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INTRODUCTION

Dreaming enzymes perfection

The word “catalysis” comes from the greek vesAvev, which meansto dissolve”. The
first using this term was the Swedish chemist J@asob Berzelius in 1835 who tried to
explain processes such as bodies’ decompositionstandh to sugar conversion in the
presence of strong acids. He didn’'t know how tl@Eeeesses were working but he was sure
that a kind of force or power was acting on thetiea.!

A catalyst in modern chemistry is a substance usednhance both reaction’s rate and
selectivity, furthermore the catalyst does not erte the reaction’s mass balance so,
theoretically it could be reused indefinitely.

The catalysts involved in the biochemical transfations are called enzymes; this word
comes from Greek’s prepositieen + zyme(in + yeast) and it was first used by Fredrich
Wilhelm Kiine in 1878 to underline the fermentatioprovement due to yeast usage. A few
years later, Emil Fisher discovered in 1894 thatyeres were able to choose between
stereoisomers and this surprising ability was theectl evidence of substrate-enzyme
complementarity. Thélock and key” concept had been created and it is still now #téeb
gualitative explanation for enzymes activity antésevity. Eduard Buchner obtained sixteen
years later a cell extract that was able to symhesthanol from glucose, confirming the
catalytic ability of these substances whose natas still mysterious. It was only in 1926
that James Summer collected the first enzyme’stalsyand proposed that enzymes were
made of proteins. His thesis was confirmed few ydater by John Northrop and Moses
Kunitz and finally in 1963 the first amino acid seqce determined for bovine pancreatic
ribonuclease A. Only two years later, the compkéteay structure of egg album lysozyme
was solved for the first tinte.

Enzymes are globular proteins involved in importhiwt-chemical transformations such as
foodstuff metabolism, DNA replication, and so onkd_proteins, they are characterized by
different amino acid sequences (primary structdirent arrangements like helix andf
sheet (secondary structure) and different three-dimeraicspatial arrangements (tertiary
structure). If the enzyme is composed of more thae peptidic sequence, there is also a
quaternary structure which explains how differeguences are reciprocally arranged.

Enzymes are characterized by the presence of aepoeked enzyme active site where the
catalytic event occurs. Weak intermolecular foré&e hydrogen bonding, hydrophobic
interactions, ion-dipole interactiony stacking and many others are responsible of the
structure of the enzyme and of its affinity for thebstrate and the transition state of the
reaction’

Generally the enzyme active site shows shape congpitary with the substrate (geometric
complementary) and the amino acid moieties, presétitin the cavity, create precise
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favourable electrostatic interactions with the $tdie (electrostatic complementary) allowing
its chemical activation. In most cases an induajdsament always takes place after cavity-
substrate bindind.

The activity of an enzyme is often subordinatedh® presence of other species called co-
factors. The latter could be part of the proteinmay bind it reversibly.

As could be easy understood the organism catadivity must be regulated. This is not
only to ensure better matching between the varimesabolic pathways, but also to be
available to react as a consequence of a moddicati the environment.

Two different strategies may be undertak@megulation of the amount of the enzymejipr
regulation of the enzyme activity. The first onepesrformed by the cell through different
mechanisms while the latter is related to the affibetween enzyme and substrate. The
feedback inhibitior(retro-regulation) is a clear and common examplegulation where the
amount of enzyme at the begging of a metabolicvpayhs regulated by the concentration of
the products formed at the end of the metabolibyway. The feedback regulation of aspartate
transcarbamylase (ATC) (Scheme 1) is reportedraprasentative example.

ATC binds in a positive and cooperative way bothcémbamyl phosphate and to aspartate
yielding N-carbamyl aspartate, an important building blockhm biosynthesis of pyrimidines.
ATC is heterotropically inhibited by cytidine tripephate (CTP), a pyrimidine nucleotide,
and heterotropically activated by adenosine triphase (ATP), a purinic nucleotide. As
suggest before, CTP is not only a product of pyime’s biosynthesis but also precursor of
nucleic acids; CTP’s concentration is extremelyucsdl after an intense nucleic acids
biosynthesis and, due to a mass effect, CTP iagete by ATC and activity of the enzyme
restored. When CTP production rate exceeds it&entme, CTP binds again ATC and the
enzyme becomes inactive again.

O
l
+ (ol > HN R + H2PO4-
HsN CoOo transcarbamilasi COoO
1
Carbamil aspartate N-carbamil
fosfato aspartate

Scheme IThe feedback regulation of aspartate transcarbamyla

Allosteric models

Globular proteins are not to be considered rigigects and they not only contain an active
site where the substrate could bind but also tites are available which can be occupied by
other species such as inhibitors. Why and how thexk is a frequently asked question.
Allosteric effects come from protein-ligand (subs#) interactions which may be affected by
pre-existing protein-ligand (effector) interactipnghen the ligands involved are all of the
same type than the allosteric effect is called hoopic, otherwise it is called heterotropic.
These effects could be positive or negative depgndn whether they increase or decrease
enzyme activity.
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Generally speaking, the interactions between olgyiemproteic subunits are responsible of
allosterism; Aldair's equation, originally made éaplain oxygen-haemoglobin interactions,
describes the bond between protein and a ligand daes not give any explanation about the
variation of the dissociation constants. In ordegét a better understanding, two models were
proposed in the last fifty years: the symmetric glpdlso called Monod- Wyman-Changeux
(MWC) model, and the sequential model proposed bstkand. The MWC model basic rules
are: i) allosteric proteins are considered as oligomeggregates of protomers which are
symmetrically correlatedi) every protomer may exist in two different conforioas, R
(relaxed) or T (tensed), and these two forms arequilibrium independently from the
presence of ligandsj) ligand binds the protomer in both configurationg their affinity is
affected only by variation of the configuratiam) retention of protein molecular symmetry
occurs during the configuration variation, meanthgt configuration with both T and R
conformation are not possible (Figure®1).

T, T, T, T,
S S S S
- -
Ky | Ky Ky Ky
| | J
S S
B-83+-8
KR KR
R R R

Ty

L
3+88+-88

Figure 1. Oversimplification of symmetric model (MWC); theugges and the circles represent the oligomeriejarot
subunits respectively in tensed (T) and relaxecc(Rformation. S stays for substrate (ligand) apdird K are the binding
constants with substrate respectively for the edeand tensed conformations.
The symmetric model gives explanation of both haomt and heterotropic interactions but
it is very difficult to accept protein molecular sgnetry retention discarding any,.R >
hybrid conformations.

Koshland’s model offers another way for describitg allosteric effects and the key-
assumption considers tiself-induced adaptatioof the subunits as consequence of ligands
binding. More precisely when ligand-subunit bindingcurs, it results in improved or
decreased ability in ligand-protein binding of riddguring subunits leading to a dynamic

system (Figure 2).
Q- $-5-88

Figure 2. Oversimplification of Koshland model for the setfegtation; the blue squares represent the origifalnits
constituting the enzyme. After binding substraigafid, S), binding to one subunit imposes modificabn the
neighbouring subunits yielding increased or de@@dmnding for later subunit-substrate interactions




Independently on which model offers the best exalan for the allosteric effects, both
MWC and Koshland models suggest that the catalpgeformance is affected by
conformational or structural variations that candi#ained by coordination of convenient
species €ffector3. In conclusion understanding biological systerffere a strategy for the
emulation of enzymes and one more time Nature isnanalled source of inspiration.



