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CHAPTER 1. GENERAL INTRODUCTION

Dissertation Organization

In the first chapter, a brief background in the formation of reverse micelles and their
applications was presented, followed by the formation and applications of interfacially crossed-
linked reverse micelles(ICRM) in catalysis. In the second chapter, self-assembly of proline
surfactants and its application in aldol reaction were discussed. Prolinamide-functionalized
surfactants catalyzed aldol reaction in a nonpolar solvent in the reverse-micelle form. The reverse
micelle nanostructure creates a high local concentration of prolinamide, which catalyzes aldol
reaction co-operatively. In polar DMSO, the surfactants exist as individual molecules and lose
their catalytic activity. In the third chapter, hydrophilic dyes were trapped in the core of the ICRM
to help understand the micropolarity of the ICRM. In the fourth chapter, the site isolation of
catalysts by ICRM was demonstrated for manganese porphyrins that are known to dimerize and
deactivate. ICRM-entrapped catalysts showed enhanced catalytic activity than their free
counterparts. In the fifth chapter, the advantage of ICRM over uncross-linked reverse micelle and
its selectivity towards hydrophilic substrates were demonstrated by trapping PtClo(TPPTS)2 in the
core of the ICRM. This catalyst was used to catalyze hydration of alkynes. Since water is a reactant
and can be concentrated in the core of the ICRM, the catalyst showed enhanced catalytic activity
and selectivity towards hydrophilic substrates.

Background

Enzymes are the most efficient catalysts known to chemists. Enzymes use some interesting

strategies for their efficient catalysis. The following are some of the important factors responsible

for the catalytic activity of enzymes.
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1) Cooperative function of one or more functional groups
The catalytic triad of trypsin contains an imidazole, a carboxylic acid and an alcohol.
These three groups function cooperatively to catalyze the hydrolysis of the amide at the
carboxyl side of lysine and arginine. Folding of the peptide chain brings the functional
groups into proximity to function cooperatively. It is also known that enzymes lose their
catalytic activity upon denaturation, which implies the importance of the superstructure of
the active site.
2) Site isolation of the active site
The active site of an enzyme is site-isolated. This feature not only gives the enzyme
selectivity but also prevents deactivation pathways such as dimerization. For instance,
manganese porphyrin of cytochrome P450 is stable and selective over many catalytic
cycles but the free manganese porphyrin gets deactivated quickly in solution by Mn-O-Mn

u oxo-bridge formation.

Inspired by the biological examples, scientists designed systems that incorporate these features
into synthetic materials to better understand the functions of the enzymes and to achieve superior
selectivity and activity in synthetic catalysts.

Cooperativity

Self-assembly is often used to introduce cooperativity to a system. Micelles, reverse micelles,
and vesicles are well-known molecular self-assemblies. If the surfactant carries a functional group,
self-assembling would create a high local concentration of the functional group. Concentration of
a functional group often leads to properties absent in isolated functional groups.t® For example,
Miravet and coworkers recently reported enhanced catalysis of hydrogel formed from proline-

functionalized monomers."2 The monomers did not show any catalytic activity in organic solvent.
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Barbas and coworkers reported catalysis of micelles formed by proline-functionalized surfactants.
Micelle formation was found to enhance both the catalytic activity and enantioselectivity.* Inspired
by these examples, three proline-functionalized surfactants were synthesized and their catalytic
properties were explored upon formation of reverse micelles. Surfactants were designed to
demonstrate how noncovalent interactions among the headgroups influenced their aggregation
tendency and their catalytic efficiency.

Site-isolation:

Many structures could be used to site-isolate a catalyst, including macrocycles, metal organic
frameworks (MOFs), and self-assembled molecules. ¥° Macrocycles can encapsulate molecules in
solution, but the complexes are dynamic and must be designed specifically for different guest
molecules. Heterogeneous materials such as MOFs have inherent mass transfer problems when
the substrate accesses the catalytic site.

Recently, the Zhao group reported the synthesis of ICRMs. They used a cross-linkable
surfactant which can be polymerized under self-assembling conditions. Polymerization at the
surface of the micelles yielded surface-cross-linked micelles (SCMs). With a similar strategy in
nonpolar solvents, polymerization at the core of reverse micelles yielded ICRMs.>® These
materials were used in many applications in catalysis, sensing, and drug delivery.

Reverse micelles can solubilize hydrophilic species such as enzymes in nonpolar solvents
through trapping them in their hydrophilic cores.”® In my research, Organic fluorophores were
trapped inside ICRMs with the intention that the location and property of the entrapped
fluorophore could be studied by fluorescence spectroscopy.

After successful entrapment of hydrophilic dyes, entrapment of a catalyst in the core of the

ICRM was explored. Manganese porphyrin catalysts were chosen to demonstrate site isolation of
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the catalyst. It is envisioned that this catalyst upon entrapment by ICRM should show
enhancement in catalytic activity when deactivation pathways are eliminated.
Selectivity:

Enzymes achieve selectivity by selectively binding the substrates. In the case of macrocycles
and porous materials, selectivity was achieved by the size of the cavity and the pore. The core of
the ICRM is hydrophilic. If a hydrophilic catalyst stays in the hydrophilic core, polarity-mediated

selectivity can be achieved. The catalyst would be highly selective to hydrophilic substrates.
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CHAPTER 2. INTERFACIALLY CATALYSIS OF ALDOL REACTIONS BY
PROLINAMIDE SURFACTANTS IN REVERSE MICELLES
A Paper published in Org. Biomol. Chem., 2015,13, 770-775.

Premkumar Rathinam Arivalagan and Yan Zhao

Abstract

L-Proline and their derivatives are one of the most important class of organic catalysts. Three
prolinamide surfactants were designed and synthesized. Although the surfactants carried identical
catalytic groups, their headgroups contained different functionalities that affected their ability to
self-assemble under reverse micelle conditions and hydrogen-bond with the reactants. The
surfactant with a zwitterionic headgroup capable of strong aggregation was found to have the
highest activity. The self-association of the surfactants played critical roles in the enhanced
activity. The location of the catalytic groups at the surfactant/polar solvent interface also endowed

unusual selectivity in the aldol reactions catalyzed.

Introduction
Chemical reactions depend on not only inherent reactivity of the reactants but also their
surrounding environments.!In the simplest case, a change of solvent can speed up a sluggish
reaction, sometimes thousands of times or more. In biology, enzymes are powerful catalysts
capable of promoting reactions that are otherwise impossible. Many times, not only the various
functional groups in the active site play critical roles in the catalysis, the unique environment of
the active site is also vital. In an effort to understand or mimic enzymatic catalysts, chemists have

created molecular capsules to control both the reactivity and the selectivity of reactions.?°Other
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promising platforms include dendrimers,®® star polymers,®%organic and metal-organic
nanocapsules,?® multifunctional mesoporous materials,'** and metal-organic frameworks.*>18

Reverse micelles (RMs) are assemblies of surfactants in nonpolar solvents. A nanometer-sized
pool of a polar solvent (often water) in the center of a RM solvates the headgroups of the
surfactants to help them self-assemble into spherical structures typically.'® Because the water
molecules in the RM core differ from bulk water in many aspects, chemists have examined many
reactions in RM solutions.’®?? Another usage of RMs is in template synthesis of inorganic
nanomaterials.** Metal salts can be dissolved in the water pools of RMs, followed by desired
chemical reactions that are modulated by the surfactant assemblies. Alternatively, inorganic
precursors such as tetraethoxysilane can be dissolved in the organic phase and subsequently
undergo sol—gel reactions to afford the final inorganic materials.

Our group has a long interest in the environmental control of catalysts. Amphiphilic baskets,?>"
26 foldamers,?” surface-cross-linked micelles,?®3° and interfacially cross-linked reverse micelles®!-
32 have been used to tune the polarity and other properties of the local environments around
catalysts to influence their activity and selectivity. In this work, we synthesized several L-
prolinamide-derived surfactants and examined their catalysis of aldol reactions in the RM
configuration. The catalytic groups located at the surfactant/polar solvent interface were found to
have unusual activity and selectivity. The surfactant with the strongest aggregation was the best
catalyst, suggesting that the self-assembling of the surfactants was directly responsible for the

enhanced catalytic activity.
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Results and discussion

Catalyst Design and Synthesis

OL B N Critas i
—Ci12Has N 0 .
NH, N ~12M25 N Ci2H2s CizH2s
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Scheme 1 Structures of prolinamide surfactants and schematic representation of their aggregation

in a nonpolar solvent.

L-Proline and their derivatives are one of the most important class of organic catalysts.
Having both an acid and a base catalytic group, proline can catalyze a number of important
reactions including aldol, Mannich, and Michael reactions.®***Its carboxylic acid is crucial to the
catalysis. Converting the carboxyl into amide lowers its catalytic activity for aldol reactions®but,
with a higher concentration of reactants (e.g., 0.5 M 4-nitrobenzaldehyde in neat acetone),
prolinamides could catalyze aldol reactions effectively. Excellent ee could be obtained with

prolinamides carrying vicinal hydrogen-bonding groups such as hydroxyl.>’-38

Chemists have studied proline-catalyzed aldol reactions in surfactant assemblies very early
on, interested in whether the surfactant phases could provide special benefits.®® Although L-
proline itself is catalytically ineffective in water, its derivatives with micelle-forming
hydrophobic tails work well.*®#? Polymeric micelles similarly were found to promote the

reaction.****However, to our knowledge, proline-derived catalysts in the RM configuration,
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particularly at the interface of surfactant/polar solvent, have not been studied. Because
reactivity at the interface can be profoundly different from that in a bulk solution, we decided
to synthesize surfactants with proline-derived headgroups so that their organization will place
the proline group at the surfactant/polar solvent interface.

Three amphiphiles (1-3) were synthesized for this purpose, all with two dodecyl tails,
resembling the common RM-forming surfactant AOT.1°Self-assembly of a surfactant strongly
depends on its critical packing parameter (Q = v/aolc), in which v is the volume of the
hydrophobic tail, ap the area of the hydrophilic headgroup, and I the average critical length of
the amphiphile.**Two long hydrocarbon chains in 1-3 increase their hydrophobic volume and
make them pack more easily in the RM configuration. (The long tails are also important to the
solubility of the catalysts in nonpolar solvents.)

Surfactant 1 was prepared by coupling the carboxylic acid group of L-proline to
didodecylamine. The synthesis involved standard protection/deprotection chemistry, with the
amino group of proline protected by Boc initially and deprotected using trifluoroacetic acid
after amide coupling. For the catalysis, the surfactant was used as an ammonium salt, with
either acetate or benzoate as the counterion. Surfactants 2 and 3 were synthesized similarly,
with 2 having a glycine and 3 having a glutamate in between proline and the didodecyl amide.

All three surfactants share the L-prolinamide catalytic functionality. Their difference lies
in the potential hydrogen-bonding and electrostatic interactions among the headgroups of the
surfactants. Whereas both 1 and 2 have the ammonium and carboxylate (acetate or benzoate)
as counterions, surfactant 3 is a zwitterion with the counteranion in the same molecule. Unlike
surfactant 1 that has a tertiary amide in the headgroup, surfactants 2 and 3 have secondary

amides in the headgroup. For the latter two, the abundance of hydrogen-bond donors and
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acceptors in the headgroup should provide additional driving force (in addition to solvation or

hydrophobic effect) to the self-assembly of the surfactants in nonpolar solvents.*’-48

OxHa 0 HO
PN Hd b
Hg Hp catalyst
NO, c He
( a) NO,
Ha Ho
| I_:i Ha
7.’ 4‘74 i
. I R -
7lh'.7,7,,,,,,AJL, || |
I N

95 90 85 80 75 70 65 60 55 50 45

(b)

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5

Fig. 1 'H NMR spectra of the aldol reaction between acetone and p-nitrobenzaldehyde catalyzed
by 1 (a) and 3 (b) in DMSO-de/benzene-ds at ambient temperature. Reaction conditions: p-
nitrobenzaldehyde (0.07 mmol), acetone (0.86 mmol), catalyst (0.007 mmol), benzene-ds (1.0
mL), DMSO-ds (2.0 pL). The spectra from bottom to top were taken at 0, 45, 100, 145 and 205

for catalysts 1 and at 10, 60, 100, 145 and 190 for catalyst 3.
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Figure 2. Reaction yields of the aldol reaction between acetone and p-nitrobenzaldehyde
catalyzed by 1 (), 2 (<), and 3 (A) in DMSO-ds/benzene-ds at ambient temperature.
Reaction conditions: p-nitrobenzaldehyde (0.07 mmol), acetone (0.86 mmol), catalyst (0.007

mmol), benzene-ds (1.0 mL), DMSO-ds (2.0 pL).
Aldol reactions catalyzed by prolinamide surfactants

Aldol reactions catalyzed by proline and their derivatives are typically performed in DMSO
or DMF. Nonpolar solvents such as benzene are rarely used possibly due to insolubility of the
catalysts. To perform the reactions under RM conditions, however, we need a small amount of
a polar solvent such as water or DMSO in a largely nonpolar mixture.!® The polar solvent
molecules solvate the headgroups of the surfactants to assist their self-assembly, with the
hydrophobic tails point outward to be compatible with the nonpolar environment (Scheme 1).

