-based capillary tubular
reactor which are all readily available commercial devices. The
two syringes containing the reagents are connected via 0.30 m
capillaries (i.d. S0 ym) to the micromixer. Because of the high
pressure drop along these inlet tubes, the liquid flows only in
one direction, and no backmixing occurs. The micromixer is
followed by a 3.0 m fused silica-based capillary (i.d. 75 gm)
which is the tubular reactor.'” The capillary tubular reactor is
kept at the desired temperature in a water bath. For the
micromixer, we utilized a commercially available multilaminat-
ing distributive micromixer chip.'” This mixer has been used
previously for time-resolved studies of protein conformation by
NMR.'™ A similar PDMS device has also been used for the
controlled polymerization of N-carboxy anhydrides.'” It is one
of the more efficient mixing devices in this flow range.'” In our
case, slightly worse results were obtained with a simple
MicroTee filled with porous material.

dx.doi.org/10.1021/0p300085w | Org. Process Res. Dev. 2012, 16, 811-818
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The flow rates were varied from § yL-min~" to 150 gL.min™"

to give residence times of 5 to 105 s {SI Table S1). This flow
rate range corresponds to a Bodenstein number Bo varying
from 90 to 1810. For these large Bo numbers, no dispersion
occurs, and plug flow is assumed in the capillary tubular
reactor."® The concentrations of the remaining benzoic acid
and methyl benzoate were determined by GC/MS with
electron ionization (EI) after silylating the quenched reaction
mixture. To ensure the quality and integrity of the data
generated, we added three internal standards, one in each
Syringe and another one in t}le COHeCted San')ple. The abSOIute
average and the relative average deviation were 3% and less
than 0.5%, respectively (SI Tables $2 and $3). The conversion,
f; used in kinetics analysis, was calculated from the integrated
areas of benzoic acid methyl ester and silyl ester peak (f =
(Peak area Df meﬁ]yl eSter)/(Peak area Of me&lyl ester + Peak
area of silyl ester)) since it is more reliable than the absolute
area of remaining benzoic acid or of produced methyl ester
alone. The kinetics constants k were determined graphically by
plotting the function 1/(1 — f), against residence time (t)
which resulted in a straight line with a slope equal to
kX[YC,H 0, ], where [YC,H;0, ], is the initial concen-
tration of the substituted benzoic acid. In all the experiments,
unless otherwise mentioned, the solution of benzoic acid and
base {TMGN) in DMF was in one syringe, whereas the
solution of the alkylating reagent, Mel, also in DMF, was kept
alone in the second syringe.

Figure 2 shows the results obtained for an initial
concentration of benzoic acid of 26,7 mM and molar ratios
of TMGN and iodomethane to benzoic acid of 1.0 and 1.1,
respectively. These concentrations have been applied for all the
experiments described in this paper. The straight line
relationship (n = 7; R* = 0.999) which we observed up to a
conversion of 60% shows that the second-order kinetics not
only is observed at the initial stage of the reaction but also
remains verified up to a nearly preparative yield.

There are two other combinations for introducing the three
reagents (benzoic acid, the base TMGN, and iodomethane)
into the micromixer. Since it might lead to different selectivity
in case of complex molecules, their kinetics were also recorded.
The two combinations in which reagents cannot react
irreversibly (ie., benzoic acid and TMGN in one syringe and
iodomethane in another syringe or benzoic acid and iodo-
methane in one syringe and TMGN in another syringe) gave
quite similar rate constants 0.57 and 0.55 mol L7,
respectively (Table 1, entries a, b) close to the value obtained
in batch which is 0.64 mol L-s™". These three experiments

Table 1. Effect of reagent combination on the reaction rate
constant of the alkylation of TMGN deprotonated benzoic
acid by iodomethane in DMF at 20 °C*

entry syringe A syringe B k (mol~-Ls7)
benzoic acid, TMGN iodomethane 0.57 + 0.02%¢
benzoic acid, iodomethane TMGN 0.55 + 0.07%¢

o0 oo

iodomethane, TMGN ~ 0.24”
d  benzoic acid iodomethane, TMGN ~ 0.32°

“Conditions: benzoic acid 26.7 mM and molar ratios of TMGN and
iodomethane to benzoic acid of 1.0 and L1, respectively. "HPLC
grade DMF used as received. “Average and standard deviation from
three independent studies. dAverage and standard deviation from three
independent studies. “DMF dried overnight on molecular sieves, with
a small amount of molecular sieves added in each syringe.

benzoic acid
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were repeated several times using different capillaries and
micromixer units and at different periods. From these data the
dispersion of results may be estimated to be around 4%.
However, the last combination (benzoic acid in one syringe,
TMGN and iodomethane in another syringe) does not follow a
clean second-order kinetics for residence times beyond 60 s and
gives a lower reaction constant nearly half of the previous value
(Table 1, entry 5)4 Investigation by mass spectrometry and
NMR techniques show that the side reaction is the hydrolysis
of Mel as well as TMGN protonation by residual water.
Improved results were obtained using DMF dried overnight
over molecular sieves and using a small amount of molecular
sieve in each syringe (Table 1, entry d)4

Effect of the Alkylating Reagent and Solvent. We next
investigated a set of alkylating reagents. For all alkylating agents
t}le reaction remained Cleanly SeCQnd Order. T}le Observed
reaction rate constants are displayed in Table 2. The k value

Table 2. Effect of alkylating reagent and solvent on the
reaction rate constant of benzoic acid alkylation in the
presence of TMGN“

temperature k

entry  solvent alkylating reagent >c) (molLs™Hy®
a  DMF iodomethane 20 0.57 = 002°
b DMF iodoethane 20 0.063 + 0.006
¢ DMF 2-iodopropane 50 0.039 = 0.001
d DMF benzyl bromide 20 028 + 008
e DMF tert-butyl 20 0.74 £ 0.03

bromoacetate

f acetonitrile  jodomethane 20 0074 £ 001
g toluene iodomethane 20 -

“Conditions: benzoic acid 26.7 mM and molar ratios of TMGN and
iodomethane to benzoic acid of 1.0 and 1.1, respectively, in HPLC
grade solvents used as received. bAverage and standard deviation from
two or three independent measurements.

order observed for iodomethane, iodoethane and 2-iodopro-
pane, respectively 0.57, 0.063, 0.039 mol L:s™' (Table 2,
entries a, b, and c), follows the expected trend for met.hyl,
primary, and secondary alkyl halides in $x2 reactions.