STATE OF THE ART-Supramolecular Coordination Chenry

Mankind has always been attempting to emulate thgnificence and perfection of Nature.
Enzyme mimics began to be a chemical challenghdrast decades and since then different
approaches have been proposed. The present amikxhéwo chapters will deal with the
presentation of the most important achievementsindd in the development of synthetic
catalysts, selected with the aim of focusing orséhthat better mimic the activity of enzymes
with emphasis on the regulation of such activity.

Supramolecular coordination chemistry approaches

Chad A. Mirkin and co-workers recently reporteceaiew titled“Enzyme mimics based upon
supramolecular coordination chemistry’showing how supramolecular coordination
chemistry could be an effective tool for the comstion of artificial enzyme3.The authors
classified catalysts mimetic of enzymes into thstractural classes) assemblies that mimic
the pocket (active site) of an enzymig;assemblies that mimic the allosteric regulatiommof
enzymejii) assemblies that mimic the non-symmetric naturenafymes active site, which is
often an important element for the substrate attimeand consequently for enzymes activity.
Many of these assemblies are prepared by convergewtdular, and high-yield
multicomponent supramolecular coordination appreackuch as the directional bonding
approach (DBA), the symmetric-interaction appro#g&hA), and the weak-link approach
(WLA).

(DBA) The directional bonding approach, also called md& library approach, is
based on transition metal complexes characterigetebpresence of blocking ligands (ligand
that strongly coordinate to the metal) and wealkdgrdinating ligands. The latter could be
replaced by rigid multitopic ligands and thankghe precise molecular geometry imposed by
the blocking ligands, new multi-metallic shapeslddwe achieved, such as molecular squares
and molecular triangles (Figure ).

DBA

4%|j+4 A
e

blocking ligand

A

|:| weakly coordinating ligand
,,‘VN\\ rigid structure
Q

SN

Figure 3. The weakly coordinated ligands could be easilyaegdl by rigid multitopic ligands yielding preciseletular
geometry. The new geometries are imposed by théication of the chosen metal center and blockirigsun
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(SIA) Symmetric interaction approach consist ofdigultitopic ligands coordinating
metal centers in higher ordered multi-metallic stuwes fashion, in the absence of any
blocking and directing ligand. The assemblies olgt@difrom both the SIA and the DBA are
structurally rigid macrocyclic systems due to desigd virtue of the rigid linkers (Figure 2).

SIA

Figure 4. Symmetric interactions between rigid multitopicaligls and metal centers in high ordered multi-metall
structures.

(WLA) The weak-link approach is made using flexilblemilable ligands and metal
ions which are arranged in condensed chelate binudti-metallic complexes. The flexible
hemilable ligand is characterized by a strongly rdewmting donor, usually a trivalent
phosphorous atom, and a weakly coordinating ong) as nitrogen (I11) sulphur (II) oxygen
(1. The weaker bond could be easily cleaved bgitazh of competing ligands such as
inorganic ions or small molecules (CO) while theosger metal-phosphorous bond remains
intact, leading to an expansion of the multimetatiomplex, a variation of its charge and an
improvement of its flexibility (Figure 5).

[P

§ X~ >
L 0—> X - ¢
R_x—_car _D—x_p

L “L

X
C X~ o _>x

; J \

n P
hemilable _ _
ligand, L &L L4¢ L
X=S, N, P
@)

P=PPh, I
X~ _>x

flexible structure

Figure 5. Hemilable ligands set up in sandwich-like struetuwhere the successive coordination of effectgral(ows
cleavage of the weak X-M bonds yielding new molacspecies characterized by different charge,Hiktyi and shape.
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Macrostructures and improved catalytic systems iobththrough DBA and SIA

Supramolecular coordination chemistry, and espgciaBA, has been widely used for the
realization of molecular cage complexes contairgatalytic moiety, where the cage affects
the outcome of the reaction influencing the intdoacbetween catalyst and substrate. Hupp
and Nguyen groups, following this strategy, pregaiédferent systems such as an artificial
cytochrome P450 systefrg molecular squareand a molecular rectangular Boi all cases
the authors observed an increased lifetime of #talgtic moieties for the assembled systems
and in certain cases enhanced values of selecinane obtained by virtue of new steric
demanding environment surrounding the catalyticetyoi

( ) SR -
N = O AL
ettt 4
«»J\r/l\*//” S
{ /
/ N Catalyst (Mn) TON Lifetime (min)
0
X f\ h Deassembled 59 10
) E N Assembled 140 45
\\7// \,;//'

Figure 6. Comparison of the catalytic performances betweem){drphyrin oxidation catalyst as itself and the
multimetallic system obtained through DBA; fromeednce 7.

Taking advantage of supramolecular coordinationmisigy the Raymond and Bergman
groups aimed to trap catalysts within supramolecsieuctures. Following SIA, Raymond
synthesized a supramolecular tetrahedral-cage whashcomposed by four gallium ions as
vertices and by bis-catechol units as edges (Figuréhe ML cluster has been obtained as a
racemic mixture of homochiral complexes, referredhte metal centers which have all the
same symmetryl,4,4,4 or A4,4,4,4. *° The clusters may be resolved by addition of aathir
cations such as (S)-N-methylnicotinium, which selety precipitates the4,4.4.4
enantiomer! The tetrahedral cluster is highly water solubleviryue of its high negative
charge (12), while its internal cavity is hydroplmohnd has been shown to host not only
cationic organic species but also metallorganic pounds*?

The ability to host a metallorganic species pughedauthors to perform the encapsulation of
transition metal complexes which display catalditivity. Two different sets of Rh((I)
complexes were successfully encapsulated and Heeirdinating ability of the tetrahedron
cluster was examined using the allylic alcohol®thers isomerization as test reactiofhe
cage, if compared to the free catalyst, showedtsatbsselectivity allowing only to 2-propen-
1-ol and 3-methoxy-1-propene to reach the catalyghin the cage while the branched
substrates did not. The shape and size selectmppsed by the cluster are so restrictive that
3-ethoxy-1-propene did not react even if it wag joge carbon longer than the methoxy
analog.



Figure 7. (left) Raymond’s tetrahedral-cage: M=gallium ion, eddeis=catechol unit(right) The tetrahedral-cage
incorporating a Rh(l) complex active in ethers isomation reaction: the supramolecular cage sholstgate’s selectivity
allowing only to linear and short allylic substrsite reach the catalyst.

Both SIA and DBA have been also used for the pedmar of molecular cages without any
catalytic moiety where the catalytic benefit comigem the pre-orientation and or
compartmentalization imposed by the cavity.