To our delight, all three surfactants were readily soluble in benzene with the help of a tiny

amount of polar solvent (e.g., wo = [DMSO or water]/[surfactant] = 5). The solution was
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completely transparent, suggesting any aggregates formed must be small enough not to cause

significant scattering of visible light.

Our model aldol reaction was between acetone and p-nitrobenzaldehyde. The reaction

is commonly used by researchers in proline-catalyzed reactions.**® As will be shown below,
another benefit of the reactant pair is that the simplicity of their *H NMR peaks makes it
straightforward to monitor the reaction progress. In the literature, a high concentration of p-
nitrobenzaldehyde (e.g., 0.5 M) and a large excess of ketone (sometimes using the ketone as
the solvent) are often used in prolinamide-catalyzed aldol reactions,’-3® due to the low activity
of prolinamide in comparison to proline. In our case, the concentration of the aldehyde was 70
mM and a ratio of [acetone]/[p-nitrobenzaldehyde] = 12/1 was employed. The catalyst was
used at 10 mol % to the aldehyde, which is also lower than many literature examples.

We did not use a huge amount of acetone for two primary reasons. First, acetone is quite
polar; a large amount of it could disrupt the self-assembly of the surfactants. Second, this study
was mainly aimed to identify whether catalytic groups located at the surfactant/polar solvent
interface could behave differently from those in the homogeneous solution. Since the three
surfactants have identical catalytic groups, we wanted to put the catalysts under challenging
conditions to see their differences. A large excess of acetone (as in typical literature reactions)
might overshadow the subtle differences in the catalysts’ activity.

The solubility of the surfactants in deuterated DMSO/benzene mixture at wo = 5 allowed us
to monitor the reactions by *H NMR spectroscopy. Figure 1 showed the progress of the aldol
reaction catalyzed by surfactant 1 and 3. (Kinetics for surfactant 2 was intermediate between
those of 1 and 3 and thus not shown.) Despite the identical catalytic functionality, the three

surfactants behaved very differently. Surfactant 1 showed negligible activity under our
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reaction condition; the product peaks (Hc and Hqa) were barely visible even at the end. With 3,
however, the product peaks quickly became major after several hours at room temperature.
The activity was quite high, considering the low concentrations of the reactants and
(anticipated) low activity of typical prolinamides.3"-38

An internal standard added (i.e., bistrimethylsilylethane) allowed us to quantify the amount
of product formed by integration. Figure 2 shows the yields of the three reactions as a function of
time. Because the reaction was performed under pseudo-first-order conditions, good linearity was
observed over much of the course of the reaction. These curves clearly show catalyst 3 as the most
active and 1 as the least active catalyst. Surfactant 2 was significantly more efficient than 1 as a
catalyst for the aldol reaction. Thus, the extra glycine must have helped the catalysis, directly or
indirectly. The reason for the higher activity of 2 could be mechanistic. It is known that aldol
reactions catalyzed by prolinamides go through an enamine intermediate and the hydrogen bond
between the amide proton and the aldehyde is important to the reactivity and enantioselectivity of
the reaction.®*-® Since catalyst 1 had no amide proton being a tertiary amide, the higher activity of
2 could just be normal.

Prolinamide 3 was more active than 2. Even though the difference in their reaction rates in
Figure 2 was not huge, the results suggest that having the carboxylate in the same molecule
instead of as a counteranion is beneficial. To further understand the differences in these
catalysts and identify the cause for their different activity, we performed our model aldol
condensation under a number of different conditions. For these studies, we generally let the
reaction proceed at ambient temperature for 9 h and used the product yield as a measure for

the efficiency of a catalyst.
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Table 1. Reaction yields at 9 h for the aldol reaction between acetone and p-nitrobenzaldehyde

catalyzed by the prolinamide surfactants under different conditions.?

entry solvent composition catalyst ~ counterion yield

1 Wo =5 (DMSO)® 1 acetate 18
2 Wo =5 (DMSO)° 2 acetate 72
3 Wo =5 (DMSO)P 3 none 88
4 Wo = 5 (DMSO)° 1 benzoate 33
5 Wo =5 (DMSO)® 2 benzoate 78
6 Wo =5 (DMSO)® none none 0

7 Wo = 5 (water)° 1 benzoate 20
8 Wo = 5 (water)® 2 benzoate 33
9 Wo =5 (water)® 3 none 78
10 DMSO/benzene = 1:9 1 benzoate 0

11 DMSO/benzene = 1:9 2 benzoate 0

12 DMSO/benzene = 1:9 3 none 20
13 DMSO/benzene = 9:1 3 none 0

14 benzene (ho DMSO) 3 none 85

& Reaction conditions: catalyst (0.007 mmol), p-nitrobenzaldehyde (0.07 mmol), acetone (0.86
mmol). ° Solvent = 2.0 pL DMSO + 1.0 mL benzene. ¢ Solvent = 0.5 pL water + 1.0 mL
benzene.

The results were illuminating. As shown in Table 1 (entries 1-2 and 4-5), the change of the

counterion from acetate to benzoate in the case of 1 and 2 increased the catalytic activity
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slightly when the reaction was performed in DMSO/benzene at wo = 5. Regardless of the
counteranion, 1 and 2 had lower activity than zwitterionic 3 (entry 3). Without the prolinamide
surfactants, the reaction did not occur at all, as we had anticipated (entry 6). A small amount
of water in the proline-catalyzed aldol reaction is known to help the reactivity but a large
amount of water is detrimental.

33-%Since, under the RM conditions (i.e., DMSO/benzene at wo = 5), the polar solvent should
be concentrated near the headgroups of the surfactants in the nonpolar solvent, we were
interested to know whether replacing DMSO with water would affect the activity to any
significant degree.

It is possible that the high local concentration of the polar solvent could “magnify” the
solvent effect near the catalytic headgroups. Indeed, as shown in entries 7-9 of Table 1, the
product yields decreased for all three catalysts: from 33 to 20% for 1, from 78 to 33% for 2,
and from 88 to 78% for 3. As far as “water resistance” iS concerned, it seems prolinamide 3
was the most robust among the three.

DMSO is often the preferred solvent for proline- or prolinamide-catalyzed aldol reactions.3*
%The conventional thinking, thus, predicts that an increase in DMSO in our reaction mixture
at least should not cause problems. On the other hand, if the formation of RM or similarly
aggregated states (vide infra) for the catalytic surfactants is important to the observed activity,
then the addition of the polar solvent (DMSO) would destabilize the aggregates and reduce the
catalytic activity as a result.*®

The latter turned out to be true. When the amount of DMSO was increased from 2.0 pL (i.e.,
Wo = 5) to 100 uL (i.e., DMSO/benzene = 1/9), catalysts 1 and 2 became completely inactive

(entries 10 and 11) and catalyst 3 lost significant activity, with the yield going down from 88%
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(entry 3) to 20% (entry 12). A further increase of DMSO to DMSO/benzene = 9/1 shut down
the activity of 3 entirely (entry 13).

We also found that the polar solvent DMSO was not necessary for the enhanced activity.
Without any DMSO, catalyst 3 afforded 85% of the aldol product (entry 14). The yield was
experimentally the same as what was observed at wo = 5 (entry 3). The results indicate that
DMSO itself was not playing any particular roles in the reaction and most likely it was the
aggregation of the surfactants that was responsible for the enhanced activity.*°The postulation
is supported by the work of Escuder, Maravet, and co-workers, who demonstrated a
bisprolinamide derivative was far more catalytically active for the Henry nitroaldol reaction in
the gel state than in solution.®*The authors attributed the enhanced activity (in the gel) to the
higher basicity of the proline amine in the aggregates. It is likely that a similar mechanism was
enhancing the catalytic efficiency in our case. The electrostatic and hydrogen-bonding
interactions among the headgroups should be the strongest in the zwitterionic 3, making the

surfactant most capable of aggregating and its amine the most basic.

—_
Q
~
IS
S
—_
Q
~
IS
o

w

o
w
S}

Intensity (%)
N
o

H
o
Intensity (%)
N
o

-
o

o

o

1 10 100

i 1 10 100 1,000
Diameter (nm)

Diameter (nm)

Fig. 3 Dynamic light scattering by the aggregates of 3 in (a) DMSO/heptane and (b)
DMSO/benzene at wo = [DSMOJ]/[surfactant] = 5.

Dynamic light scattering (DLS) could detect surfactant aggregates easily while an
individual surfactant is generally too small to be observed. To understand the aggregation of

these prolinamide surfactants, we first used heptane instead of benzene as the nonpolar solvent
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because its nonpolarity facilitates the RM formation.°The amount of DMSO was chosen to be
Wo = 5, exactly as that in our typical reactions. DLS under this condition gave poor correlation
curves for surfactant 1 and 2 and no stable particles were observed. In contrast, surfactant 3
gave nanoparticles ca. 10 nm in diameter (Figure 3a), reasonable in size for typical
RMs.*®Changing the nonpolar solvent from heptane to benzene (i.e., the reaction solvent
system) is expected to make RM formation more difficult. This is because, the miscibility of
DMSO and benzene would make phase separation of DMSO into the central core of a RM
costlier in free energy. Indeed, instead of small-sized RMs, larger particles ca. 150 nm in size
were observed by DLS (Figure 3b). In 1:9 DMSO/benzene, where the activity of the catalyst
was severely compromised (Table 1, entry 12), no stable particles could be identified by DLS.
In benzene alone, surfactant 3 did aggregate to afford large aggregates > 500 nm in size.

The DLS study thus confirmed surfactant 3 as the one having the strongest aggregation
propensity in nonpolar-dominant solvents. The aggregates apparently do not need to be exactly
RMs, as the (aggregated) surfactant in benzene (Table 1, entry 14) and in DMSO/benzene at
wo =5 (Table 1, entry 3; Figure 3b) both showed good activity.

In addition to catalytic activity, we were interested in the effects of aggregation on other
properties such as enantiomeric and substrate selectivity. Chiral HPLC showed low ee for these
surfactants (~15%). The number was comparable to those reported for unactivated
prolinamides in the literature.*®Thus, no special effects were exerted by the aggregation on the
enantioselectivity of the catalysts.

On the other hand, interesting substrate selectivity was clearly observed for surfactant 3,
our best catalyst (Table 2). Acetone, cyclopentanone, and cyclohexanone were all reactive, with

subtle differences in reactivity. The anti/syn ratio of the products was 25/75 and 76/24 for
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cyclopentanone and cyclohexanone, respectively. These numbers were comparable to those
reported in the literature for other prolinamide catalysts.>Thus, neither enantio- nor
diastereoselectivty of the reaction was significantly affected by the aggregation.> Cycloheptanone
and the acyclic 3-pentanone were completely unreactive under the typical reaction conditions (i.e.,
DMSO in benzene at wo = 5). It is not completely clear why such a dramatic substrate effect was
present. We suspect that it derives from the location of the catalytic groups at the surfactant/polar
solvent interface. Both the initial iminium ion and the enamine intermediates between the ketone
and the proline amine need to be formed on the surfactant headgroup in our case. It is possible that
the stability of these intermediates may be quite sensitive to the size, hydrophobicity, and/or
flexibility of the substrate in the tight space around the aggregated headgroups.