No reaction was observed for 2-iodo-2-methylpropane
suggesting that elimination to 2-methylpropene is the main
reaction. Benzyl bromide and fert-butyl bromoacetate were very
reactive with k values of 0.28 and 0.74 mol™-L-s7", respectively
(Table 2, entries d and e). Roberts et al. reported that the
reactivity of ferf-butyl bromoacetate was 2.2 times higher than
that of benzyl bromide in the alkylation of the cysteine thiol of
glutathione in water/DMSO (between 10 and 20%)."® Here
the observed ratio in DMF is 2.7. The effect of the solvent on
the reaction rate constants was also investigated and as
expected the reaction in acetonitrile is much slower than in
DMF with k values of 0.074 and 0.57 mol L-s7! respectively
(Table 2 entries a, f). The rate observed in acetonitrile is one-
third the value {0.26 mol™"-L-s™") which can be obtained using
the Hammett equation given by Kondo et al ¥ using the
preformed ion with tetramethylamonium as counterion. No
trace of the expected ester was observed by GC/MS when the
reaction was conducted in toluene at 20 °C {Table 2, entry g).
This result is at first glance surprising since Ono et al”
described the alkylation of benzoic acid by iodoethane using
DBU as base in toluene at room temperature. These conditions
(DBU, toluene) cannot be tested in our microdevice because
by reproducing the experiment in batch we observed that white

dx.doi.org/10.1021/0p300085w | Org. Process Res. Dev. 2012, 16, 811-818
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Figure 3. Arrhenius plot for the alkylation of benzoic acid deprotonated by TMGN in acetonitrile or DMF by iodomethane or iodoethane.

Table 3. Effect of alkylating agents and solvents on activation parameters of benzoic acid alkylation in the presence of TMGN“

entry solvent alkylating agent AH®* (kJ-mol™")
a DMF iodomethane 403
b DMF iodoethane 53.1
[ acetonitrile iodomethane 572
d acetonitrile iodoethane 585

ASH (J-mol K™Y AG* (K-mol™) E, (KJ-mol™)
-1122 733 43.1
—86.4 78.6 56.1
-7 782 602
—82.7 8.6 61.5

“Conditions: benzoic acid 26.7 mM and molar ratios of TMGN and iodomethane to benzoic acid of 1.0 and 1.1, respectively, in HPLC grade
solvents used as received. “Standard conditions: T = 20 °C, reagent concentrations = 1 mol-L7!,

slurry appears rapidly in the toluene solution. Furthermore, the
estimated half-life of the reaction from batch study at dilution
level of this work is higher than 10 h which precludes observing
it in a microfluidic device. In summary, the continuous flow
microfluidic reactor allowed us to screen rapidly and
quantitatively the reactivity of different substrates using less
than 0.5 mmol and to investigate various solvents.

Temperature Effect. The effect of the temperature for the
alkylation of benzoic acid itself by iodomethane in DMF was
then investigated in the range of 4—70 °C (SI, Table $4).
Kinetics for each temperature, even the highest (SI Figures S3—
S$7), show no deviation for short residence time, which proves
that the thermal equilibrium is quickly achieved in the tubular
reactor. Otherwise, the kinetics would be slower at short
residence time for temperature above ambient temperature and
faster at temperature below ambient temperature.

The rate constants were used to construct an Arrhenius plot
(Figure 3) which is linear (R* = 0.993) in the studied
temperature range (4—70 °C) and gives a value of 43.1
kJmol™" for the activation energy. From these data the
enthalpy and the entropy of activation are estimated to be AH¥
= 40.3 kJ-mol™! and ASF = —112.2 JK "mol™! leading to a
standard free energy of activation AGF = 73.3 kJ-mol ™" at 293
K in standard conditions (¢, = 1 mol-L™") (Table 3, entry a).
Kondo et al. found AH* = 619 kJ'mol™' and AS* = —66.0
JK “mol™" for the alkylation of tetramethyl ammonium
benzoate salt by iodoethane in acetonitrile.*

In order to be able to compare our data with Kondo’s results
we conducted three experiments by changing the solvent-
alkylating agent pairs: (i) DMF, iodoethane; (ii) acetonitrile,
iodomethane, and (iii) acetonitrile, iodoethane (Table 3,
entries b, ¢, d, respectively). For the alkylation of benzoic
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acid by iodoethane in acetonitrile our results AH™ = 58.5
kJ-mol " and AS* = —82.7 ] K "-mol ! (Table 3, entry d) are in
agreement with Kondo’s data quoted above. The slightly lower
enthalpy of activation (3.5 kJ-mol™") may be due to a looser ion
pair as the charge is more hidden in protonated TMGN. As
expected, the enthalpy of activation is always smaller for the
same reaction in DMF than in acetonitrile (Table 3 entries a
and ¢ for alkylation by Mel, and b and d for alkylation by EtI).
The behavior of iodomethane in DMF is singular with a much
lower enthalpy of activation AH* = 40.3 kJ-mol™" and a more
negative entropy of activation AS¥= —112.2 J-K"mol™" (Table
3, entry a). These results show that continuous flow
microfluidic devices enable us to determine activation
parameters based on a very broad range of rate constants
covering 6 orders of magnitude using a very small amount of
substrates as only less than 0.5 mmol of benzoic acid were used
here per temperature.

Substituent Effect. We then used our setup to determine
the reaction rate of substituted benzoic acids over a wide range
of Hammett & constant values (—0.66 to 0.78). A summary of
the results is presented in Table 4. Most of the benzoic acids
used were para-subsituted, but some more functionalized
benzoic acids were also studied including meta,para- and
ortho,meta-disubstituted benzoic acids."***"Hammett o values
for para-substituted benzoic acid were obtained from the
classical Jaffe’s or Hansch’s tables.”*** Hammett o values for
ortho-substituents were obtained by multiplying those of para
values with 0.65.°% For 2,3- and 2,4-dimethoxy benzoic acids, &
constants were obtained by summing the corresponding
ortho,meta and ortho,para values.™ Values of pK, in DMF
for dimethoxy substituents were obtained from pK, values in
DMSO by Exner et al’™ using the equation proposed by

dx.doi.org/10.1021/0p300085w | Org. Process Res. Dev. 2012, 16, 811-818

http://doc.univ-lille1.fr



© 2012 Tous droits réservés.