Raymond’s nanoclusters showed to be useful nanmmsaalso without incorporating any
organic or metallorganic catalytic moiety. Infabey effectively catalysed several reactions
such as aza-Cope rearrangerménand acetals? and orthoformaté8 hydrolysis. In the
former reaction 850-fold rate improvement was oles@r probably due to the correct pre-
orientation of the substrate within the cavity. &yt turnover was afforded by the prompt
aldehyde product replacement with fregtasubstrate which, due to its cationic nature, was a
better guest for the anionic cluster. The abovetimea hydrolysis reactions were a further
goal for the tetrahedral cage because they occimredld basic conditions while acidic ones
are commonly required. In all cases, shape and saktivity were observed and in the
orthoformates hydrolysis 3900-fold rate improvemémt some substrates, was achieved only
by addition of 5 % cluster catalyst. In both reaws the catalytic activity was explained
presuming the anionic cluster plays a stabiliziffgad on the cationic protonated substrate
form which is the activated one. Another and prdypale best example concerning enzyme
mimic obtained with Raymond'’s tetrahedral cage veg®rted in 2010. The authors observed
rate enhancements up to 2 f8ld when the Nazarov cyclization of 1,4-pentaeieanls were
performed in the presence of the nanocluster veipect to the uncatalyzed reactibifhese
surprising improvements were ascribed to preorgaioiz of the reactant and stabilization of
the transition state by constrictive binding aslvesl an increase in basicity of the alcohol
group within the cage.

Fujita group synthesized various cage structurasDBA and showed that they are able to
encapsulate a wide variety of molecul2©ne of those capsules being used as catalyst is a
complex of octahedron shape where tridentate ligiabalsed on a triazine core, (2,4,6 —tris(4-
pyridil)-1,3,5-triazine), cover half faces of thetahedron and are blocked at the vertices by
Pd' or Pt' cis-square planar complexes (Figure 8#)Changing the tridentate ligand into a
new one where pyridine moieties are linked in metaition (2,4,6-tris(3-pyridil)-1,3,5-
triazine), a square pyramidal cage (Figure 8B) atiarized by an open side was
synthesized®



k4

Figure 8. A) Fujita’s nano-cageB) Fujita nano-square pyramidal cage; in both strestthe corners are constituted by
Pd(Il) or Pt(Il) square planar complexes while auef are tridentate ligands based on a triazine core

These supramolecular complexes showed the abditgatalyse reactions, such as Wacker
oxidations® and both thermdf and photochemic&t, pericyclic reactions without the
presence of any catalyst but just by virtue of cartipentalization effects played by their
cavities. For example, the rate of Diels-Alder teact between naphthoquinone and 1,3-
cyclohexadiene was increased by about 21 timekdmptesence of the octahedron capsule
and more surprisingly, the reaction rate showeteb@hprovement when acyclic dienes were
tested, as demonstrated by the 113-fold enhanceimené reaction rate of naphthoquinone
and 2-methyl-1,3-butadiene cycloaddition. This xteancement has been attributed not only
to the compartmentalization of the substrates withe cage but also to the cavity ability in
substrates pre-orientation.

The main problem in performing catalysis within aeages is that they are required in at
least stoichiometric amounts because often theymtedshow better binding for the capsule
then the reactants and, especially for Diels Atdections, the encapsulation of both reactants
is entropically disfavoured instead of the singleduct molecule.

Nano-vase complexes, such as the square pyramedgd (Figure 8B)showed catalytic
activity too. When used in 10 % mol amount in thel®Alder reaction between anthracene
and maleimide derivatives, quantitative conversiamsre achieved after 5 hours with
products characterized by the typical 9, 10-redabsty. Catalytic turnover was attributed to
the lower strength of the pile-stacking interacsidmetween the products and bowl with
respect to those between anthracene and Howl.

Another important goal in enzyme’s mimic obtainetivDBA consists in strategies for the
design of supramolecular ligands.

Van Leeuwen and Reek have proposed since 2001ligamdk structures that take advantage
from supramolecular coordination chemistfyThe core of these new ligands, in their very
first version, was made usingtr@s-pyridilphosphine where the phosphorous atom bthés
catalytically active metal center while the pyrieinmoieties bind, through Lewis acid/ Lewis-
base interactions, other complexes such as Zrdlphen or Zn(ll)-porphyrin. The latter
complexes are then responsible of a second codkmhinaphere which may play a
discriminating role on the catalyst performance.



More recently the same authors proposed a slightfgrent way to use DBA, instead of
using Zn(ll)-porphyrins as blocking group they uséttm as structure directing agent
achieving bidentate chelating ligands starting framnodentate one&!* Indeed switching
ligand topicity is known to affect the performanoé the catalyst as confirmed by the
increased selectivity obtained in the asymmetridrbgenatiorf’ and in hydroformylation
reactions when switching is performed from monodento bidentate chelating ligands.
Furthermore, when chiral ligands are involved, thadification resulted useful for increasing
ee values?® Scheme 2 reports, a remarkable example of théegtas proposed by Van
Leeuwen and Reek, i.e. the switching from monoderitabidentate chelating ligand systems
and the catalytic performance obtained with thestesns in the hydroformylation of 1-
octene.

Ph, .nCO
(%/P —Rh
N| =z \PPh;
Cco </ Qx
A=y’
modentate ~_H bidentate
. NN ], ) :
ligands CO, H, S chelating ligands
NN .
. Rh(l) cat N )
conversion 89 % NN . .
linear/branched 2.7 OJ\H conversion 33 %

linear/branched 3.0

Scheme 2Effects obtained in the hydroformylation reactidriectene when the ligands are switched from mentate to
bidentate chelating ones. From ref. 25b.

Systems showing regulation phenomena. The Weaidmioach (WLA)

All the above presented supramolecular structurescharacterized by rigid structures and
despite the impressive results observed in ternssilodtrate selectivity, rate enhancement and
product chemo/regio/stereoselectivity, they did stfmiw any sort regulation phenomena.

The weak link approach (WLA) allows the synthedidlexible structures which may show
regulation properties mimicking these importanttdeas typical of enzymes. The goal in
using WLA was the preparation of structures where sites are present, such as the active
site and the regulation site of an enzyme. Thelagign site may be influenced by an external
stimulus such as a neutral molecule or an ion, and agextdconsequence the catalytic
behaviour could be tuned. Pioneering contributmthe field were made by Kramer and co-
workers who prepared ligands bearing a tetrademtgalatory site which binds strongly
metals such as ¢uNi", Pd', Pt', cd™ (M?in Figure 9) in close proximity to extra binding
sites which may be useful to coordinate one or tmetal ions (M in Figure 9) deputed to
promote the catalytic evefit.
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= N / V= /N = ‘1/
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Regulatory site site

Figure 9. Kramer's catalyst showing separated catalytic &gdlatory sites.