Table 2. Reaction yields at 9 h for the aldol reaction between different ketones and p-

nitrobenzaldehyde catalyzed by surfactant 3 under reverse micelle conditions.?

entry ketone catalyst counterion vyield
1 acetone 3 none 88
2 cyclopentanone 3 none >05P
3 cyclohexanone 3 none 75°¢
4 cycloheptanone 3 none 0
5 3-pentanone 3 none 0

& Reaction conditions: catalyst (0.007 mmol), p-nitrobenzaldehyde (0.07 mmol), acetone (0.86
mmol), benzene-ds (1.0 mL), DMSO-ds (2.0 pL). ® The anti/syn ratio was determined by *H NMR
spectroscopy to be 25/75. © The anti/syn ratio was determined by *H NMR spectroscopy to be

76/24.
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Conclusion

Aggregation of prolinamide surfactants enhanced their catalytic activity dramatically and
allowed the reaction to proceed in nonpolar solvents such as benzene (with or without a small
amount of DMSO). The observed catalytic activity correlated with the aggregation propensity
of the surfactants in DMSO/benzene mixtures. Traditionally, chemists improve the
performance of catalysts by manipulating their structures directly, whether the active metal
center or the organic catalytic functionality. Nature frequently employs a different approach,
by controlling the microenvironment of the catalysts. This work demonstrates that even
relatively simple aggregation could enhance the activity of prolinamide dramatically and
unusual selectivity could be obtained at the same time. Chemists have already recognized the
importance of environmental control on the catalysis. As shown by others!- %4 and our recent
work, %13 there are numerous ways to manipulate the microenvironment around a catalyst and
the effect can be profound. We believe that, as chemists further develop their skills in the
environmental control in catalysis, unusual reactivity and selectivity seen in enzymatic

catalysis can also be realized with synthetic systems.

Experimental Section
General method
All reagents and solvents were of ACS-certified grade or higher and used as received from
commercial suppliers. Routine *H and 3C NMR spectra were recorded on a Bruker DRX-400
or on a Varian VXR-400 spectrometer. HR-MS mass was recorded on Shimadzu LCMS-2010
mass spectrometer. Dynamic light scattering (DLS) was performed on a PD2000DLS+

dynamic light scattering detector.
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General procedure for the aldol reaction under RM conditions

DMSO (2.0 pL) was added to a solution of the appropriate prolinamide catalyst (0.007

mmol) in deuterated benzene (1.0 mL) in a vial. The mixture was ultrasonicated until a clear

solution was obtained. Bistrimethylsilylethane (10 pL) was added as an internal standard,

followed by p-nitrobenzaldehyde (10 mg, 0.07 mmol) and acetone (50 pL, 0.86 mmol). The

mixture was then transferred to a NMR tube and the reaction was monitored by *H NMR

spectroscopy.

Reaction under normal condition:

To the solution of catalyst, 1 (2.98 mg, 0.007 mmol) and benzoic acid (0.8 mg, 0.007 mmol)

was added in deuterated chloroform (1 mL) deuterated DMSO (0.10 mL) was added. P-

nitrobenzaldehyde (10 mg, 0.07 mmol) and acetone (0.05 mL, 0.86 mmol) was added and the

reaction was transferred to NMR tube and 'H NMR was used to monitor the reaction.

Bistrimethylsilylethane was added as an internal standard.

Scheme S1
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Syntheses

Syntheses  of  compounds 7,° and 9% were previously  reported.
Compound 1: To a solution of 4 (0.30 g, 1.29 mmol) in tetrahydrofuran (10 mL),
dicylcohexylcarbodiimide (0.25 g, 1.25 mmol) and N-hydroxysuccinimide (0.12 g, 1.25 mmol)
were added. The reaction mixture was stirred at room temperature for 12 h. The solid precipitate
was filtered off and didodecylamine (0.3 g, 0.85 mmol) and N,N-diisopropylethylamine (0.5 mL,
3.87 mmol) were added to the filtrate. After the mixture was stirred for another 12 h, the organic
solvent was removed by rotary evaporation. The residue was dissolved in a minimum amount of
methanol and the solution was poured into 100 mL of water. The solution was neutralized by 2 M
HCI, followed by extraction with ethyl acetate (3 x 20 mL). The combined organic layers were
washed with brine, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography over silica gel using hexane/EtOAc (1/0 to 20/1) as the eluent
to give a colorless solid (0.36 g, 68 %). The compound was dissolved in a mixture of
dichloromethane (10 mL) and trifluoroacetic acid (0.5 mL, 4.6 mmol). After 2 h at room
temperature, the reaction mixture was poured into 100 mL of water and neutralized by saturated
sodium carbonate, followed by extraction with ethyl acetate (3 x 20 mL). The combined organic
layers were washed with brine, dried over sodium sulfate, filtered, and concentrated in vacuo. The
residue was purified by column chromatography over silica gel using dichloromethane/MeOH
(10/1) as the eluent to give a glassy solid (0.25 g, 86 %). *H NMR (400 MHz, CDCls, 9) 4.55-4.47
(m, 1H), 3.55-3.40 (m, 1H), 3.39-3.30 (M, 1H), 3.30-3.10 (M, 4H), 2.42-2.30 (m, 1H), 2.10-1.70
(m, 5H), 1.35-1.17 (m, 39H), 0.88 (t, J = 6.7 Hz, 6H). 3C NMR (101 MHz, CDCls, §): 172.0,
77.6,77.3,77.0,57.8, 47.2, 46.0, 31.9, 31.9, 31.1, 29.7, 28.9, 27.5, 27.0,26.9, 26.0, 22.7, 14.1.

HRMS (m/z): [M + H]* calcd for CagHsoN2O, 451.4622; found, 451.4617.

www.manaraa.com



22

Compound 8: To a solution of 7 (0.40 g, 1.40 mmol) in THF (10 mL), dicylohexylacarbodimide
(0.28 g, 1.25 mmol) and N-hydroxysuccinimide (0.12 g, 1.25 mmol) were added. The reaction
mixture was stirred at room temperature for 12 h. The solid precipitate was filtered off and
didodecylamine (0.40 g, 1.13 mmol) and N,N-diisopropylethylamine (0.5 mL, 3.87 mmol) were
added to the filtrate. After the mixture was stirred for another 12 h, the organic solvent was
removed by rotary evaporation. The residue was dissolved in a minimum amount of methanol and
the solution was poured into 100 mL of water. The solution was neutralized by 2 M HCI, followed
by extraction with ethyl acetate (3 x 20 mL). The combined organic layers were washed with brine,
dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography over silica gel using hexane/EtOAc (1/0 to 20/1) as the eluent to give a glassy
solid (0.5 g, 73 %). *H NMR (400 MHz, Chloroform-d) § 4.06 (m, 2H), 3.15 (m, 4H), 2.15 (m,
4H), 1.93 — 1.85 (m, 14H), 1.26 (d, J = 3.4 Hz, 39H), 0.88 (t, 6H). *C NMR (101 MHz, CDCls,
0): 172.94,172.35, 167.04, 157.71, 80.17, 77.54, 76.90, 67.92, 61.09, 60.57, 48.81, 47.89, 46.17,
436.63, 33.97, 33.18, 29.76, 28.76, 27.87, 26.99, 25.6, 25.00, 24.4, 17.6, 14.12. HRMS (m/z): [M
+ H]" calcd for C3sH7oN304, 608.5361; found, 608.5359.

Compound 2: To a solution of compound 8 (0.5 g, 0.8 mmol) in dichloromethane (10 mL),
trifluoroacetic acid (1.7 mL, 16 mmol) was added. After 2 h at room temperature, the reaction
mixture was poured into 100 mL of water and neutralized by saturated sodium carbonate, followed
by extraction with ethyl acetate (3 x 20 mL). The combined organic layers were washed with brine,
dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography over silica gel using dichloromethane/methanol (10/1) as the eluent to give a
glassy solid (0.35 g, 85 %). *H NMR (400 MHz), CDCls, 6): 8.34 (s, 1H), 4.04 (dd, J = 19.1, 4.4

Hz, 2H), 3.41-3.18 (m, 4H), 3.22 — 3.08 (m, 2H), 3.01 (td, J = 6.6, 3.6 Hz, 2H), 1.53 (d, J = 7.0
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Hz, 5H), 1.25 (d, J = 3.0 Hz, 39H), 0.88 (t, J = 6.7 Hz, 6H). 3C NMR (101 MHz, CDCls, §): 175.2,
167.5,77.6, 60.5, 48.3, 47.2, 47.0, 46.2, 40.8, 32.0, 26.1, 22.7, 14.1. HRMS (m/z): [M + H]" calcd
for CsoHs2N302, 508.4800; found, 508.4835.

Compound 10: To a solution of 9 (0.40 g, 1.10 mmol) in tetrahydrofuran (10 mL),
dicyclohexylcarbodiimide (0.22 g, 1.10 mmol) and N-hydroxysuccinimide (0.12 g, 1.25 mmol)
were added. The reaction mixture was stirred at room temperature for 12 h. The solid precipitate
was filtered off and didodecylamine (0.30 g, 0.56 mmol) and N,N-diisopropylethylamine (0.5 mL,
3.87 mmol) were added to the filtrate. After the mixture was stirred for another 12 h, the organic
solvent was removed by rotary evaporation. The residue was dissolved in a minimum amount of
methanol and the solution was poured into 100 mL of water. The solution was neutralized by 2 M
HCI, followed by extraction with ethyl acetate (3 x 20 mL). The combined organic layers were
washed with brine, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography over silica gel using hexane/EtOAc (1/0 to 20/1) as the eluent
to give a glassy solid (0.50 g, 64 %). *H NMR (400 MHz), CDCls, 9): 6.88 (s, 1H), 4.81-4.74 (m,
1H), 4.16 (m, 1H), 3.67 (s, 3H), 3.33-3.05 (m, 4H), 2.32-2.07 (M, 3H), 2.04-1.44 (m, 17H), 1.27
(s, 39H), 0.89 (t, J = 6.7 Hz, 6H). 13C NMR (101 MHz, CDCls, 8): 173.12, 172.57, 171.99, 17.50,
155.03, 109.99, 80.29, 61.01, 51.62, 47.97, 46.91, 46.05, 33.91, 31.86, 29.59, 28.25, 27.56, 26.92,
24.60, 23.70, 22.03, 14.07. HRMS (m/z): [M + H]* calcd for CaoH7sN3Os, 694.5729; found,
694.5709.

Compound 3: Compound 10 (0.5 g, 0.72 mmol) was dissolved in MeOH (5mL). A solution of 1
N NaOH (1.0 mL, 1.0 mmol) was added over a period of 30 min. After 2 h, another batch of 1 N
NaOH (0.3 mL, 0.3 mmol) was added. After 1 h of stirring, the reaction mixture was poured into

water (100 mL) and then neutralized with 2 M HCI. The aqueous solution was extracted with
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EtOAc (2 x 25 mL). The combined organic solution was washed with brine, dried over sodium
sulfate, and concentrated in vacuo. The residue was dissolved in a mixture of dichloromethane (10
mL) and triflouroacetic acid (1.7 mL, 16 mmol). After 2 h at room temperature, the reaction
mixture was poured into 100 mL of water and neutralized by saturated sodium carbonate, followed
by extraction with ethyl acetate (3 x 20 mL). The combined organic layers were washed with brine,
dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography over silica gel using dichlormethane/MeOH (10/1) as the eluent to give a glassy
solid (0.30 g, 88 %). *H NMR (400 MHz, Methanol-ds, 6): 7.88 (s, 1H), 4.81-4.74 (m, 1H), 4.04
(m, 1H), 3.63-3.47 (m, 2H), 3.33-3.05 (m, 4H), 2.32-2.07 (m, 3H), 2.04-1.44 (m, 6H), 1.27 (s,
39H), 0.89 (t, J = 6.7 Hz, 6H). *C NMR (101 MHz, Methanol-ds, 8): 179.33, 171.90, 171.60,
130.98, 129.47,67.62,59.48, 49.26, 47.22, 47.02, 46.22, 40.83, 38.761, 24.35, 23.56, 22.67, 22.39,

13.10. HRMS (m/z): [M + H]"* calcd for CasHgsN3O4, 580.5048; found, 580.5053.
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'H and 3C NMR spectra
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CHAPTER 3. PHYSICAL ENTRAPMENT OF WATER-SOLUBLE FLUORESCENT
DYES BY INTERFACIALLY CROSS-LINKED REVERSE MICELLES

Premkumar Rathinam Arivalagan and Yan Zhao

Abstract

Reverse micelles of triallylammonium-functionalized surfactants were cross-linked by
dithiothreitol (DTT) through the thiol-ene free radical addition to afford interfacially cross-linked
reverse micelles (ICRMs). ICRM-entrapped metal cluster catalysts were previously shown to
display unusual properties. These core—shell organic nanoparticles in this work were shown to
encapsulate water-soluble fluorescent dyes in the hydrophilic core. The quantum yield of the
entrapped fluorophore may decrease or increase, depending on the fluorophore itself and the
properties of the ICRMs. Fluorescence quenching revealed that the entrapped dyes were located

at the surfactant/water interface and accessible to both hydrophilic and hydrophobic molecules.

