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1. INTRODUCTIO

1. INTRODUCTION

‘l.l ENZYMES RULE!

First cameBrgnstedacids, as reported by Kirchhoff in 1812, whuwceeded in decomposing starch iglacose

by addingadd to a refluxing solution othe bio-polymer. Then Davy demonstrated in 1816 that platinum
powder is an effective additive to produce water from hydrogen and oxygen. Berzelius, in 1835, went deeper in
the work ofKirchhoff on starch and coined the terratalyst to indicate something that accelerates a chemical
reaction. Finally Otswald rose an articulated discussion on catalysis and, studying Gibbs considerations on
thermochemistry, he came up with the theory of a complex formation between the catalysthenslibstrate

to form an intermediate that decomposes releasing the final product and the unmodified catétytte same

years, biologists were discovering the natural version of this phenomenon and Schwann isolated the first
enzyme pepsin in 1836. Brzelius was the first one to recognize the direct correlation between inorganic
catalysts and enzymes and to understand that thousands of catalytic reactions take place in living Systems.
Slowly this concept became universally accepted and now cat@ysimsidered a fundamental characteristic

of life, while enzymes remain examples of excellence worth of imitation. Why did enzyme performance appear
so unreachable for years? The answer is probably held within the multiple functions that they futidlsgtrhe

time. They bring together the substrates in proper orientations within the active site; then they usually
promote proton transfers from and to the substrate by means of acid and basic groups present in the active
site. The preorientation of the sbstrate and its interaction with the protein surface is of primary importance

for the catalysis and is ensured by a network of 4tomalent interactions spanning from hydrogen bonds to
much weaker Van der Waals forces. In addition to these, covalent otieng may also take place between the
substrate and groups within the enzyme (usually nucleophilic groups) to form structures that are more reactive
than those originally present in the substrate.

Moreover, the protein often surrounds the substrate to @iél in an organic pocket where hydrophobic forces
take place. Most enzymes are also able to make small readjustments of their tridimensional structure to
provide good complementarity to the substrate and especially to the transition state, followinigdieed fit
mechanism. This means that the traditional idea of ldeg-lock principle should be modified in favor of a more
sophisticated model in which the lock changes its conformation with the entrance of the key, providing a best
binding compared to thevery initial enzymesubstrate complex. After the reaction, the enzyme recovers its

original conformation as a consequence to new wedkractions occurring between the binding pocket and
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the product structure and is ready to accommodate again anothewstsate molecule. In some cases this
conformational change involves a whole enzyme domain, as for aspartate aminotransferase, for which all the
hydrophobic side chains of the aminoacids next to the active site are packed towards the substrate to enhance
the hydrogen bonds and the electrostatic interactions between the charged groups of the substrate molecule
and the aminoacids residues aroundfidurel). Other enzymes experience a minor distortion, involvinggust
single side chain or a limited part of a secondary structure.

Finally, the enzyme may be able to induce strain or distortion in the substrate to facilitate the reaction of a

defined portion of the molecule contributing to the chemoegic and stereosedctivity of the reaction.

Figurel: the crystal structure of escherichia coli aspartate aminotransferasedimeric enzyme thafacilitates the conversion of aspartate and alpha
ketoglutarate to oxaloacetate and glutamatéand vice-versg is represented on the left. The active site of this enzyme is completely based on non
covalent interaction between the peptide scaffold and the cofactor, that have the capacity to bind the substrayerdphobic parts arerenderedin

red, while the blue color belongs to hydrophilic groups. The circular zoomthe rightshows the active site witlthe coenzymepyridoxal phosphate
PLP(yellow sticks) interactingvia electrostatic forces and Hbonds (dotted lines) with aminoacidicesidues providedby both chains in the dimer
(rendered in grey sticks). Residue Tyr 72, at the bottom part of the figure, comes from the other chain and interacts wiffhtisphate group of PLP.
The aldehydegroup of the cofactor PLP reacts readily arelersibly with anino acids to formSchiff basesvhich react further to give products.
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can implement more than 2500 amino acids residues; an enzyme constitutesitelgfia complete
microenvironment comprehending a surface complementary to that of the substrates (especially of the
transition state of the reaction) connoted by a certain rigidity imparted by the complex protein backbone.

It is evidentthe challenge irartificially reproducing such a complex machine that took ages to evolve to this
stage, but it seems that the key for the success resides in cooperation between multiple weak forces instead of
one strong covalent bond. The impressive structure of enzymagyests the need of large surfaces of
interaction between the catalysand the reagents, beyond the high affinity with the active site, to obtain
better and better selectivities. Biochemistry is thus changing the way of thinking a catalyst encouragisg the

of innovative strategies such as supramolecular ligands, micellar aggregates, hyboogled structures and
metaktligand scaffolds Rigure 2) to complement traditional highly active catalysts, imparting addél

selectivity.

i A
L ®
—

o ©

N

Figure 2: evolution of organometallic catalysis. Organometallic catalysts of increasing complexity used in solution were furthemoweqbrby

anchorage to a support to facilitate recovering and to impart changaesactivity and selectivity. A step further is constituted by new mierand
nanostructures surrounding the organometallic complex likesacondspheref A 3 yR 2 YAYA O Sy sExamples oflibsiiemiA RS 0 | (
trend in catalysis are A) micelles, Bapsules and cavitands held together by nopvalent interactions and C) metdigand based capsules.

1.1.1 SUBSTRATE SEUNETSUPRAMOLECULARITELYSTS

In living systems, chemical reactions must proceed with high specificity in order to control trentration of
certain compounds within a complex mixture of molecules. Every molecular structure is deputed to a certain

role and often enzymes must select a certain reagent among several others all bearing the same functional
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groups. This means that bioliegl catalysts are extremely selective not only on products but, unlike traditional
organometallic catalysts, also on substrates. Natural catalysts are therore able to pick the righ reagent among

others and this peculiarity is crucial when consideringdladorated cellular matrixHigure3).

Figure3: Schematic representation of the high substrate selectivity in the epoxidation of terminal alkenes displayed by an enzynga to a
traditional unselective homogeneous organometallic catalyst.

A typical example of enzymatic substrate selectivity is given by serine proteases thatecttialywdrolysis of
amide bonddollowing a threesteps mechanism: (i) combination of the substratehviie enzyme to form the
Michaelis complex; (ii) generation of an asykermediate involving an OH group of the enzyme backbone and
release of the amino fragment; (iii) hydrolysis of the acyl compound liberating the acidic product and
regenerating the oginal enzymeRigure4). The characteristic features of some serine proteases are reported
inTablel and Table2.

Tablel: specificity of common proteihydrolyzing enzymes (serine proteases).

Enzyme Cleavage Position Restrictions
Trypsin LysX, ArgX Xr'proline
rapid: PheX, TysX, TrpX
Chymotrypsin Xr'proline

slow LeuX, AspX, GIRX, HisX, MetX, SeiX, TheX
rapid: lle-X, LeuX, ValX, AlaX, PheX, MetX
slow: TyeX, GlyX, TheX, SeiX

specificity>

Thermolysin
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Table2: substrde selectivity based onhain length fochymotrypsin.

E-OH . O o]
) .- S

R 'N -
N E-0° R

Michaelis complex

Substrate ko
f<b) SuecPhepNA 0.094
e
S SueAlaPhepNA 0.91
k=)
>
= SucAlaAlaPro-PhepNA 98

The overall rate of the catalyzed reaction is extremely dependent on the length of the substrate pemidic ¢
and this global effect derives from a dramatic increase of the kinetic constant of the acylation step: for
chymotrypsin, for instance, the rate constant of the acylation step increases by a factor of 2500 as the model
substrate is extended from ShepNA to SueAlaAlaProPhepNA for the hydrolysis of the C terminal
amide bond® This denotes a fine seléoh of the substrates, that is expressed in the faster cutting of longer
peptide chains with an extra contribution if the carbonyl group of the amide linkage belongs to basic amino
acids like lysine or arginirféThe global effecis an impressive substmispecificity that makes serine proteases
(and especially endpeptidases like trypsin and-chymotrypsin) a powerful tool to discriminate the single
components of a complex proteic ixture. The fine substrate recognition is related to the high
complementarity between the active site, held together by an articulated net of hydrogen bonds, and th
substrate. In particular, in the case of chymotrypskig(re 4), substrate recognition is provided by the
LINB&SYyOS 2F | azNI 2IPAdeew that RaNpidtIKe2right dmehddiis YoSécentnadatn

the aromatic ring of phenylalanine.

’ pNA=p-nitroanilide. An unsgcifiedamminoacids commonly addressed with the letter X, while everyone of the 20
standard aminoacids has a specific code, as reported by IUPAC Comm. Nomenclature Org. Chem. 4@ ICBAQ.
.A20KSY® b2YSy Ot I (i dzNaindagids (@ @ 28 Oy R i dANEByh@mstr@ohs14 446462,
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combination enzyme - substrate acylation
His-57 &
O
ik Ser-195
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Ar H . Ar
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+ hydrolysis
RNH,CHArCO,

,«\Qi\ft"'*

Asp-102 O

Acyl enzyme

Figure4: Key steps in the cleavage ofp@ptide bond by @hymotrypsin. The substrate (blue) is orientated in the Michaelis compleR By binding
interactions involving its functional groups and in particular the aromatic sicleain CHAr in the hydrophobic binding site.

The above citedvell defined trdimensional topologyis traditionally associated to heterogeneous instead of
homogeneous catalytic systems, thanks to the continuous development of solid materials with controlled
porosity. Zeolite$, for instance, are industrially applied in the petrochemiialustry to convert selectively
determined components of the complex feedstock chosen on the basis of the steric constrains imposed by the
aKI LIS YR RAYSyairzy Zpore disbter k $ anf)Thisi tp@ af substradeNseledeviydsa
commony addressed ashapeselectivityand is typical of porous heterogeneous systéthsit are commonly
employed as supports for other catalytic species, such as metal complexes or nanop&ttalesxample of a
substrate selective reaction based on a zéwliatalyst is the one developed by Herron and Toftianthe
oxidation of hydrocarbons by situgenerated HO,. A zolite 5A (which is a Cad\aionic form of zeolite Awas
treated with a Pd(Il) solution that gave, aftealcination the formation of lghly dispersed Pd(0) particles
GAGKAY (KS Thé éoinpeiiti& @xdatioiedd@rimént with cyclohexane aractane proved that,
poisoning the external catalytic sites in order to consider just the oxidation inside the pores, the catalyst
conveted selectively the lineahydrocarbon while cyclohexane was tdmlky to penetrate inside the

micropores.
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Unlike these heterogeneous systems, artificial homogeneous catalysts generally express their function in a
much less selective way, showing even tpgbduct selectivity but converting all the substrates of a mixture in

the same way, unless they bear different functional groups. This poor substrate selectivity is particularly anti
economical considering the need of one or more purification steps omdhetant mixture in order to avoid

the formation of byproducts with the same functionality of the desired compound.

I Ll2aaAofS K2Y23SyS2dza O2YLINRYA&AS 0SG6SSy (GKS KAITF
identified in polymers, used either @ssupport® or as catalytic species themselves. Brestdffor instance
developed a polymeric transaminase mimic operating in water and thus exploiting the hydrophobic pockets
formed by the polymer chain to simulate the hydrophobic interactions occuwitigin an enzymatic catalyst.

Similarly to polymers, dendrimers was considered to create biomimetic catalysts by virtue of the opportunity to
prepare them with controllable topology and with specific functionalities located at predetermined positions
within the dendritic matrix.

A pertinent example was provided by CH3who developed a Ghis(oxazolineoased catalyst bearing
dendritic appendages observing a little but significant substrate selectivity in the Diels Alder reaction depicted

in Figure5. In competitive kinetic studies involving two dienophiles of different steric sizes, tielsé f SR & (0 K.
3SYSNI A2y RSYRNARIT @8YS Doéx RAFTFSNByilte G2 GKS 2581

for the shorter substrates (Figure 5).
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Figure5: substrate selectivityexpressed bydendritic bis(oxazoline)copper(ll) catalysof increasing generation in the Diels Alder reaction between
cyclopentadiene and crotonylimide

Therealization of a selectiverganic reaction performed in water represents an important challenge to win.
The peculiar features of this solvent, especially hydrophobic effect, stimulated the application in catalysis of a
well known class of supramoleculbosts, namely cyclodextrins (CB5PRarticularly relevant is the substrate
selectivity displayed by the system developed by Morfliahere six CD derivatives were evaluated in the
palladium catalyzed cleavage of a series of similar substrates belongingthe groups of

biphenylmethylallylcarbonates and-&kylO-allylurethanes(Figure6). The selection of the substrates in the
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competitive experiments depended strongly on the chemical substitution of the hosbaritie size of the
substrate itself. Smallex-cyclodextrins proved to be more selective thanks to the narrower cavity where only
few substrates were admitted, especially in the case of rigid biphenylmethylallylcarbonates. The substrate
selectivity was gantified by comparison of the ratio between reaction rate carred with and without CD for

the different reagents. As reported iRigure 6, a decrease of catalytic activity of about eight times was

observed compring para biphenylcarbonate with the ortho isomer.
A)

organic layer

U @

product @ substrates

aqueous layer Pd

O

water soluble catalyst

B)
+ HNEt,
O-Oe Y OO+ .+ e+ co
0~ 0 OH N 2
o) 0~ Pd(OAc)2/® ,
= O_L relative reaction OH
— Me-a-CD rate= 283 relative reaction

rate = 35

Figure6: A) substrateselective aqueousrganometallic catalysis mediated by cyclodextrin derivatives. Preferentially one of the substrates (green
oval) fits properly the hostavity of the cyclodextrin and consequently reacts with the water soluble catalyst to give the product.

B) Substrate selectivity observed with-biphenylmethylallylcarbonate and-biphenylmethylallylcarbonate in the presence of methylatestCD and a

Pd waer soluble catalyst.

An innovative alternative to cyclodextrins for enzyme mimics operating in water was recently developed by

Raymond using a sedssembled tetrahedric metdigand capsule to build a supramolecular box in which

substrates can be seleaalepending on their shape, analogously to what observed for zeolites capsule is
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constituted by Ga(lligenters connected by means of polydentate organic ligands and is represenifateB

as a green tetraidron, where Ga centers are the spherical corners.

Raymond and coworkers were able to encapsulate in this tetrahedral cage small Rh(I) complexes of the general
formula [P-P)Rh@liend][BR] (P-P = 2 PRor 1,2bis(dimethylphosphino)ethanaliene= 1,5cycboctadiene or
norbornadiene) that they further tested on allylic alcohols isomerization, chosen as an ideal model involving a
single water soluble substrate reacting on the metallic catalytic site. ThesfRWCOD)recursor enclosed

in the Gals tetrahedron in aqueous solution was treated with 1 atm of tdl generate the active species
(PMe),Rh(0OD)," (1): this is kinetically formed inside the capsule, but slowly dissociates to return in solution
where it is highly solvated (complete dissociation aft@ hours). Under these circumstances, the reaction
catalyzed by this system should be characterized by a short reaction time and fast in/out exchange of the
substrate within the capsuleAnyway, compared to the free complex, the encapsulated one showed
remarkable substrate selectivity, choosing only the smallest alcohols and leaving the other ones totally

unreactive in the same condition§dble3).

Table3: Allylic alcohol isomerization nd@ated by a Rh(lI) complex encapsulated in the tetrahedral cage developed by
Raymond.

1 R® 10mol% cat 1 R® /\P/\ . oD,
R WOH R WO cat  _ RH,
R2 D,0, 30min R2 0D,
free cat encapsulated cat
substrate Yield%ee cat Yield%neps substrate Yield%eecar  Yield%naps
OH
_~_OH 95 95 \KV 0 0
OH
/\( 95 0 A~ OH 0 0
)\/OH 95 0 AU 95 95
~~_OH 0 0 N0 95 0

Branched molecules, in partilar, are prevented from reaching the active site by the limited opening of the

tetrahedron walls. Finally, if crotyl alcohol, a catalyst inhibitor, is added to the reaction mixture, the catalyst is
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completely poisoned in the bulk, but no poisoning is d&te if the Rh complex is enclosed in thelGhost
where the inhibitor cannot enter.These results clearly demonstrate how an artificial supramolecular
environment can control the catalytic performance of a system in terms of high substrate selestmitgrly

to what happens for natural catalysts.

1.2 THE FUTURE ISEER

Alchemy began to exist in the past as the science of understanding, deconstructing, and rextmgsinatter,

but economically speaking, the idea of the opportunity to turn commatais into gold was so attractive for
KdzYl'y yIFGdz2NBs: GGKFd yed 2G0KSNI RAaO2@0SNE Ay (GKAa FAS
OKSYAraida lolyR2ySR GKS aSINDODK 2F GKS LKAf2Z2&a2LKSNRA
driving force for nearly all the scientific reseasgonsored by industryThis led often to undervalue health and
environmental consequences of chemical processes in favor of high productivity with the cheapest feedstock,
but nowadays pollution preventio and workers safety cannot be ignored anymore and the way of
environmentally benign chemical syntheses have been taken following the dictate of a new discipline called
green chemistryTheGreen Chemistry Prograwas establishechithe US in 1991, followg the passage of the

Pollution Prevention Act thprevious year® The ultimate aim of this trend is to develop elegant and efficient
chemical processes reducing the risks and the guidelines to achieve it are sumnrarized2 principles of

green chentry,'” some of which areeported below:

2 - Atom Economy
Synthetic methods should be designed to maximize the incorporation of all materials used in the process
into the final product.

5- Safer Solvents and Auxiliaries

Use of auxiliary substances (e.golvents, separation agents, etc.) should be made unnecessary wherever
possible and innocuous when used.

6- Design for Energy Efficiency

Energy requirements of chemical processes should be recognized for their environmental and economic
impacts and shodlbe minimized. If possible, synthetic methods should be conducted at ambient
temperature and pressure.

9 - Catalysis
Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.
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12- Inherently Safer Chemistry for Accident Preignt

Substances and the form of a substance used in a chemical process should be chosen to minimize the

potential for chemical accidents, including releases, explosions, and fires.