Organic Process Research & Development

Thése de Azarmidokht Gholamipour-Shirazi, Lille 1, 2011

Table 4. Reaction rate constants for the alkylation of
substituted benzoic acids by iodomethane in the presence of
TMGN and in DMF at 20 °C

entry substituent o pK, in DMF & (mol™ L-s™)*
a 4-NO, 0.778" 10.6" 0.175 + 0.004
b 4-CN 0.628" 11.02¢ 0249 £ 0.002
c 41 0276 11.65" 072 + 0.04
d 3,5-(OCH,), 024" 11.84 0.53 & 0.05
e 4-Br 0.232° 11.6" 0.65 + 0.10"
f 4-Cl 0.227% 1.8 046 + 0.07'
g 4F 0.062" 11.84' 0.56 + 0.01
h 4H 0.00 123 057 + 0.02'
i 23-(OCH,),  —00547 120V 195 + 035
i 3,4-(OCH,), —0.15" 12.50' 0.75 + 003
k 4-CH, —0.170" e 047 + 0.05
1 34-(CHy), 024" 13.0/ 045 + 0.04
m 4-OCH; —0.268" 12.78' 0.90 + 0.06
n 4-0H —0.357° 13.25' 032 + 0.04
o 24-(OCH;),  —0442° 12,58/ LIS £ 0.10
p 4NH, —0.660" 1396/ 031 + 0.02
q (4-NH;") 0.600° 031 + 002

“From references 20a and b. “From reference 20h. “Calculated using
oo = 065 X 6, based on reference 20c. “Sum of the
corresponding ortho-, meta- and para constants based on reference
20d. “From reference 20b./From reference 14e. ®From reference 20i.
"From reference 20g. ‘From reference 20j. /Calculated using pK,
values in DMSO from reference 20e and pK,(DMSO) to pK,(DMF)
correlation from reference 14e. “Average and standard deviation from
2 or better independent measurements. 'From 3 independent
measurements.

Maran et al."** The reported p values for the Hammett plot of

pK, of benzoic acid in DMF vs o constants are —2.36 (n = 8)
and —2.49 (n = 13) from Kolthoff et al. and Bartnicka et al.
:'espectively,w‘g In this work we obtained a p value of —2.29 for
16 substituents from a compilation of literature data.

The Hammett plot of log(ky/k;) versus o constant, displayed
in Figure 4, shows that there is a good correlation between the
logarithm of relative rate constants of the substituted benzoic

acids alkylation and the values of & for most para-substituted
benzoic acids. The obtained p Hammet constant reaction value
for the data marked with the O symbol is —0.65 (n = 8, R> =
0995). A p value of —0.92 for alkylation of substituted
tetramethylammonium benzoate with iodomethane in acetoni-
trile has already been reported by Kondo et al. (1 = 4, R* =
0.9895).* In DMF as in acetonitrile, the Hammett alkylation

3 DMF  _ ACN
constant p is much smaller (PAkaxat.g“ = —0.65, ﬂAlﬂlﬁlmn

—0.92) than the Hammett ionization constant p (pPME. = =
—2.29; ppN i = —2.49) showing that compensation of
solvation effects is taking place during the alkylation. Indeed,
during ionization the system is going from neutral to charged
benzoate, whereas during alkylation the system is going from
localized charge on benzoate anion to delocalized charges in the
transition step which leads to a smaller difference in the
transition states. The Hammett alkylation constant p is smaller
in DMF than in acetonitrile as expected due to the higher
reactivity in DMF than in acetonitrile (Table 2).

The quality of the kinetics data pushed us to find a
correlation including more substituted benzoic acids. Our first
trial was based on using Hammett substituent constant o~
values®™ but we found that the nonlinearity was much more
pronounced (SI Table §5 and Figure S1). Several correlations
based on quantum-calculated descriptors were also investigated
and proved to be unsuccessful. Hollingsworth et al*'"
demonstrated that calculated Lowdin charges are effective
parameters for the description of benzoic acids pK, values in
water. Thus, we tried to use them (SI Table S6) to correlate
reaction rate constants using the six substituents included in
our set, but they did not yield better linear correlations.
Molecular electrostatic potential minimum V, is another
descriptor used to quantify substituent effects in benzene®
and benzoic acids.>'® Again, we observed that some benzoic
acids fail to give a well-fitting regression line (SI, Table S7 and
Figure 52).

If we look back to the data, Figure 4 shows that outliers can
be divided into three groups: bulky halogens (4-I and 4-Br),
alkyl substituents (4-Me and 3,4-Me,), and benzoic acids
bearing two reactive sites (4-NH, and 4-OH). Deviation of p-

0.46

0.26

/\ 4NH,

y =-0.65x + 0.02
R? = 0.995

-0.34

A\ 2,340CH,),

0.7 0.5 -0.3 -01

0.1 0.3 0.5 0.7

Hammett o constant

Figure 4. Log,, of the rate constant for the alkylation of benzoic acids by iodomethane versus Hammett substituent constant, o, in the presence of
TMGN and in DMEF at 20 °C. Data represented with O symbols are taken into account in the Hammett linear free energy correlation, and A

symbols refer to the outliers.
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A{CH,), y=2.77x-0.05
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-0.4
041 -0.06 1] 0.05 0.1 0.15
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Figure 5. Difference between observed log(k/k;) and predicted log(k/k,) for Hammett correlation outliers versus the Kamlet—Taft 7* parameter

substituent incremental values for aromatic compounds.

amino- and hydroxybenzoic acids from normal Hammett
behavior has already been reported in the literature. p-
Aminobenzoic acid may exist as a zwitterion in the solution
leading to protenation of the amino site.** When we use Onp,”
instead of oyy, the point displaces much closer to the fitted
straight line (Figure 4). McMahon and Kebarle have shown
that in the gas phase the lowest-energy anion derived from p-
hydroxybenzoic acid appears to be p-carboxyphenoxide ion
rather than p-hydroxybenzoate, because phenoxide ion receives
resonance stabilization while no equivalent stabilization b{ the
OH group is available to the p-hydroxybenzoate anion.””” No
methoxy benzoic acid or its methyl ester was detected by GC/
MS, but the existence of this p-carboxyphenoxide ion in
conjugated form is in agreement with the reactivity which is
lower than expected from Hammett's correlation of p-
hydroxybenzoic acid.