Introduction
Surfactant molecules like to work as a community instead of as individuals. By self-assembling
into different mesophases, they can solubilize nonpolar substance in water, serve as a hydrophobic
barrier for water-soluble molecules, or coat polar or nonpolar surfaces. Reverse micelles (RMs)
are spherical aggregates of surfactants formed in nonpolar solvent. The headgroups of surfactants
in a RM point inward, solvated by a pool of water (or other polar solvent) in the center.> Having
both water and organic solvent in the mixture, a RM solution can be used as a medium for chemical

and biological reactions.'* Because the self-assembled surfactants can modulate the crystal
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growth, size, and morphology of inorganics, RMs are also frequently used as templates for
inorganic nanomaterials.>

There has been long standing interest in capturing surfactant mesophases by polymerization.’
1 Once stabilized by covalent bonds, a surfactant mesophase can enable applications not possible
with its noncovalent counterpart. However, because the exchange of surfactants among different
RMs is nearly diffusion-controlled, it is difficult to confine polymerization within individual
micelles.'?13

The Zhao group recently employed the highly efficient thiol—ene click reaction to cross-link
RMs at the surfactant/water interface.* These interfacially cross-linked RMs (ICRMs) joined
those reported by McQuade and co-workers!™>6 as the first examples of covalently captured RMs.
Subsequently, they also found that ICRMs could also be prepared by free radical polymerization
at the water/surfactant interface and was also able to produce interfacially cross-linked RMs
(ICRMs)."

ICRMs are core—shell organic nanoparticles (4-5 nm in size) with diverse applications.4 1719
As highly unusual templates, they allowed the preparation of luminescent Aus, Aug, and Auiz—
Auzs clusters, as well as gold nanoparticles several nanometers in size, simply by using different
amounts of gold precursor and reducing conditions.* ¥ The metal clusters/nanoparticles were
physically encapsulated by the ICRMs and displayed interesting catalytic activities. Colloidal gold,
for example, normally displays no catalytic activity in the intermolecular hydroamination of
alkynes.?’ When deposited on a chitosan-silica support, gold nanoparticles could catalyze the
reaction but require rather harsh conditions (100 °C for 22 h). With ICRM-trapped gold clusters
(i.e., Aun@ICRM), the reaction happened readily at room temperature.?* Not only so, functional

groups on the ICRM shell could be used to “pull” substrates (e.g., 4-pentynoic acid) toward the
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encapsulated Au cluster. As the binding functionality (carboxyl) was converted (in an

intramolecular alkyne carboxylation to lactone), the nonpolar product was rapidly ejected into the

environment, making Aun@ICRM behave like a “catalytic nanomachine”. As a result, catalyst

loading was reduced by 30—100-fold in comparison to typical levels reported in the literature.!’
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Scheme 1 Preparation of ICRM by photocross-linking of 1 with DTT in the RM configuration.

In this work, we trapped water-soluble fluorescent dyes within the hydrophilic core of ICRM.

The motivation for the research is two-fold. First, supramolecular photonic materials are useful in

sensing, light-harvesting, and photocatalysis.?? Since the dye molecules can be organized by the

surfactant assemblies and covalent capture could fix the structures, we can easily obtain ordered

photonic materials.?® Second, fluorescence spectroscopy can be used to probe the location of the

fluorophore.?* Since it is difficult to directly measure the mass transfer of different substrates to

catalysts in the ICRM core, we can use physically entrapped fluorophore as mock catalysts and

test their accessibility by different molecules. In this way, we have an indirect way of knowing the

location of entrapped catalysts, especially if their charge and polarity are similar to those of the
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fluorescent dye. Such learning is expected to be invaluable to the future design of ICRM-based

catalytic systems.

Results and discussion
Synthesis of dye-containing ICRMSs

Self-assembly of a surfactant strongly depends on its critical packing parameter (Q = v/aolc),
in which v is the volume of the hydrophobic tail, ao the area of the hydrophilic headgroup, and
Ic the average critical length of the amphiphile.?> To make surfactant pack more easily in the
RM configuration, we chose to use triple-tailed 1 with a large hydrophobic volume (Scheme
1). The triallylammonium headgroup put a high local concentration of alkene at the
surfactant/water interface. The water-soluble dithiol cross-linker, dithiothreitol (DTT) was
concentrated in the internal water pool. UV irradiation of photoinitiator 2,2-dimethoxy-2-
phenylacetophenone triggered the highly efficient thiol—ene radical addition, further facilitated
by the high local concentration of the reactive groups.

We reasoned that, to be trapped physically inside the hydrophilic core of an ICRM, the dye
had to carry multiple anionic charges, similar to our gold clusters protected by bromide
anions.’18 Fluorophore 2 fulfills this criterion. Having three carboxylates, it should readily
ion-pair with three surfactants in nonpolar solvents. The compound is similar to dansyl in
structure, whose fluorescence is well-known to be sensitive to environmental polarity. Its

emission, thus, should help us understand the local environment around the probe.
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Figure 1. Structures of dyes 2, 3, and 4.

The same ICRM synthesis worked well for the preparation of dye-entrapped ICRMs.
Detailed procedures are reported in the Experimental Section. Typically, a clear RM solution
was formed with the appropriate amounts of the dye, Millipore water, and cross-linkable
surfactant 1 in a mixture of heptane and chloroform. Interfacial cross-linking was achieved
following our standard procedures for all three fluorophores (2—4). The dye-entrapped ICRMs
were generally isolated after the reaction by precipitation from acetone and washed with
mixtures of methanol/acetone. Since the supernatant remained nearly colorless during repeated
washing while the ICRMs retained the distinctive color of the dye, the fluorophores were

apparently trapped physically inside the ICRMs.
Characterization of Dye-Containing ICRMs

'H NMR spectroscopy may be used to monitor cross-linking of the ICRMs. As shown in
Figure 2, the olefinic protons from the ally groups disappeared after cross-linking. For the
nonreactive protons, those close to the cross-linked headgroups also disappeared (e.g., Ha). As
the protons move away from the cross-linked core, they become more visible, e.g., Hp and Hs. In
particular, the methyl protons (Hp) are sharp and well-resolved. These results are consistent with
the cross-linking at the allyl groups in the RM configuration, since the movement of the protons

in the cross-linked ICRM core is expected to by very restricted but protons at the dodecyl tail
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end should remain mobile. The aromatic region of the *H NMR spectra did not show any protons

from the entrapped aromatic dye. This result, however, is fully expected due to the low mobility

of the dye in the ICRM core and low dye to surfactant ratio.

(a)
Ha

(b)

(©

(@)

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

ppm

Figure 2. 'H NMR spectra of (a) surfactant 1 and (b) 2@ICRM in CHCI3 (c) 3@ICRM and (d)

4@ICRM. 4/100 fluorophore/surfactant.

The size of the dye-containing ICRMs was determined by dynamic light scattering (DLS).

The DLS size was confirmed earlier by transmission electron microscopy (TEM).* As shown

in figure 4, the ICRM s are typically 4-5 nm in diameter. The size is similar to that of uncross-

linked RMs and regular ICRMs. Apparently, dye-entrapment did not change the size of the

ICRM.

Photophysical properties of entrapped dyes

Figure 3 shows the absorption and emission spectra of compound 2, in the free form and as

entrapped inside the ICRM (Figure 3a and 3b). Property of micropolarity can be tuned by
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changing the parameters such as surfactant/fluorophore ratio and wo. These changes in
parameters are also expected to tune the photophysical properties of the fluorophores. Dye 2
is known to exhibit solvatochromic effect, which means its photo physical properties can be
tuned by different solvents. From the Figure 3 and Table 1, it can be inferred that dyes retained

its identity upon entrapment with small spectral shifts.
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Figure 3. Absorption spectra of (a) in methanol [2] =46 uM and (b) 4% @ICRM in chloroform.
Wo = [H20]/[surfactant] = 5. [2] = 0.184 mM. Emission (solid lines) and excitation (dashed lines)

spectra of (c) 2 in methanol and (d) 4%@ICRM in chloroform. wo = [H20]/[surfactant] = 5.
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Table 1. Comparison of ICRM-entrapped dyes and dyes dissolved in methanol.

entry dye loading® wo (%“?%) (%erlxq) (%“er“ﬁ) QYP
1 2 1% 5 340 360 490 0.40
2 2 2% 5 340 360 490 0.31
3 2 4% 5 340 360 448 0.19
4 2 1% 10 340 360 448 0.15
5 2 1% 25 340 360 448 0.12
6 2 In methanol® 342 342 460 0.16
7 3 1% 5 545 552 564 0.18
8 3 2% 5 545 552 564 0.31
9 3 4% 5 545 552 564 0.27
10 3 1% 10 545 552 564 0.16
1 3 1% 25 545 552 564 0.22
12 3 Inmethanol° 525 525 542 0.44
13 4 1% 5 582 582 595 0.33
14 4 2% 5 582 582 595 0.42
15 4 4% 5 582 582 595 0.45
16 4 1% 10 582 582 595 0.27
17 4 1% 25 582 582 595 0.30
18 4 In methanol® 578 578 598 0.96

2 Loading is the molar ratio of the dye to cross-linkable surfactant in the ICRM preparation.

b Quantum yields were determined using quinine sulfate in 0.05 M H2SO;4 as a standard for 2,

by the excitation at 343 nm. Dye 3 and 4 were used as standards for themselves, using

literature-reported quantum yields. he quantum yields were calculated according to equation

® = Dsx(I/1s)x(0ODs/OD)*x(n?/ms?), in which @ is the quantum vyield, | is the integrated

intensity, # is the refractive index (n? = ns? as water was used for both systems), and OD is the

optical density. The subscript S refers to the standard. ¢ The photophysical properties were for

the dye dissolved in methanol. [dye] = 0.005 mM.

www.manaraa.com



45

Effect of Surfactant/fluorophore ratio

By changing the ratio of surfactant to dye in the ICRM synthesis, we can tune the number
of dye molecules per ICRM. From the DLS experiments, the number of surfactant per ICRM
was found to be approximately 50. Increasing the fluorophore/surfactant ratio increases the
number of fluorophores per ICRM. Such a change should have a marked effect on the photo
physical properties due to the increase in the probability of fluorophore-fluorophore
interactions among fluorophores within the ICRM core.

For the dye 2, the UV-vis Amax was found to be 345 nm in both the free and entrapped state
at all the three ratios. But fluorescence spectra showed a red shift around 30 nm from the free
state when the surfactant ratio was 100/1 and 50/1. There was a blue shift around 10 nm for
the ratio 25/1.

For dyes 3 and 4, a red shift around 20 nm was observed in emission, excitation, and
absorption spectra for all the three ratios. The fluorescence quantum yield is the measure of
efficiency for a fluorophore to convert absorbed light into fluorescence. Confinement in the
microenvironment should influence fluorescence quenching pathways and result in
enhancement or decrease of fluorescence. When the surfactant/dye ratio was changed from
100/1 to 50/1 to 25/1, the quantum vyield decreased, possibly due to self-quenching of dyes
when the number of fluorophores per ICRM became higher. Overall the quantum yield for the
ICRM entrapped dyes was lower compared to those of the free fluorophores. Surprisingly, the
quantum yield of dye 2 increased from 0.16 to 0.40 for 100/1 but then decreased to 0.31 and
0.19 for 50/1 and 25/1, respectively. This could be due to changes of property of micropolar
environment. For the fluorophores 3 and 4, the fluorescence quantum yield decreased upon

trapping at all three ratios.
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Effect of wo

Wo is the ratio of water to surfactant in the reverse micelle. It is well known in the literature
that water in the reverse micelle has properties different from that of the bulk water and, at
high wo, the water in the RM core will approach the bulk water in property.?® For the ICRMs,
Wo was changed from 2.5 to 10, while keeping surfactant/fluorophore ratio at 100/1. For
fluorophores 3 and 4, the change in wo did not have any significant effect in the UV-vis and
fluorescence spectra or on the quantum yield. For the fluorophore 2, the emission Amax changed
from 460 nm to 448 nm when wo changed from 5 to 10 and 5 to 2.5. Fluorescent quantum
yields decreased from 0.40 to 0.12 to 0.16 in the meantime. Again this could be a result of
change of micropolarity and solvatochromic property of fluorophore 2.2” At lower wo = 2.5,
the fluorophore at the surfactant/water interface can be influenced by the bulk solvent, which
is hydrophobic. This could be reason for the blue shift.