The 29 principle deals with atom econont§ concerning the incorporation dahe highest percentage of the
starting material into the final products to avoid wastes that have to be discarded or recycled spending energy,

time and resources. The concept is quantified in the simple equation reported belewn{ass):

PP o
ooe(a(wsssadaq,B - Dnn
a

Atom Economy is now a new criterion to judge the efficiency of a synthetic methodology and is related to
biological systems in the way that every chemical reaction graterentially no byproducts unless they are
reused for another consecutive reaction or to produce another useful compound through another synthetic
pathway. The evolution of chemical processes towards high atom economical ones can be clearly exemplified
analyzing the hydrogen peroxide to propylene oxide (HPPO) process developed by the Dow Chemical Company
(Dow) and BASF, for which they received a 2010 Presidential Green Chemistry Challeng€ Fusndew
technology improves the production process dfey chemical intermediate, propylene oxide, used in a variety

of applications from home insulatigmppliances, automobiles and furniture to aircraft-iders, paints, brake

fluids and pharmaceuticals. The precedent synthetic method was characterizedde§initely low atom

economy, correspondent to about 1/3 of that calculated for the nmawacess Figure?).

[ Chlorohydrin process ]

Ca(OH),
OH 0
~X + Cl, + H,0 —~— )\/CI . _<J * CaCl, + H0

HCI atom economy 25%

cat. O
Xt H0, —— <] + H0

atom economy 76%

Figure7: evolution of propylene oxide production: from the stoichiometric prose via chlorohydrin and calcium hydroxide to the modern HPPO
catalyzed process using hydrogen peroxide as terminal oxidant. the new HPPO process reduces wastewater by 70 to 80 perezrrgy use by
approximately 35 pecent, compared with the oldtechndogy. Moreover, no by-products are produced besides wateFinally, PO plants using the
HPPO technology require up to 25 percent less capital to build than conventional technologies, as they have reduced ioftestra smaller physical
footprint and simpler raw materials integration.
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One of the secrets for atom economical successful procedures is the turn of stoichiometrical syntheses into
catalytic ones, as showed for HPPO process, somehow implying that all scientists dealing with catalysis are
potentiasf f & G 3INBSY OKSYAadGaé¢od . dzi NBYSYOSNAYy3IA GKEG Syl
important feature of biological systems often ignored for industrial applications is the ability to perform highly
efficient organic reactions in aqueous sys& This introduces the™5green chemistry principle and the
parameter called factor defined by Shelddhand described by the formula:
[ONOIAYAY RS 0 : , OUM wm

nit € Qo @iov Q

Ge2Grt ol adSé¢ O2 Yeldidkdpiodustdrsdding ypgrodidts, Sadlzéints and-nonverted
reagents, while recycled solvents anduged catalysts are excluded from the count. An important exception is
made for water. Water, thanks to its availability, cheapness, low véyatitid nontoxicity is assumed to give

no contribution to the Hactor becoming the most environmentally friendly solvent (with the exception of NO
solvent) from this specific point of view.

The combination of all these factors means, for instance, peliftgran organic reaction in water, at ambient
temperature and pressure, minimizing the number of steps and the use of toxic compounds. A clear
representation of this concept is given by Lipshutz and coworkers in the scheme repofegliia8, taken
FTNRY (KS NBO®ifgUChE&DA &t sy 3 9 KSYAAGNREE ©

Today: Future:
no preformed organometallic
Coupling + metal Organometallic Coupling
pariner 1 fe———-  species . partner 1
ﬂ Pd Coupling _ Pd anaananannnns

wasle | prmAARAAn gro?\?en:ﬁ product H20
Coupling Coupling
partner 2 ﬂ partner 2

toxic?

Figure8: Evolution of cross coupling processes following the principles of green chemistry as described by Liffdhutze future we should be able

to perform couplings in a ongot procedure bringing together directly the two coupling partners without the need of preforming the organometallic
species. Practicallywo (or more) electrophiic species should eexist in the reation medium, wherein one of them ultimately becomes then situ-
derived nucleophile Avoiding traditional moisture and airsensitive organometallic species it would then be possible to operate in water, eliminating
toxic organic solvents.

[ A LJ& K dzii in @guieous BNJoupling spans almost all types of couplings and is tigaked to the
RSOSt2LIYSyid 2F F ySg A0l YAY 9 RSNR JSoeopheSldabachtd). & dzNJ

He developedn 2008aroom temperature procesby usingPT$' to form micellar nanocapsules in which both



1. INTRODUCTIO

catalyst ([Pd(dtbpf)g]l was found to be the most effectivene) and substrates were included providing high

local concentrations. What is interesting about this system is the possibility of a facile necdvbe catalyst

by nanofiltration or extraction, thus allowing recycle of the agueous phase and separation of products. Similar
technologies were applied for Suzuki, Negishi and other couplings, like Fuleaitani and Sonogashira,
extensively explaied in the aboveited review paper.

G D2 Ay 3 appediSaStifeémain imperative for chemists of the third millenniumy R ¢ St S3 I y i¢ LN
mediated by highly active catalysts, neat or using -tmMic solvents, seem to represent the industrial
chemisty of the future. The goal is ambitious, but deepening the knowledge on every aspect of this panorama,

it becomes easier and easier to cross the line.
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2. AIM OF THE THESIS

At the beginning of this work, the aim was to substitute traditional solvedrasing high environmental impact,

with more environmentally benign and health compatible aqueous media. This approach belongs to a recent
trend of green chemistry, applied to industrial production. The transfer in water of processes, normally
performed inorganic solvents, was realized by means of sokibdiagents such as surfactathat are cheap

and extensively used chemicals, first of all in detergents formulation. The use of surfactants is of great interest
to make a chemical process water comphtibas catalytic reactions in water are mostly performed by
modifying catalysts with water soluble tags to make them soluble, a procedure that involves energy, money
and time consuming syntheses. Moreover the modified catalyst could display differertsséril electronics
compared to the original one, not always favorable. The use of surfab&s#d naneaggregates (micelles)
entails also other innovative aspects such as the tuning of the selectivity of a chemical reaction exploiting the
tridimensional saffold built by the micelles around hydrophobic catalysts and substrates. The objective was
therefore expanded to a comprehensive study on the effects on selectivity of supramoleculassasifibled

hosts, such as micelles, in reactions mediated by orgeatallic catalysts. The inclusion of organometallic
complexes within nanometric supramolecular aggregates would allow, in fact, a fine tuning of the selectivity on
the basis of shape, dimensions and substrates affinity with the host, with some similtrities interaction
between a substrate and the complex peptide backbone of an enzyme. At the beginning the attention was
focused on hydration reactions, in order to take advantage of the aqueous medium, avoiding-soéveot
approach when water is necegrily present as a reactant. The example of choice was the hydration of nitriles
mediated by Rlcatalysts, for which the goal was the development of a highly active system without modifying
the catalyst structure and using milder conditions than thelitianal ones Figure9A).

Subsequently the work continued with the application of micellar systems to the B&@liger oxidation of

cyclic ketones, extensively studied in our lab in ordinary solVériaf poarly studied in aqueous medium,
except in the enzymatic versidh.This oxidation reaction presents both activity and selectivity issues: high
activities are generally difficult to achieve especially for intrinsically less reactiveesibered ring cyclic
ketones, while selectivity is a general problem to overcome in oxidation. Micellar systems were tested in order
to solve both challenges by virtue of the confinement of catalyst and substrates inside the supramolecular

structure Figure9B).
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A) catalytic activity

supramolecularcatalyst

B) product selectivity
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Figure9: characteristic features of organometallic complexes encapsulated in supramolesglisassembledstructureswith selected examples

Following the idea of a comprehensive study on supracwdr hosts combined with organometallic
complexes, the use of a selfsembling capsule was evaluated during argixths stagen the research group
2T LINRPTP® W22a0 wSS1 Fd GKS +FyQid 1 2FF LyalAThedzi S 2

capsule of choice was theudecylcalix[4]resorcinaren hexamer, for which no examples of organometallic
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catalyst encapsulation are known so far. This particular work was started considering the great interest in
understanding new biomimetic catalytic neties and to develop innovative processes in which the catalyst is
able to impart both product and substrate selectiviiigure9B and C).

The formation of a supramolecular catalyst, exploiting the large catitlyi® capsule to encapsulate a suitable

metal complex was the first objective, followed by the application of this new system on the hydration of
alkynes as a model reaction. Water is vital for the formation of the re@apsule (Chapter 6) and this legain

to hydration reactions.

The results obtained are the first step towards the optimization of this unusual catalytic system and to scale up
micellar processes. Some principles to develop innovative chemical processes have been proved that may be

implemented in the design of better performing, more selective catalysts.
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3.1 SUPRAMOLECULAR CABAS IN AQUEOUS MERIWITHIN UNIMOLECAR
'HOSTS

Thischapter deals with catalytic activity displayed by cyclic unimoleausder-soluble species characterized

by a wel defined cavity where a guest can be accommodated. Within this group, derivatized calixarenes and
cyclodextrins are examined in their use as supramolecular ligands for organometallic complexes. These two
classes of hosts represent the first and most itigaged tool to noncovalently modify organometallic species

in aqueous medium, in order to change their catalytic properties. The number of studies involving these
concave molecules constitutes a good starting point to understand the potential of thearmopecular

approach to perform organometallic catalysis in water and to develop a new generation of catalysts.

3.1.1 DERIVATIZED GXARENES

In 1940s Alois Zinke, a professor of chemistry at the University of Graz in Austria, and his coworker Erich Ziegle
were working on the phendbrmaldehyde process, developed some fourty years before by Adolf Von Baeyer.

I GeLMAOFt SELSNARYSyld Ay GKS %Ay1S FYR %AS3t SNI aiddzR
resin which is obtained by heating Q@ of ptert-butylphenol, 100mL of 3N NaOH, and 97 g of a 35%
formaldehyde solution is heated with stirring with 200 g of linseed oll, it dissolves gil200C. At 14€160 °C

there is a vigorous foaming, and turbidity appears which increases greattyfugber heating at 206220 °C.

The resulting brown waxy paste is stirred with ethyl acetate, washed thoroughly, and reprecipitated from CCI
GAGK | fO02K2ft (2 3IABS | ONeradGFfttAYyS LINRBRdzOG Fa LI
scintists had already reported some years earlier the same product of empirical forruaG The poor
reactivity of this compound and the comparison with resorcialolehydes reaction lead in 1944 to the
understanding of the structure of this mysteriousoguct as the cyclic tetramer depicted kigurelO. In 1970s,

GKSY (GKS ySg IINBF 2F 0A22NHIFIYAO OKSYAAaUNER NBtFdAy3
came on the scene as good candidates foreoolar baskets, thanks to their easy synthesis and thepianar

structure that, except for cyclodextrins, was unique in those years. This particular shape inspired David

Gutsche, whoperceiving a similarity between the shape of a Greek vase and a-&p@cemolecular model of
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Zinke cyclic tetramefFigure100 ¥ O2 Ay SR (G KS yI YS WWOI fcaliert SNBYASTH) TW YRA |
2N WYOKI £t A0SQQT IyR | NBYyS gKA G&cydligaRavOl 1Sa (GKS LINBAS
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Figurel0: A) the generic synthesis of calixarenes with an example of the R groups that can be attached to the upper rim; B) a cepi@senting
the analogy between calixarenes and a greek chdfi@nd the related 3D model of the molecule (with methyl groups as R substituents).

Organic functionalization of calix[nJaren®€ss nowadays a well established method to build fluorescent probes
and sensord!?® phasetransfer agents, separation media®® nano-capsuled' and especially catalyst&® In

fact, the same challenge that made calixarenes become famous still constitutes the major field of research
where these compounds are applied, namely biomimetic catalysis. The first example was reportedkhy Shi
and coworkers in 1988 performing the hydration of ‘benzyl,4-dihydronicotinamide catalyzed by-p
sulfonatocalix[6]arene, mimicking the action of the enzyme glyceraldehydes phosphate dehydrodeégase (

11). In this pioneering work these authors first solved the problem of solubilisation of calixarenes in water by
adding sulfonic groups to a smembered macrocycle, using then the new host in the hydration reaction. The

latter is efficiently accelerated angroceeds according to the Michaelgenten kinetic model, opening the



3 TATE OF THE ARS RN

way to the employment of sulfonated calixarenes, as well as surfactants, and other host molecules, as a new
class of biomimetic catalysts. It was indeed the first example for-tpossttype behavior of calixarenes

observed in an aqueous system.
o} o}

NH NH
N HO™ >N
\30 °C, pH 6.30 (0.01 M phosphate) /

N i

0 :

HH o) HH o)
W ) N, —— HN® /  'NH,

R = H; CH,COOH

Figure1l: Proposed reaction mechanism for the hydration ofbenzytl,4-dihydronicotinamide, in which protonation of 14lihydronicotinamide is
involved in the ratedetermining step. Thep-sulfonatocalix[6]arene has both acidic protons and anionic groups to stabilize the intermediate.

Some years later the same research group achieved the regioselective cleathg®gi 0 H 0 02y R 2 F
H -Zyolic phosphate, an intermediate in RNA hydrolysis, by use of wabeble calix[4]aren®,11,17,23
GSGONF &ddzf F2y I 1Sz -¥MIiRS VAWERO #H2N) GKE WBE@BA2ESTTEOGA DS
cleavage of phgshodiester bonds byartificial nucleases is particularly interesting from a biological point of

view and recently the group of Ungaro provided several excellent results in this field. Artificial ribonucleases
need two moieties to work properly: a catalyticoup and a probe for sequence recognition. The catalytic site

is the place where the ester bond cleavage occurs and traditionally promoted by met&f ibherefore,

among the chemical models of ribonucleases, a special place is occupied by metadisesicind Reinhoudt

and Ungaro groups reported on the synthesis of a series of veatietble copper(ll) and zinc(ll) complexes of

calix[4]arenebased nitrogen ligands, showing high cooperativity between the metal cerfiégsire 12).%%®
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The calix[4]arene scaffold, blocked in tbeneconformation' by proper derivatization of the hydroxyl groups

in the lower rim, are versatile scaffolds for this type of catalysts keeping the functional groups and the metals
in a peorganized, semiigid shape. The success of this type of structures in comparison with other artificial
metallo-enzymes comes from the combination between the catalytic activity of the metal itself and the
structure provided by the ligand unit, togetheiitiv the hydrophobic effect within thealixthat enhances the
OAYRAY3I 2F IINRBYIFGAO ydzOf S20laSas a2YSUGUKAy3a NBIffe
systems, optimized on RNA models like HPN®/{oxypropylp-nitrophenyl phosphate), wer tested in 2007

as cleaving agents of-67-, and 17meric oligoribonucleotides, observing a high selectivity by copper(ll)
complexes, that resembles closely the one shown by natural RNase A (cleavage rates exceeding the rate of

spontaneous RNA cleavagg »10-fold).

Vi H \N.‘/ il \N{ W N.{’ Y
e CUN2} H-N gue* (N\Chi'ij et | zN:;Z"',12+ (N Zni-tN“; ;N"Z‘:”Z‘ ! »N;‘znﬂ anb
A ~ N B \ i~ N N
0 Fole (R~ ¢ oo
0b 99 °b C o b &g b &g
05104 i§ 48 HES: i§ 48
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Figurel2: Most active di and tri-nuclear complexes bearing derivatized calixarenes scaffolds synthesized by Ungaro, Reinhoudt and cowork:

¢tKS Ot 2a8aid Olnantel lediBinaRies) ar®©Buditldss/siudied as catalysts and one of the rare
examples was provided in 2008 by Zakharova and coworkers, combining amphiphilic
sulfonatocalix[4]resorcinarenes, polyethyleneimine and lanthanum ions to form a supramoledalystthat
permitted the enhancement of the catalytic effedt,{/ko) of about two orders of magnitude compared to the
alkaline hydrolysis dd-ethyl O-p-nitrophenyl chloromethylphosphonat®.

Water soluble calixarenes and their derivatization produase been further tested as inverse phasansfer
catalysts, in close analogy with cyclodextrins. In particular, Wacker oxidation of olefins to methyl ketones have
been performed using both CDs apéulfonated calixarenes by Karakhanov and coworkerstheooxidation

of l-octene to octanone they achieved 80% vyield usinguifonatocalix[6]arene as water soluble phase

0NF yaTSNI O proviled just 20g60efdt S |

"When calixarenes are in solution, two opposing aromatic units rapidly move inward to or outward from the hydrophobic
cavity, resulting in interconversion between conformations with either two dive(fiatiened) or parallel (pinched)
aromatic unitsviaa coneshaped symmetrical intermediate.
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Pd(PhCN),Cl,
NSNS \/\/\)J\
50 °C, 2h, Po, = 0.5 MPa 80%
= A NF

Figure13: Wacker oxidation of doctene using a catalyt systems based on palladium dichloride dibenzonitrdembined with thewater-soluble p-
sulfonato-calix[6]arene. This substratprovided the highest yield with this specific system thanks to iptimal lengththat perfectly complemented
the calixarene leading tothe formation of a stable inclusion complex. For shorter olefjmssmaller calixarene, such assulfonato-calix[4]arene was

preferred.