In one remarkable example it was observed thaguBd(ll) as regulation metal, two Cu(ll)
ions can be complexed while using Pt(ll) as regutaibn just one Cu(ll) ion coordinates the
active site. These different coordination behawsowere translated in different catalytic
activities in the phosphodiester cleavage of RNat tis known to proceed in a bimetallic
catalysis. More precisely it was observed no retgtwhen Pt(ll) was used as structural
metal whereas a pseudo-first order reaction’s vede observed for Pd(Il) as regulatory
metal°

A more complex multi-metallic catalytic system waeported by Scarso and co-workers
where the regulatory site was based on a tripads(2-aminoethyl)amine tfen) ligand
covalently linked to three chelating cyclic triagalbnonane tacn) macrocyclic ligands
which acted as catalytic moieties (Schemé'3Jhe regulatingren site preferentially binds
Zn(ll) cations that act as a template leading ¢set positioning of theacn moieties. Alltacn
moieties showed chelating ability towards extralBrgations added to the system and their
arrangement favoured the phosphodiester cleavag®éfanalogues used as test substrates.
The Zn- tcn/trenstructure showed a 30-fold increase in activitgnpared to the unassembled
and separated Ziecn and Zntren molecules’

N:N’\iu’ N N
CN 1 o r” ‘o?,in H—Nj o)
Catalytic site (@*0 WA SNH
" g o O
w ) W P oA
N"\ H NH
- E% CNQ N- -M"
w) N PN
P S &u{)

=%dn 7
<B FLOGTNL

Regulatory site i

Scheme 3Tripodal enzyme mimic. Zn(ll) coordination at ttien moiety caused the Ztacnmoieties to be closer in space
and as a consequence the rate of phosphodiesigagkeresulted enhanced.
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Mirkin macrocycles

The WLA allows not only to synthesize structuresattshowone wayregulation, but also to
prepare others where the regulation is reversilech is what better emulates an allosteric
enzyme. Mirkin and co-workers prepared through Wi#ious macrocycles where two
catalytic units are symmetrically superimposed emahected through two extra coordination
compounds in a sandwich fashion (Figure 10). Maoradetail, the catalytic units are M-
salen/porphyrin/pyridindis-imine complexes and the regulation sites are Rtghplexes
whose phosphorous-based ligands are covalentlydabtadthe catalytic units.

The Rh(I) metal centers coordinate via two strorgakphosphorous bonds and two weak
metal-sulphur bonds assuming a square planar gepm&hen stronger donors, such as
chloride ions or CO, are added to the system, th& Ronds are cleaved and this causes the
expansion of the macrocyclic structure. As a consage, the two metal centers implemented
in the catalytic units are placed at longer re@pfalistance and, more importantly, due to the
increased space in between, substrate moleculesllaveed to reach the catalytic metal
centers inside the macrocycle. The two forms ofcidualyst are called CLOSED and OPEN.
Reversible switching among the two is achieved dmaving CO in vacuum or by purging
nitrogen followed by further cloride anion or COd#&@n. The authors applied this class of
allosteric catalysts to several reactions wheré lsalectivity and activity were reversibly
switched by proper addition of chemical effectd®ate difference of 25-fold was observed
from the open (ON) and closed (OFF) state whenl¥aeélen (Figure 10B) was used as
catalytic unit in the acyl transfer reaction betwekpyridilcarbinol and acetic anhydride.
This rate difference has been attributed, at lgastially, to on/off switching between a
monometallic Lewis acid catalysed reaction pathvegerating in the closed state to a
bimetallic pathway operating in the open state.

m =Rh (1) VAN G O ¢ oo,

L'/L2=CI, CO PR
B ey LY/L2 H-U/Lz

/— 7 N\
s/ 7N\ s
gj\\\_/( N d / \ /¢ N\ 7N\

r = 7 N\ /
s T >

8— Ph,P PPh,

;

/

Ph,P, PPh
2R Frh;

N —\ / —

Figure 10.Mirkin’s macrocycles; two catalytic units (of diffent typesA, B or C) are symmetrically superimposed and
connected through two extra coordination compoundssandwich fashion.
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Recently Mirkin and co-workers improved their allréc systems proposing a
supramolecular allosteric triple-layer cataffstextending their repertoire from allosteric
bimetallic catalysts to monometallic ones endowetth Wwwvo tuneable shields positioned on
both sides of the flat catalytic metal unity. Thathesized triple-layer-catalyst (TLC) was
composed of two transition metal nodes, two chellgigaert blocking exterior layers and a
single catalytically active interior Al(lll)-salecomplex, which acts as catalyst in the ring-
opening polymerization afcaprolactonesCL) (Scheme 4).

Scheme 4Mirkin allosteric triple layer catalyst. CleavageRh-N bond allowed switching from closed to sepen
structures and as consequence the reactants eaald the Al catalytic site.

Halide addition induces ligand rearrangement thatva assembling or disassembling of the
trilayer structure. In this molecule the chlorid®@s$ bind to the Rh(l) regulation sites and can
be easily removed by reaction with Naor LI'BARF (BARF=tetrakiq(3,5-
bis(trifluoromethyl)phenyl]borate)) allowing therstture to switch from semi-open and
active to closed and inactive. When these suprasulale complexes were tested in th€L
ring-opening polymerization no activity was detectéor the closed form (only 7%
conversion was observed after 100 hours due tdysatdegradation) while, the open form not
only showed a much higher activity, but also anlivpolymerization catalyst character. The
catalytic activity can be interrupted just by adypia stoichiometric amount of chloride
abstracting agent and can be further restored i@ of acetonitrile. The molecular weight
of the polymers was increased after the reactima®confirmation of the living nature of the
polymerization.
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STATE OF THE ART-Metal free Supramolecular Chemistr

Metal free supramolecular chemistry offers the polgy to build new elaborate structures
without using any metal as templating or scaffojdagent.

Weak intermolecular forces such as van der Waajldrolgen bonding and hydrophobic
interactions among certain molecular species allbes build-up of highly ordered self-
assembled structures or inclusion complexes that lmeaused as hosts for catalysts or they
can display intrinsic catalytic activity. Due twost-guestinteractions, the hosted species
experience a different environment with respe¢h®bulk solvent, analogously to a substrate
hosted in the active site of an enzyme.

Metal free Supramolecular Chemistry-Cyclodextrin

Cyclodextrins (CD), also called cycloamyloses, @€lic oligosaccharides composed of 5 or
more a-D-glucopyranoside units linked between each othgrositions 1 and 4 such as in
amylose. Cyclodextrins have truncated cone shageray be composed by G-CD), 7 (5-
CD) or 8 ¢-CD) glucose rings; in addition the hydroxyl grouge® oriented to the external
surface while the alkyl and ethereal fragmentsarented at the inner surface. Figure 11
reports the molecular structure, the length andrtteznal diameter values fexf,y-CDs.

0.57 nm 0.78 nm 0.95 nm

wugsLo

HO:

Figure 11.q, B; y CDs and their truncated cone representation.

The hydrophobicity of CD’s cavity allowsost-guestnteractions with organic molecules, via
inclusion complexes, while the hydrophilicity ofeth outer surface assures water solubility;
due to these properties CDs are used as soluliliagents. Nowadays cyclodextrins are
currently used in pharmaceutical and environmeotgation applications, in food industry as
molecular carriers, as building block material tiog preparation of chiral HPLC columns and
as supramolecular catalysts.
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Catalysis within cyclodextrin’s cavity

Cyclodextrins catalyse a plenty of organic reactiBriThe acyl transfer reaction of different
phenyl acetates to the proximal hydroxyl group lo¢ tyclodextrin was one of the first
reactions studied. Rate enhancement of 100 foldaghgeved in the acyl transfer fromm
nitrophenylacetate to a secondary side hydroxylgrof af-CD if compared to the ester
hydrolysis in the absence BfCD.*® The presence of substituentsnietaposition forces the
substrate to partially exit the cavity when theakeédral transition state is reached and this
does not allow higher rate improvements whereagnhnitrophenyl ferrocenyl acrylate
esters were used rate improvements of 59000004fele achieved’ These rate differences,
even if not involved in any catalytic reaction, gagt that correct binding within the CD’s
cavity for both reactant and transition state isdamental to get the best results from this
host-guestystems.