Table 2. Quenching studies of dyes 1, 2, and 3.

entry dye medium TEMPO Kq mM-lsT-lBA'
1 Methanol 0.024 0.003
2 ' ICRM 0.018 0.029
3 Methanol 0.035 -
4 ? ICRM 0.005 0.002
5 Methanol 0.098 0.008
6 ’ ICRM 0.067 0.045

Fluorescence Quenching of ICRM-Trapped Dyes

We chose two quenchers, tetrabutyl ammonium iodide and TEMPO. lodide quenches

fluorescence by promoting intersystem crossing due to the heavy atom effect.® TEMPO
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quenches the fluorescence by excited-state collisional dynamic quenching.?® Since the dyes
are expected to be in the hydrophilic interface, they would be more accessible to TBAI than to
TEMPO. Quenching efficiencies can be quantified by Stern-volmer quenching constants. A
hydrophobic quencher TEMPO can easily penetrate through the hydrophobic shell of ICRM.
If the fluorophore is located at the interface, it should be easily quenched. For a hydrophilic
quencher, there is higher partition tendency for it to go to the ICRM core. Enhanced quenching
should result from a high local concentration. TEMPO quenched all the fluorophores, whether
they were free or entrapped inside ICRMs . Free fluorophores were quenched slightly better
than the trapped dyes. Apparently, the trapped dyes were somewhat protected by the surfactant
hydrophobic tails. Hydrophilic quencher TBAI quenched the fluorescence of the dyes better
under trapped condition than the free condition. This is again due to high local concentration
of the quencher at the interface. From these quenching studies it was very clear that the dyes

were located at the interface, but accessible to both hydrophobic and hydrophilic quenchers.

Conclusion

In this work, dyes were encapsulated and their photophysical properties were compared with
those of the free dyes in methanol. Photophysical properties were retained upon entrapment.
Quantum vyield of fluorescence increased for dye 2 and decreased for dyes 3 and 4. Dyes were
located in the hydrophilic core but were accessible to both the hydrophilic and hydrophobic
quencher. The properties bode well for the applications of ICRMs in catalysis because the

entrapped catalysts need to be readily accessible to substrates of different kinds.
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Experimental Section

General Method

dynamic light scattering detector.
Syntheses

Scheme S1
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All reagents and solvents were of ACS-certified grade or higher and used as received from
commercial suppliers. Routine *H and 3C NMR spectra were recorded on a Bruker DRX-400
or on a Varian VXR-400 spectrometer. HR-MS mass was recorded on Shimadzu LCMS-2010

mass spectrometer. Dynamic light scattering (DLS) was performed on a PD2000DLS+
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Syntheses of compounds 5,%° and 7,2 were previously reported.

Compound 6. To a solution of 5 (0.30 g, 1.29 mmol) and 6 in DMSO (10 mL), sodium
triacetoxyborohydride (0.5 g, 2.3 mmol) and acetic acid (0.4 mL, 6.66 mmol) were added. The
reaction mixture was stirred at room temperature for 24 h. The reaction mixture was poured into
brine water (500 mL) and the product was removed by vacuum filtration. Then the product was
collected from the column by eluting with methanol/ EtOAc (1: 10) and the solvents were removed

by rotary evaporation. The residue was purified by column chromatography over silica gel using
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EtOAc /methanol (20/1 to 13/1 to 20/1) as the eluent to give a glassy solid 6 (0.20 g, 68 %). 'H
NMR (400 MHz, Methanol-da, 6): 8.48 (s, 1H), 8.30 (m, 3H), 8.15 (m, 3H), 7.44 (m, 1H), 7.27
(m, 1H), 6.45 (m, 1H), 4.65 (m, 2H), 4.35 (qd, 7.1, 1.0 Hz, 4H), 1.35 (t, J = 6.7 Hz, 6H). 3C NMR
(101 MHz, Methanol-ds, 9): 165.70, 156.13, 143.53, 141.65, 140.29, 131.96, 130.79, 130.01,
129.25, 128.42, 126.98, 125.42, 124.37, 124.20, 122.32, 120.21, 115.16, 104.70, 79.41, 61.15,
47.69, 47.48, 47.27, 47.05, 46.53, 27.76, 13.27. HRMS (m/z): [M + H]" calcd for C23H22NNaO-S,
480.1087; found, 480.1094.

Compound 5. Compound 6 (0.2 g, 0.47 mmol) was dissolved in MeOH (5mL). A solution of
LiOH (0.057 g, 1.39 mmol) in 0.2 mL water was added over a period of 30 minutes and the reaction
mixture was allowed to stir for 12 h. Then 100 mL of methanol was added to the reaction mixture
and the solution was dried by anhydrous sodium sulfate. The solvent was removed by rotary
evaporation and the residue was purified by preparative TLC using EtOAc /methanol (6/4) to
give a glassy solid. (0.1 g, 50 %). *H NMR (400 MHz, Methanol-da, 6): 8.88 (s, 1H), 8.62 (d, J =
8.4 Hz, 1H), 8.44 (q, J = 5.8, 5.2 Hz, 4H), 7.67 (dtd, J = 43.4, 7.9, 5.0 Hz, 2H), 6.92 (d, J = 7.1
Hz, 1H), 4.89 (d, J = 4.7 Hz, 2H).

Compound 1. Triallylamine (1.8 mL, 10.36 mmol) was slowly added to a solution of 3, 4, 5-
tris(dodecyloxy)benzyl bromide 7 (7.4 g, 10.27 mmol) in CHCIs. After 3 d at room temperature,
CHCl3 was removed in vacuo and the crude product was washed with acetone (2 mL) to give a
white solid (6.4 g, 72 %). *H NMR (400 MHz, CDCls, §): 6.9 (s, 2H), 5.99-5.94 (m, 3H), 5.76-
5.67 (m, 6H), 4.89 (s, 2H), 4.19(d, 6H).99-3.97 (m, 6H), 1.8-126 (m, 60H), 0.88 (t, 9H). 3C NMR
(400 MHz, CDClg, 8): 153.51, 140.00, 128.38, 125.30, 122.04, 111.53, 73.50, 69.61, 64.42, 61.89,

54.43, 31.95, 30.39, 29.79, 29.77, 29.75, 29.70, 29.68, 29.64, 29.62, 29.53, 29.44, 29.43, 29.42,
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29.40, 26.20, 26.13, 22.71, 14.14. HR-MS (m/z) [M-Br]* for calcd Cs:HauNOs*, 780.7228; found,
780.7228.
Preparation of fluoro@ICRM

Millipore water (1.8 pL) was added to a solution of 1 (20 mg, 0.02 mmol), 2 (0.019 mg,
0.00002 mmol) in heptane (10 mL) and CHCIs (0.5 mL). The mixture was hand shaken and
sonicated at room temperature for 4 min to give an optically clear solution. After addition of DTT
(5.30 mg, 0.03 mmol) and 2-hydroxy-4'(2-hydroxyethoxy)-2-methylpropiophenone (0.5 mg,
0.002 mmol) the mixture was irradiated in a Rayonet photoreactor for ca. 2 h until most alkenic
protons were consumed. The organic solvents were removed by rotary evaporation. The residue
was dissolved in 0.3 mL chloroform and precipitated upon addition of 10 ml of acetone. It was
centrifuged and the residue was washed with methanol/acetone (4 mL/6 mL) 3 times and dried to

give 18 mg (75 %) and used for photophysical experiments.

Millipore water (1.8 puL) was added to a solution of 1 (20 mg, 0.02 mmol), Sulpharhodamine
4 (0.14 mg, 0.00002 mmol) in heptane (10 mL) and CHCIs (0.5 mL). The mixture was hand shaken
and sonicated at room temperature for 4 min to give an optically clear solution. After addition of
DTT (5.30 mg, 0.03 mmol) and 2-hydroxy-4'(2-hydroxyethoxy)-2-methylpropiophenone (0.5 mg,
0.002 mmol) the mixture was irradiated in a Rayonet photoreactor for ca. 2 h until most alkenic
protons were consumed. The organic solvents were removed by rotary evaporation. The residue
was dissolved in 0.3 mL chloroform and precipitated upon addition of 10 ml of acetone. It was
centrifuged and the residue was washed with methanol/acetone (4 mL/6 mL) 3 times and dried to

give 18 mg (75 %) and used for photophysical experiment.

Millipore water (1.8 ulL) was added to a solution of 1 (20 mg, 0.02 mmol), Eosiny 3 (0.16

mg, 0.00002 mmol) in heptane (10 mL) and CHCIs (0.5 mL). The mixture was hand shaken and
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sonicated at room temperature for 4 min to give an optically clear solution. After addition of DTT

(5.30 mg, 0.03 mmol) and 2-hydroxy-4'(2-hydroxyethoxy)-2-methylpropiophenone (0.5 mg,

0.002 mmol) the mixture was irradiated in a Rayonet photoreactor for ca. 2 h until most alkenic

protons were consumed. The organic solvents were removed by rotary evaporation. The residue

was dissolved in 0.3 mL chloroform and precipitated upon addition of 10 ml of acetone. It was

centrifuged and the residue was washed with methanol/acetone (4 mL/6 mL) 3 times and dried to

give 18 mg (75 %) and used for photo physical experiments.
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Figure 4. Hydrodynamic Diameters of 2@ ICRMs determined by DLS at wo = (a) 2.5 (b) 5 and

(c) 10 in heptane/chloroform (10:0.5). The diameter was calculated using the viscosity and

refractive index of heptane.
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Figure 5. Distribution of the molecular weights of the 2@ICRMs (a) wo = 2.5 (b) 5 and (c) 10 and

the correlation curve for DLS. The molecular weight distribution was calculated by the

PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to the

mass of the particle squared. (a) If each unit of building block for the 2@ICRM is assumed to
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contain one molecule of compound 1 (MW = 863 g/mol), 1.5 molecules of DTT (MW = 156
g/mol), and 5molecules of water (MW = 18 g/mol), the molecular weight of the fluoro@ICRM
translates to 43 [= 49900/(863+1.5x156+2.5x18)] of such units. (b) If each unit of building block
for the 2@ICRM is assumed to contain one molecule of compound 1 (MW = 863 g/mol), 1.5
molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW = 18 g/mol), the molecular
weight of the fluoro@ICRM translates to 36 [= 43100/(863+1.5x156+5x18)] of such units.(c) If
each unit of building block for the 2@ICRM is assumed to contain one molecule of compound 1
(MW =863 g/mol), 1.5 molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW =
18 g/mol), the molecular weight of the fluoro@ICRM translates to 155 [=

69400/(863+1.5x156+10%18)] of such units.
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Figure 6. Hydrodynamic Diameters of 3@ ICRMs determined by DLS at wo= (a) 2.5 (b) 5 and
(c) 10 in heptane/chloroform (10:0.5). The diameter was calculated using the viscosity and

refractive index of heptane.
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Figure 7. Distribution of the molecular weights of the 3@ICRMs (a) wo = 2.5 (b) 5 and (c) 10 and
the correlation curve for DLS. The molecular weight distribution was calculated by the
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to the
mass of the particle squared. (a) If each unit of building block for the 3@ICRM is assumed to
contain one molecule of compound 1 (MW = 863 g/mol), 1.5 molecules of DTT (MW = 156
g/mol), and 5molecules of water (MW = 18 g/mol), the molecular weight of the fluoro@ICRM
translates to 37 [= 42700/(863+1.5x156+2.5x18)] of such units. (b) If each unit of building block
for the 3@ICRM is assumed to contain one molecule of compound 1 (MW = 863 g/mol), 1.5
molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW = 18 g/mol), the molecular
weight of the fluoro@ICRM translates to 46 [= 548000/(863+1.5x156+5x18)] of such units. (c) If
each unit of building block for the 3@ICRM is assumed to contain one molecule of compound 1
(MW =863 g/mol), 1.5 molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW =
18 g/mol), the molecular weight of the fluoro@ICRM translates to 36 [=