3 TATE OF THE ARSI

3.1.2CYCLODEXTRINS

Cyclodextrin** are a class of chiral cyclic oligosaccharides characterized tgfimed tubelike shape
provided by the hydrogen bonds network between the hydroxyl groups on the rims. They are readily available
seminatural compounds that can accommodate organic substrates into their hydrophobic cavity in water
solution. The two rimscan be easily functionalized in order to attach spacers, catalytic groups or other
functional groups. These advantages are the reason why these are the most widely used hosts in industry. Tons
of cyclodextrins are produced every yeda enzymatic degradi#on of starch. The major part of this large
production is used as stabilizing or solubilizing agents, in which CDs do not play any catalytic role. But, as a
consequence of their hydrophobic cavity, that permits the formation of inclusion complexes widrase
organic hosts, cyclodextrins (in particulacyclodextrin) are also used in many catalytic applicat/drdten

similar to natural enzymatic processes. Considering hydrolysis reactions, mostdifed systems operate
following the Michaelisvienten model, thus representing good artificial enzynmesamples. Breslow and

/' YLWBStt LINPOBARSR Ay (KSclodextidfacting RS catd@lystNdithe ct8okifatonif S &
anisole’* for which complete selectivity towards pasabstitution was obtained in conjunction with
increased rates anathanged kinetic modelsF{gure 14). This is even more of what enzymes do for this
reactions and demonstrate how the right combination of host and substrate can even improve natural catalysts
performance. Similar emples were also reported, where simple CDs promoted the rate or the selectivity of
NEFOGA2y S odzi ¢AGK2dzi Fff GKS A0GNA{AYy3d STFFSOGa 204

Cl

OH 0 Cl
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+ — —

H,O
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Figurel4: Anisole is selectively chlorinated in para position wherbihds intoa-CD and the chlorine is delivered from a cyclodextrin hydroxyl group

The hydrophobic effect also makes CDs particularly suitable to increase mass transfer in reactions performed in
biphasic systems: CDs form indeed hgsést complexes with #hsubstrate at the interface between aqueous

and organic phase, where the reaction occurs usually mediated by a water soluble catalyst. The product
formed is released in the organic phase due to complexation of another substrate molecule and the catalytic

cycle starts agaiff*’ The reactions in which CDs are employed as phasssfer catalysts are mainly biphasic

Wackertype oxidations and hydroformylatiort&*° where the host binds a substrate molecule (in these two
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cases an olefin) and the bettertlieA Y RAy 3> GKS KAIKSNI 6KS @B8AStR® ¢KS 6.
on the shape of the guest molecule, but most of the times to improve affinity of the CD with the substrate,
solubility and selectivity of the reaction, derivatization on hydr@uglups on the host is performed. This leads

to several changes in host properties: using sulfonated groups the CD becomes negatively charged losing its
neutrality; some substituents can broaden the pH range of solubility (this is the case of sulfobatyl -€Ds)

and, for specific catalytic systems as the one reportefigurel5, substitution can be useful to create spacers

and preorganize the host.

e 2 B o)

guest (templating agent)

SN—
derivatizing agent

@ Hosts able to
@\ @ remove % recognize
template template-like
\/@ molecule substrates
%

N’

JIi

-0

Figurel5: modification of CDs usg molecular imprinting method

More recently, CDs came back on #eene as useful second sphere ligafatsraditional metal complexes in

order to assemble supramolecular catalysts in a straightforward ,wexploiting the affinity between
phosphorousconii Ay Ay3 fA3lyRa FyR GKS /5Q0a OF@gAaied ¢KAA 0o
use of CDs as phase transfer catalysts for hydroformylations and the effect of the formation of phosphine
ligandsCD inclusion complexes was assessed obsedvargatic changes of activity and selectivity performing

the reaction in presence of CO§*"*°

The employmenofi -C for complexation of organic ligands was exploiseidcessfullyn other contexts to
create innovative watesoluble catalysts, as thenes inFigure16 and Figure17.°°°! Monflier developed a
supramolecular catalyst based on the complexation of the spedigsdium bis(3sulfonatophenyl)(4tert-
butylpheryl)phosphane with an amineCD 6-amino-6-deoxycyclomaltoheptaode Once combined with
Ko [PtCl] the inclusion complex acted as chelatingdMigand coordinating Pt both with the phosphorous ligand
and the nitrogen of the amino group attached to theCD and interestingly three different complstxuctures

(Figurel6) wereidentified dependently on the substitution of one of the two chlorine atoms coordinated to Pt.
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The hydrogenation of -Bhethyl3-buten-1-ol in water was performed adding situ the three components
(modified CD, phosphane ligand and platinum salt) with different amounts of phosphane ligand, but just one of

the three complexes was found to be active with an initial TOF of 2600 h

A
NH
THZ | 2 c|:|
NH —
2 p—ol | . pe—c Pt—_Cl
+ K,[PtCl, ) —— ‘ ‘ ‘

Cl

catalytic species

NH

SO4Na NH, ?
(0]
= P = N st Qe
2 "
H H HO OH
I
dipt—C|

|
Cl

)/\+H2 >(\

OH H,0, RT OH

Figure16: A) An N,Pheterobidentate supramolecular ligand was synthesized in water by mixing a monoamifoyclodextrin with an appropriate
phosphane. The resultant assembly was combined with a platinum(ll) salt in aqueous medium and led to the formation of thpeansolecubr
complexes. B) One of themisolated from the mixture as a brown precipitategroved to be an effective catalyst for the hydrogenation of the allyl
alcohol 2methyl-3-buten-1-ol.

The same approach was applied to forrRla(acac)(DABR/methylated -CD conplex, that was evaluated by
Leclercqand Schmitzer as catalyst ftine homogeneous hydroformylations in homogeneous and biphasic
medium. Both diand trimethylatedb CDs (DIMEand TRIMEED) were employed as a supramolecular host
for the phosphine ligandin order tune the hydrophilicity of the resulting complexes. DIME complexes, for
instance, were preferentially dissolved in water, while TRGIEenhances the solubility in the organic phase,
transferring to the complex the intrinsic solubility progies of the host. For hydroformylation of allyl alcohol

in water, DIMEb CD proved to be the best supramolecular host with CD/Rh = 2. The conversion obtained with
this system is significantly increased compareth® CDfree system (from <1% up @6%) and the selectivity

towards the linear aldehydés also enhancedMechanstically, the methylatedcyclodextrin most probably

" di(1-adamantyl)benzylphosphine
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induces the formation of more active catalytic species trapping the DABP in solution and enhances the steric

effects around rhodium coordination sphere, acting as a catalgsnhoter Figurel7B.

As showed by these examplesyclodextrins represent a powerful tool in thefast growing field of

supramolecular catalysis.

e

Olllnu-

HO

CO/H, (1:1 45 atm)

H R
RNF R/\/\ﬂ/ + /I
Rh(acac)(DABP), / 9 0 @

Figurel7: A) DABP (green), TRIMED and DIMED (blue). B) proposedgeilibria for the formation of the active catalytic species in presence of syn
gas pressure before substrate coordination. C) catalytic hydroformylation catalyzed by Rh complexes with supramoleculardsBRfands. The
reaction was performed either in wier (substrate = allyl alcohol) and in dichloromethane (substrate -ectene) using DIMEor TRIMECD changing

the CD/Rh ratio.
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3.2 SUPRAMOLECULARTSIAYSIS IN AQUEOUBIMUM WITHIN SEINSSEMBLED
'HOSTS

Selfassembly lies at the base of vital biologipadcesses, such as the replication of DNA and the folding of
proteins. If these complex architectures were formed by covalent bonds they would require an enormous
amount of energy to be built and broken and this is evidently incompatible with a largeglial system like

our body, in which thousands of chemical reactions occur continuously. The secret-a§saatibly is the
employment of specific building blocks where the information towards the final assembly is already coded and
the aggregation occurspontaneously in specific conditions. This powerful tool adopted by Nature is becoming
more and more popular nowadays to artificially build complex structures, otherwise hardly accessible, such as
supramolecular polymers, knots, polygons and capsules amomeactors. The latter species is extremely
interesting for the development of catalysts within which chemical reactions take place experimenting steric
constrains that are unusual in homogeneous catalysis. One of the simplest and first studied exasghle of
assembly is the formation of micelles by using surfactant molecules in aqueous solutions. Micelles are
nanometric tridimensional objects extensively studied in their solubilizing ability, but less considered in
combination with organometallic complex to tune activity and selectivity of a homogeneously catalyzed
reaction. In this chapter some example of this specific application are reported, together with a general
introduction to the theory of micellization, in order to give an overview on thistipaar type of
supramolecular aggregates on which the first part of the experimental work of this thesis is based. Additionally,
the description of some metdigand capsules is also included, with the aim of underlining the important role

of these self asembled aggregates in the development of biomimetic systems by means of encapsulation of
traditional organometallic complexes in supramolecular scaffolds. These topics are particularly relevant to this

thesis.



3 STATE OF THE ARSI

3.2.1MICELLES

Imagine how could James Wlih McBain have felt when, right after the lecture he presented at the Royal
{20AS808 2F / KSYAAGNE Ay [2YR2y>2EBKR2FRQIGA NWIRYW NMKIS( K
home, he decided to check again all his data and theoretical deductiang abrfactant containing solutions

FYR YAOSttS FT2NXIGA2YT o0dzi KA&a &dzoaSljdzsSyid OF NESNJ &
scandalous assertion was about surfactant molecules aggregation in aqueous solution above a certain
concentrdion (CMC) and temperature (Krafft point) to form micelles (from ldtgn word mica(a)= grain + ella,
diminutive suffix) nowadays this concept is universally accepted and called micellization process. Taking a step
back, to understand why these molecuksdfassemble in water, we have to consider what a surfactant is.

¢KS yIFYS aidl yRa 72 NpoitioglzhgiHat@® maindeéaturdiS the aBiiyytalabsorb at the
interface between two immiscible phases and lower the interfacial tensidwdxn them. Generally speaking

there can be 5 possible interfaces (liquid/liquid, solid/solid, liquid/solid, liquid/gas, solid/gas) but in this chapter
gSQNBE Gl f1Ay3a 2dzad | 62 dzi s infpdcideAtiedigherdsittie iedderRy abhsgfR £ A lj
at the interface, the bettethe surfactant, and the lower the interfacial tension. To optimize the action at the
surface, all surfactant molecules should be distributed along the phase boundary, therefore a good surfactant
should have low soldlity in the bulk phase. But at higher concentrations another phenomenon occurs when

an amphiphile(from Greek wordsamphi meaningdual and philia meaningloving, then an amphiphile is a
molecule that likes both phases) is dissolved #usaually agueoussolution: the monomers staitb aggregate

to form polymeric selassembled structures without causing any further variation of the surface tergsion

(dg=0) and the shape of the aggregate is closely related to the shape of the molecule itself.

Surfactants molecules are constituted by two parts, connected by a rigid linker, each of them showing affinity

for a different medium. Common amphiphiles béar K& RNR LIKAf AO aKSI R§ X dzadz t € @&
fALRLKAEAO aGrAftés If1@ftA0 YR SAGKSNI €t AySIENI 2N 6
classified, therefore we hawvanionig cationig non-ionicand zwitterionicsurfactants(Figure 11) and the choice

depends tightly on the application and the function they have to carry out
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Figurel8: structures ofsurfactantsbelonging to differentclasses
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Once dissolved in solution, part of the surfactant emiles are going to align on the surface with the heads
pointing to the water phase and the tails to the other phase (that can be an organic liquid or air) but the rest of
them will assemble, either in synkineticg fast involuntary contemporary movememtf single components
leading to the formation a bigger structure or in a programmedway giving rise to a well defined
supramolecular selissembly Programmed assemblies in chemistry are totally analogous to computer
programs, in the way that componentsnd algorithms are the storage medium for all the information
necessary to build the entire proce¥s.

What forces the molecules to aggregate is the lowering of the total Gibbs energy derived from the release in
solution of several water molecules thath@rwise would have been engaged in solvation of every single alkylic
OKIAY ¢AUGK | aA3ayAFAOIyl t2aa Ay KeRNR3ISYy o02YyRa Radz
amphiphile is hydrophobic, it tends to reject water and if at low con@itns this results in the migration of

the molecules to the surface, when the concentration goes over dtitcal micellar concentratiorthe
combination of three different terms gives & value for supramolecular assembly lower than the one for
dispergon of single molecules in solutiofhis tendency of the hydrophobic substances to segregate, excluding
water, constitutes the so called hydrophobic effect, tiaathe macroscopic level is evident when oil and water
are mixed together and form separatayers and at the molecular level drives, besides micellizagiootein
folding, formation oflipid bilayers, and proteksubstrateinteractions.

When surfactants are dispersed in watex,clustering process occurs providingl) a favorable entropic
contribution to the free energy due to the formation of a hydrophobic pocket within the polar heads that,
compared to water clathrates formatiSyieads toa more disordered system; 2) a repulsive force deriving from
the electrostatic interaction between the hda (especially the charged ones) balanced by the aggregation
tendency (hydrophobic interaction) to aggregate and minimize the interaction atkaer. If the repulsive
contribution is significantly smaller than the hydrophobic interaction the macroscopitsequence is a
complete phase separation; the contrary will lead instead to a complex or dimer formation: in micellization
process the two contributions are then comparable. The decrease in entropy is the main contributor to the
hydrophobic effect, bein@5% or more of the totahG. The third term to be considered for the total Gibbs
energy of this process is 3) a packing term that implicates the total exclusion of water molecules from the
hydrophobic core of the aggregates: this means that depending on the shape of the singtulaainly a few

specificsupramolecular architectures are possible.

$ln presence of apolar solute molecules, water molecules farmage orclathrate around the apolar speciesThe
hydrogen bondsnivolved in theclathrateformation are weaker than in the liquid bulk, but more ordered.



3 STATE OF THE ARLINIIN

The latter effect was studied extensively by Israelacfiviljho explained the correlation between the
structural features of the single surfactant molecule and the global architectuitee resulting supramolecular
assembly. This simple model is still used (although important deviations were reported, especially for
molecules containing arylic moieties affected bgtacking between the phenyl rings) to predict the final shape
and characteristics of a micellar medium, and is based orp#oking parameteof the surfactant, defined as

follows:

If oepe% the surfactant is goig to form spherical aggregates; a cylindrical shape, corresponding to a packing

parameter %éPéil will lead instead to the formation of wormlike micelles up to linear bilayers when the

cylinder is perfect. If the head diameter is smallerrthhe tail one the cone is inverted and the micelles
formed are inverted too, meaning that the polar head®rm a hydrophilic core surrounded by all the
hydrophobic tailsTable4). Non ionic surfactants represeat specific case compared to the other classes: their
packing shape can vary not only with the length of polyoxoethylene chain but, depending mainly on

temperature, the same molecule can form different kinds of aggregam@®metimes all of them.
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Table4: packing shape of different types of surfactants and related supramolecular structures

surfactant shape packing parameter supramolecular assembly

spherical micelles

‘ oava%

.4 }ééPa 5

flexible bilayers, vesicles

‘ Yawpa
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surfactant shape packing parameter supramolecular assembly

planar bilayers

Po1

Pal

Considering an aqueous solutionangingletailed surfactant above the CMC value, the phase formed is defined
apseudophasenamely something in between two distinct phases and an homogeneous one. When a reaction
takes place in presence of micelles, a substrate can be positioned eitlige the hydrophobic core, on the
micelle surface or in the aqueous bulk. The core is similar to a liquid hydrocarbon, therefore it is able to host
poorly water soluble organic substrates organometallic compounds. The pseudophase kinetic model for
reactions occurring in micellar media is also called the-domain pseudophase moddbecause of the
distinction between the micellar part (core and surface together) and the bulk of the solution. The assumptions

on which the model is based are:

1. Distinction béween micelles and bulk solvent (two different regions or domains)

2. The reactions rates and equilibria are not dependent on micellar size and shape

3. Micellaringressand egressof the substrates is much faster than the reaction rate, meaning that the
reaction in and out the micelle proceeds under chemical regimgX$kky and k. >> ks and K/ Koy =
Ks inSchemel).

4. Different substrates are independently considered
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5. The rate constants for formation and disruptiohtbe micellar aggregates are higher than the reaction
rate constants inside and outside the micellexk ky, and k >> k), then the micelle is considered
integer for all the reaction time monitored, or, at least, destructing and recomposing without

influencing the position of the substrate in the pseudophase.

The model descrilmmicelles as ideal nanoreactors without diffusion restrictions in which concentrations of
reactants are altered compared to the bulk. This results in compartmentalization of uibstrates (and
possibly of the catalyst) that enhances the collision frequency of the molecules favoring for inst&hce C
couplings or Diel&lder reactions. Despite the hypsemplification of this theory and the lack of unambiguous
validations for some fothe assumptions, the pseudophase model is still used as a starting point to determine
kinetics in micellar media in the absenceanbssinterface reaction phenomena. Another limit of this model

concerns photochemical reactions, beithgseusually faste than solute uptake in the micelle.

Kg
D]’l + S\J;-‘ - SM

kyy knt

Schemel: representantion of rate constants involved in a micellar catalyzed reaction. Dn, Sw and Sm stand for micelle, substtéehbialk and
substrate inside the micelle respectively. Kand Km are the reaction rate constants outside and inside the micellar phase. Ks is the association
equilibrium constant for the inclusion of the substrate within the micelle.

When a micellar aggregate fermed by surfactant molecules with an ionic polaead another important
phenomenon has to be takentmaccount when using such a medium for catalysis. Every ionic group has a
corresponding counterion to ensure electrical neutrality and more than half of them are positioned in close
proximity to the miellar surfacein the socalled Stern or Helmholtz layer, while the rest is localized in the
diffused electric doubléayer in continuous motior® The Stern layer is approximately the same width as the
surfactant head group andonstitutes something in beveen water and hydrocarbons, with unexpected pH
values and catalytic properties. The latter consideration gave rise to an extended pgeas® model called

PIE (pseudophase ion exchange) model, in which reactive charged species compete at the sunface wit
surfactant counterions similarly to what they do for a loosely crossed linkedxohange resin. An example of

this exchange capability is the displacement of highly hydrated ions, liker®H by poorly hydrated species,

like halogen anion® Thisis notthe only model existing in literature for micellar aggregateg (he Poisson



3 STATE OF THE AR TN

BoltzmannExpression model PBE is widely used too), but it works well in many cases, providing qualitative and,
for simple systems, also quantitative resultdhe botom line is the need of a careful choice of the surfactant

and the counterion with respect to the reaction to be catalyzed in order to enhance reaction rate and avoid
unwanted acid/base catalysis or side reactions. Furthermore, a high concentration tfntsaand/or catalyst

on the surface is ensured if they can substitute the original surfactant counterions and this can be the case of
anionic nucleophiles like OBIn the surface of cationic micelles, or organometallic cationic catalysts forming an
ion par with the heads of anionic surfactants.