Breslow and co-workers were the first to reporeéaction being catalysed from cyclodextrins;
the reaction was the selective chlorination of @leisn presence of an excess®€D.*®
Anisole chlorination with hypochlorous acid has eshown to be not regioselective but
when anisole is included inte-CD the hypochlorous acid transfer a chlorine atoma
hydroxyl group of CD and the reaction proceeds wWil9% selectivity to th@-substituted
product.

Subsequently CDs were widely used in catalysishprove either the reaction rate or the
product selectivity>® Pericyclic reaction between small diene and dikilep such as
cyclopentadiene and acrylonitrile, has been showibe catalysed by-CD.>* The o-CD
inhibits the DA reaction because it encapsulatdg the diene, avoiding the transition state
formation and it has been shown tfa€D can be also an inhibitor if large dienes aredus
Houk and co-workers in 2002 highlighte6-CD catalysis on the reaction between
cyclopentadiene and diethyl fumarate. After a gatlie computational study, the authors
found thatp-CD stabilizes better the CD-transition state cawrghan the CD-reactants one
essentially because the former is bimolecular wawrine latter is termolecular. For this
reason they used the expressi@mttopy trag for the description of the catalytic effect
obtained from the usage of cyclodextrin in thosel®Alder reactiong?®

Finally remembering the product inhibition alreaggen for nanocapsules, the low binding
constants between cycloaddition products andsti® has been used as an explanation for
turnover effects.

Modulation of the solvatation sphere by encapsatatvithin cyclodextrin cavity

Encapsulation of known ligands or homogeneous ystgalwithin the CD cavity has been
used to achieve second-sphere coordindtiorhe supramolecular ligand obtained from the
encapsulation of triphenylphosphine tris-sulfonateithin f-CD has been tested in the
hydroformylation reaction but, it resulted in a dtse of the reaction regioselectivifyit has
been also reported that encapsulation of ligantlsimg-CD allows to obtain low-coordinate
Rh phosphine species which showed different selgctind improved activity?
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Leclercq and Schmitzer reported in 2010 the hydrojdation reaction of allylic alcohols and
1-octene mediated by Rh(acac)(DABP)n presence of methylatg#Ds in both
homogeneous or biphasic media (Figure“£2).

B-DIME  R'and R3®=Me, R?=H
B-TRIME R', R?and R3=Me

Figure 12.Modification of catalyst’'s performances by encapsah of ligand’s moieties within bis and tri-melded
cyclodextrins. From ref. 44.

Bismethylated (DIME-CD) and tris-methylated (TRIME-CD) CDs were used as
supramolecular host; the former affords bettertably in aqueous media while the second in
organic media. First of all the rhodium phosphinenplex was tested in absence of any CD
either in water (allylic alcohol substrate) andhdicomethane (1-octene substrate) showing
almost no catalytic activity (<1% conversion) intlbacases. After CD addition, with an
optimal CD/Rh ratio of 2 for botg-DIME-CD and -TRIME-CD, catalyst activation was
observed. Of course it was found tfaDIME-CD affords better results th#aTRIME-CD in
aqueous media (76% conversios 23%), and the contrary in dichloromethane (15/86
59%). The activation effect was attributed to tamoval of a DABP ligand from the metal
coordination sphere due to the formation of anusidn complex between DABP and CD.
When the supramolecular assemblies were testedpimagic media, it was found 57%
conversion of 1-octene with the water frien@d¥pIME-CD while, hydroformylation of allylic
alcohol in presence of the lipophiffeTRIME-CD affords 79 % conversion.

This study shows how the correct CD choice not gelymits catalyst activation although it is
strategic to place the catalyst, reactants andyatedn different phases without dramatic loss
of activity and selectivity and yielding easier agdion processes.

Cyclodextrins may be conveniently modified by diéfiet reactiond® Thanks to these
modifications, cyclodextrineost-guesproperties are not only preserved but they argleou
with the specificity of the introduced moiety. Inoped catalysts, specific recognition and
photomodulablénost-guessystems have been developed just following tihatesy.
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Metal free supramolecular chemistry-Cavitands aagdstiles

Following the cyclodextrins examples there are otlhvganic molecules such as cucurbiturils,
crown ethers and calixarenes that may actlass&guessystems useful to complex reactants
or catalysts.

Figure 13.Calix[4]arene obtained from hydroxyl alkylation een phenol and formaldehyde.

Calixarenes have been first synthesized by Adol Baeyer in 1872 but until Zinke
experiments to improve their yield they were coesdl only an exotic side produthese
molecules are now efficiently obtained by cyclicdhgxyl-alkylation between phenols and
aldehydes and are characterized by a typical saliype. John Conforth realized the potential
of their cavity as enzymes’ pocket analogue in 1B®B®ducing their use in supramolecular
chemistry. Indeed they could act as catalysts angicenzymes due to the possible substrate
activation and catalyst complexation within theawity.

As in cyclodextrins the artificial cavitands haveeb covalently functionalized with catalytic
moieties to afford improved cataly$fs.One remarkable example is constituted by the
resorcin[4]arene derived octamide cavitand repobed. Rebek and coworkers in 2007.
This molecule was used as catalyst in Diels Al@action between 9-methanolanthracene and
N-cyclooctyl maleimide; the authors observed th#ilevthe maleimide bounds the cavity
with the hydrophobic cyclooctyl moiety, leaving tdenophile fragment out of the capsule,
the hydroxyl group takes the anthracene close & ddipsule thanks to hydrogen bond
network. The result was a 57-fold reaction ratea@kbment and the turnover was allowed by
the low binding constant between cycloadduct amitanad.

Cavitands have recently shown to be able to hosh@asion complex not only organic
molecules but also organometallic species which beaysed as catalyst& Ballester and co-
workers reported in 2010 the modification of a Rimplex catalytic performance due to its
supramolecular encapsulation within Rebek’s catirarbased cavitand self-folding hdsbt.
The encapsulation of [Rh(norbornadiefBl, was followed by partial norbornadiene
dissociation and solvent (GAl,) saturation. When the system was treated with codde
hydrogen (1 bar) the catalyst did not decomposdritg0) and after further addition of
norbornadiene, hydrogenation of the latter with swal product distribution was observed.
Instead of the expected dimer, which is the comproduct, a mixture of dimers, norbornane
and norbornene was achieved. Authors argued thatdhsition state for the dimer formation
is too large to fit conveniently tHeostcavity and therefore other reaction pathways b&com
competitive.
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Despite the mechanism is still not clear, this etystlearly shows how cavitands could be
used to achieve non-covalent catalyst functionatimawhich allows control of the catalytic
performance.