45500/(863+1.5x156+10x18)] of such units.
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Figure 8. Hydrodynamic Diameters of 4@ ICRMs determined by DLS at Wo= (a) 2.5 (b) 5 and
(c) 10 in heptane/chloroform (10:0.5). The diameter was calculated using the viscosity and

refractive index of heptane.
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Figure 9. Distribution of the molecular weights of the 4@ICRMs (a) wo = 2.5 (b) 5 and (c) 10 and
the correlation curve for DLS. The molecular weight distribution was calculated by the
PRECISION DECONVOLVE program assuming the intensity of scattering is proportional to the
mass of the particle squared. (a) If each unit of building block for the 4@ICRM is assumed to
contain one molecule of compound 1 (MW = 863 g/mol), 1.5 molecules of DTT (MW = 156
g/mol), and 5molecules of water (MW = 18 g/mol), the molecular weight of the fluoro@ICRM
translates to 45 [= 52000/(863+1.5x156+2.5%18)] of such units. (b) If each unit of building block
for the 4@ICRM is assumed to contain one molecule of compound 1 (MW = 863 g/mol), 1.5
molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW = 18 g/mol), the molecular
weight of the fluoro@ICRM translates to 120 [= 66300/(863+1.5x156+5%18)] of such units. (c) If

each unit of building block for the 4@ICRM is assumed to contain one molecule of compound 1
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(MW =863 g/mol), 1.5 molecules of DTT (MW = 156 g/mol), and 5molecules of water (MW =

18 g/mol), the molecular weight of

199000/(863+1.5x156+10%18)] of such units.
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Figure 10. Absorption spectra of fluorophore [3]. (a) methanol [3] =11.2 uM and (b) ICRM (25/1)

Wo =5 in Chloroform [3] = 46 uM.
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Figure 11. Normalized Emission and excitation spectra of fluorophore [3] = 4.6 uM (a) methanol

and (b) ICRM (100/1) wo =5 in chloroform.
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Figure 12. Absorption spectra of fluorophore [4]. (a) methanol [4] =11.2 uM and (b) ICRM (25/1)

Wo=5. [4] =46 uM in chloroform.
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Figure 13. Normalized Emission and excitation spectra of fluorophore [4] = 4.6 uM (a) methanol

and (b) ICRM (100/1) wo =5 in chloroform.
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Figure 14. Emission spectra of fluorophore [2] = 2.5 uM in the presence of different

concentrations of TEMPO. (a) methanol and (b) ICRM (100/1) wo=5 in chloroform.
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Figure 15. Emission spectra of fluorophore [2] = 2.5 uM in the presence of different

concentrations of Tetrabutylammonium lodide. (a) methanol and (b) ICRM (100/1) wo =5 in

chloroform.
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Figure 16. Emission spectra of fluorophore [4] = 4.6 uM in the presence of different

concentrations of TEMPO. (a) methanol and (b) ICRM (100/1) wo=5 in chloroform.
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Figure 17. Emission spectra of fluorophore [4] = 4.6 uM in the presence of different

concentrations of Tetrabutylammonium lodide. (a) methanol and (b) ICRM (100/1) wo = 5 in

chloroform.
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Figure 18. Emission spectra of fluorophore 3 in ICRM [3] =11.2 uM in the presence of different

concentrations of (a) TEMPO (b) TBAI in chloroform.

(a) (b)
6 4
5 . 3.5
3
4 2.5
'8 '8
=3 = 2
'8 'S
2 15
1
1 05
0 ' ' ' ' 0 ' ' ' '
0 10 20 30 40 50 0 10 20 30 40 5¢
Concentration (mM)) Concentration (mM))
(c) (d)
2 2
1.8 1 1.8 1
1.6 1 1.6 1
1.4 1 1.4 1
W 12 -/ w 127
= 1 = 1
L
0.8 1 0.8 1
0.6 1 0.6 1
0.4 1 0.4 1
0.2 1 0.2 1
0 ' ' ' 0 r r r
0 5 10 15 20 0 5 10 15 20
Concentration (mM)) Concentration (mM))

Figure 19. Stern-Volmer Plot of quenching of fluorophore 2 by (a) Tempo in methanol, (b)

Tempo in ICRM, (c) TBAI in methanol and (d) TBAI in ICRM in chloroform.
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Figure 20. Stern-Volmer Plot of quenching of fluorophore 4 by (a) Tempo in methanol, (b) Tempo

in ICRM, (c) TBAI in methanol and (d) TBAI in ICRM.
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Figure 21. Stern-Volmer plot of fluorophore 3 in ICRM [3] =11.2 uM in the presence of different

concentrations of (a) TEMPO (b) TBAL.

(a) (b)

1 4
0.9 3.5 1
’5‘0.8 3 4
5 0.7
S 2.5 1
> 06 w
=05 2 2
(T
w -
c 04 1.5 1
Qo3 14
£
01 0.5 -
0 ' ' v 0 r r r r
510 560 610 660 0 10 20 30 40 50
Wavelength (nm) Concentration (mM))

Figure 22. (a) Emission spectra of flourophore [3] in the presence of different concentrations of

TEMPO. [3] =11.2 uM in methanol and (b) Stern-Volmer plot.
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CHAPTER 4. ENHANCEMENT OF CATALYTIC ACTIVITY AND SELECTIVITY OF
MANGANESE PORPHYRIN CATALYSTS UPON ENTRAMENT IN INTERFACIALLY
CROSS-LINKED REVERSE MICELLES (ICRM)

Premkumar Rathinam Arivalagan and Yan Zhao

Abstract
Manganese porphyrins were successfully encapsulated in the core of interfacial cross-linked
reverse micelles. The catalytic efficiency was investigated in the epoxidation reactions of various
olefins. The catalysts showed enhanced catalytic activity upon encapsulation compared to their
free counterparts. In the free state catalyst, the porphyrin was easily deactivated by the formation
of oxo-bridged Mn-O-Mn dimer. Upon encapsulation, this deactivation pathway was eliminated
and the catalysts showed enhanced activity. Substrate scope of the catalysts was also investigated

with various olefins.

Introduction

Site isolation potentially offers preservation of both structure and activity of a catalyst that is
sensitive to solvent or other chemical species present in the bulk solution.! Site isolation renders
unusual properties like enhanced fluorescent quantum yield, catalytic activity, and unusual
stability.>® Many materials can be used for site isolation such as mesoporous silica,* dendrimers,’
starpolymers,* metal organic framework,® and their applications in multistep catalysis have been
reported in the literature.®#®

One of the most important applications of site isolation is in multistep catalysis. A more

specific application is in “wolf and lamb reactions”.! Acids and bases can be site isolated and
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programmed to catalyze multistep reactions in a sequential manner without being deactivated by
each other. Another application is in the manganese porphyrin-catalyzed epoxidation. Even
though manganese porphyrins are similar to the iron heme moiety present in the active site of
cytochrome P450, the catalyst in the loses its activity by the formation of a Mn-O-Mn dimer.
Irreversible oxidation of the catalyst by the oxidant is another pathway of catalytic deactivation.
In the native enzyme, the iron heme is isolated in the active site which precludes the formation of
oxo-bridged Fe-O-Fe dimer.

Although many strategies have been reported in the literature, on the site-isolation of Mn-
porphyrin complexes, none of these examples illustrate the site-isolation homogeneously in the
solution phase.” Homogeneous catalysis has the advantage over heterogeneous catalysis in that the
catalyst is easily accessible to the substrates. Having recognized this importance, our group used
interfacially crosslinked reverse micelles as a soluble support for Pd nanoparticles for catalytic
Heck reactions. The catalyst maintained its activity in multiple runs. The ICRM approach was
used to encapsulate gold clusters and used to catalyze room temperature hydroamination reactions.
Recently, ICRM was used not only as a support but also as an affinity site in cyclization of 4-
pentynoic acid.®® In that work, hydrophilic cationic core of ICRM was used to bring the
negatively charged substrate to the catalytic site. Once the reaction was completed, the
hydrophobic product was ejected from the active site, completing the catalytic cycle. After
achieving considerable benefits of encapsulating nanoparticles, we explored the encapsulation of
hydrophilic moieties. In the previous chapter, | reported the encapsulation of hydrophilic
fluorophores and investigated their location in the core using fluorescence quenching studies. The
study showed that entrapped fluorophores are at the interface and accessible to both hydrophilic

and hydrophobic quenchers. In this chapter, we explore the encapsulation of hydrophilic
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manganese porphyrin catalysts and demonstrate the benefit of such site isolation.

Results and discussion
Trapping of the catalysts:

The synthesis of catalyst@ICRM was similar to the synthesis of fluorophore@ICRM as
described in the previous chapter. We chose surfactant 1 for the synthesis of catalyst@ICRM
which can be crosslinked by free radical polymerization. We chose two catalysts, 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphine manganese(l1l) chloride 4 and manganese(lll) 5,10,15,20-
tetra(4-pyridyl)porphine chloride 5, for encapsulation. Catalyst 4 was trapped using the similar
strategy as reported in the previous work of encapsulating hydrophilic fluorophores. Catalyst 4
was anionic and can be solubilized in the cationic core of a reverse micelle which was subsequently
polymerized by free radical polymerization. Encapsulation was estimated to be complete, as there
was no leaching of the catalyst during washing using water and methanol.

Catalyst 5 was basic and trapped using p-vinyl benzoic as the co-surfactant to solubilize it in
the core. Its encapsulation in the hydrophilic core was not as efficient as catalyst 4 since the
catalyst 5 is slightly more hydrophobic. However, encapsulation was quantified by UV-visible
spectroscopic measurements of the washings, which contained about 20 % of the catalyst. This
means about 80 % of the catalyst was encapsulated. The catalyst/surfactant ratio of 1/25 was

chosen.

Fig. 1. Structures of catalyst 4 and 5.
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Scheme 1. Schematic representation of synthesis of ICRM.
Characterization

The ICRMs were characterized by *H NMR spectroscopy and dynamic light scattering (DLS)
experiments and UV-vis spectroscopy. Figure 4 shows the *H NMR of surfactant 1 and
catalyst@ICRM. Apparently, the olefinic protons disappeared upon photo cross-linking. Figure 6
and Figure 8 show the particle size distribution profiles of catalyst@ICRM obtained from DLS.
The particles size was in the range of 4-10 nm. The aggregation number was obtained by DLS
from which the number of metalloporphyrins per ICRM were deduced. The average aggregation
number was found to be 50 at wo=5. For the surfactant/catalyst ratio 50/1 there is one catalyst for
every ICRM. The UV-visible spectra of the encapsulated catalysts were similar to their free

counterparts (Fig. 3).

Epoxidation reactions:
Two oxidants, diacetoxyiodobenzene and iodosobenzene were used for epoxidation reactions

and styrene was used as the model substrate. Both the entrapped catalysts with
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(diacetoxyiodo)benzene showed similar activity compared to their free counterparts. This
suggested that catalysts did not dimerize under free condition with (diaectoxyiodo)benzene. This
oxidant was used to optimize the catalyst preparation and investigate the substrate scope of the
trapped catalysts. With iodosobenzene, catalyst 5 was deactivated by irreversible oxidation of
porphyrin ligand and catalyst 4 was deactivated by both reversible dimerization and irreversible
oxidation. This oxidant was used to demonstrate the site isolation benefits of ICRM.
Optimization of the catalyst 4@ICRM

Our initial aim was to optimize the catalyst 4 for the best reaction conditions. Table 1
summarizes the reaction yields of epoxidation of styrene, under different conditions after 2 h for
catalyst 4. (diacetoxyiodo)benzene was used as the oxidant, since the catalyst did not undergo
dimerization under this oxidation condition. we investigated the effect of solvents, woand catalyst
loading on the reaction yields.

Effect of solvents:

Solvents play significant roles in a reaction by stabilizing or destabilizing the transition state,
increasing or decreasing the free energy of the reactants or the products. A solvent can have two
effects in the case of an ICRM-entrapped catalyst. One is on the substrate’s partition in a nonpolar
solvent. For example, polar substrates prefer to migrate to the hydrophilic core. Another is a
generic solvent effect on the reaction as mentioned above. Since styrene is a hydrophobic substrate,
partition would not play any significant role in the reaction. But the location of the catalyst would
have a significant effect on the reaction. To unravel these effects, a chloroform/methanol mixture
with different compositions was used as the solvent. As the chloroform/methanol ratio was
changed from 1/0 to 1/1 gradually, the reaction yield increased from 50% to 96%. This is a generic

solvent effect, as the free catalyst also showed a similar trend (results not reported here). This
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again supports our previous conclusion that catalyst is at the interface of the ICRM and solvents

could have a significant impact on the catalysis.