An example of surfactant tuning potential was reported by Iglesias for ethylcyclohex@rmarboxylate>® for

which different pathways can be observed for the reactioRigurel9.

for anionic surfactants is
concentrated on the
micellar surface

products k
NO
-, ECHC X+ ~—— H* + HNO,
[0) [e) 0
% : %No g % o kx
OH OCZHS ’(,—’/ H\\\‘* K
o o) o ~OC2Hs O s hydrolyzing agent
kxno
water
main product K, KX ‘L
anionic surfactants i >
micelle HNO,
O mid 0] @)
kxno .
X =CI, Br, SCN- + XNO —— NO
OC.H OH OC,H
g 25 g g 25
products

main product
cationic surfactants

Figurel9: Reaction mechanismand equilibriafor nitrosation of ethyl2-cyclohexanone carboxylate (ECHC) in the watgicelle pseudophase system.
For anionic surfactants the nitrosation agent is NO+ on the micellefate, while cationic surfactants keep this species away due to electrostatic
repulsion. This implicates the only presence of XNO as reactant, with a dramatic activity drop.

Under acid conditions provided liry situgenerated nitrous acid, the use of anio surfactants, like SDEigure
18) or HDS (hydrogen dodecylsulfate), results in inhibition of ester hydrolysis favoring the nitrosation as

depicted inFigurel9, with afurther enhancement of this effect by increasing amphiphile concentration. In the
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same acidicmedium, cationic surfactants like DTABr or TTA&H mainly to the hydrolysis product with no

evident effect of concentration changes.

3.2.1.1Micellar and metdlomicellar catalysts: the beginningf a long story

An overview on reactions in micellar media begins with phosphonic esters saponification, that came to the fore
as one of the first investigated reactions, used among others in 1967 to validate the psasgomodel. In

this case the effect of the micellar medium is to inhibit hydrolysis using anionic surfactants. The ester stays
inside the hydrophobic core being protected from hydroxide ions confined in water; the inverse effect is
observed using cationisurfactants that attract anions on the suda and provide an enhancement of the
reaction rate>® After these first attempts research focused on micellar catalyzed solvolyses, primarily because
surfactants permit the direct solubilization in water of ageunumber of organic compounds, making possible
the transfer of organic hydrolysis reactions in an aqueous medium and resulting in a significant gain in
environmental compatibility of these chemical processes.

Among the numerous examples, in the beginnseyeral researchers applied the ntoxicity of micellar
catalysis for decontamination from lethal nerve agents used in the past as chemical wé%Pvess et af*

were able to hydrolytically cleave the diasteromeric diafkylitrophenyl (PNP) phos$mates inFigure20 at pH

10 with a rate enhancement of more than 2000 folds, with respect to the uncatalyzed reaction, using micellar
CTAOOH (cetyltrimethylammonium hydroperoxidd)e same catalyst proved to beghly active also at lower

pH, opening the way to environmental detoxification.

OPNP 0
-P ]
O o O-P~opnp
0 ¢
H 1 H 2

Figure20: diasteromeric phosphate triesters cle@d by CTAOOH micellar catalyst.

The comparisonwith metalloenzymes induced researchers to focus ogtakcontaining systems to push the
phosphate ester hydrolysis to higher levels of activity and selectlvityrecent review paper by Bhattacharya
and Kumaf? numerous examples are reported, starting from the first attempt made in 1986 by Gé&fiarah

coworkers, who demonstrated the existence of a combined micellar and metal catalysis for the hydrolysis of

" DTABr = dodecyltrimethylammonium bromide; TTACI = tetradecyltrimethylammonium chloride
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diphenyl pnitrophenyl phosphate DPPNPP using a tetracoordinated Zn(Il) complex bearing aedyégaolup
(Figure21).

ot e — O O

\Of" mlcelles""o

% o% 3 DPPA
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Figure 21: Catalysis of DPPNPP hydrolysis by ZnHCR in aqueous micellar BAn3hhancementof k.ps with pH was observed, implicating the
formation of ZNHCROH (or a kinetic equivalent) as the active species. Hpparent seconebrder rate constant forthe ZnHCRatalyzed reactiorat

pH =8 in micellar solution increases dramatically with complex concentration, suggesting that ZnHCR aggregates can perform hydrolysis through
some higher order mechanism and thédternative mechanismresulted highly effective.

| ZnHCR(Br)(CIO,) |

Changing type of substrate, it is worth noting the work of Khan and coworkers, who studied deeply the effect
of salts and organic solvents addition for the alkaline hydrolysis-rifrdphthalimide in presencef CTAB
(Figure18) micelles? Increasing the concentration of NaX (with X = Br and Cl) results in a decrease of reaction
rate of the hydrolysis most probably for anion exchange at the micelles surface andhieesffact is provided

by consecutive addition of GEN aliquots up to 15% v/v, when the binding constant of the ionized substrate is

lowered from 3650 to 370K"(Figure22).

o (e}
H,0, micellar CTAB o
NH
NH,
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Figure22: alkaline hydrolysis of sitrophthalimide in aqueous micellar media.
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Throughout this chapter some highlights on metal catalysis in micellar media will be anasattention will be

focused on organometallic complexegthin micelles instead of metamphiphile complexes.

3.2.1.2Pericyclic reactions: Diels Alder

As previously remarked, the hydrophobic environment inside the micelles core is particularly favorable to intra
and intermolecularreactions involving hydrophobic organic substrates like in cycloadditiofisanks to the

work of Breslow and coworkers, water was brought to the scene as a not only suitable, but even desirable
solvent for DielsAlder reactions in the 80% @ycloaddition between cyclopentadiene and butenone, was
found surprisingly accelerated (more than 700 folds) by simply using water as sbl@nswitching to an
agueous medium, two scenarios are possible: if the concentrations of the organicatabsire low enough to

allow their solubilization in water, a homogeneous reaction medium is employed and this corresponds to the
so calledin water approach. But most of the times substrates are insoluble in water and by stirring they form
an emulsion composed by oily droplets in which reaction takes pl&td&his corresponds tmn water
conditons®™ Ly o62GK Ol &a48a G(KS KeRNRLK26AO SFFSOG LX I ea
measuring activation parameters for Didlider in water it turned out that the major contribution to the
reaction rate is given by a favorable entropic change in the total energy of the process, identifying hydrophobic
effect as the main responsible for reaction acceleratioAnother important effect of hydrophobityi in water

Aa GKS 20t AYyONBlIraS 2F LINBaadzZNBE T2NJ ddzoadANdari Sa a
transformation proceeds with a consistemolume of activatiorO 2 ¥ (i NI O)irdlafegito thepfarmation of

the transition state’ “For this kind of equilibria the direct reaction is known to be favored by increasing
pressure and this is what happens locally in the hydrophobic droplets formed when opecatingiter.”

a2 NB2JdSNE | a"isust8lly #sociaked With the: endo adduanusual selectivities towards this
product are observed.

It has been known for many years that pericyclic reactions are accelerated by Lewis acids, thanks to the
coordination of these with the polar group of the dienophile, lowering the LUMO energy @mskguently
stabilizing the transition state: water molecules provide a similar effect thanks to hydrogen bonding. In the
present case, the combinatioof two promoters, water and cationic metal species, allows even better results

and a further improvementould be obtained with the addition of micellar aggregates.

""'Comparedwith the reactionin isooctane(KyaerKisooctane= 722 at 20C).

"t KS O f dobBielse F RENI NBI OGA2ya | NBmobSi 9SSy btun FyRbnp OY
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The first complete study on the real influence of combining micellar and Lewis acids catalysis-Aiderels
reaction was reported by Otto and coworkers in 1998)cluding kinetic studies, sstrate scope, surfactant
screening and determination of the metallic cation position in the system. The reaction between
cyclopentadiene and all thpossibledspecies inFigure23 is inhibited when using both chaed and neutral
surfactants without Lewis acids contribution, but the formation of micellar aggregates of copper dodecylsulfate
CU(DS) causes an up to 1.8 million folds acceleration (using the -ieaophile), compared to the
uncatalyzed transformatignbecause of the concentration of the catalytic species on the micellar surface,
where the dienophile is located. The presencéoh the surface formed with the copp@&ontaing amphiphile

is higher than the other surfactants tested and this results gh&i proximity between the two substrates,
eliminating the negative effect of distanbetween cyclopentadiene dissolved in the hydnopic core and the

correspondinglienophile coordinated to copper.

O Cu(I(DS),
X | X + _— >
N water, 25°C
X =
4 5

endo exo
X=NO,, Cl, H, CH3 OCH3 CH,SO3Na*, CH,N*(CH3)3Br
Figure23: DielsAlder reacton catalyzed by copper in micellar media. [Cu(ll)(E}S).8 mM above the cmc of the particular compound under reaction

conditions. Endo/exo ratio, reported for the nosubstituted dienophile is generally higher when using surfactants than in pure watemoorganic
medium.

Theabovereported was the only successful example of improved activity by micellar catalysis on-Al@eels
reaction until the beginning of the third millennium. Engbettger demonstrated how reaction rate
acceleration is made peible by carefully combining the substrates and the micellar medium. In a 2007 paper
the reaction between the -itrophenytl-(2-pyridyl}2-propenl-one dienophile and cyclopentadiene was
performed using acidified anionic surfactants such as sodium gbdedfate (SDS) and linear alkylbenzene

sulfonic acid (LAS) with a rate enhancement of 40 and 170 times respectively
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3.2.1.3Hydroformylations

Since the discovery of Otto Roelen in 1938, hydroformylation has been both a landmark for the progress of
homogeneous catalysis and a multi lioih tons process. In 1976Ruhrchemie and Rime-Poulenc(RCH/RP)
patented a revolutionary biphasic process where the Rh(l) catalytic species was modified with three TPPTS
(triphenylphosphine trsulfonated) water solule ligands, thus allowing catalyst recovery and recycling by
aqueous phase separation from the product containing organic phase. This bright idea entails one major
problem i.e. the generally low solubility of the olefinic substrates in the aqueous phasee e rhodium
complex is dissolved. Tlmwnsequence of this is the practical applicability of the system just-t@ @lkenes,

while longer chain olefins provide an unacceptably low conversion for industrial purposes. . Many solutions
have been proposedver the years, surfactant addition among othéf&’ to either increase the solubility of

longer homologues in the catalyst containing aqueous phase or increase the contact surface between the two
phases to enhance catalyst accessibility. An additicoahplication for practical purposes is the following:

most organic liquids possess a certain water saturation concentration, meaning that water is always present in
the organic medium and this may result in water soluble catalyst migration into the wanhigrgpghase and
additional purifications steps needed for products and solvent (this is the reason why RCH/RP process is not
applied for fairly water miscible propanal). This phenomenon is present espeasladly single components
concentrations are high,sat happens in industry.

Calixarene derived surfactants combined with rhodium complexes containing the same macrocycle served well
the purpose for hydroforrylation of l-octene, ensuring high regioselectivity towards the corresponding linear
aldehyde® The unusual surfactant employed for this study holds a tetrasulfonated calixarene as hydrophilic
head and medium/long alkyl chains starting from the lower rinu€ calixarenes83.1). Without surfactant
addition the bulky hydrophobic rhodium complex is diged in the loctene layer formed over the water

phase and the reaction proceeds analogously as in toluene. Calixarene based surfactamsts foste
supramolecular aggregates, that bring the hydrophobic catalyst in the aqueous phase together with the
subgrate, resulting in the formation of a sort of nanoreactor containing high concentrations of both reagent
and catalytic species. This leads to higher activity compared to the organic phase reaction and maximum TOF is
reached by tuning surfactant tails lethg(n-butyl was found to be the best hydrophobic group in terms of
conversion: 63.1% after 2.5h). Furthermore, the same reaction medium allows higher linear/branched
selectivity than the organic mediuntlf = 62vs 24) still maintaining low levels of olafisomerization. The

choice of surfactants chain length strongly influences the aggregation number and assembly shape in solution.
The best results were indeed reported with thg-dbains, that are required for effective micelle formation.

Longer chains &) lead to dimer or trimers, while shorter ones prevent aggregation. This consideration
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suggests the micellar environment as an important factor, still able to modify activity and selectivity even of a
high sterically hindered catalyst as the one usedhis study. Unfortunately, no mention is made about the
possibility to recycle the catalytic species, and this constitutes, from an industrial point of view, one of the most

important problems to overcome.

CO/M,

+
RhL(acac)/L N\/I
H-,0, 50°C, 2.5h b =62 o)

63% conversion, I:

NN

Figure24: hydroformylation of 1-octene catalyed by a hydrophobi&h complexn presence oh-butyl tetrasulfonated calixareneaggregates

In a recently published work carried out by Strukul Swhrsg" the hydroformylation of various olefins was
performed by an innovativeatalytic approach combining Pt(Il) catalysts with cheap, commercially available
surfactants and the catalytic phase could be easily recycled.

Monomeric Pt(Il) complexegigure25) were dissolved in water by mear anionic surfactants like SDS, SDBS
(sodium dodecylbenzenesulfonate), SDSU (sodium dodecylsulfonate) and SHSU (sodium hexadecylsulfonate),
that interact with the cationic complex via electrostatic attraction on the micellar surface. The aqueous
medium prorides an improvement in catalytic activity, in some cases reaching quantitative conversions (with
complex [(dppb)Pt(Oh](OTf) styrene conversion is around 10% using organic solvents and goes up to 100%
and HO/SDS). Moreover, the possibility to soluslia wide range of traditional organometallic complexes
allows catalyst screening that revealed, in this particular case, the direct correlation between the phosphine
ligandbite anglé® and catalyst activity and selectivity. For most terminal linear akeested the selectivity to

the linear aldehyde is extremely high, complete in some cases, and no olefin isomerization products are
detected. For styrene, the unusual formation of benzaldehyde is reported for the first time in literature and the
amount of this byproduct can be modulated by changing the surfactant. Finatycling tests have been
performed for vinylcyclohexane hydroformylation, demonstrating good stability of the catalytic system, that

maintains yields >90% and the sahieratio (99:1)even after four recycles.
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Figure25: A) Alkenes hydroformylation in aqueous medium catalyzed by Pt(Il) complexes bearing bidentate phosphines with differergrigtes B)
unusual selectivity for styrene hydroformylation in watecatalyzed by Pt(ll) complexes. The amount of benzaldehyde can be modified by using
different micellar media: with SDS benzaldehyde:linear:branched = 9:82:9, while using a cationic surfactant likhl@Tb®nzaldehyde is the only
product formed.

3.2.1.40xidations

As hydrogenation was one of the firgtactions investigated in aqueous medium, the literature concerning this
field is extremely rich, while switching to oxidations the number of articles is definitely much lower. Oxidation
catalytic systems aress common and stoichiometric oxidants based on high valence metals such as chromium
or manganese are still widely used in industry as well as in laboratories, generating large amounts of toxic
waste. This makes oxidation a challenging testing groundyfeen chemistry, especially in fine chemicals
productions where oxidations using air, pure oxygen or aqueous hydrogen peroxide are rarely considered. The
main problem in pharmaceuticals and natural products syntheses is represented by the several tdifferen
functional groups of the building blocks that can be all potentially oxidized. Therefore, highly selective
2EARFGAZ2Y OFdltedada I NB NBIAdANBR (G2 | @2AR LINRGSOGA:
choice in terms of selectivity. Away hydrogen peroxide is sold in agueous solution and produces water as a
by-product, while organometallic catalysts are usually water sensitive. Environmentally speaking performing

oxidations with hydrogen peroxide directly in water, similar to what oséamature for peroxidases would be
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the best choice, but, as it appears clearly from these considerations, this approach entails many hurdles to
clear.

Among the available oxidants, both molecular oxygen and hydrogen peroxide allows reactions todubardrri

with high atom economybut from an industrial point of view, the second is preferred because ljgaisier to
handleand more selectiveAnyway, commercial hydrogen peroxide solutions present a concentration of about
35% v/v and being most of theatalysts not enough active with such a diluted oxidant, more concentrated
solutions are requiredeconomicallyimpedingthe industrial application of such systems (solutions containing
higher concentrations of 4, are much more expensive than the 35% Qrievidently there is a need for green
oxidation methodsemploying diluted hydrogen peroxide. Titanium silicalite was the first efficient oxidation
catalyst working with diluted hydrogen peroxide feeveral different substrates spanning from olefins to
ketones. The system was developed and patented by ENI in the eigingée@mployed for epoxidations,
hydroxylation of aromatics and for the synthesis of cyclohexanone oXitevorks in polar solvents, water
included(albeit with poor activity)but organt solvent are still preferred for practical applications.

As far as homogeneous catalysts are concerned, MTO (methyl trioxorhenium) was found to formQyigm H
efficient oxidant for the epoxidation of a broad range of olefins, but the best resultg ubinted aqueous
hydrogen peroxide solutions were obtained in dichlorometif4fie and trifluoroethanof’ and no
homogeneous process in water has been reported, even if MTO is water soluble. Another successéadhappr
to epoxidations waseported by Bef N & 3 NP 821 wherejh Ru(pybox) Eomplexes were employed as
asymmetric catalysts for aromatic olefins observing medhigh ees (up to 84%), but also in this case a
solvent different from water was used. Even theatgst developed by Mizunaa Keggintype divanadium
substituted silicotungstate ensuring high selectivities under very mild conditions, was dissolvegCiN/E€H
BuOH® The use of Pt(ll) complexes allowed finally, raported by Strukul and Scarso in 20®7the
development of a highiegio- and stereoselective catalytic system operating in water as the only solvent for
epoxidation of terminal alkenes. The cationic Pt complexes of general fof@RPt(GR;)(HO)] employed

for this reaction are soft Lewis acids characterized bygh hir and water tolerance and capable to activate
hydrogen peroxide avoiding decomposition and consequently without the need to usestrelniometric
amount of the oxidant. The epoxidation of terminal olefins was earlier optiminedn organic medium
obtaining high stereol YR NB3IA 23St SOGAGAGE yR GKS aedaidisSy o4l a 2
micellar medium. Remarkably, there is no need to modify the catalyst when operating in water, but just the
addition of an appropriate surfactant assalubilizing agent. In this case, Tritor180 was found to be the best

surfactant to ensure solubilization of both catalyst and substrates and in some cases it provides significantly
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higher selectivities compared to the organic medium. The aqueous mealioms also catalyst recycling for at

least threecycles Figure26).
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ASYMMETRIC EPOXIDATI( ' ASYMMETRIC SULFOXIDAT

Figure26 left: switching from traditional chlorinated solvents, lik®CE, to micellar Triton-X00, enantioselectie epoxidation ofterminal olefins was
performed with a significant ee enhancementfrm 58% up to 84%for 4-methylpentene). On the right side: using anionic surfactants,
enantioenriched sulfoxides are obtained with good chemoselectivity and moderate eethb generally higher than the reaction performed in
chlorinated solvent.