A brief survey of the data shows that bulky halogens (4-1, 4-
Br) are more reactive and alkyl substituents (4-Me, 3,4-Me,)
are less reactive than expected. Several authors, such as Herbst
and _]:-u:ox,23a Kochai and Hammond,23b Kloosterziel and
Backer,”* Miron and Hercules,”* have already described the
abnormal behavior for p-methyl-substituted benzene in differ-
ent reactions that they attribute to the strong sensitivity of the
hyperconjugation effect to the solvent. Nagarajan et al. studied
the rate of deprotonation of the 2-methyl group in 1,2,3-
trimethylpyrazinium ion by benzoates in D,0.** They
observed a deviation from Bronsted’s equation for o-
halobenzoate which is increasing with the group size, ie. I >
Br > Cl > F. This led us to suspect that these variations may be
due to the solvation effects. Bartnicka et al.?¢ showed that the
Hammett acidity reaction constant for benzoic acid ionization
is well correlated by Kamlet and Taft solvatochromic
parameters for the solvent,”* with a good confidence for 10
very different solvents:

Soleent (0898 + 0.198)a*™™ + (0.916 + 0.427)

plnn ization

AR (1790 £ 0.241)

where ™™™ and V™ are the Kamlet—Taft parameters
which describe respectively the ability of a solvent to donate a
proton in a solvent-to-solute hydrogen bond and a measure of
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the solvent ability to accept a proton (donate an electron pair)
in a solute-to-solvent hydrogen bond.

This equation does not depend on #* solvent dipolarity/
polarizability parameter which measures the ability of the
solvent to stabilize a charge or a dipole by virtue of its dielectric
effect. The halogen-substituted benzene series have a higher 7*
than unsubsituted benzene (z* = 0.59), arranged in ascending
order of size from fluorine to iodine (7%, = 0.62, 7%, = 0.71,
7%, = 0,79, 7% = 0.81), but the 7* values of alkyl substituents
are lower than that of unsubsituted benzene (ﬂ.’*Mf = 0.55),
whereas their & and f§ parameters are nearly constant.*** A less
complete list of values is available for para-substituted benzoic
acid but follows the same trends: 7%y = 0.74, 7%, = 0.74, 7%y,
= 0.79, and 7%y, = 0.70.*** This variation clearly is in line with
our observation that bulky halogens (4-1, 4-Br) are more
reactive, and that alkyl substituents (4-Me, 3,4-Me) are less
reactive than expected. Figure 5 shows the good correlation
obtained for the difference between the observed log(k/k,) and
the value log(k/k,) predicted by the Hammett equation using
the p = 0.65 value we found based on the 7* incremental values
calculated according to Hickey et al. tabulated values.*” It must
be pointed out that between ¢ = —0.3 to & = 0.3, where the
outliers are located, the 7* additive values are correlated to o,
whereas V;/100, @ and f§ increment are independent (see SI,
Figures 8—11). Unfortunately, the Kamlet—Taft parameter
substituent incremental values for aromatic compounds are not
precise enough; for example, they do not include substituent
position, which precludes a quantitative treatment. Such a
stabilization of the ground state versus the transition state has
been proposed for interpreting the curved Hammett relation-
ship during the reaction of various nucleophiles with
substituted aryl benzoates.”® Clearly the influence of 7+ solvent
dipolarity/polarizability parameter on the reactivity of benzoic
acids reactivity in DMF deserves further studies.

B CONCLUSION

A microfluidic setup based on commercially available devices
was developed to study the kinetics of reactions in continuous
flow mode, and the results were compared to the results
obtained in batch mode. We chose as the model reaction,
benzoic acid alkylation by iodomethane in DMF using an
organic superbase TMGN for deprotonation because this
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reaction is synthetically useful and is a good candidate for
physical chemistry cotrelations. As expected, this reaction
follows a very clean second-order kinetics which is preserved up
to complete conversion in the continuous flow microreactor.
The use Qf an organic Superbase aHDWed us to t['y the t}lree
possible reagent combinations: (i) benzoic acid + Mel, TMGN;
(ii) benzoic acid + TMGN, Mel; but also (iii) TMGN + Mel,
benzoic acid, as the proton sponge base is onIy slowly a]kylated
in our conditions. The first two combinations exhibited nearly
t}le same kineﬁCS as t}le batch Values, W}lereas the Iast one was
shown to be very sensitive to residual water. The rate constants
for the reaction between different alkylating agents and benzoic
acid and in different solvents were also determined. This setup
enabled us to study the effect of temperature on this reaction
during which the variations of rate constant cover 6 orders of
magnitude. The plot of the conversion versus flow rate was
found to be linear at all temperatures, which proves that the
thermal equilibrium is rapidly established. From this data,
energy, enthalpy, and entropy of activation of benzoic acid
alkylation by Mel in DMF are estimated to be 43.1 kJ-mol ™,
40.2 k_]~m0171, and -1122 _]~K71Am0171, respectively. The
activation parameters obtained in acetonitrile are in agreement
with previously published values. Finally, the alkylation kinetics
of a series of para-substituted benzoic acids was studied. Their
reactivities are well correlated with Hammett reaction constant
of —0.65. The quality of the data allowed us to ascertain the
origin of the deviations which were explained using the Kamlet
and Taft solvatochromic parameters. It must be pointed out
t}lat reaction rates were measured CO“S\].[ning IeSS than 045
mmOI Of Substrate per CD“diﬁOl’L The very gDDd CO[TeIaﬁOnS
obtained for Arrhenius plot and Hammett free energy
relationships demonstrate that capillary continuous flow
microreactors, well-known for their synthetic application, also
provide sound physical chemistry data. These data are now
used to develop the selective alkylation of multifunctional
natural products in our laboratory.

Bl EXPERIMENTAL SECTION
Materials. All chemicals were in the highest purity available

and were used as received without further purification. For
some experiments (speciﬁed in the text), DMEF was dried over
3A pore freshly activated molecular sieves.

Methods. The high pressure syringe pump (pumping force
up to 1926 N) was fitted with two 8 mL stainless steel syringes
which are driven simultaneously. The two syringes, containing
the reagents, are connected via 0.30 m capillaries with internal
diameter smaller (i.d. 50 ym) than the one of the capillary
reactor to the micromixer. As micromixer, we utilized a
commercially available multilaminating distributive micromixer
chip. Capillary reactor internal diameter and length were 75 pm
and 300 cm respectively. In order to provide heating (up to 70
DC) or cooh'ng (down to 4 DC) the capi]lary tubular reactor was
immersed in a water bath equipped with a thermostat or an ice/
water bath.