(a) (b)
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Figure 2. Absorption spectra of (a) [4] = 11.2 uM in methanol and (b) 4@ICRM in methanol. wo
=[H20]/[surfactant] =5. [4] =20 uM. (c) [5] in methanol = 9.2 uM and (d) 5@ICRM in methanol.

Wo = [H20]/[surfactant] = 5. [5] =24.2 uM.

Effect of loading:

The number of catalysts per ICRM can be easily varied by changing the catalyst/surfactant ratio
during the ICRM synthesis. Catalyst/surfactant molar ratios of 1/50, 1/25, and 1/12.5 were chosen
for the preparation of 4@ICRM. These ratios translate to a number of catalysts per ICRM of 1, 2,

and 4, respectively. These numbers were determined by dynamic light scattering experiment.
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As expected with a higher loading, the 1:12.5 catalyst/surfactant ratio gave the highest yield
(96%). We attributed this trend to a higher local concentration of the catalyst under a higher
loading. Substrate entering the core has four times the probability of encountering the catalyst
when catalyst/surfactant ratio is 1/12.5 than 1/50. In the ICRM-supported gold catalysts, we also
observed a similar behavior.

Table 1. Reaction yields at 2 h for the epoxidation reaction of styrene catalyzed by the 4@ICRM

under different conditions.

Entry Solvent Wo Catalyst/ Yield %
composition surfactant
1 1/0 5 1/12.5 52
5 711 5 1/12.5 53
3 3n 5 1/12.5 71
4 11 5 1/12.5 96
5 1/1 5 1/25 70
5 1/1 5 1/50 71
7 1/1 10 1/25 85
8 1/1 15 1/25 90

Reaction conditions: catalyst (0.0005 mmol), Styrene (0.150 mmol), (diacetoxy
iodo)benzene (0.225 mmol) imidazole, (0.020 mmol) and solvent = chloroform/methanol
(2 mL). The reactions conducted for 2 h at room temperature. Yields were calculated by

GC-MS.
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Wo is the parameter that defines the ratio of water to surfactant ratio in the hydrophilic core. We

studied the effect of wo on the reaction yields since a change of micro polarity was expected to

have a significant effect on the reaction yields. We chose wo =5, 10, and 15 for the study. To our

surprise, no difference in reactivity was observed.

Increasing the water content increases the

number of surfactants per ICRM but at the same time, the catalyst to surfactant ratio remains the

same. It is possible that, since the catalyst was at the bulk interface of the ICRM, wp did not play

any role in the reaction.

Table 2. Reaction yields at 2 h for the epoxidation of various substrates under optimized condition.

entry  Substrate ICRM Free ICRM Free
1 Styrene 96 100 93 35
2 Stilbene 64 70 84 35
3 Cyclooctene 45 67 93 40
4 1-Decene 10 9 10 15
5 p-vinyl benzoic acid 25 50 13 40
6 3-methyl-3-butene-1-ol 20 30 17 35

Reaction conditions: catalyst (0.0005 mmol), (diacetoxyiodo)benzene (0.225 mmol), substrate

(0.150 mmol). Solvent = 1.0 mL methanol + 1.0 mL chloroform. The reaction was conducted at

room temperature for 2 h. Yields were calculated by GC-MS.

Substrate study:

We then explored the substrate scope of the reactions with both the encapsulated catalysts.

Since the catalysts are close to the hydrophilic core, it would be more accessible to hydrophilic
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substrates. This would result in rate acceleration when compared to hydrophobic substrates. Table
2 summarizes the reaction yields of different substrates under optimized condition. The two
catalysts showed different behavior under free conditions. Catalyst 4 showed enhanced activity
for hydrophobic substrates whereas catalyst 5 showed a similar activity for both the hydrophilic
and hydrophobic substrates. Upon entrapment, both the catalysts showed similar trends in the
activity. For the catalyst 4, the activity was slightly lower when compared to its free counterpart.
This could be because that catalyst was somewhat protected by cross-linking density. Surprisingly,
catalyst 5 showed enhanced activity for hydrophobic substrates compared to its free counterpart. A
likely reason is the formation of oxo-bridged Mn-O-Mn dimer by catalyst 5 under free conditions.
Upon entrapment, this deactivation pathway is eliminated. The activity trends could be explained
by the accessibility of the substrates. Hydrophobic substrates have more access to the catalysts
than the hydrophilic substrates. The location of catalyst 5 is more towards the bulk interface than
that for the catalyst 4 since the catalyst itself is hydrophobic. Also the hydrophilic substrates tend

to stay in the bulk solvent since the reaction solvent is a polar chloroform/methanol mixture.
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Fig. 3. Plot showing the enhancement of catalyst activity and stability in the epoxidation of styrene

upon entrapment of 5 in ICRM (in terms of TON).
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Effects of site isolation:

Table 3 summarizes the turnover number of the catalysts after 4 h using iodosobenzene as the
oxidant. Catalyst 4 gave similar turn over number upon encapsulation as its free counterpart. This
suggests that oxidation was the main deactivation pathway. To our delight, 5 gave 5 times greater
turnover number upon encapsulation than its free counterpart. This suggests the catalysts was
deactivated both by dimerization and oxidation. Kinetic studies were performed to investigate
further the deactivation pathway. Figure 3 shows the kinetic profiles of the free and encapsulated
5. Clearly, the catalyst lost its activity within 30 minutes of the reaction in the free state. Since
entrapped catalyst was precluded from dimerization, it’s only deactivation pathway was
irreversible oxidation.

Table 3. Turn over number at 4 h for the epoxidation reaction by iodosobenzene.

Catalyst Turn over number
4 free 145
1/12.5 172
5 free 56
1/25 231

Reaction conditions: catalyst (0.0005 mmol), iodosobenzene (0.309 mmol), substrate (0.300
mmol). Solvent = 1.0 mL methanol + 1.0 mL chloroform. The reaction was conducted at room

temperature for 4 h. Yields were calculated by GC.

Conclusion
In summary, manganese porphyrins catalysts were encapsulated in the core of interfacial cross-

linked reverse micelles. The encapsulated catalyst system resembles the natural heme moiety
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present in the active site of cytochrome P450 in its structure and function. Since the rate of the
reaction was not diffusion-controlled, hydrophobic and hydrophilic substrates showed a similar
trend as in the free catalysts. In future work, we will explore the encapsulation of other catalysts

and their applications.

Experimental Section

General method

All reagents and solvents were of ACS-certified grade or higher and used as received from
commercial suppliers. Routine *H and **C NMR spectra were recorded on a Bruker DRX-400 or
on a Varian VXR-400 spectrometer. HR-MS mass was recorded on Shimadzu LCMS-2010 mass
spectrometer. Dynamic light scattering (DLS) was performed on a PD2000DLS+ dynamic light
scattering detector. For the catalysis the products were analyzed on a HP 5890 gas chromatograph
equipped with a HP-5 capillary column (30 m x 0.32 mm x 0.25 um) with a flame ionization
detector and SHIMADZU 5050A GC-MS equipped with a HP-5ms capillary column (30 m x 0.32
mm x 0.25 um). The response factors of each component were determined with standard samples
and were used to calculate the conversion and selectivity.
Syntheses

Syntheses of compound 2'* was reported in the literature and 3 was reported in the previous

chapter 3.
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Compound 1: N,N'-((methylazanediyl)bis(propane-3,1-diyl))diacrylamide (2)* (0.75 g, 3.0 mmol)
was dissolved in solution of compound 3 (2.5 g, 3.5 mmol) in CHCI3 ( 30 mL). The reaction
mixture was stirred at 50 °C for 36 h. The organic solvent was removed in vacuo. and the residue
was purified by column chromatography over silica gel using CH>Cl> /MeOH=20/1 to 10/1 as the
eluent to give white solid (2.43 g, 72 %). *H NMR (400 MHz, CDCls, §): 8.13 (t, J = 4.0 Hz, 2H),
6.59 (s, 2H), 6.48-6.44 (dd, J = 11.3 Hz and 6.8 Hz, 2H), 6.33-6.30 (dd, J = 1.2 Hz and 11.2 Hz,
2H ), 5.65-5.63 (dd, J = 13.6 Hz and 6.4 Hz, 2H), 4.34 (s, 2H), 3.98 (t, J = 4.0 Hz, 6H), 3.61-3.42
(m, 8H), 2.95 (s, 3H), 2.23-2.06 (m, 4H), 1.82-1.72 (m, 6H), 1.50-1.45 (m, 6H), 1.37-1.26 (m,
48H), 0.88 (t, J = 4.0 Hz, 9H) *C NMR (100 MHz, CDCls, §):166.72, 153.72, 140.51, 131.03,
126.52,120.42,111.16, 73.62, 69.67,67.37,59.11, 48.20, 35.88, 31.94, 30.37, 29.77, 29.76, 29.74,
29.71, 29.67, 29.61, 29.50, 29.41, 29.39, 26.16, 26.09, 22.70, 14.13. ; ESI-MS (m/z): [M+H]" calcd
for CssH102N3Os, 896.7814; found 896.7819.

Preparation of 4@ICRM and 5@ICRM:

Millipore water (1.8 ulL) was added to a solution of 1 (23 mg, 0.02 mmol), 4 (0.5 mg,
0.00048 mmol) in heptane (10 mL) and CHCIs (0.5 mL). The mixture was hand shaken and
sonicated at room temperature for 4 min to give an optically clear solution. After addition of 2, 2-
dimethoxy-2-phenylacetophenone (0.5 mg, 0.002 mmol) the mixture was irradiated in a Rayonet
photoreactor for ca. 12 h until most alkenic protons were consumed. The organic solvents were
removed by rotary evaporation. The residue was dissolved in 0.3 mL chloroform and precipitated
upon addition of 10 ml of acetone. It was centrifuged and the residue was washed with

methanol/acetone (4 mL/6 mL) 3 times and dried to give 22 mg (98 %).
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Millipore water (1.8 pul) was added to a solution of 1 (23 mg, 0.02 mmol), 5 (1 mg, 0.00096
mmol) and p-styrene benzoic acid (0.57 mg, 0.0038 mmol) in heptane (10 mL) and CHCIs (0.5
mL). The mixture was hand shaken and sonicated at room temperature for 4 min to give an
optically clear solution. After addition of 2, 2-dimethoxy-2-phenylacetophenone (0.5 mg, 0.002
mmol) the mixture was irradiated in a Rayonet photoreactor for ca. 12 h until most alkenic protons
were consumed. The organic solvents were removed by rotary evaporation. The residue was
dissolved in 0.3 mL chloroform and precipitated upon addition of 10 ml of acetone. It was
centrifuged and the residue was washed with methanol/acetone (4 mL/6 mL) 3 times and dried to
give 22 mg (98 %). and used for photophysical experiments. Absorbance of supernatant liquid was

measured and amount of catalyst was measured using calibration graph.

Hb

N

.5 80 75 70 65 6.0 55 5045 40 35 30252015 1.00.

Figure 4. *H NMR spectra of in CDCl; (a) 1, (b) 4@ICRM and (c) 5@ICRM
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Figure 6. (a) Distribution of the molecular weights of the 4@ICRMs wo =5 and the correlation

curve for DLS. The molecular weight distribution was calculated by the PRECISION

DECONVOLVE program assuming the intensity of scattering is proportional to the mass of the

particle squared. If each unit of building block for the 4@ICRM is assumed to contain one

molecule of compound 5 (MW = 975 g/mol), and 5 molecules of water (MW = 18 g/mol), the

molecular weight of the 4@ICRM translates to 112 [= 51,000/(975+ 5x18)] of such units. (b)

Distribution of the molecular weights of the 4@ ICRMs wp = 10 and the correlation curve for DLS.