The same group provided in 2005 the first example of asymmetric catalytic sulfoxidation in(Rigteme26)
using a dimeric Pt(Il) catalyst bearing a ftiathal chiral bidentate phosphine R}BINAP).The synthetic
methodology reported therein represented a viable way for carrying out asymmetric sulfoxidation in water.
Catalyst loading was low, yields and sulfoxide/sulfone selectivity were from good @&dleexc(no other

products were formed) and, as was previously remarked for epoxidations, the agueous medium allowed a
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significant improvement in the asymmetric induction, compared to the use of organic solvents, although ees
were moderate, with only one s& over 80%. Searching through the literature, other examples of asymmetric
sulfoxidations, even with higher ees can be found, but they invariably work in organic (chlorinated) solvents
and require either a higher catalyst loading, or different oxidantdpw temperatures with consequent slow
down of rates’®°

Another important oxidation, dating back to the l@entury, is the Baeye¥illiger oxidation, that has been
reviewed a few times in the last 20 ye¥r¥ and, thanks to its versatility, is witjeused for lactones
manufacture. This reaction is commonly carried out with expensive and/or hazardous peracids, such as m
chloroperbenzoic acid, leading to the formation of at least one equivalent of the corresponding carboxylic acid

as waste. Efforts hae been made to develop catalytic systems employing agueous hydrogen peroxide as a
much more environmentally friendly oxidant, but in addition to other previously cited problems (like
decomposition caused by the metal catalyst and the lower activity coetpd&n other common oxidants
enhanced by the dilution) the presence of water as a byproduct can cause the hydrolysis of esters formed by
the oxidation reaction. This is also an additional drawback of water as a reawtidium for the BaeyeVilliger

that added to the others prevented chemists from using this solvent for years. Several metals are known for
activating hydrogen peroxide to perform BV oxidations, for instancé Co?° Pd!® pt0¥104 7y 105107 pf 108

and Re*™°Good results in waterespecially in the asymmetric version, were achieved by using enzymatic
systems, either with isolated enzymes or whole cells containing lipases or BV monooxygenases (BVMOSs),
operating on traditionally challenging, intrinsically poorly reactiveng®mberedrings ketones. Entire cells are

often the preferred choice in order to provide the regeneration of cofactors (usually NAD(P)H) via fermentation
processesS® ¢ KSNB Q& SOARSyilteée (GKS ySSR T2N yS6 06A2YAYSGAC
H,O, as the terminal oxidant, similar to enzymatic ones, as chlorinated solvents become less and less tolerated
for industrial purposes. Metal catalyzed asymmetric Bad¥ifliger is more recent than other asymmetric
oxidations and the number of active organoralit catalysts for this reaction is still very limited. This
stimulated numerous studies using enzymes, either pure or as whole cells, but their moderate stability,
difficulties in handling and the need of biochemical background has so far limited theifou practical

purposes. Therefore the BV challenge remains open.
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3.2.1.5 Other reactions

Nowadays, symmetric synthesis catalyzed bigiral soluble complexes & common technology employed in
several industrial processes aimithe synthesis dbts of drugs** and food additives, herbicides and pesticides
Historically the first and most successful enantioselective reaction studied was hydrogeniatigimplicity of

this reaction led quickly to full mechanistic understanding disclosing a varietiewientary steps that were
subsequently useful also for other reactions. Water as a reaction medium appeared first as a negative choice,
mainly due to the low solubility of Hih such a polar solvent. But some hydrogenation catalysts, e.g. Ru cloride
compkxes, and substrates, e.g. carbohydrates or acids, are insoluble in common organic solvents and require
water to be brought ito solution. Thisprompted to studyhydrogenation in biphasic media and/or water.
Selke, for instanceyrovided a viable miod for the hydrogenation ofaminoacid precurs@ usingrhodium
complexes and SDS as aitive. '™ The addition of SDS lem a general increase of enantioselectivity,
explained by a combination of different effects, including high local concentration aliysaand substrate in

the micellar phase and lesatalystsolvation resulting in stabilization of the active speclasatest performed

on unsaturated prochiral acids derivatives usthg precatalysfRh{R,R-OHdiop}(cod)]BEkthe effect of the

micelar medium was such that KS SSQa #88% filom tlzé P30%620f the ssame reaction without SDS

The importance of micelles formatiomas confirmed by the dramatic decrease in enantioselectivity caused by
the addition of MeOH, known for disrupting S&fyregates. The striking effect of amphiphiles addition is most
probably related to the coordination of the surfactant to rhodium, forming a highly selective metallomicellar
catalyst. Thanks to Oehme and coworkers the micellar approach optimized inatlye98's became more
industry-friendly and recycling was possible using a membrane reactor wherein the mizetlapsulated

catalyst was entrappet
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Figure27: enhancement of the enantioselectivity for a hydroxgontaining Rhoiim(l) bisphosphine catalyst (the species in figure is the precatalyst
[Rh{(R,R-OHdiop}(cod)]Bk) in aqueous solution by micellar SDS.

When the hydrogenation agent is not molecular hydrogen, but a synthetic analpgjogisreactions is
addressed as (asymetric) transfer hydrogenationATH and highly enantioselective Ru catalyzed versions of
this reaction was studied in micellar medita*'’ Anyway, m order to enhance environmental and human
sustainability othesechemical processesjore biocompatiblemetals like iron or copperare today preferred

to toxic metals such as rutheniurin this respect, it is worth citing a 2008 work by Lipshutz about Cu catalyzed
reductive aldol addition creating three stereocenters in one Pbt.

The surfactant recentlyntroduced by Lipshutz, PT&ainedits main glory in norasymmetric crossoupling
reactions (Chapter 1, Section 1)2However it was quite satisfactorily applied also in the intramolecular
asymmetric reductive aldol reaction af){4-methylnon3-ene-2,8-dione, catalyzed by an active specieade

of copper hydride stabilized by one of the ligands of the Josiphos family and the desired cyclic product was

obtained in higtyields and 94% ee, comparable with the organic systetoliene Figure28).
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Figure28: comparison between heterogeneous and aqueous asymmetric reductive aldol reaction. The greener aqueous system, basedlanPiige
to solubilize the chiral Cu catalygfavecompetived A St Ra | y R \@tStheiorgdhiz dhedr NB R

Anotherprominent example of asymmetric reactiém micellar medium was provided by Kobayash2004'*

He observed a notable enhancement in activity and selectivity for asymmetric Matygetreactiors in water

by adding CTAB to the reaction mixture including water, ZsRhe Lewis acid catalyst, a chiral diamine and
the substrates. In addition of the increase in enantioselectivity, the micellar medium shows the unusual
possibility to convert (E) qfZ) silicon enolate to thanti and synadduct respectively, while other catalysts
usually preferably provide just one of the two. The only drawback of this system is the use of stoichiometric
amounts of Znfwith respect to the acylhydrazono estér(Figure29A). One year latef*° employing dodecyl
sulfate bearing Sc(lll) as counteriand a chiral bipyridine ligand wwater, Kobayashachieved the catalytic
asymmetric ringppening ofmesceepoxides with aromatic rmines to produce -amino alcohols in high yields

(up to 91%) with enantioselectivities up to 96%glre29 B). In both reactions selectivities proved to be

significantlyhigher than in dichloromethane.
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| _ d _é 10 mol%, ZnF, (100 mol%) BZHN\

A) @p
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EtO +3 equiv EtO.__~
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R "'é 1.2 mol%, 1 mol%
)> OH HO R OH
(0] 1 ]’
+ ANHR
R H,O, RT R”“NR'Ar

Ar = Ph, Naphthyl, 4-bromonaphthyl, o-methoxyphenyl
R'=H, Me

Figure 29: Asymmetric syntheses in aqueous medium catalyzed by A),Zmbined to CTAB micelles and B) scandium dodecylsulfate micellar
aggregates. The Mannietype reaction A) can be directed towards thenti instead of thesynproduct bychanging the starting! diastereomer.

In all the selected examples the asymmetric induction is ensured by a chiral ligand coordinating the metal, but
another possible approach could be the use of chiral surfactants combined with achiral complexes.gStudyin

d, % potentially

surfactantbased organeatalytic systems, somehital amphiphileswere develope
representinga good starting point to test this alternative approach, but no examples of the combination of

these molecules with organometallic compdsxare known yet.
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3.2.2METALLIGAND BASED CAPSSLE

In 1998 a swiss company put on the market a new toy construction syédetnh a !)Doased on nickel

plated steel balls (spheres) and short connecting sticks with a magnet on each end (rods). With these two basic
elements, a huge number of geometric shapes and structures could be built (Figure 1a). Three years before,
FujitaandO2 ¢ 2 N] SNA LJdzo f A & K S R SelfasserhblyIbfited im@ecules iat& nadoésizead A ( f S
2NHI yA O K2 a¥inwhidh WS sractide afigire30b was reported Most probably Fuijita did not

imagire how his work could have been so similar to a toy, but the concept he applied to create such cages was
exactly the same a®D9 ha! DuyY GF1Ay3a tAYSEFENI 62NBFIYAO fA3IFYyRAD
coordination sites) subunits of appropriate shape and size you can create defined molecular polygons held

together by noncovalent bonds.

B
A) )
/Pt\f _|12+
NN
7
Pd\/O/( (j\)\QN\Pd
N
NS B
A N
N d—“
e s \&\N 5 12:NO;
Pd =[N'Pd‘ \Y /

Figure30Y !0 NB3Idzf  NJ 200G KSRNBY odzAf (i dza A- @Ay (IKSY SING h&ad yDiuK SGryl &30
ethylenediamine palladium(ll) dinitrate complexes (spheres) in combination with a tridentate aromatic ligandigja
This octahedron and all the other polygons synthesized by Fujita can be prepared quite easily by means of self
FaaSyofe dzaAy3a GKS AyTF2NNIGA2Y G&ad2NBRE™ Stahg anKk S 6 d:
coworkers assessed the design stigies for metallocycles and polyhedra to ensure a closed structure instead
of an open, polymeric one. In general ligands are classified asliorensional and twalimensional whether
they are bi or multi-dentate, like those bridging between more than 2 tale centers that can form the faces
of the final polyhedron. Starting from metal complexes and-dimeensional ligands (the spheres and the rods
2T D9ha! Duv (2 T FiplNe3ldhé Naxsd iszdledioletcularscaffglding when the ligands

are two-dimensional (the green faces Kigure30A) the same process is callatlecularpannelling In both
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cases the final result is the creation of artificial void where a guest can be accomodated: for instance the
poly-cationic hydrophobic nature of Fujita octahedrons Figure30. 06SG6SSy (GKS f A3l yRQ
there can be either no spacer or an arylic spacer) makssitiéble to host either anionic or neutral organic
species in aqueous medium.

Building
Blocks 90° 109.8°

angular angular

)
T =4

Figure31: molecular scaffolding of planar and tridimensional structures using medignd interactions.

The compartmentalization of organic speciaside a cavity provided by a big supramolecular surrounding is
2yS RAAUGAYOGAOGS FSIHGdzNBE 2F SyievySaqQ OFralrtedad F OGAz
create a similar environment; metéfand cages seem to be the most promisapproach to this aim so far.
¢Sy @SINR FFGSNI AGa ONBIFGA2Y S Cdz2A (|l -@édctordoDthe He® R NI
Alder reaction between @ydroxymethylanthrancene and -phenylphthalimide in watet?® Usually
anthracenes react pferably at the central ring, preserving the aromaticity of the two side rings, but in this
case unusual selectivity and higher yields were observed, leading to the formation of tegnidduct in
guantitative yield. This is most likely due to the paatirientation, assessed by forfield calculations, of the
guests inside the cage before reacting, with the C=C bonds of the phtalimide in close proximity to the terminal
ring of the anthracene: this is one of the rare examples whereopientation of the substrates, forced by a
confined space, can lead to a product different from the energetically favored one. The main problem in this
kind of enzymdike systemss the turnover of the catalyghat makes the real catalytic nature of the species
doubtful when, like in the latter example, the amount of naoage is almost stoichiometric. Product inhibition

in DielsAlder reactions is, for most of the synthetic capsuf8&*® a dramatic problem arising from the
entropically favored binding of one productolecule instead of two substrate ones in the cavity. Using a cavity
bearing a wider opening, like the pyramidal bowlFigure32, the same reaction suffered the loss of the 1,4
selectivity, but gained a moderateirnover (the optimal amount of supramolecular catalyst is 10 mol%),

permitting the formation of the Diel&lder product quantitatively in 5 hours at room temperature.
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Figure32: Schematic representation of the catalytic DieAdder reaction of anthracenes and phthalimide in the presence of the bahbped host. The

catalytic action of the cage is ensured by the autoinclusion and autoexclusion step depicted in the scheme

Other examples of capsules acting as true catalysts aravikrio literature, first of all the tetrahedral cage
developed by Raymond in 1999 using for the first time a rational synthetic apptodable synthesis of high
symmetry clusters based on the metidand coordinative bond. The capsule is an example otcoddr
scaffolding employing four metal vertices coordinated to six organic ligands. Each cluster could theoretically
present eitherG(DL L/LDDB,(DDL)orT(L L L/D D D Bymmetry, depending on the chiralities each

metal center; practically just the homochiralsymmetric assemblies are forméiThe dodecanionic charge

of the cage render it soluble just in water or other polar sokg and allows the inclusion in the hydrophobic

BekKS ae Mrak@ld is ysed @s a prefix to describe the {efinded propeller twist formed by three bidentate ligands.
{ AYAf I NI @ Xdelfiaisused as¥ préffior the righthanded propeller twist.



3 TATE OF THE AR

cavity (3008500 &) of cationicguests like alkylammonium ions or organometallic complexes. In addition, it
GLINPGSOGa¢e NBIFIOGAGS 3IdzSada GKFEG adzZFFSNI FNRYsoRSO2 YL

extremely acidic conditions.

All these characteristics permitted the employment of the tetrahedron as a nanoreactor for a plethora of
different reactions, both in stoichiometric and catalytic quantities, e.g., the isomerization of allylic alt¥hols,
acetals hydrolysi§® 3-azaCope rearrangement of allyl enammonium catitAand Nazarov cyclizatiofi’ the

first one reported.One striking example of this host at work is the catalytic action on the acidic hydrolysis of

138

orthoformates HC(ORJwhere R is an alkyl or aryl group) in basic solutiénigure33),”* made possible by the
formation of a cationic transition state stabilized by the anionic pocket even in a unfavorable environment
(pH=11 in the bulk)Protonation of the orthoformate is thermodynamically driven by stabilization of
protonated species, as observed for other cationic intermediatash as tropylium ion, phosphirseetone
adducts, and iminium cations. Catalytic amounts (1 mol%) of thaletiral assembly gave acceleration of the
reaction up to 89¢old, showing an enzymatic behavior characterized by Michaddisten kinetic, substrate

size selectivity and competitive inhibition by NPrCompletely analogous to this is the a2ape
rearrargement of allyl enammonium ions, performed using 13 mol% of the same capsule with similar rate

enhancement and enzymatic features.
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Figure33: orthoformate hydrolysis in water within the tetrahedric host developed by Raymond.

The hosting ability of this cage was used not only for substrates or reactions intermediate, but also for
organometallic cationic complexes, creating artificial metalhaymes in some casesvith great substrate
selectivity.Besides the example reported @hapterl, the capsule was also used to host the chiral racemic
monomeric Ir(lll) complex Cp*(PM&(Me)(CHCH) leading to two diastereocisomeric complexes with modest
diastereoselectivity. The organometallic species readily reacted with aldehyde®HRleading to GH
activation of the carbonyl compound with ethylene elimination and formation of chiral Cp*{P{&0)(R)
species where the R residue of the aldehyde was now connected to the metal center. For the encapsulated
organometallic precursor the retion with the aldehyde was highly substrate sensitive, both in terms of size
selectivity (-pentanal did not react while-butanal did) as well as shape selectivityr{gthytbutanal did not

react while 3methyltbutanal did). The chiral products were foeoh in a chiral cavity, therefore
diastereoselective formation of the two stereoisomeric Ir(lll) complexes occurred, with selectivity that could be
as high as 70:30. This is a clear example of cavity directed substrate and product selectivity, where the
surounding of the catalytic site with a supramolecular structure influences the pathway of the reactions also

from a stereochemical point of view.
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Figure34: GH bond activation within a supramolecular host catalyzed by an encdgiad chiral iridium complex. The reaction of the encapsulated
specieswith both aldehyde(blue arrow) and ethereal(red arrow) substrates led to different kinetic diastereomeric ratios depending on the host
guest affinity. In some case@imethylether andpropionaldehyde)heating up to 75°C resulted in equilibration to the thermodynamic diastereomeric
ratio.
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\3.3 SUPRAMOLECULAREAYSIS IN ORGANIEIMUM WITHIN HYDRQGE
|BONDED STRUCTURES

Gl @RNRISY 02YyRA& FNB fA1S KdzYareyfeeheSdasy Babreak Xabddsometimest y 7

v A s oA = 4

KFEFNR (2 RSGSOGDP 1 26SOSNE 6KSy OdGAy3a (23SHKSNJ (KSe
Prins, L. J.; Reinhoudt, D. N.; Timmermarigewandte Chemielnternational Editior2001, 40, 2382242

FrancisC®]1 | yR WFYSa 21 Ga2yQa ylySa INB 62dzyR (23S0KSN.
X-ray diffraction data the helical structure of DNA. The molecule on which our genetic code is written was
found to be a supramolecular assembly of two linear sita, held together by weak intermolecular
interactions, namely hydrogen bonds. The combination of all the single weak bonds provides a linkage between
the two DNA (or RNA) strands that are strong enough to keep them together in normal conditions but allows
also the separation needed for the duplication process. This is one of the most famous examples of hydrogen
bonded structure, given us by nature, continuously inspiring chemists in search for innovative synthetic tools.
Supramolecular chemistry in particd NJ ¢ & RSTFAYSR Fa aGKS OKSYAalNR 2-
GKS 62NRa 2F Woad [SKYys b26St tNAT S Ay MpyTE dac¢KS
processes of highest efficiency and selectivity requires the correct pulation of the energetic and
stereochemical features of the né@ 2 @I £ Sy (i = A y (i S’Nikevan31€ dhals Xorcds 2eNedirSstatic >
AYGSNI 00 A2)1aG1 Ay3d YR SalLISOAlIffe KERNRISY o02yRAYy3IOD
covalentbonds (0,15 Kcal mat vs50-100 Kcal mal) but play a fundamental role in biological systems, like in
protein folding and enzymatic catalysis, contributing to the stabilization of the transition state and to substrate
recognition. In order to understanithe forthcoming examples, it is important to underline the tight correlation
between the existence of Honds in solution and the solvent used: polar solvents like alcohols or water are
strong competitors for Hbonding and tend to disrupt the intermoleaul interactions between the solute
molecules, therefore most of the supramolecular structures based oncowalent syntheses are dissolved in

apolar solvents, either chlorinated or aromatic ones. Nature provides many examples of hydrogen bonds in
water, but usually these are embedded in lipophilic pockets having the double role of protectinglibadéd

part and enforcing the interaction thanks to the hydrophobic effedtié §2.2.2). In enzymatic catalysis, the
presence of a pocket or cavity ensures @éaarea of interaction between the substrate and the catalyst, and

this plays a key role in improving activity and selectivity of the reaction. Anyhow, this interaction should not be

too tight and certain flexibility is required to permit substrate ingresd products egress in an easgy. An
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excessive rigidity of the catalytic environment may lower the turnover, but on the other hand when the
substrate is too loosely bound, the lack of selectivity may become the main problem. The right dimension of
the cavity and additional weak interactions between the guest and the host 8Hy Ra = 6 dzi& GH fOq 28 y™3
van der Waals/London forces) constitute the most suitable conditions for a good association constant. The
optimal binding of a guest inside a caviygenerally estimated using thpacking coefficientdefined as as the

ratio between the sum\{y) of the van der Waals volumesg,j of then molecules in a given volum¥&)(and the

volume V).
avi,
PC="2_ = \i
\% \%

For solvent molecules in the bulk, aslias for guests characterized by a good binding within a host in solution
(one or more ceencapsulated guests), the PC is generally around 0,55+0,09, as reported by Mecozzi and Rebek
in 1998 This restricted range of PC can be found in many naturémsgs e.g. in biological receptors and
provides a sort of guideline for developing synthetic receptors for a wide range of hosts.