For different flow rates, 240 uL sample of reaction medium
was collected at the outlet of the tubular reactor and quenched
in a mixture of 400 4L of dichloromethane and 50 yL of formic
acid. For each flow rate, two samples were taken direcﬂy and
analyzed independently. A volume of 30 4L of the taken sample
was diluted by 400 L of iodoanisole in dichloromethane
solution. This sample, was later derivatized by 50 4L of BSTFA
and 20 gL of pyridine and was kept overnight for GC/MS

analysi& To control the system performance, two internal
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standards, 1,3,5-trimethoxybenzene {TMB) and 1,4-dimethox-
ybenzene (DMB), were dissolved in reagents inlet streams. 4-
iodoanisole is another internal standard that was added to the
samples to control the analysis, just before being analyzed.

Batch kinetics studies were conducted in a 10 mL vial
containing the required volume solution of acid and base in
DMF. To begin the reaction, a stoichiometric volume of
alkylating reagent was injected as rapidly as possible. During the
experiments samples of 240 uL volume, were withdrawn at
different times and were quenched Quenching medium,
dilution and derivatization, as well as the analysis method,
were exactly those that were applied in continuous method.

All saIanes were analyzed on an ion trap mass spectrometer
using electron ionization (EI, 70 eV) fitted with a gas
chromatograph equipped with a split/splitless injector and an
autOSaInPlen SeparaﬁDﬂS were aCCDmP]iShed using a 60 m X
025 mm column coated with a 5% diphenyl/95% dimethyl
polysiloxane film of 0.50 ym thickness. Liquid injections of 1
4L were introduced into the injector heated at 250 °C with a
50:1 split ratio and a mobile phase (helium) flow rate of 1 mL/
min. All analyses were carried out using a linear temperature
program from 50 °C to 250 °C at 10 °C/min followed by a
plate at 250 °C for 10 min. The mass spectrometer was scanned
from 40 to 400 (m/z)
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residence times, results of a typical GC/MS quantification
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Kinetics screening of the N-alkylation of organic superbases using a
continuous flow microfluidic device: basicity versus nucleophilicity
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We describe here the determination of the alkylation rate of a
set of organic superbases by iodomethane in DMF using a
microfluidic continuous flow reactor. Surprisingly,
Log kyiyianon Tollows the inverse trend of pKgp. of the base.
Mayr’s equation allows a more quantitative approach. From
a synthetic point of view, TMGN and BEMP are
demonstrated to be the best choices.

Organic superbases and proton sponges' are playing an
increasingly important role in organic chemistry since they lead
to soluble ion-pairs that avoid the formation of aggregates
commonly generated by lithium bases in apolar solvents. > New
organic superbases are still being developed and they have
already found new application fields." * They are the best choices
for reactions conducted in microsystems with micron-scale
dimensions since the solution must remain homogeneous.® In
order to be useful in an alkylating reaction, the product of the
equilibrium constant of an organic superbase with the reacting
acidic substrate multiplied by the reaction rate with the alkylating
reagent must be higher than the superbase's own alkylation rate
with the alkylating reagent. Elsewhere, the base is alkylated
instead of the substrate. This criterion implies both a high basicity
and a low nucleophiliciy for the organic superbase. The basicity
of organic superbases and proton sponges in an aprotic solvent
like acetonitrile has received considerable attention.” Their
PKe+ can be predicted using DFT theoretical calculation®.
However, their alkylation rate has received much less attention
especially in dipolar aprotic solvents such as NN
dimethylformamide (DMF) used for the synthesis of polar
organic natural compounds like polyphenol metabolites.® In this
paper, we determine the alkylation rate of some of the most
commonly used organic superbases 1-11 (Scheme 1) by
iodomethane in DMF. The investigated organic superbases and
proton sponges encompass six chemical families: guanidine 1
TMG, 2 Barton’s base, cyclic guanidines S TBD, MTBD 6 cyclic

“USR CNRS 3290, Miniaturisation pour la Synthése, I'Analyse et la
Protéomique and FR CNRS 2638 Michel-Eugéne Chevreul, Université de
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Scheme 1 Structure of the studied compounds: 2 Barton’s Base: 2-fert-
butyl-1,1,3,3-tetramethylguanidine; 10 BEMP: 2-ters-butylimine-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphospherine; ¢ DABCO:
1.4-diazabicyclo[2.2.2]octane; 7 DBN: 1,5-diazabicyclo[4.3.0]non-5-ene,

8 DBU: 1.8-diazabicyclo[54.0]-undec-7-ene; 4 DMAN: 1,8-bis-
(dimethylamino)naphthalene; 6 MTBD: 7-methyl-1,5,7-
triazabicyclo[4.4.0]-dec-5-ene, 11 P,Et: 1-ethyl-2,2,4.4,4-

pentakis(dimethylamino)-2).°,44°-catenadi(phosphazene); 5 TBD: 1,5,7-
triazabicyclo[4 .4 0]dec-5-ene; 1 TMG: 1,1,33-tetramethylguanidine; 3
TMGN: N N1 ,8-naphthalenediylbis[V, NN’ N'"-tetramethyl]-
guanidine.

amidine 7 DBN, 8 DBU, strained bicyclodiamine 9 DABCO,
proton sponge 1,8-bis(dimethylamino)naphthalene 4 DMAN and
its combination with guanidine in 3 TMGN, and finally
phosphazenes 10 BEMP, 11 P.Et. The kinetics studies were
carried out in a continuous flow microfluidic device, ' * which is
shown in Fig. 1 and was made from readily available and
commercially items. The set-up is composed of a high pressure
syringe pump delivering two streams of liquid at the same rate to
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Table 1 pKpirtin acetonitrile, calculated pKpirt in DMF,calculated, measured kinetic rate constant for the alkylation by Mel in DMF, estimated

nucleophilicity parameter for bases 1-11

Initial concentration® PKen~ pKgy' in DMF, Fangtaion Nucleophilicity
Base Acronym
(mM) in acetonitrile calculated” (mol L. s™) parameter

1 T™MG 4583 233 14.7-15.8 1.7 £1.0x107M 12.7

2 Barton’s base 478.2 23.56° 14.9-16.0 1.4 £0.4x107 12,5

3 TMGN 155.4 25.10¢ 16.4-17.5 1.2+0.01x10* 7.8

4 DMAN 46.1 18.18" 9.9-10.8 No reaction -

5 TBD 5.5 25.98° 17.2-18.4 2.5€1.0™ 17.6

6 MTBD 470.1 24.70° 16.0-17.1 4.8+0.9x107 13.7

7 DBN 46.0 23.79%¢ 15.2-16.3 5.5+1.2x10" l6,1i

8 DBU 46.8 24.33% 15.7-16.8 2.5£0.1x10" 15.3

9 DABCO 46.3 18.29" 10.0-10.9 8.3+1.0 18.8'
10 BEMP 46.3 27.63° 18.8-20.0 8.0+1.6x10* 9.7

11 P,Et 4.6 32.8¢ 23.6-25.0 72£12 20.9

“Concentration at the exit the nanomixer, half of the concentration in the syringe. pKpy;" values: " from reference'; ® from reference'®; ¢
from reference'; ¢ from reference'®; ' from reference'’; & from reference®. "Second alkylation rate ksecond atiyiaiion (1, TMG) 2.2 102 mol’
"L S, Eseomd aiptaion (5, TBD) =1.6x107 mol.L. s, 'Base overall consumption rate including protonation: koveras (1, TMG) =3.3

£1.3%107, kpyeran (5, TBD) - 3.9%1.9. 'Nucleophilicity parameters from reference®.

a micromixer, in order to minimize the mixing time, followed by
a fused silica-based capillary tubular reactor.’