Supramolecular catalysis in organic medium withygtogen bonded
structures

We all know that 70-75% of our body is made of wathile the remaining part is constituted
by both small and large molecules assembled inpaaswlecular fashion. Strong covalent
bonds (~100 kcal/mol) are involved in biomolecwelsose reciprocal organization occurs
through weak interactions such as H-bonding (5-@8/kol), Wan der Waals interactions,
electrostatic interactions and the hydrophobic a¢ffelhe a-helix, p-sheet, tertiary and
guaternary structures of proteins are the resuhesde interactions.

In the recent past artificial self-assembled stiwes have been proposed by different authors.
One of the top authors in this field is J. Rebekdas for his ball like systems where
supramolecular assembly was provided by differeaboHding donors and H-bonding
acceptors interactions. The first system propo#®al,so calledennis-bal|l consisted in the
dimerization process of two diphenyl-glycouril wnlinked by a durene spacer, and it was
used to successfully encapsulate small guests, asiamethane, ethane, argon and xenon
(Scheme 5)°° The two units are held together by eight H-bond #e dimerization process
took place in low polarity organic solvents, sushcaloroform and benzene. Solvent choice is
of remarkable importance for developing such suptacular systems: the more apolar the
medium the stronger the hydrogen bond interactions.
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Scheme 5Self-assembly in the so calleghnis-ballof two diphenyl-glycouril units linked by a durespacer.

Following the same synthetic strategy, but imprgvthe spacer length, the same author
proposed larger versions of the same capsule wiech calledsoft-balls

Soft-ballsshowed to be able to form both homodimeric anérogimeric capsule¥,and due

to their higher volume, the encapsulation of laogganic molecules could be performed. 1-
adamantanecarboxylic acid {&L.3 mM), 1-ferrocenecarboxylic acid £43.6 mM), camphor
derivatives and two benzene molecules were suadssfcapsulated These systems were
then used as nanoreactors for the Diels-Alder ieadietween 1,3-cyclohexadiene apd
guinone aiming to improve the reactivity due to thenpartmentalization of the reactants and
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transition state stabilization within the cavity.hel soft-ball afforded a 20-fold rate
enhancement but suffered from product inhibitiore da a better product-capsule binding
emphasizing the importance of the entropy contigloytas the reactants-capsule adduct is
termolecular while the product-capsule adduct isdiécular®

This problem is limited to reaction products shayvimgh affinity for the cavity; changing the
diene from 1,3-cyclohexadiene to 2,5-dimethylthiepd dioxide allowed to obtain a true
catalytic system where 10% soft-ball loading alldw#% and 75% conversions after two
and four days, respectively. The same reactiorihenabsence of capsule showed 10% and
17% conversions, respectivel).

Supramolecular control of homogeneous catalystubhoencapsulation
within a self-assembled cage

While organometallic complexes have been succdgdiound in a supramolecular fashion
inside cavitands, there are only a few exampless@biramolecular adducts between
organometallic and self-assembled capsules. Twa reasons may be considered:

» the polar groups in the capsule monomers necessaghieve self-assembly may act
as ligands toward metal center, making DBA or S$8eanblies more likely than self-
assembly;

» the internal volume available is not enough to hlestcomplex.

The largest known hydrogen bonded capsule is bais¢lde self-assembly of resorcin[4]arene
providing a hexameric pseudo-spherical capsulg t@iaracterized in the solid state by
McGillivray and Atwood in 19972 The structure was shown to exist also in orgaoicests
like chloroform or benzene where the assembly Id tegether by a seam of sixty hydrogen
bonds involving six resorcin[4]arene units and eiglater molecule2® The internal volume

of the cavity is about 13742 and such space is usually filled by six to eigblvent
molecules. The inner electron rich surface well ptements cations, such as ammonium and
phosphonium as well as cationic metal complexes weakly coordinating anions, which
may be efficiently encapsulated with or withoutidasl extra solvent molecul@s.

Organometallic catalysis carried out within theores[4]arene hexamer was accomplished
in 2011 when Scarso and Strukul's group succegstticapsulated a NHC-Au(l)(OTf)
catalyst (NHC N-heterocyclic carbene) characterized by a pseudergphh shape and
occupying approximately one third of the total vaky leaving enough space to accommodate
solvent or reactant molecules. Complex encapsulatias confirmed byH-NMR and'H-
NOESY and DOSY experiments and the system wasdtiastéhe hydration reaction of 4-
phenyl-1-butyne (Figure 145.
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Figure 14.Modification of the solvatation sphere of an orgaetallic catalyst by encapsulation within a suprkemaar
cage obtained by self-assembly of 6 resorcin[4karenits. Encapsulation of the catalyst allowed nhatéhn of the catalytic
performances. When, after 400 min a competitivesgioe the supramolecular cage (tetraethylammortiiftate) was

added, instantaneous recover of the typical pediag® of the catalyst was observed.

The authors observed that while the reaction radée depressed by the trapped catalyst,
unexpected products selectivity was observed. Caaia amounts of hydration produ@s
and intramolecular cyclization productand considerable amounts of hydration product
were achieved representing an absolute noveltythice kind of catalysts. The authors
suggested that steric hindrance performed by thsuta on the catalyst is responsible for the
unexpected regioselectivity while, the differentectoselectivity was attributed to two
possible reasons}) the capsule lowers the water income slowing the hydmapathway and
making the ring-closing pathway competitiw; steric hindrance imposes to the coordinated
alkyne an arrangement which is particularly effeetior the ring closing reaction. Finally as
proof of reversibility, the traditional catalyticedormance and products distribution were
restored by means of catalyst expulsion from theaheer by addition of a competitigpies
(tetraethylammonium).

The regulation of the catalytic performance offebgdencapsulating the catalyst within the
supramolecular cage coupled with the possibilityneutralize such effects by addition of
competitiveguestsconstitutes the basis for a supramolecular allmstrategy which could
be used with success in enzyme mimic.
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STATE OF THE ART-Light as effector

We have always been told tHatater is the most important substance for lifeight is very
important too. Think about photosynthesis occurimghe vegetable kingdom which allows
storing sunlight energy in the form of covalent ésmllowing plants to grow and reproduce;
fossil fuels are another example of sunlight enestpred millions of years ago and then
converted into hydrocarbons.

Another example of the use of light in living systés bioluminescence. Many children love
to trap fireflies during summer nights and evenhaitt knowing how this luminescence is
generated they correctly understand its meaningghmis “I'm here”. When in the firefly’s
abdomen region the oxyluciferin, obtained from thaction between the pigment luciferin
and oxygen, meets the enzyme luciferase, the claémsiaction energy is released as light.
Many others living systems use bioluminescence eédopm important life needs, such as
communication and defence against predators.

Photocontrolled catalytic systems

All the above mentioned strategies may allow enzymaic and, in certain cases, allosteric
control by selective addition and removal of a clvaientity that plays the role of effector.
However, differently from living organisms wheregiess and egress of effectors are
efficiently regulated by the cell, man-made systesudfer from rudimental separation
techniques. Conversely, electromagnetic radiat®hkrnown to induce chemical processes
with minimal modification of the sample and withaejuiring any kind of product removal
or external integration. Moreover light can be ¢desed the most advantageous stimulus
(effector),especially thanks tthe advent of modern light sources and optics.