With this general rule at hand ned 2 @I £ Sy i adeyiKSaAa 2F aSOSNrt Kzala
group, but the examples of supramolecular cavities enclosing organometallic catalytic centers mimicking
metalloenzymes are still rare. The most successful systems were provided by Fujita and Raymond (§ 2.2.1) with
metaktligand based capsules, but very little has beenalget in the field of hydrogebonded capsules.

Df @02dzNAf a dzyAdGa 6 SNB dza Scllediednishall baSchallind s&thal dxpbiting? 0 dzA
the Hbonding capability of this particular building block, bearing in the same moleculehyotitngen bond

donors (NH groups) and acceptors (C=0). The first synthesized capsule of this series teagistall,
constituted simply of two glycouril molecules connected through an aromatic sp&aguré 35A), that can
dimerize in solution thanks to the formation of an array of eight hydrogen b&Hdghe seformed dimer is

able to encapsulate small guests such as methane, ethylene, argon or xenon. The substitution with hydroxyl
groups at the central benzenring allowed subsequently the tuning of the electronic properties of this same
structure, while the variation of the spacer length influenced the bending of the structure, the shape and the
inner volume. Moreover, enlarging the spacer and introducinglament of rigidity in the structure, namely a
bridged anthracene, bigger homo and heterodimers can be fortffe@ihis concept serves as a basis for the
synthesis of thesoftballs,that are larger semspherical capsules suitable for hosting bigger mokegutuch as
adamantanes, ferrocenes -@idamantanecarboxylic acidky = 1.3 mM- and Lferrocenecarboxylic aciek, =

3.6 mM) and camphor derivatives, as well as two benzene moletiilegerestingly, the combination of two
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achiral units results in theofmation of two enantiomers of the capsule and the encapsulation of an
asymmetric host inside this structure provides a population imbalance determined by the different affinity of
each guest enantiomer in the surrounding chiral environméhihe high biding affinity of this capsule and

the large cavity (~300°%4 Ay H6KAOK Y2NB GKIFIy 2yS Y2tS0dZ S OFry 068§
Nbzt S¢> Fft26SR AGa dzasS +a |yl y2pygbitoteiaed\ycier@xddiedeK S 5
with a cansequent significant rate acceleratidf. The encapsulation of the two reagents in the dimer is fast

and subsequently reaction occurs giving the endo BAdier adduct. Unfortunately, the adduct presents

higher affinity than the reagents for the host atis leads to an important drawback related to product
inhibition. The system is necatalytic, but size and shape selective and the concentration effect inside the
softball provides a rate enhancement of about two orders of magnitude compared to the saawion

without the capsule ip-xylene. Considering the importance safbstrate choice in synthetic enzyme mimetics,

a true catalytic system was developed subsequently combipigginone with thiophene dioxide instead of
cyclohexadiene. The reactionrhed out to be positively influenced by the presence of the softball catalyst

with 55% vyield after two days at room temperature and 75% after 4 days. Under the same conditions, control
experiments showed 10 and 17% vyields, respectivieigufe35C)**° More importantly, the capsule provided

true turnover because of the higher steric clashes of the product compared to the coencapsulation of two

molecules op-quinone, which was the resting state of the catalyst ie tycle.
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Figure35! 0 OKSYAOF t a0 NHzOG dzNB I vy Rsoftballdy By DiwsSAldar keaofidn betwéeh-Buhbne andl 1,3ny8lahéxadRide as
mediated by the dimeric selssembled softball capsule. Hetero coencafeion of the two reagents is not preferred over homo coencapsulation of
quinone, but when it occurs the lifetime of the complex favors the reaction. The product is the best guest and no turnoseeiis C) Catalytic Diels
Alder reaction betweenp-quinone and thiophene dioxide mediated by hydrogen bonded softball. Changing the substrate combination the product is

displaced by two molecules gi-quinone, having higher affinity for theapsuleand catalytic turnover is ensured.
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To facilitate the egress of ¢hreaction product, a catalytic system based on an epeded structure in place of

a capsulewas developed by the same research group several years after using a resorcin[4]arene derived
octamice cavitand Figure36).*” Cavitands are monomolecular hosts where the supramolecular feature is
related to the particular folding that creates a cavity, as happens for cyclodextrins. In this particular case, the
OF @A | yikeQRapedspidvided by intramolecular hygem bonds occurring between amide residues at

the edges of the chemical structure. This assembly is characterized by a dynamic behavior that depends on the
interconversion between the two rotational enantiomers of the concave form. The phenyl rings eratiseof

the cavitand determine the preference for organic electmoor guests, especiallgrganic cations able to
interactthrough cation™ y 2y 02 @1 f Sy 02y RAYy I [-Alderddadiions datdlyzédbyS y S i
this supramolecular pocket was found to b@Bthracanemethanolthat demonstrated good reactivity at room
temperature for maleimides chosen because of thgdod affinity with the host, thanks to the formation of
hydrogen bonds between their carbonyl groups and the imide seamtmirids of the cavitand. The selected

YIf SAYARSa aGardée AyaraARS GKS OF gaide ¢ A Gdsediorn® bukkf { &t A
where the adduct with the anthracene reactant is formed. The imide substraty¢hoctylmaleimide proved

to be the best guest) is then piented to react and this effect leads generally to a >20 folckéeration. The

adduct is ready released from the cavitand with the incoming of a new reactant molecule, having higher

affinity than the product for the hodfFigure36B).
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Figure36 A) hydrogen bonded self foldip cavitand developed by Rebek and C) its use as a supramolecular catalyst foiAlielsreaction between
N-cyclooctylmaleimide and @nthracenemethanol

The same cavitand, functionalized with a safgpe ligand and metalated with Zn(ll) was employedaas
synthetic metalleenzyme for the hydrolysis gfara-nitrophenyl choline carbonate PNPCC, where the cavity
contributes to the efficient prerientation of the substrate, while zinc metal center acts as the effective Lewis
acidic catalyst. Thisynergic efect led to an enhancement of the reaction rate of about twelve titféghe
first example of organometallic catalysis within this supramolecular hydrbgeded receptor has been

149

recently reported in a work by Ballestand coworkers Figure 37), where encapsulation and modified

catalytic activity of a rhodium(l) complex was described. Previously, several cationic organometallic complexes
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such as metallocenes proved to be suitable for inclusion in this tygests;>° but no catalytic tests were
NELZ2NISR FT2N) 6KSAaS alLISOASad JBRol &t SgHGIEWMOA | 68RJ Xy
folding host by mixing the two species in Cbsolution, and partial dissociation of the complex was observed.
The resulting inclusion complex appeared to have at least two solvent molecules coordinated to rhodium in
place of one norbornadiene ligand. The exposition of this species, included in the cavitand, to 1pgawoé H

no evidence of decomposition to Rias expected for the free complex, and the subsequent addition of an
excess of norbornadiene led to the hydrogenation of the latter with unusual product distribution. The reaction
usually gives dimerization of norbornadiene as the only product, but if dngptex is included in the cavitand,
norbornene and norbornane are formed in addition to the dimer. Norbornene is the major product, most
probably because the transition state leading to dimer formation is too big to fit easily into the cavity. Even if
the mechanism is still unclear, this work proves a principle in supramolecular catalysis, demonstrating how an
artificial receptor can modify activity and selectivity of an organometallic catalyst by encapsulation, acting as an
organic ligand, but without theneed of a defined metdlgand bond between the metal center and the

surrounding supramolecular structure.

[Rh(nbd):]BF 4 free
in cavitand [Rh(nbd);]BF 4
+H, —»

Figure37 (from ref 149} The inclusion of [Rh(nb@)BF4 (nbd=norbornadiene) inv S 6 Scavilaaid produces a catalytically active specibst
promotes the hydrogenation of norbornadiene to norbornerend improves the stability of the Rh complex.

If this is true for unimolecular cavitands, no similar examples are known yet feassembling hydrogen
bonded capsules. Capsules have a grpatential in terms of modifying especially the selectivity of
organometallic catalysts thanks to the creation of a complete environment in which reactions take place,
experiencing dimension and shape constrains and alternative reaction pathways as wdiffeasnt
concentration, pH and/or pressure conditions compared to the bulk. The problems affecting this kind of system
arein primisthe need of a sufficient cavity volume in which catalyst and substrate could accommodate without
exceeding the 55% rulehén the aggregation/disaggregation equilibrium of the capsule, that shioelfast,

but not faster than the reaction time; moreover the catalyst should be completely encapsulated into the
nanoreactor at the concentration needed for the reaction, but f#lving enough space for the substrate. The

problem of capsule dimension is probably the easiest to overcome thanks to the continuous development of
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new artificial seHassembling systems with a wide range of properties. To the best of our knowledgegéstla
hydrogen bonded capsule is the calix[4]resorcinarene hexamer discovered by McGillivray and Atwood in
1997°! The virusike assembly exists imrganic solvents like chloroforth or benzeneds even at
concentrations as low as nanomafaf'** but a certain amount of water is required to keep the six units
together (eight water molecules for each hexanm&riind this is usually accomplished by using water saturated
solvents. The cavity volume is about 137%Ad such space is normally filled by sixetght solvent molecules.
The resorcin[4]arene scaffold provides an aromatic election internal surface that preferentially
accommodates cationic species like tetraalkylammonium and phosphoniunt®%tfisand these are,
depending on their size, eencapsulated with residual solvent molecuf@8Despite its giant internal cavity
and the easy synthesis, together with the possibility of including metal species such as colbaltocenjtifh ions
OFGFteara oA vllaypalt i K Aa & Slip&RA OISt REDS
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4. RESULTS AND(]IIIJSSIO
4, RESULTS AND DISSION

‘4.1 NITRILE HYDRATION

The results presented in this chapter were publishe@awarzan, A.; Scarso, A.; Strukub&Hicient Nitrile Hydration
Mediated by RUCatalysts in Micellar MedizGreen Chemistrg01Q 12, 796794,

4.1.1 AIM OF THE WORK

As previoushdiscussed, water is highly desirable as a reaction solvent, but has been practically ignored for
years from organic chemists, due to its Rbry Y2 OSY G G LISNER2Yy It AG&é Ay Ylye
towards commonly usedrganometallic complexes. But, if water tends to react so easily,nehysingit as a
reagent? This opens the discussion on the possibility to perform hydrolysis and hydration reactions directly in
water, something obvious but at the same time trickyatthieve.

Nitrile hydration, for instance, represents a sustainable method for amide preparation, characterized by high
atom economy and employed at the industrial level for the production of acrylamide. The conventional
chemical synthesis of this commagitraditionally involved a copper salt as the catalyst of choice, but the
significant amount of byproducts formed with this method and the main product tendem@plymerization
AYRdzOSR AYyRdzZaAGNE (G2 aSI NOK 7T2N I sgiStiuted Do@p€y Sadalysis inL y G
order to improve the system selectivity, employjinon a fedbatch enzyme conversion process, nitrile
hydratases fromPseudomonas chlororaphis B48 which the amidase that usually degrades the product is
almost inactive'®'*® This successful example (subsequently improved by testing other microorganisms)
enhanced theesearch on nitrile hydratasesnd their application in organic syntheses, but, on the other hand,
sustainable organometallic catalysis in this field reredipoorly developed. Even if enzymatic catalysis
ensures extremely high selectivities, it is often difficult to widen the scope of the reaction, being enzymes also
highly substrate selective. Moreover, working with whole cells implies the existenceeétasdade reactions

that should be suppressed (like amide hydrolysis in this case) and the obvious solution, enzyme isolation, is
money and time consuming and bears the risk of compromising the catalyst robustness. Metal complexes that
have been tested asatalysts in nitrile hydration are widespread in the literatt¥&namely Fe&®* (nitrile

hydratases are indeed metalenzymes containing Fe(lll) or Co(lll) certt8rsNi®®'® Rh!® Aul"t"t pdl™?
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117 the latter being the most investigatemetal after Ru;****for which ligand

Mo, *rare earth metals,* Pt,
effect on catalytic activity was analyzed. Recently the Ru catalyzed hydration of nitriles was improved by using
more environmentally friendly protocols, namely switching from orgaoieents to water. In one case the
application of this concept required the modification of the catalyst to render it watartde}!® while in a

second work ruthenium homogeneous complexes were substituted by a heterogeneous system supported on
nanopartides!®**The firsta @ a1 SYZ RS@St 21ISR 6& DAYSy20Qa 3INRdzI I yR
of substrates employs [Ru6I*-arene)(PTA)] complexes, PTghdsphatriazaadamantanebeing required to

impart water solubility to the catalysts

The presentapproach to the problem consisted in the ueétraditional ruthenium complexes without the

need of water soluble ligands bgroviding a homogeneous reaction medium in which the substrate can be
solubilized too. The solubilization of the nitrile species allows the widening of the reaction scope to solid, bulky
organic nitriles.

The approach to the problem reported in this thesionsists in the use of traditional ruthenium complexes
without the need of water soluble ligands but providing an aqueous homogeneous reaction medium in which
the catalyst as well as the substrate can be solubilized. The solubilization of the nitidiesspdows the
widening of the reaction scope to solid, bulky organic nitriles.

The ways to transfer catalytic reactions in water are mainly the three representeigume38, namely (i) the

use of intrinsicallywater soluble catalysts; (ii) theolubilization of intrinsically hydrophobic complexdga
modification of the ligand with water soluble tags (see e.g. [HRh(CO)(EPiRTI8)droformylation); (iii) the
solubilization of hydrophobic complexes in waterrbgans of supramolecular aggregates like micelles, without

the need of any catalyst modification. K S FANER (G NBLINBaSyda DAYSY2Qa I LILIN
thesis. The supramolecular approach involves the addition of surfactants above thetdCkEtGure the
formation of molecular aggregates able to include the catalyst and the substrate in the hydrophobic core and

solubilize both components in water.
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1) %X X water soluble complex

2) ®M® — " > - water soluble tag
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Figure38: Three different approaches to perform organometallic cétsis in water. 1) employment of intrinsically water soluble metal complexes as
catalysts; 2) solubilization of an intrinsically hydrophobic compleia modification of the ligand with water soluble tags; 3) solubilization of
hydrophobic complexes in watelby means of supramolecular aggregates like micelles, without the need of any catalyst modification.

4.1.2 CATALYST SCREENING

For the present work on nitrile hydration we employed'Ratalysts of general formula [Ru@f-arene(PR)]

8 (Scheme&?) bearing a representative range of monophosphines.

| Gl /k - \P /O\P @\
R Ru’ e
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f 9
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Scheme2: Ru(ll) complegs tested for nitrile hydrationin micellar medium.

Initially catalyst screening wagserformed towardbenzonitrile hydration using neutralnon-coordinating

surfactants like Tritol-100 and X114 to avoid interfering with ligand substitution. Reatalysts bearing
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electron rich alkylphosphine showed modest catalytic activity, and the same was observed with the
electron-poor triethoxy phosphine ligand (Table5, entries 1 and 2). Substitution of one ethoxy residue
with a phenyl group increased amide formation and with two aromatic units the highest catalytic activity
was obseved (Table5, entries 3 and 5 respectively). Conversely, triphenylphosphine as ligand led to
almost inactive Rl catalyst Table 5, entry 6) demonstrating that a fine tumj of both steric and
electronic properties is required for good catalytic performance. This catalyst screening can be easily
accomplishedhanks to themicellar medium that enables solubilization in water of neutral catalysts with
different apolar ligandslt is worth noting that the complex of ®8aeturned out to be more active than

the homologous Rlspecies Table5, entries 3 and 4). Aalreadyobserved with intrinsically water soluble

RU' species}’ the A°-arene residue showed a marked effect on catalytic activity, in fact substitution of the
cymene residuea with benzeneb caused a marked decrease of activifjable 5, entry 7), probably

because of a less labilai&arene bond.

Table5: Catalyst screening dfin the hydration of benzonitrile in water.