DMF /Micromixer

Capillary Reactor

(1 equiv.)

[B-CHJ'I
CHyl DMF s

(1 equiv.)
e

Fig 1 Experimental set-up. It comprises of a micromixer and a fused
silica-based capillary tubular reactor.

s For each compound we ran several preliminary experiments in

order to optimize the initial and final yield in order to cover the
largest possible scale. For reaching this purpose we modified the
initial concentration of the base and the residence time range by
modifying the capillary length and diameter and choosing the
best suited micromixer. The capillary tubular reactor was kept in
a water bath at 20°C. The mixing time within the two
micromixers was in the order of 1 ms. At this scale, continuous
flow and batch processes lead to the same results but using a
microfluidic device allows a more precise control of the reaction

s parameters and especially of the reaction time which may be as

low as two seconds.*' Table S1 in ESI displays the utilized flow
rates and their corresponding residence time for bases 1-11.

The reaction rates of organic superbases 1-11 with iodomethane
in DMF were determined by monitoring the relative
concentrations of the protonated organic base and its methylated
product after quenching the reaction by dilution by electrospray

mass spectrometry (ESI-MS) using off-line infusion introduction.
During the reaction the sum of the ionic current of the base and
the alkylated products remained constant which shows that these
35 species have the same response factor (ESI Table S2 for base 6
MTBD). For each base 8 to 10 residence times were analyzed.
The conversion factor /'is defined as the ratio of the alkylated
base intensity to the sum of the protonated base and the alkylated
base intensities. The values of k£ were determined graphically by
40 plotting the function 1/(1-f), against residence time (f) which
resulted in a straight line with a slope equal to k[B],, where [B],
is the initial concentration of superbase. We observed this straight
line relationship in every case, except in the case of the two bases
bearing a labile hydrogen on a nitrogen atom 1 TMG and 5 TBD.
45
35

714
r
w| LXJ
|
5 "
5,5 soo|
] 9
20 50.0 g
15 -
Q y=0.019x + 1.087
R?=0.993
10
0 20 ) 60 80 100

Residence time (s)

Fig 2 Plot 1/(1-f) versus residence time for 6 MTBD.
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An example of such a plot is given in Fig. 2 for MTBD and for
the other bases the plot are presented in Fig. S1 to S8 in the ESL
This plot shows that these reactions follow, as expected, a clean
second-order kinetics as shown by the intercept close to 1.0 and
the very good linear regression. All the kinetics were studied up
to a high conversion ranging from 30% to up to 79% except for 3
TMGN and 10 BEMP (8 and 18% respectively), for which the
conversion is limited by the solubility of the base, which
demonstrates that the second order law is well obeyed (ESI,
Table S3). By varying the residence time from 2.0 to 7.2x10° s
(Table S1) and the concentration from 0.47 to 4.6>107 mol.L”,
we measured rate constants over 5 orders of magnitudes with this
set-up (Table 1).

The two bases 1 TMG and 5 TBD in the base set bearing a labile
hydrogen on a nitrogen atom deserve a special discussion. The
protonated base [TMG + H]' and both mono- [TMG + Me]", and
di-alkylated [TMG + 2 Me]" products of 1ITMG were detected in
the mass spectrum at m/z 116.1, m/z 130.1 and m/z 144.2 for
their monoisotopic peaks respectively. For bicyclic guanidine 5
TBD both mono- and dialkylated products were also observed at
m/z 116.1, m/z 130.1 and m/z 144.2. The observation of the
singly charged form of the dimethylated product is due to the loss
of a proton in the electrospray Taylor cone.? As the protonated
alkylated base cannot be alkylated, a supplementary proton
transfer step from the alkylated base to the base must take place
in order to explain the presence of the dialkytlated product which
decreases the base availability. Unfortunately mass spectrometry
does not give access to the protonated base concentration but to
the sum of the base and the protonated base. The pKgy'™ of
pentamethylguanidine in acetonitrile is equal to 25.0 leading to a
caleulated pKpg" in DMF ranging from 16.3-17.4 (see below for
the correlation equations).® Pentamethylguanidine 12 is therefore
much more basic than the initial base 1 TMG (pKgxr (DMF) =
14.7-15.8) by approximately one order of magnitude. The
opposite is true for 5 TBD which is more basic than its
methylation product 6 MTBD (pKey™ (DMF) = 17.2-18.4 and
16.0-17.1 respectively). Numerical simulations based on these
assumptions gave a very good fit to the experimental values for 5
TBD but for 1 TMG the best fit was obtained with a smaller
difference between the basicities between 1 TMG and 12
pentamethylguanidine (ESI Fig. 9 and 10). This difference may
be due to the location of the proton on the imine function for 1
TMG and on the amine for § TBD. For 1 TMG and § TBD the
rate constant values given in Table 1 are the monoalkylation rates
which are important for the discussions on reactivity. In the
footnotes, we give the overall base disappearance rates, which are
important for practical purposes, as well as the second alkylation
rate leading to the diakylated product. For 1 TMG the second
alkylation rate is higher than the first one and the opposite was
found for 5§ TBD. The second alkylation rate found for 5 TBD is
of the same order of magnitude as the alkylation rate of 6 MTBD
which shows the consistency of the data treatment.