In 2010 R. S. Stoll and S. Hecht reported a rewdhere they pointed out the state of the art
of light-gated systen®®. The use of light in this area is classified in twategories:)
photocatalysis andl) photocontrolled thermal catalysis. In the fornfee excited state of the
catalyst, after light absorption, has catalyticiaigt whereas the ground-state has not and
participates in the catalytic cycle in most casesirtue of an electron transfer event. In
photocontrolled thermal catalysis light promotes #ttivation of the ground-state of a given
catalyst and, after the catalyst promotion no ligfatdiation is required.

These light-gated systems may be divided in twthé&rrclasses) the“caged” ones, where
the masked dormant catalyst system is irreversdagvated by light once, and) the
“switchable” ones, where reversible photoreactions are possibl@bling repetitive
triggering of the catalyst between active and imadiorms.
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Photocatalytic systems

Photocatalysis may be based on electron transfenemgy transfer systems. The former are
characterized by electron transfer between thegphotive compound (the photocatalyst) in
its excited state and a reactant species and tuewf this a redox mediator is needed for the
restoration of the catalyst. In energy transferteays the excited state of the photo active
molecule transfers energy to a second catalyticispavhich display catalytic activity only in
this energized form.

Successful examples of mononuclear photocatalysikide oxygenation of alkenes with
water?! photocatalytic reduction of GQo C3? and photochemical epoxidation of alkenes in
the P-450 enzyme like systethsvere reported during the past twenty years. Mahthe
developed systems take advantage of the peculiapepies of [Ru(bpy)?* that was
recognized as a useful photosensitizer since 1¥T@smain properties are:

i.  Intense visible absorptiof =450 nm:= 1.5x1d M*cm™);

ii. Very efficient and fast Intersystem crossing (redp@stant=1¢ s'), almost unitary
quantum vyield; longer lifetime of the triplet e)aut state (~{ls) compared to the
timescale of a chemical reaction (sy;

Thanks to its intense visible light absorption atsdenergy transfer featuréss-bipyridil
ruthenium (1) has been used as a prototype cdtelythe photo-oxidation of water. Recently
it has shown to be an effective sensitizer in [2pfiptocycloadditiofi In addition to that, it
has been conjugated with common organic and megaltac catalysts providing bimetallic
systems with the aim of obtaining light-regulatddsteric catalysts.

Inagaki and M. Akita proposed a new intramoleclemetallic system where both electron
and energy transfer could be tailored. Their biffietaystem was composed by a Ru(bf})
core which presented also a bipyrimidirgprf) ligand that, with the other two N atoms,
coordinates a Pdnetal center (Figure 155.
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Figure 15. Akita’s bimetallic photocatalysti-methyl styrene dimerization is allowed only whendliation of the complex
at 420 nm is performed.
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The main feature of such systems was the bridggandl between the two metal centers;
indeed for efficient electron/energy transfer, etifee overlap of wave functions of the two
components is of crucial importance. WhHemis used as ligand, the two metals are directly
connected by the planarconjugated ligand and this turns into strong mtéon between
them and the arrangement of the two metals is @pgwopriate for the energy transfer. The
authors argued that efficient MLETrom the occupied Ru orbital to the vacdpim orbital
(LUMO) in place of the vacariipy orbital, could promote catalysis on the Pd siteanks to

an accurate DFT study dapmandbpys substituents they found that introduction otéien-
withdrawing substituents onto thmom and electron-releasing substituentsbpy allows to
perform MLCT selectively towardspm The proposed system was successfully testecein th
dimerization ofa-methylstirene, observing dimers and trimers foromexclusively under
light exposition. From control tests, the authonfooned that no electron transfer occurred
and the presence of the bimetallic system was #akém perform the reaction ([Phoify)]**
was inactive). When the reaction was performedhéndark, no conversion was achieved and
this allowed ON-OFF control on the catalytic adtivsimply by turning ON-OFF the
irradiation with proper light.

Photocaged systems-Irreversible activation of thalgst

Photocaged systems may be prepared by severalambgo Activation of the catalyst may
occur as a consequence of the irreversible phatstormation of a molecular species which
acts as an effector being able to coordinate atidade the catalyst only in its photoreacted
form. Similarly, inhibitors can be photocleavedrfrahe catalyst enabling its activity. In a
slight variation of this concept, the catalyst cape de-shielded from an
encapsulating/protecting system and its activitgtareed after photo-cleaving the system
which does not allow the catalyst-substrate int@ac Otherwise, in a more complicated
fashion, an inhibitor species hampering the corcatalyst-substrate pre-organization can be
irreversibly removed by light stimuli. Finally a pioreaction can lead to a modulation of the
electronic communication between an activating aadtivating substituent and the
catalytically active site.

Photoexcitation of certain transition metal compkeXeads to population of anti-bonding
orbitals and this facilitates discharge of a boligand with consequent generation of a vacant
site at the metal center. Pioneering studies infitld made by Asinger and co-workers in
early 1960s and later by Wrighton on photoexcitatad iron carbonyl complexes, led to
improved catalytic performance in reaction sucloledin isomerization, hydrogenation and
hydrosilylation®® These results were attributed to CO dissociatimmf [Fe(CO}] or
[Fes(CO)s] with consequent formation of the more active [F@®}] which acted as a
thermally driven catalyst (Figure 164 This strategy was subsequently applied to other CO
containing metal complexes; improved catalyst’sfqenance, after light promoted CO
dissociation, in [2+2+2] cycloaddition was succalgfaccomplished by Vollhardt and co-

a MLCT: metal to ligand charge transfer.
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workers with [CpCo(CQ)] complex®” while tungsten and molybdenum hexacarbonyl
compounds were used to effectively catalyse aaeypolymerizatiori?
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Figure 16. A) Scematic representation for the activation of Fe(@atalysts by light promoted dissociation of CQalid.B)
Noels and co-workers used light to enhance theéytiataerformances in the polymerization of cycltere for the reported
Ru NHC catalyst.

In the field of polymerization in particular ringpening metathesis polymerization (ROMPS),
many research groups reported innovative approachehotoinitiate“quenched” thermal
catalysts. One of the most recent and relevantribotion was provided by Noels and co-
workers who effectively used a knowhheterocyclic carbene (NHC) ruthenium complex as
a photocaged catalyst in the polymerization of @yctene (Figure 168} The proposed Ru
NHC catalyst showed thermally induced activity wih any photoactivation step;
polymerization tests performed in the dark afford&t% monomer conversion, averaged
molecular weight (M) of =~ 21000 amu, polydispersity (PDI) of 1.53 and-olefin content of
36%. When the catalyst was irradiated with an @adimt0 W “cold-white” fluorescent tube
or light bulb, almost quantitative monomer convensivas achieved, leading to polymers
with M, of = 500000 amu, narrower polydispersity (PDI=1.33) eiseblefin content of 20%.
The higher activity and, as a consequence, thesrbdtt, PDI andcis-olefin content was
attributed to the light promoted dissociation o # boundp-cymene substituent which leads
to a more reactive unsaturated ruthenium specethérmore the use of mild irradiation
wavelength, at a variance with the high energy wsesl for CO dissociation in the previous
systems, was permitted by the substitution pattiéthe ruthenium complex.