O
c* 8 _ NH,
©/ 100°C, H,O/surfactant
# Catalyst Medium Time (h) Yield (%)
1 8ac H,O/TritonX100 20 29
2 8ad H,O/TritonX100 20 27
3 8ae H,O/TritonX100 20 37
4 8ae0Og H,O/ TritonX100 20 82
5 8af H,O/TritonX100 20 93
6 8ag H,O/TritonX114 20 30
7 8be H,O/TritonX114 20 5

Experimental conditions: [Sub]0= 0.15 M; 1: 5 mol%, T= 100°C, water 0.5 mL. Yield determined by GC ar
Analogous complex with Os [Os@i@{ymene)(P(Ph)(OEt)2)]. b) Polyoxyethylene(10)isooctylphenyl ether (150 m!
Polyoxyethylene(8)isooctyl cyclohexyl ether (150 mM).
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4.1.3 OPTIMIZATION OF REACTION CONDITIONS

With complex8af as the best Iihcatalyst at hand, we investigated the naturetbé surfactant varying the charge, the
length and the kind of functional groups of the tensides employieble6).

Table6: Surfactant screening in the hydrolysis of benzonitrile with lgst8afin water.

N (@]
C 8af R NH,
100°C, H,O/surfactant
entry medium time (h) yield (%)
2 11
1 H,O
20 75
2 36
2 H,O0/SDB3
20 83
2 44
3 H,O/CTAB
20 96
- 2 16
4 H,O/zwitterionic
20 84
2 51
5 H,O/PT$
8 90
2 77
6 H,O/SPANGD
8 89
2 58
7 H,O/TritonX100
8 95
2 81
8 H,O/Triton %114°
8 97
_ 2 39
9 H,O/Triton %405"
8 73

Experimental conditions: [Sus] 0.15 M;8af. 5 mol%, T= 100°C, water 0.5 mL. Yield determined by GC analysis. a) !
dodecylbenzene sulfonate, (75 mMm); b) hexadecyl trimethylammonium breifrid mM); c) NlodecyiN,N-dimethy}-3-

ammonicl-propanesulfonate (150 mM); d) polyoxyetharafocopheryl sebacate (45 mM); e) Sorbitan monostear
(150 mM); f) Polyoxyethylene(10)isooctylphenyl ether (150 mM); g) Polyoxyethylene(8)isooctyl cyclohexy(1&D
mM); h) Polyoxyethylene(40)isooctylphenyl ether (150 mM).
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Charged anionic, cationic and zwitterionic surfactantsble6, entries 24) worked properly enabling good
product formation after 20h reactionirhe. Better performance was possible using neutral surfactants, with
amide formation that after 2h reaction time was >50% with #&8d SPAN 60. Even better catalytic activity
was achieved with Triton surfactants, and among all,1X (Table 6, entry 8) allowed to observe almost
guantitative amide formation in 8hExperimental conditions were investigated in detdihljle7), observing
that the best catalyst loading was32mol% while surfactant concentration screening showed that values above
150 mM influenced negatively the outcome of the reaction.

Table7: Effect of different catalyst loading and surfactant concentration in the hydrolysis of bérilowith catalyst8af
in water.®

N @)
c*
8af . NH,
100°C, H,O/Triton X-114
entry catalyst (mol%) surfactant (mm) time (h) yield (%9
1 1 150 2 39
20 96
2 2 150 2 83
20 96
3 5 150 2 81
20 97
4 10 150 2 69
20 93
5 5 75 2 81
20 93
6 5 300 2 68
20 95
7 5 600 2 42
20 92

a)Experimental conditions: [Syb]0.15 M, T= 100°C, water 0.5 mL. b)Yield determined by GC analysis.
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4.1.4 SUBSTRATE SCOPE AND RECYCLE TESTS

Once optimized the catalyst, the kind and amount of surfactant and temperature, the substrate aictipe
reaction was investigatedT@ble8). Aromatic nitriles reacted readily with cataly&af except electrorpoor

ones such as-2yanopyridine Table8, entry 4).Alkylnitriles turned out to be suitable substrates, with yields

up to 80% depending on the hydrophobic part of the reagent. More hydrophilic substrates bearing alcoholic
moieties reacted more slowly, probably because of their higher hydrophilicity that hamiphedr interaction

with the apolar core of the micelles where the catalyst is likely dissolethe last column offable8 we

report also the yields obtained in the absence of surfact&s.can be seen, in mosases either low or no
conversions are observed, providing evidence for the fundamental role of the surfactant in bringing catalyst
and reactants into contact. However, when the nitrile becomes more hydrophilic (enttie® &s solubility in

water at In n /I Aa tA1Ste (G2 0SS KAIKI KSEtLAYy3I U(KQublRA &a2f
catalyst. This is why for hydrophilic nitriles some activity is observed, in some cases comparable to the micellar
system. An important issue with thesestgms is the possibility to separate and recycle the catalst.
preliminary experiment was carried out by adding a further 1 mmol of benzonitrile at the end of the
experiment reported inTable 6, entry 8, to checkwhether the catalyst was still actived further 30%
conversion of benzonitrile in benzamide was observed after 30 h. This lower conversion can be due to both a
dilution effect and to competition between benzonitrile and benzamide for coordination tarikéal. Using

the experimental conditions reported ifiable6 (substrate 1 mmol), we then attempted to optimize catalyst
recycling using neutral TritonXL4 surfactantUnder these conditions phase separation isudlly impossible
because of emulsion formation when the organic solvent (necessary for separating the catalyst from the
organic products) is added. CTAB was then checked as a charged surfactant in order to minimize its
solubilization in organic media. Phoform was used for extraction and dissolution of the' Rpecies in the
organic phase was observed (as confirmed by green color transfer from the micellar phase to the chlorinated
phase) while the surfactant and the benzamide remained dispersed inrwaiaide product could be
precipitated by diluting the aqueous solution (20 times) and cooling the sy§tém p /| & ¢KS OF Gl
isolated by organic solvent evaporation, and to this, water, CTAB and nitrile substrate were added for the
recycling experiments. The reaction led to 95% yield in benzamide in the first cycle, 81% in the second followed
by adecrease of catalytic activity in the third cycle, where the yield was 54%. This loss of activity is probably

due to incomplete recovery of the catalyst during wank GGMS analysis on the first extracted organic phase
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showed the presence of-gymene, sggesting that the active catalytic species lacks this aromatic ligand, which

is probably displaced by the incoming nitrile moiety.

Table8: . Substrate scope of the nitrile hydration reaction with cataBat

_N 8af O
-C* M
R 100°C, H,O/TritonX114 ~ R” “NH,
entry Substrate time (h)  yield in micelle(%) yield in H,O(%)

1 @f 12 95 0

N

2 2 89 0
3 Q/ 24 90 5

N
4 X 24 10 0
| P
5 ©/\/ 24 807 11
6 M 7 77 11
N
7 —
7 /\/ X7 24 70 21P
56% 44%
N N
I I
; b b
8 —N —N 24 41 79
45% 55%
N
~
9 HO/V/ 24 50 45°
//N
10 ~7 24 14 10
OH

Experimental conditios: [Sub}= 0.15 M, 5 mol%af> ™M 1 n /' Q¢NRG2Y-mmn8 I mpn Y
analysis. a) 6% acid formation. b) Sum of isomers. c) 10% acid formation.
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4.1.5 CONCLUSIONS

Summarizing the results reported in this part, com@ax(5 mol%) associated with Tritofil14 providegood

yields for nitrile hydrationfrom a representative range of substrates at 100°C, demonstrating comparable
catalytic activity to intrinsically watesoluble Ru(ll) catalysts bearing hydrophilic ligaffdin conclusion, we

have demonstragd that micelles represent suitable media for reactions involving water as a reagent, such as
nitrile hydration catalyzed bRd' species8. Neutral surfactants showed the best catalytic activity, probably
because they do not interfere (as charged specdieswith ligand exchange on the catalyst, enabling almost
guantitative hydration on benzonitrile. With respect to the use of intrinsically watduble catalysts, micellar
media represent an alternative approach to solubilize hydrophobic complexes irr watkeallow the facile
screening of different catalysts without the need for elaborate ligamddification, but with a less
straightforward separation and recycling. Specifically, this reaction medium enabled the screening of common

monophosphine ligandgbserving that properbalance of steric and electronic features are required.

4.1.6 EXPERIMENTAL

General 'H NMR,®C{H} and*P{H} NMR spectra were recorded at 298 K, unless otherwise stated, on a
Bruker AVANCE 300 spectrometer operating at 300¢55, 121.50 MHz, respectivelg.values in ppm are
relative to SiMe for 'H and**C and 85% JRQ for *'P. All reactions were monitored by GC analysis. GLC
measurement were taken on a Hewldtackard 6890A gas chromatograph equipped with a FID detector
(carrier gas He) and 25 m FRcolumn F; 280°C, J.: 300°C, 100°C X 5 min, 10 °C/min to 200°@MG@nalysis

were performed on a quadrupole Trace GC 2000 ThermoFinnigan instrument equipped with a 3BMS&HP
column (carrier gas He). Reomplexes were mpared according to a general method reported in the
literature** and were a generous gift of Professors G. Albertin and S. Antoniutti of this University. Nitriles and
surfactants are all commercially available products and were used as received. Theeslaitthe amide

products were assessed by comparison of thiit°C and GC/MS spectra.

General procedure for the catalytic reaction$he R catalysts8 (7.5 mM, 5 mol% of Ru), water (0.5 mL), the

proper amount of surfactant and the correspondingrife (0.15 M, 75mol) were introduced in a vial
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equipped with a screw capped septum. The reaction mixture was stirred at 100°C for the time requested. The
course of the reaction was monitored by regular sampling of aliquots of the solution, followetLbgrdwith

MeOH and analysis by GC. Quenching of the reaction was found to be not necessary. Catalyst recycle
experiments were performed on 1 mmol amount of benzonitrile using CTABr as surfactant following

experimental conditions reported in Table 2.
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4.2. BAEYENILLIGER OXIDATIONMICELLAR MEDIA
The results presented in thihapterwere publishel in:

E Cavarzan, A.; Bianchini, G.; Sgarbossa, P.; Lefort, L.; Gladiali, S.; Scarso, A.; Si@aalyi®. Asymmetric
BaeyecVilliger Oxidation in Water by Using"REatalysts and Hydrogen Peroxide: Supramolecular Control of
EnantioselectivityChemstry-a European Journ2009, 15, 79307939

E CavarzapA.; Scarso, A.; Sgarbossalithelin, R. A.; Strukul, @Green Catalytic BaeyeYilliger Oxidation with
Hydrogen Peroxide in Water Mediated by @atalysté ChemCatCher201Q 2, 12961302.

4.2.1PLATINUM CATALYZBBEYER/ILLIGER (BV) OXIDATIGNN OVERVIEW

As discussed in Chapter 3.2.1.6, metatialyzed BaeyeYilliger oxidation in water, especially in the asymmetric
version, represents a relatively new research topic that offers several appites for improvement. The story

of transition metal catalysis in this reaction started with a report by Mares at al. in 1978 using Mo(lV) peroxo
complexes and concentrated (90%) hydrogen peroxide for the oxidation of cyclic kéfonéslds and
turnover numbers were low (maximum 25%), reflecting the difficulty to bring together two putative
electrophiles i.e. the peroxy oxygen and the carbonyl carbon. As was later demonstrated by Di Furia the work
by Mares was most likely an example of acid insteattasfsition metal catalysi¥’ The need of performing
nucleophilic peroxide activation had been known for some time, as the platinum complex)}R{h)] was

able to effectively interact with ketones to form stable peroxometallacy&l&his feature ritrigued Strukul

and coworkers, who started in 1979 to deepen the knowledge on platinum cat&ly¥issing initially square

planar ciscomplexes of general formula HPPt(CEX] (where PP stands for a general bidentate phosphine
ligand and X is eidr a solvent molecule or an OH group) and subsequently varying the substituents but
maintaining the same structure, as showed by the catalysts employed also in this thesis. As was demonstrated
in the epoxidation of alkene? the metal center has the dou function of increasing the electrophilicity of

the substrate and of activating the oxidant® towards nucleophilic attack accomplished through a quasi
cyclic intermediate. Moreover, platinum coordinates the otherwise poor leaving groupfa@Hitating the
release of the product. Changing the phosphine backbone and the counterion the catalytic system can be
adapted to different substrates and reaction conditions. The first genuine example of transition metal catalysis
in the BaeyeiVilliger oxidation b a variety of cyclic ketones was observed with [(dppe)R}(CHCL)IBR

0,191

(dppe= 1,2diphenylphosphinoethané (Figure39) that proved to be effective at room temperature with

high turnovers and high regiekectivities when using substituted cyclic ketones such as camphor or menthone.
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Figure 39: Comparison between two mchanisns for the Baeyer Villiger oxidation of ketones mediated b¥) dimeric Pt(ll) complexes bearing
bidentate phosphine ligands The pathway includes the dissociation of the dimer to generate the active catalytic species; B) monomeric Pt(ll)
complexes representing the first generation of catalysts developed in the group of Strukiné peroxometallocyclic species the bottom of both
cycles areanalogous to the Criegee intermediate but with Pt in place of H

Investigating the effect of GFsubstitution, a new class of catalytic dimeric complexes was developed,
characterized by the general formula JFPt(1-OH),** that have been known since 1975, but underestimated

for years because of their low reactivity. These dimeric species were used to perform BV oxidations on cyclic
and acyclic ketones (the first example of transition metal catalysis on this substmathe literature) and
disclosed the influence of the phosphine bite angle on the reactivity in the oxidatinatBylcyclohexanone.
Spanning the alkyl chain length connecting the two P donors from one to four carbon atoms, a direct
dependence of the yieldn the natural bite angle was observed, -Hiphenylphosphinobutane dpphb)
providing the best turnover (118§° The halforder dependence of the reaction rate on catalyst concentration
suggests that the catalytic mechanism includes the opening up ofitherdo generate the catalytic species as
depicted inFigure39. Another systematic screening on the oxidation of the same substrate was performed by
testing a series of homologous complexes of increasing eledticiph obtained by increasing the degree of
fluorine substitution on the phenyl rings dppe'®* As deduced from the previous mechanistic observations,
the higher the Lewis acidity of the metal center, the better the activity of the catalyst. The pentgihenyl

substituted phosphinalfppe proved to be the best ligand in terms of conversion ah&thylcyclohexanone to
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the corrensponding lactone and the same [(dfppe)F®H)L(BR), catalyst is effective also for other
cyclohexanones always maintainingB K &St SOGAGAGASAa (26 NRA GKS day2 Ny
The enantioselective version of the BV oxidation of cyclic ketones was developetesd-substituted
cyclohexanones with hydrogen peroxide employing chiral dimeric Pt(ll) complexes bearing a series of
commercial chiral enantiopure diphosphines (binap, diop, pyrphos, norphosdiyaos, bppm).Figure40

shows some representative results obtained using tReb{nap chiral auxiliary, that demonstrated to be the
bestOK2A OS Ay GSNXa 2F (dNYy20SNB YR S$S0a™F (KS RAAZ

TON 20
/@ ee 53%
o) \© o
(0] TON 18
ee 68%
H,0,, DCE, 0°C
\ioj/

(0]
TON 24
o ee 79%

Figure40: enantioselective oxidation of mesayclohexanones using a Pt(ll) dimeric catalyst beariRykiinap as chiral ligand. Ih £ £ Ol aSa &y 2 NY
lactone is preferentially formed with generally high ee values.

The relative inertness of platinum complexes makes these catalysts stable in presence of water, although in all
the cited examples the use of an organic solvent is necgdsasolubilize the catalyst and the presence of
water, coming from diluted hydrogen peroxide, determines the formation of a biphasic system in which water
droplets are dispersed in the organic phase. Performing this transformation directly in water \Wweuld
recommended in order to avoid chlorinated solvents and possibly to improve the recyclability of the catalytic
phase, even if homogeneous oxidation catalysts suffer from a short lifetime, especially if bearing phosphine

ligands that can be oxidized.

™ For nonsymmetric cyclic ketones, two lactones can be obtained as products of the Bdidljger oxidation, depending

on the migratingalkyl group. For 2methylcyclohexanone for instance, the two possible produces7amethyloxepanr2-

one and 3-methyloxepar2-oneS G KS FANRG OFftf SR GKS day2N¥Ifté 2yS 0SSOI dza
preferred.
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4.2.2 AIM OF THE WORK

Spurred by the good results observed in the asymmetric BV oxidation reaction Mtpétformed with Pt(ll)
catalysts in organic media, we decided to explore the possibility to perform BV in aqgueous medium starting
from intrinsically vater solublebis-cationic Pt(Il) catalysts bearing small diphosphine ligaR#sctions are
carried out in water using micelles to enhance solubilizatbthe substrates, consequentBmphasizing the
unique solvent effect played by water in BV oxidatieaction’®® The scope was subsequently widened to
enantioselective BV dissymetrization of cyclic ketones, wherein micelles served the scope of solubilizing not
only the substrates, but also the catalysts, since chiral wiatgwluble catalysts bearing iyl chiral phosphines

were employed. This approach allowed to avoid chemtealging of the chiral ligand with hydrophilic
substituents andled to an enhancement ofhe enantioselectivity ofthe reaction due to tighter catalyst

substrate interactions favorkby the micellar supramolecular aggregate.