Among guanidine bases, 2 Barton’s base has a slightly lower
methylation rate than the first alkylation rate of 1 TMG due to its
steric hindrance.”® A reaction halflife of less than 5 minutes was
reported for the alkylation of a 0.5 mol.L"! solution of 2 Barton’s
base in CDCl; by three equivalents of iodomethane at room
temperature, using 'H NMR.Z From this data we can estimate a

second-order rate constant of 3.3x10” mol™ L.s™. Using only one
e equivalent of iodomethane in DMF, we found a slightly slower
reaction rate constant of 1.4 +0.4x10” mol™ L s. The previously
observed higher reaction rate may be attributed to a warmer
temperature inside the NMR probe. The proton sponge 4 DMAN
was reported to not react with iodoethane in acetonitrile after four
days at reflx.?* 4 DMAN reacts only with methyl fluorosulphate
in carefully controlled conditions®. A weak signal corresponding
to [DMAN + Me]" was observed on the mass spectrum but the
alkylation was ruled out using CDsl, for which no signal was
observed in agreement with previously published results. The
guanidine proton sponge 3 TMGN was reported to react with 2.5
equivalents of iodoethane per guanidine function (5 equ. per 3
TMGN molecule) in deuterated dichloromethane (CD.Cly),
resulting in a mixture of protonated and alkylated products after
three days."” In the set-up used in this paper, 3 TMGN was
alkylated up to 8% at a residence time of 70 min leading to a half-
life of eight hours at the concentration of 0.16 M. No
dimethylation was observed in our conditions at ambient
temperature.’® The conversion for 3 TMGN was limited by its
solubility in DMF and the maximum residence time in the
microsystem. We performed batch reaction (ESI Table S4, entry
a) up to 11 hours and a conversion of 30%, and a kinetic under
first order conditions using 10 equivalents of iodomethane (Table
84, entry d) which both gave the same rate constant. We also
check the absence of reaction due to residual water we reported
previously for this reaction by adding molecular sieves to the
DMEF solution and by using a 3 times higher concentration (Table
S4 entries b.c). 6 MTBD has a much slower kinetics constant
than 5 TBD (k = 4.8 £0.9x107 and & = 2.5x10" mol' L. s
respectively). As it is expected that in both cases alkylation takes
place on the imine nitrogen, crowding by the methyl group on the
amine or by the planarity of the two methyl groups in alkylated 6
MTBD may explain the lower reactivity of MTBD compared to
TBD. A reaction half-life of 15 min was reported for MTBD 6 in
the same conditions as mentioned just above for TMGN
(deuterated dichloromethane, CD,Cl,). From these data we can
estimate the second order constant to be 1.1x107 mol™ L.s™.
Here again the rate constant that we found in DMF (k = 4.8
+0.89x10 mol™.L. s is, as expeeted, higher than in deuterated
dichloromethane (CD,Cl,). For 7 DBN a reaction half-life of less
than 2 minutes was reported for a 0.5 mol.L" solution containing
three equivalents of iodomethane at room temperature in
CDCl;. % From these data we may estimate the second order rate
constant to be 1.5%10” mol™.L.s"". As expected this value is also
smaller here than the rate constant we found using DMF as a
solvent (k = 5.5 +1.2x10°"). In the group of phosphazenes, 10
BEMP is much less nucleophilic than 11 P,Et. The reaction rate
we observed is not due to the hydrolysis of 11 P,Et in our
conditions since the formation of [P,Et + Me]" at m/z 354.3 was
observed in the mass spectrum. The steric hindrance shown by 10
BEMP is so significant that it is the second less reactive base just
behind 3 TMGN, except for 4 DMAN.

3

b

In a second step we tried to correlate alkylation rates with the
PKew of the base. Since very few pKgy, values in DMF have

us been reported in the literature, pKpp+ values in DMF were

obtained from pKgpg: data in acetonitrile using the following
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equations for benzenesulonamides and phenols and carboxylics Using Sg“lkyl“”“"”"’ =0.67,0.70 and 0.70 and NBase789 —

acids which provide a bracketing for the correlation:*?
pK.(DMF) = —6.82 + 0.97pK,(ACN)
pKa(DMF) = —7.20 + 0.94 pK,(ACN)

The interaction of a sterically hindered organic base with a proton
is well known to be different than its interaction with an
alkylating agent. Due to its small size and its electron deficiency,
a proton is able to approach the protonation site of the base, while
the alkylating agent attack is blocked 2’ However, a general trend
may be observed in Figure 3 between log(k) and pKpg: in DMF.
Very uncannily, the general trend is that more basic the base the
less nucleophilic they are. The cyclic guanidine 5 TBD bearing a
labile hydrogen is more reactive than what might be expected
from its basicity whereas its structural methylated analogue 6
MTBD has the expected reactivity. On the other hand DMAN 4
(not represented on the figure due to its lack of reactivity) and 3
TMGN are less reactive than expected. The strongest exception to
this trend is phosphazene 11 P,Et which has by far a too high
reactivity according to its basicity for a guanidine base. From a
synthetic point of view two bases are particularly interesting for
their high pKgg. associated with a low chemical reactivity: 3
TMGN and 10 BEMP. The proton sponge 4 DMAN (pKpy, =
9.9-10.8) is not basic enough for most applications since it is
barely able to deprotonate benzoic acids (pK,(DMF) = 10.6, 12.3,
12.8 for para-nitro, unsubsituted, and para-methoxy respectively)
and not at all capable to deprotonate phenols (pK,(DMF) = 18.0
for phenol itself).

log k (mol'.L .s")

10 12 14 16 18 20 22 24
PKgy, (DMF)

Fig 3 Plot of log & and pKa for bases 1-11. Correlation line is obtained by
least square fitting using all data matkef by a circle.

In the last and third step we quantified the nucleophilicity of the
investigated bases. Baidya and Mayr have reported the
nucleophilicity of 7 DBN, 8 DBU and 9 DABCO using a set of
benzhydrylium ions (diarylcarbenium ions) as reference
electrophiles.’® They have found that their reaction rates increase
in the series as 8 <7 < 9. We found the same trend in our
experiments based on methylation rates. The methylation rates
we obtained for bases 7, 8, and 9 are very well fitted using the
complete Mayr’s equation®”2® as shown in Figure S11:

Base 1-11, Mel __ _Mel _N_alkylation Base1—11 Mel
log gy o =S sy (N +E )

45 16.28,15.29 and 18.80 respectively for base alkylation by
benzhydrylium from Baidya et al’® By adjusting the correlation
between experimental data and Mayr’s equation we obtained
shlel gN-aUVIation — g 44 and EMel = —16.6 (slope = 1.0, R? =
0.996). Assuming that sg’alky lation 5o constant for the series of
base 1-11 and taking the average value from base 7, 8, 9