The molecular weight distribution was calculated by the PRECISION DECONVOLVE program

assuming the intensity of scattering is proportional to the mass of the particle squared. If each unit

of building block for the 4@ICRM is assumed to contain one molecule of compound 1 (MW =
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975 g/mol), 10 molecules of water (MW = 18 g/mol), the molecular weight of the 4@ICRM
translates to 801 [= 934000/(8975+10%18)] of such units. (c) Distribution of the molecular weights
of the 4@ICRMs wp = 15 and the correlation curve for DLS. The molecular weight distribution
was calculated by the PRECISION DECONVOLVE program assuming the intensity of scattering
is proportional to the mass of the particle squared. If each unit of building block for the 4@ICRM
is assumed to contain one molecule of compound 1 (MW = 975 g/mol) and 15molecules of water
(MW = 18 g/mol), the molecular weight of the 4@ICRM translates to 700 [=

985000/(975+15x18)] of such units.
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Fig 7. Distribution of the diameters of the nanoparticles in heptane as determined by DLS for
5@ICRM (a) wo = 5. (b) Distribution of the molecular weights of the 5@ICRMs wp = 10 and the
correlation curve for DLS. The molecular weight distribution was calculated by the PRECISION
DECONVOLVE program assuming the intensity of scattering is proportional to the mass of the
particle squared. If each unit of building block for the 5@ICRM is assumed to contain one
molecule of compound 1 (MW = 975 g/mol), 10 molecules of water (MW = 18 g/mol), the

molecular weight of the 5@ICRM translates to 81 [= 934000/ (8975+10x18)] of such units.
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'H and 3C NMR spectra of compound 1
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CHAPTER 5. ENHANCEMENT OF CATALYTIC ACTIVITY AND SELECTIVITY OF
Pt(TPPTS)2Cl2 IN INTERFACIALLY CROSS-LINKED REVERSE MICELLES

Premkumar Rathinam Arivalagan and Yan Zhao

Abstract
Pt(TPPTS).Cl> was entrapped in the core of the interfacially cross-linked reverse micelle. It
was used to catalyze hydration of hydroxyl alkynes. Activity of the catalyst was compared with
that of the free catalyst and the catalyst solubilized in CTAB. Solvent effects, effects of the amount
of water, and substrate scope were studied. Pt(TPPTS)2Cl.@ICRM was found to have higher
activity and selectivity towards hydrophilic substrates. Inherent advantage of the ICRM over

conventional reverse micelle was also demonstrated.

Introduction

Entrapping a catalyst in nano vessel offers protection and control of activity towards substrates.
Activity and selectivity of the catalyst have always been important in catalysis. And for a
supramolecular chemist, inspiration comes from the enzyme which uses molecular interactions
and site isolation for activity and selectivity.! In heterogeneous catalysis, selectivity was achieved
by trapping the catalyst in a porous material which allows only small molecules to diffuse in.2
But when compared to the homogeneous catalysts, the trapped catalysts in these porous materials
tend to have lower activity. Macrocycles were also employed to achieve selectivity but molecules

are always in equilibrium with its free counterparts.

Recently, the Zhao group synthesized interfacially cross-linked reverse micelles based on
reverse micelle self-assembly using cross-linkable surfactants. This material has many advantages

over reverse micelle including enhanced stability irrespective of the solvent and amount of water

www.manaraa.com



87

in the water pool. It was initially used as a template and soluble support for palladium and gold
nanoclusters for catalytic applications.?® It was then used to trap hydrophilic dyes to study the
nature of the microenvironment and the location of the entrapped dyes. Site isolation property was
then explored in the fourth chapter using manganese porphyrin catalysts known to get deactivated
by dimerization under free condition. In this chapter, entrapped catalyst showed enhanced activity
in the catalytic epoxidation of alkenes. But the solvent (chloroform/methanol) system that was
used did not allow us to investigate selectivity and hydrophobic substrates showed good reactivity
than hydrophilic substrates. From the entrapment of dyes and porphyrin catalysts, it was found
that catalyst was at the interface and accessible to both the hydrophilic and hydrophobic substrates.
We envisioned if the catalyst is very hydrophilic then it would be located in the water pool and
would be accessible only to hydrophilic substrates. Pt(TPPTS).Cl> was chosen since it is very
hydrophilic due to multiple anionic sulfonates and it is known to catalyze hydration of hydroxyl
alkynes. Our aim was to demonstrate that ICRM can concentrate high local concentration of

substrates and has selectivity towards hydrophilic substrates.

Results and Discussion:

Entrapment of the catalyst:

Entrapment of the catalyst in the core of the ICRM was performed using the procedure
previously reported in the fourth chapter. Briefly, the catalyst with multiple anionic ligands was
readily solubilized in reverse-micelle solution of surfactant 1 by electrostatic interaction in a
heptane/chloroform mixture. Photo initiator was added followed by photo crosslinking, yielding

Pt(TPPTS)Cl.@ICRM. It was used for the catalytic study.
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Table 1. Reaction yields at 6 h for the hydration reaction of 4-pentyne-1-ol catalyzed by the

PtCIlx(TPPTS).@ICRM under different conditions.

entry THF/Methanol/Chloroform Wo Amount of water eq. 326'0'
1 1/0/0 S 5 24
2 1/0/1 5 5 4
3 0/1/1 5 5 17
4 0/0/1 5 S trace
5 1/0/0 10 5 37
6 1/0/0 15 5 49
7 1/0/0 5 15 78
8 1/0/0 10 15 100
9 1/0/0 15 15 100
10 1/0/0 15 5 26
11 1/0/0 TBAB 15 0
12 1/0/0 1 15 0
13 DMSO 15 0
14 1/0/0 4 15 50
15 1/0/0 CTAB 15 100

Substrate (0.120 mmol), catalyst (0.001 mmol), 6 h RT. Yields were calculated by *H NMR using
bistrimethylsilylmethane as internal standard. ®surfactant /catalyst ratio =40/1. P“YReaction was
performed in reverse micelle condition with TBAB, compound 1 and 4 as surfactants. Entry 13

was performed in DMSO without surfactants.
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Solvent effects:

Table 1 summarizes the yields of hydration of 4-pentyne-1-ol under different conditions.
Solvents affect the rate of the reactions by either stabilizing or destabilizing the transition state,
reactants, and products. In reverse micelles, solvents also influence the distribution of the solute
between the mesophase and bulk solvent. A nonpolar solvent increases the distribution of the
substrates towards micellar interface which results in a high local concentration of the substrate at
the interface. Since water is the reactant in this reaction, using a nonpolar solvent should play a
significant role in the kinetics. Four different solvent ratios with different polarity were chosen to

study the solvent effects.

The solvent polarity was increased by increasing the amount of methanol in the THF, methanol
and chloroform mixture. As expected, increasing the polarity of the solvent decreased the yield of
the reaction. When the solvent composition THF/methanol/chloroform was changed from (1/0/0)
to 0/1/1, the reaction yield fell from 24% to 17%. At the same time, decreasing the polarity also
affected the yield since that would decrease the solubility of water. When the solvent composition
THF/Methanol/chloroform was changed from 1/0/1 to 0/0/1, the reaction yield fell from 4% to
0%.

Effect of wo

Wo is a parameter defined as the ratio of amount of the water to the amount of surfactant. It
determines the size of the water pool in the reverse micelle and ICRM. In this reaction, since water
is a reactant, changing the wo should have a considerable effect on the activity of the catalyst. As

expected, when the wo was increased from 5 to 10 and 15, the yield increased from 24% to 37%
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and 49% respectively. It can be concluded that increasing the size of water pool increases the

amount of water around the catalyst and results in rate acceleration.

Effects of amount of water:

The inherent advantage of ICRM over reverse micelles is its stability irrespective of the
parameters like wo. A highly polar solvent is important for the self-assembly to form, whereas wo
is important for the monodispersity of the self-assembly. To demonstrate this fact, we changed the
amount of water in the reaction. As expected, CTAB was insoluble in THF if the amount of water
was reduced to 5 equivalents with respect to the substrate and surfactant 1 was insoluble in THF
under any of the given conditions. But ICRM was found to be soluble and stable irrespective of
the amount of water. Thus, CTAB formed reverse micelle in THF only when wo = 72, whereas
ICRM was found to be stable even for wo= 0. However, catalytic activity of the CTAB was found
to be equivalent to ICRM which indicates that the catalytic activity is due to the high local
concentration of water and substrates.

Table 2. Effects of amount of water.

Entry Support Water eq. Yield %
1 CTAB 10 Precipitation
2 CTAB 30 100
3 2 10 Precipitation
4 2 30 Precipitation
5 ICRM wp =15 10 49
6 ICRM wp =15 30 100

Reaction conditions: Substrate (0.120 mmol), catalyst (0.001 mmol), 6 h RT. Yields were

calculated by *H NMR using bistrimethylsilylmethane. surfactant /catalyst ratio =20/1.
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Table 2. Substrate study
Reaction yields at 6 h for the hydration reaction of various alkynes catalyzed by the

PtCI(TPPTS).@ICRM under different conditions.

Entry Substrate CTAB ICRM FREE
1 4-pentyne-1-ol 100 100 100
2 3-pentyne-1-ol 100 100 100
3 5-hexyne-1-ol 16 20 100
4 3-nonyne-ol 0 0 100

Reaction conditions: Substrate (0.120 mmol), catalyst (0.002 mmol), 6 h RT. Yields were
calculated by *H NMR using bistrimethylsilylmethane. surfactant /catalyst ratio =20/1.

Substrate study:

Substrates selectivity in the literature is mostly based on either size or shape and reactivity of
the functional groups. Recently, Frechet reported polarity mediated selectivity. Substrates with
different polarity were programmed to give selective products based on their accessibility to the
catalytic site.® In this work, since the core of the ICRM is very hydrophilic, entrapping the catalyst
in the core makes the catalyst selective towards hydrophilic substrates. Four substrates were
chosen, 4-pentyne-1-ol and 5-hexyne-1-ol are terminal alkynes, 3-pentyne-1-ol and 3-hexyne-1-ol
are internal alkynes. Under free condition in methanol, all the substrates gave quantitative yields.
Interestingly upon entrapment, the reaction yield of 5-hexyne-1-ol dropped down to 16% in yield

with CTAB-entrapped catalyst and to 20% with ICRM-entrapped catalyst. For the 3-nonyne-1-ol,
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no reaction was observed. These two substrates are hydrophobic and hence they cannot have

access to the catalyst entrapped in the hydrophilic core of the CTAB reverse micelles and ICRM.

Conclusion
In conclusion, Pt(TPPTS)2Cl> was entrapped in the core of the ICRM and was used to catalyze
hydration of hydroxyl alkynes. Catalysts upon entrapment showed good activity due to a high
local concentration of water and the substrates at the interface. The inherent advantage of the
ICRM over conventional reverse micelle was also demonstrated by varying the amount of water
used in the reaction. Finally, the catalyst was found to be highly selective towards hydrophilic

substrates.

Experimental Section

General Method

Methanol, methylene chloride, and ethyl acetate were of HPLC grade and were purchased from
Fisher Scientific. All other reagents and solvents were of ACS-certified grade or higher, and were
used as received from commercial suppliers. Routine *H and 3C NMR spectra were recorded on
a Bruker DRX-400 or on a Varian VXR-400 spectrometer. ESI-MS mass was recorded on
Shimadzu LCMS-2010 mass spectrometer. Dynamic light scattering (DLS) was performed on a
PD2000DLS+ dynamic light scattering detector.
Syntheses of compound 1! was previously reported.
Preparation of Pt(TPPTS)2Cl.@ICRM: Millipore water (1.8 uL) was added to a solution of 1
(23 mg, 0.02 mmol), Pt(TPPTS)2Cl> (2 mg, 0.00048 mmol) in heptane (10 mL) and CHCIz (0.5

mL). The mixture was hand shaken and sonicated at room temperature for 4 min to give an
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optically clear solution. After addition of 2, 2-dimethoxy-2-phenylacetophenone (0.5 mg, 0.002
mmol) the mixture was irradiated in a Rayonet photo reactor for ca. 12 h until most alkenic protons
were consumed. The organic solvents were removed by rotary evaporation. The residue was
dissolved in 0.3 mL chloroform and precipitated upon addition of 10 ml of acetone. It was
centrifuged and the residue was washed with methanol/acetone (4 mL/6 mL) 3 times and dried to

give 22 mg (98 %).

S

1.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 |
ppm

Figure 1. *H NMR spectra of (a) 1 and (b) Pt(TPPTS).Cl.@ICRM (red).
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Figure 2. Distribution of the diameters of the nanoparticles in heptane as determined by DLS for

PtCIy(TPPTS)2@ICRM (a) wo = 5 (b) wo = 10 and (c) wo = 15.
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