4.2.3 BV OXIDATIONS MEDIATED BY WAHBIRJBLE CATALYSTS

4.2.3.1 Catalyst Positioningn the Micellar Medium

The catalysts employed for this work are platinum monomeric and dimeric complexes with small alkyl
diphosphine ligands, as depicted $theme3. The monomeric species bear two vacant sites that are normally

filled by two water molecules, as determined byay diffraction analysi&**®

L e ey
[ Pt OH2 Cppt’ggz [ Pt~ O Pt j
4(/_ o, A7 ©om, 4(/\ /\7* BF),

9a 9b 9¢c

Scheme3: water-soluble bisaguo Qa, 1b) andpy-OH (1c) complexes used as catalysts for Baey#liger oxidations of cyclic ketones with &, in
micellar medium.
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Catalyst9a-c were tested in 2008 by Strukul and Scarso in the BV oxidation wih ikl chlorinated organic
solvents$®® observing the higher activity of monomeric catalysts compared to dimeric ones. The choice of these
three complexes depends on their small size and double positive charge of that allows dissolution also in pure
water leading to clear solutionss confirmed byH and*'P NMR spectra in,D Figure41). Conversely, cyclic
ketones are only sparingly soluble in water and surfactant addition is necessary to form homogeneous
solutions. To detect the type ofiteractions occurring between the micelle and the organometallic complex in
solution, 2D NMR experiments like NOESY and DOSY were performed. NOESY (Nuclear Overhauser Effec
SpectroscopY) experiments allow the visualization of pratarion coupling deterrimed by spatial proximity
between the two species, even if they are not chemically bound. Diffumidared spectroscopy (DOSY) NMR,

on the other hand, is based on a pufseld gradient spirecho NMR experiment, in which the components in
solution experiace diffusion phenomena. Consequently, the signal of each component decays with different
diffusion rates as the gradient strength increases, constructing a bidimensional NMR data set of a mixture. . In
the output of this analysis the logarithm of diffusi@oefficient D is plotted against the monodimensiotil
aLISOGNHzZY 2F (GKS YAEGAINB yR (GKAa O2NNBalLRyRa Ay |
on the basis of their diffusion rate. This is extremely useful for supramolecular stracuackin particular for

large symmetric assemblies like micelles or the resorcin[4]arene caps0lejpter 6 for which information on

shape and dimension can be easily obtained in a-ingasive way; therefore hogjuest systems are often
characterized sing this method.

These experiments were carried out @ain DO in the presence of SDS (sodium dodecylsulfate). The DOSY
experiment Figure41D) clearly shows that the catalyst has similar diffusion coefficocmmipared to the
micelles, much larger than for the free catalyst in solutiig@re41C), even though no cross peaks were
present in the NOESY spectrum betwedmand SDS resonance$P NMR spectrum oda with DS in BO
(Figure41B) shows a slight shift to higher field for the main complex maintaininggh@lihost unaffected.

This means that the catalyst, probably because of charge pairing, interacts on the surfdee anionic
micelles without being buried in the hydrophobic core, acting as counter cation for the sulphate anions of the

surfactant. Minor secondary species are also present but not assigned to specific complexes.
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Figure41: P NMR spectra of cataly§in A) DO, B) D,O with SDS (75 mM). DOSY spectra of categsh C) DO, D) D,O with SDS (75 mM).
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4.2.3.2 Optimization d Reaction Conditions

The cyclic ketone-thethylcyclohexanonavas employedasa test substrate for theBV oxidatiormediated by

the three different catalysts andrarious surfactants or additivesas reported inTable9. While in organic
solvent the only oxidation product detected was the lactone (entry 1), a &ignifincrease in the yield on
oxidation products up to 63% (entry 3) was observed in water without surfactant with concomitant formation
of e-hydroxyheptanoic acid. The latter is produced by a side consecutive hydrolysis reaction of the lactone
with congquent ring opening and carboxylic acid formation. The large increase in conversion observed
switching from organic solvent to water is ascribed to the use of the latter as solvent. This observation is
unexpected if compared to what recently demonstrateyl theoretical calculatiort$® and experimentally
observed in organic medid’ where the rate constant of the reaction decreases as the solvent polarity
increases. Acontrol experiment with triflic acid in solution excluded acid catalysts to justify thavitgc
observed in waterfable9, entry 2).

This discrepancy finds an explanation considering that some unique properties of water as solvent, such as the
hydrophobic effect or the aciiase character, are not efis modceled by calculations. The increasethé
reaction temperature to 60°C led to an increase of the yield to 8B361€9, entry 4) while at the same time

the ratio between lactone and the open hydreagid deceased to 11:89. In order to further increase the
conversion, surfactants were added to favor substrate solubilization and different classes were tested, ranging
from neutral, zwitterionic and anionic, while cationic surfactants were not employed as theslly contain
halogenated countemnions which completely stop the catalytic activity of Pt(ll) catalysts leading to the
corresponding inactive [(P)PtX] ((RP)=diphosphine, X=halogen) complexes. Zwitterionic surfactants did not
improve lactone formatia (Table9, entry 12) while neutral surfactants like Tritdf100 and SPANG0O increased
product formation. Even better results were observed with anionic surfactants, in particular SDS showed
almost quantitative conersion of the ketone with selective formation of the openetlydroxyheptanoic acid
(Table9, entries 57) regardless the concentration of SDS employed. Other well defined supramolecular water
soluble hosts likea-cyclodextrin and tetrasulfonatomethylcalix[4]resorcinarene were tested (entries 17 and
18), observing that while the former decreased catalytic activity compared to pure waiapably
sequestering the substrate and preventing interaction with the catalysolution, the latter showed tetra
anionic cavitand catalytic promotion similar to SDS, further confirming the synergic effect between

solubilization of the substrate and solvent effect on catalytic steps.
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Water affects in different ways also the ligheffect on catalytic activity. In fact it is worth noting that while
Pt(ll) catalysts bearing larger bite angles were usually more active in the BV reaction in organi®ttadiis

not the case in water since catal\@ (Table9, entry 10) showed lower activity compared9ea. Moreover, the
formally monomeric bigationic character of the catalyst seems essential for good activity as confirmed
observing the reduced activity of the dimepigOH compleX@c (Table9, entry 11), thigime in agreement with

the behavior in organic medid®

Table9: Surfactant screening in the BV oxidation ah2thyl cyclohexanone with catalysds-cin water?®

@) @)
@)
H202, 9a-c N @) N )K/\/\(
medium H20
OH
entry catalyst medium/additive® T(°c) time (h)  conversioo lactone/acid

1 9a DCE RT 24 46 100:0

H,O/SDS
2 HOTf (75 mM) 60 24 0 -
3 9a H,O RT 24 63 30:70
4 9a H,O 60 24 88 11:89

H,O/SDS )
5 9a (38 mM) 60 24 94 0:100

H,O/SDS .
6 9a (57 mM) 60 24 97 0:100
7 9a H,0/SDS 60 24 95 0:100

(94 mM)
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entry catalyst medium/additive® T(°c) time (h)  conversio®o lactone/acid
8 9a (H;g)/rf,a)s 60 24 99 0:100
9 (0129;1‘ 0%) '?;gﬁﬁ? 60 24 85 0:100
10 9b (F?g)/rﬁ’,a)s 60 24 82 9:91
11 9 (F?g)rﬁ\%s 60 24 81 9:91
12 9a %&’gaﬁf 60 24 39 0:100
13 9a HO/ {gaol\%-xoo 60 24 79 30:70
14 9a Hzo/(Tl';('JTrgu)'X“ 60 24 45 15:85
15 9a F('ZZ%/ ?n?ﬂ%u 60 24 89 0:100
16 9a F'Z(%%Prﬁl\'})ﬁo 60 24 82 12:88
17 9a '?é%”;glt)) 60 24 65 8:92
H,O/
18 9a tetrasulfonatomethylcalix[4] 60 o4 97 0:100

resorcinarene
(5% mol)

a) Experimental conditions: Catalyst (1 mol%), [sub]=5.7, [H202]=57, t=24 h; b) values in parentheses refer to con
of additive; c) yield and laohe/acid ratio determined by integration 6H NMR spectra; d) data from réf® DCE=1;2
dichloroethane.
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4.2.3.3 Origin Of Hydrolysis

To shed light onto the formation of the hydrolyzed product we performed a series of catalytic tests on the
lactone ckrivative under different experimental condition§gble 10). A solution of SDS in water yielded a
weakly basic medium (pH 7.%)hile additionalH,O, lowered the pH to 5 and further addition 8&, at 1mM
concentation as in the catalytic experiments, lowered the pH to 3. THe®&alyst in aqueous solution thus
acts like a monoprotic Brgnsted acid.

Lactone methyloxepan2-one in SDS solution with,®& under the experimental conditions outlined in Table 2

led to 44% hydrolysis in 20 Agble10, entry 1). In the presence of cataly@, the hydrolysis was complete
within 20 h (Table 2, entry 3), whereas the same system buffered at pH 7.4 led to the lowest amount of
hydrayzed productsTablel10, entry 5). On the contrary complé&c, which in water does not lower the pH of

the solution, led to carboxylic acid formation comparable to the SDS solttaisig10, entry 2). Hydrolysis in
SDS with kD, using 1 nM triflic acid showed hydrolysis rates comparable to the reaction in the preser@éa of
(TablelO, entry 4). Data are consistent with a Brgnsteitlacatalyzed lactone hydrolysis caused by the intrinsic
Bronsted acidity released b§a in aqueous solution. Moreover, lactoneniethyloxepan2-one is rather
sensitive to such catalysis, whereas other more robust lactones in the same experimental osnditi@ined

unaffected during the reaction.
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Table10: Hydrolysis tests on the lactoneriiethyloxepan2-one catalyzed by Ptomplexes or H*

0 cat 1 mol% o
(@) > HOM
H,0, 60°C, SDS OH
entry catalyst time (h) yield%
15 1
1 -
20 44
15 7
2 9c
20 48
15 28
3 9a
20 97
15 16
4 HOTf
20 97
15 0
5 9a+ phosphate buffer (pH 7.4)
20 27

a) Experimental conditions: Catalyst (1 mol%), [sub]=5.71.H,0;]= 5.7x10'M, [SDS]=75 mMy) yield determined
by integration ofH NMR spectra.

These experiments raise the questiofthe nature of the catalyticallgctive species in theystem. Complexes
9a and 9c are linked together by tle stepwise equilibrium shown iicheme4. In organic solves and with
more labile counteranions, such as BF the equilibrium is normally shifted towardthe formation d the

bridging hydroxy specie€€®

H
OH -H* OH -H*
B Bt 112 C\ Pt Pt P>
Vi \OH2 +H+ Vi \OH2 +H+ ~ \(l_)|/ \P

9a 9d 9c

Schemet: proton exchange equilibrium involving monomeric and dimeric cationié &implexes in water.

The mechanism of the BV oxidatiasith the latter catalyst®©c, has been interpreted in terms of formation of a
[(P-P)Pt(ketone)(OOH)] intermediate bearing a hydroperoxo moiety, althdbighspecies has never been

experimentally detected? In water, the situation seems to be differefithe aforementioned pH experiments
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indicated that even if the starting complex 9, full hydrolysis of one water molecule to yiedd occurs
immediately and thé'P NMR spectraF{gure41A, B) venlikely refer b the latter species. The single peak in
the *P NMR spectrum could be easily explained on the basis of a rapid proton HO---HOH exchange, favored by
the aqueous mediumld can produce the [(#P)Pt(ketone)(OOH)] intermediate very quickly by simple
exchangereactions, thus avoiding the bridgmplitting process necessary to form the same intermediate from
9c. This mechanism would explain the superior catalytic activi§aofith respect to9c (Table9), even if the
previously mentioned release of 1 equivalent éfiéads to hydrolysis of the BV lactone product, at least in the
case of 2nethyl cyclohexanone. The existence of the equilibrium showscimemes has also been proveby
approaching the system from the right hand side. Addition of 1 equivalent of triflic acid (with respect to
platinum) to a solution ofc in DO P NMR:1=68.3 ppm,"J(P,Pt)=3506 Hz) led to immediate complete
formation of9d (**P NMR1 =72.6 ppmXJP,Pt)=3799 Hz).

4.2.3.4 Scope of lhe Reaction

Having optimized the experimental conditions, imgestigated the scope of the reaction with a series of cyclic
and bicyclic ketonesT@blell). Productivity and produdistribution were highly dependent on the nature of

the substrate employed. Rirggrained four membered ring ketones reacted readily leading to the
corresponding lactones in high yields within a few hours, even at Bablg11, entries 5). It should be
emphasized that under these experimental conditions the spontaneous reaction in the absence of catalyst
never exceeded 15% yield. Cyclopentanone led to only 16% yield of lactone but, if substitutetl positon

the yield increased up to 56 %, with partial hydrolysis of the lactone to the corresponding! epgroxy
hexanoic acidTablell, entries 6 and 7). Even larger-sbembered ring ketones led to lactones in lgiglds if
substituted in theb or g position, whereas for gubstituted reagents, lactone formation was favored but
partial hydrolysis to the corresponding carboxylic acids occurfethl€11, entries 13 and 14)Even bicyclic
systems such as-@orbornanone and @damantanone reacted readily, affording the lactone in moderate to
good vyields Table 11, entries 15 and 16). However, no products derived froyarolysis were olerved,
probably because the rigidity of the bicyclic scaffolds disfavors the hydrolytic step. In principle, compounds of
different polarity may show a different distribution between the different domains within the micellar
solutions with possible influemcon the reactivity. However these phenomena are very difficult to prove.
Attempts have been made to separate the catalyst from the products in the case of the oxidation of

methylcyclohexanone by extracting it with ethyl acetatet katones, lactones, an¢in this particular case)
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hydroxyacids are moderately to fully soluble in water, leading to the formation of emulsions for which phase

separation is practically impossible to accomplish.

Table11: Scope of the BV oxidation reamti with HO, mediated by Ptcatalyst9ain water/SDS medium.

o)
O H (@]
205 9a AOH
(CH,) o *ORT
gV H,0, SDS R (CH,). (CHa)n
n=1.2,3 OH
Entry’ Qubstrate Product Timeh) Yield%s
0 i 1 71
r & o
8 99
o (e}
O
o 8 99
(0] O
¢ O
3 % 8 99
Q o)
& :
4C 8 85
0 (6]
(e} .
5 @j{ (T30 + @i(o 3 100 (92:8)
0 O
5 é ijo 20 16
o O

(o) ? OH 20 56
7 N NN (79:21)
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Entry’ Qubstrate Product Timeh) Yield%s
O (0]
8 [ﬁj <fij 20 48
(0] (0]
9 [ij gf:j 20 21
o (0]
(6]
10 20 13
o (0]
(0]
1 20 26
(@] (e} (@]
11
2 (L G- ? e
[o) (o]
(o]
55
X — O
13 \“/\[ﬁj ‘ﬁ\_<ji> T 20 (25:55)
OH
o (@]
14 \Ti%:r/ HOJkT/\\/«T/OH 20 57
15 4:£j>:o zif5j3§ 20 52
(@]
i O
20 80
16 g 00

AQ ELISNAYSY (Lt O2yRAGM AR o dMc[H&E6 K pkempEhs) 36TM. b) Yield
determined bylH-NMR integrationc) T=5°C
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4.2.3.5 Conclusions

The catalytic system reported herein, based on intrinsicaléter-soluble Pt complex 9a, showed good
catalytic activitywithin hours in the BV oxidimn of cyclic ketones in watewith H,O, as terminal oxidant.
Exchanging organic solvents feater greatly favored oxidath reactions, leading to highésictone formation
when SDSas anionic surfactant is employedzurthermore, the solubilityof the catalyst in water led to
hydrolysis with release of one eqaient of H and the likelyformation of a longsought but never

experimentally identifiechydroxy platinum species thattle crucial intermediate in thBV oxidation with this
class of Ptcatalysts. For more acisensitivesubstrates, higher produdtity is paralleled by formatioof the

correspondingw-hydroxy acids because of‘tdatalyzednhydrolysis of the intermediate tdone in water. Mild
experimental conditions, suchas moderate temperature and lowatalyst loading X2 mol %), enabled

moderate to good yields.
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4.2.4 ASYMMETRIC BV OXIDATMIRDIATED BY WATHRSOLUBLE CATALYSTS

4.2.4.1Catalyst Positioning In Micellamedium

For the asymmetric version of the BV oxidation of cyclic ketones, monomeric chiral enantiopooenptexes

in Scheme5 were employed, where Pt coordinates bidentate phosphine ligands with different eleictr
properties. Besides the bidentate species, two monodentate ligands were also tested, namely the
monophosphineg and the phosphoramiditén. In all cases, the surfactant plays the role of solubilizing both

catalysts and substrates, as all complexesvaater-insoluble.

(OTF),
P/ \OH2
10

- OO [Z% FXZ%@'
(o E&@ ¢ &@ T

a (Ar = Ph)
OO 0,
99 aar
d

n

b (Ar = p-Tol)
¢ (Ar = 3,5-Xyl)
h

Schemes: Chiral Pt catalysts(10ach) employed in the asymmetric BV oxidation of cyclic ketones with 35804+

The characterization of the catalytic system in aqueous solution was carried out on cdrfplesd reported

in the figures below. IfFigure42A and Bthe H and®P NMR spectra of cataly$0ain DO in the presence of
sodium dodecylsulfate (SDS) as surfactant are shown. Both spectra demonstrate catalyiizatitn by
means of interaction with the micellar system because no signals were detected in the absence of SBS. The

baw &LISOGNHzy Of SENIée aK2¢a (KS LINFos@ghéngphasphindl€® I N2
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binaphthyl pinap) chiralligand and the’’P NMR spectrum shows the presence of two equivalent phosphorus
atoms with Pt coupling constants typical @Da InFigure42C the 2D DOSY spectrum shows the resonances
of the catalyst charactezed by the same diffusion coefficient of the micelles, proving the reciprocal interaction
between the two. Moreover, to better investigate the catalyst position in the micelles, the NOESY spectrum is
also reported Figure42D), which shows positive cross peaks between the aromatic resonandé@s and the

signal of the methylene groups of SDS, whereas negative cross peaks are observed between different aromatic
resonances belonging to the BINAP ligand. . Thislglgatlicates that the catalyst resides in the apolar core of
the micelle, neither deeply buried (no cross peaks were observed betd@eand the terminal methyl group

of SDS) nor on the external surface of the micelles (no cross peaks were observduewitbthylene close to

the sulfate moiety). This behavior is different from that observed in asymmatifoxidation using the same
dimeric PY complex [Pt(® binap)mOH)f(BF), with SDS, in which the catalyst, because of its larger size, did
not dissolve into the hydrophobic core of the micelle but simply interacted as a countercation with the

negative outer shell of the supramolecular aggregate.
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Figure42: NMR spectra of catalys®ain D;O in the absence and presence of SDS as surfactaritdah) *'P{H}; c) DOSY spectrum with evidence of
same diffusion coefficient for micelles and catalyst and d) NOESY spectrum with in evidencerabe peaks between catalyst and the methylene
residues of the surfactant