Natkytation __ 1 Natkytation?89 _ . Mel _
S =3Xsy =0.69 we obtained sp'® =

0.64. To the best of our knowledge there is no tabulated value for
sy parameter and this parameter has been the object of a recent
debate between Mayr’s and Bentley’s groups.”” *® For strong
electrophiles like carbocations, Mayr’s assumption is that
sgarbecation — 1 00 However values higher than 1 and up to 1.5
are given by Bentley’s group for the Michael addition of
carbanion to quinone methide and other strong Michael
acceptors.®® By retreating the data presented in Pearson et al**
for the alkylation of various N and O nucleophiles by Mel in
methanol according to the full Mayr’s equation we obtained
(excluding P(OMe); data) s}e’ = 0.57 and EM¢ = —22.8. The
sMel is close to our value if we consider the very different system

used. The lower EM¢! value (EMEL, = —22.8 compared to
EMeL = —16.6) is easily explained by the higher reactivity in
DMF compared to methanol. The EJgE value for Mel is much
lower than the corresponding value for benzhydrylium ions (-7 to
-10) or Michael acceptors (-10 to -13).*® From this correlation the
nucleophilicity parameters for the bases which are not tabulated
in the Mayr’s database have been evaluated. The value of N5as¢
varies from 7.8 for 3 TMGN to more than 20 for 11 P,Et (Table
&

El

In summary, a microfluidic set-up based on readily available
materials was used to investigate the kinetics of the alkylation of
several organic superbases by iodomethane through flow method
in synthetic conditions using DMF as a solvent. The alkylation of
the base was ascertained and followed by ESI mass spectrometry.
These organic bases include a set of the most used organic bases
including guanidine, 1,8-diaminonaphtalene and guanidine based
proton sponges, bicyclic guanidines, amidines and phosphazenes.
The determined rate constants cover six orders of magnitude and
are well fitted by the Mayr’s equation for the tabulated bases.
From our data we found an estimated E value of -16.6 for Mel
and the N parameters for the studied bases. Unusually when the
base strength increases its nucleophilicty decreases expect for the
phopshazene 11 P,Et. From a synthetic point of view the crowded
bis-guanidine 3 TMGN and the phopshazene 10 BEMP are the
most interesting bases due to their low alkylation rates associated
with their high basicity. This study may be extended easily to
other alkylating agents and to other solvents.

3
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1.8-Bis(tetramethylguanidino)naphthalene (TMGN) is an organic
superbase conceived by combining the skeleton of 18-
dimethylaminonaphtalene (DMAN) proton sponge and the highly
basic NN,N,N'N"-pentamethylguamdine motif. TMGN exhibits
the best compromise between basicity and non nucleophilicity and
has found several uses in organic, inorganic and analytical
chemistry. We recently show that TMGN is slowly alkylated by
methyl iodide in DMF. Whereas guanidines are well known to be

alkylated on their imine site, it is no easy to predict the
alkylation site in TMGN as the two imine sites are conjugated
leading to a lower reactivity and furthermore very crowded due
to the 1,8-diaminonaphtalene skeleton. This paper deseribed the
identification of the alkylation site of TMGN using 'H, 1°C, N
magnetic resonance spectroscopy which was found to occur on
the imine nitrogens of TMGN.
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Introduction

1,8-Bis(tetramethyl guanidino)naphthalene (N"N""-1,8-
naphthalenediylbis| N, NN N'-tetramethyl |-guanidine), abbreviated
as TMGN, was conceived by Raab and co-workers by combining
the proton sponge skeleton of 1,8-dimethylaminonaphtalene
(DM AN), with the highly basic NNN' N N"-
pentamethylguanidine (PMG).[V It represents one of the most basic
guanidine with a pK, of 25.1 in acetenitrile.’”) By comparison the
pK value for 2,8-dimethymaminonaphtalene (DMAN) is only 18.2
but reaches 25.0 for pentamethylguanidine also in acetonitrile.l’)
The high basicity of TMGN is explained by the unfavourable
nonbonded repulsions in the initial base, the large proton affinity of
guanidine group and the strong intramolecular hydrogen bond
present in the protonated species.”!

TMGN has already been used for several purposes in organic,
inorganic and analytical chemistry. Schilf, W. et al reported that
TMGN can remove the proton from the intramolecular hydrogen
bond in case of 3-nitrosalicylaldehyde and isopropyl amine
derivative. However DMAN appeared to be not strong enough to
remove this proton. Lemaire et al have developed a new method to
synthesize ['°F]-fluorodeoxyglucose (FDG) using a variety of
different organic bases.” Using these bases make their method
suitable to be implemented in microreactors and microfluidics
chips. They reported a yield of 87% while using TMGN as base.

Cao et al. employed TMGN as the matrix for the quantitative
detection of acidic perfluonnated compounds in environmmental
water samples by MALDI-TOF-MS!® Besides achieving high
sensitivity, they have obtained clear spectra without any matrix
ions interference. Qur interest in TMGN and its alkylation arose
during the kinetic studies of the alkylation by iodomethane of
substituted benzoic acids deprotonated by TMGN in DMF. We
used TMGN as it allows studying the three possible reagents
comination: (i) benzoic acid and TMGN, Mel; (ii) benzoic acid and
Mel, TMGN; but also (iii) b TMGN and Mel, benzoic acid. We
observed that in this last condition TMGN is slowly alkylated.”!
We extended this study to ten strong organic bases and we found
that TMGN has the best compromise between basicity and
alkylation rate [*!

The structure of TMGN as well as the structure of its mono-
protonated and di-protonated derivatives has been studied and
reported by 'H NMR.!" Its proton accepting properties has also
been studied extensively by *C NMR, FT-IR and ESI MS
spectroscopy.™ Also, its transition metal complex has already been
synthesized and its structure has comprehensively been
investigated by 'HNMR.!""! Whereas guanidines are well known to
be alkylated on their imine site, it is no easy to predict the
alkylation site in TMGN as the two imine sites are conjugated
leading to a lower reactivity and furthermore very crowded due to
the 1,8-diaminonaphtalene skeleton. In the present work we report
a multinuclear 'H, ®C, N magnetic resonance investigation for
the alkylation product obtained by reacting TMGN with CH;l in 1:
1 ratio in [Dg] DMSO at room temperature.

Results and Discussion

Preliminary studies by MS-MS spectroscopy demonstrated that
TMGN is alkylated by iodomethane and its protonated base
[TMGN + H]" and its mono-alkylated [TMGN + Me] were
detected in the mass spectrum at mvz 355.4 and m/z 369.4 for their
monoisotopic peaks respectively. No di-alkylated product was
observed.
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