While photocaged organometallic catalysts wereistudince the second half of the past
century, the advent of photocaged-organocatalystaroed only very recently. Since many
chemical reactions are catalysed by the presenaei@dor base, the photo-generation of these
catalysts could be strategic for the developmentplodtocaged systems. PGAs (photo-
generated acids) and PGBs (photo-generated baseBy@nsted acid and base produced by
light promoted irreversible rearrangements andr thigin application field is constituted by
photolithography processéy.

The first and, to the best of our knowledge, ortptocaged organocatalyst able to promote
polymerization was developed by Wang and co-worker2008. The authors reported an
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adduct between 1,5,7-triaza-bicyclo-[4.4.0]dec-B-¢MBD) and tetraphenylboric acid that
upon UV irradiation (254 nm, quantum yield 18%)liates TBD, which in turn catalyse the
living ring-opening polymerization of-caprolactone. It was confirmed that the salt dad n
exhibit any catalytic performance and it was atsonf that the choice of tetraphenylborate as
counterion was of fundamental importance to achighatoactivatior??
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Scheme 6Light promotes dissociation of tetraphenylboricdaftom TBDHB(Ph), yielding TBD species which shows
catalytic activity in the living ring opening polyrization ofe-caprolactone.

PGAs and PGBs could be also used as effectorshiorattivation of dormant catalytic
species, as reported by Grubbs group in 2009. Titkoss merged a known metathesis
inactive Ru-alkylidene complex bearing an acetylawate &caqg ligand with PGA chemistry
thus obtaining a dormant complex that can be aetvafter protonation and displacement of
weakly coordinatea@cacligand providing an active metathesis systémrotons produced by
irradiation of PGA effectively protonated acac hgaproducing a reactive Ru-alkylidene
species active for both RCM and ROMP. The authdrsered that the PAG counterion
played a fundamental role in developing an actistesn; indeed switching from a more
nucleophilic chloride to the non-nucleophilic nolatd® caused inactivation of the complex.

e

A /S:/\\\'_\
inactive lj “\//
o ||- PGA active catalyst

Ph hv RCM and ROMP
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Scheme 7The Brgnsted acidity obtained from irradiation &A°is responsible of protonation of theacmoieties. By
virtue of this ligands&cag dissociate from the Ru center yielding an actiatalyst.

b Nonaflate: CE{CF;,):SOs
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Photocaged systems-Reversible activation of thalyit

The term “photochromism” was proposed by Yehudalberg of the Weizmann Institute of
Science in Israelt and means the reversible transformation of chdrsjmecies between two
forms characterized by different absorption speesaa consequence of the absorption of
electromagnetic radiation. One of the recent appbos of photochromic materials are the
plastic photochromic lenses showing reversible eairlg effect. That effect is achieved
thanks to the presence in the lens matrix of photooic molecules such as oxazines and
naphthopyrens that absorb the visible light chaggfreir colour to dark.

The difference in the absorption spectra displalygdhe two species under photochromic
equilibrium is a consequence of their different celenic properties; conjugation of
photochromic moieties into a catalyst would alldw tlevelopment of new reaction mediators
endowed with photomodulable catalytic skills. Threell-known molecular structures
showing photochromism are spirooxazines, diaryletke and alkenes showing-Z
photoisomerism.

In photoswitchable systems light is used to triggereversible photoreaction. Due to this
scope photochromic moieties must be incorporateathre catalyst system. The more active
system is usually referred as ON state and thedesge as OFF state. These two states are
better characterized by.k which is the ratio between the ON and OFF ratestamts.

ko
krel = —r

kOFF

To achieve high k values these following requisites have to be Wodd:

> high attainable photostationary states for the &dvand backward photochemical
reactions with fast and quantitative switching atbdirections;

» the photochromic moiety should shows photochemstability and the excitation
should be localized on the photochromic part, fmadibiting competing dissipation
process (energy and electron transfer to or frarcttalyst).

» the photoreaction has to produce strong geometic edectronic variations on the
photochrome in order to produce significant vaoiatin catalytic performances

The photochromes can be divided Fatype andT-type ones. The former requires two
different wavelengths to perform catalyst switchwmgile in the latter a thermal-back reaction
takes place, adding another possible means talgatatalyst systems besides photochemical
switching. If the half-life of the less thermodyniaally stable isomer is sufficiently long,
both the thermal and photochemical deactivatiothefcatalyst is possible.

Generally, the E-Z isomerization reactions of abkem@nd azobenzene compounds may be
useful to obtain large structural change while #ectrocyclic ring-closing/ring-opening
reactions of 1,3,5-triene systems such as spiropg/apirooxazines, diarylethenes and
fulgides yield new structures with substantiallifehent electronic properties.
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Systems based orE isomerization

When photolyzation of olefins is performed, bothtb&, and T, species have in many cases a
perpendicular rather than a planar geometry, soigb@ierism disappears upon excitatitn.
This twisted geometry was expected to minimize tedecelectron repulsion; derived
potential energy diagram for the electronic statiesthylene indicated that the twisted singlet
could produce either th2 or E olefin by internal conversion and that intersystenmssing
from the twisted triplet could likewise produceheit olefin. Basically, direct irradiation of
alkenes will likely produce afstn’s) cycloaddition in competition with the desired
isomerization’?

Both isomers may be achieved when the moleculesdtophe $ state but theéE/Z ratio
achieved is strongly related to the olefin’'s natu@®@mpounds such as azobenzene show
selective isomerization t or E form as function of the light source chosen.

Azobenzene is a chemical compound bearing two ph@mys linked by nitrogen-nitrogen
double bond whose main photochemical propertyasstective photoisomerization between
the E andZ diastereoisomers (Scheme 8). Ehesomer is more stable by about 12 kcal/mol
with respect th& isomer and the energy gap for the isomerizati@ctien is 23 kcal/mol,
thereforeE is the predominant isomer at room temperaturdéndark.E—Z isomerization
could be achieved upon irradiation by ultravioight (320-350 nm), corresponding #ern’
excitation (S state). The less stabfeisomer will relax to the more stabieisomer via both
thermal and photochemical pathw@y-E photochemical isomerization could be achieved by
irradiation at longer wavelength (blue light, 40884nm), which corresponds to mn-
excitation (3 state)’* The isomerization process involves a decreaséstdrite between the
carbon atoms in positions 4 and 4’ on the two phgnyups, from ~ 9.0k in the E-form to
the ~ 5.5 in theZ-form.

trans-azobenzene cis-azobenzene

Scheme 8E (left) andZ (right) forms of azobenzene

E-azobenzene is almost flat and shows no dipole mbomdile theZ isomer presents an
angular geometry and a dipole moment of 3.0 Dhénlatter, one of the rings rotates to avoid
steric repulsion due to facing the second erdouds; this effect is well-displayed by the
high field resonance itHNMR spectroscopy of the aromatic protons which affected by
an anisotropic effect of thes cloud of the aromatic ring.
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Photoswitchable systems based on azobenzene moietie

E-Z isomerization of azobenzene moieties is probabhly most used approach for the
development of photoresponsive molecules and nadger\s previously explained they are
particularly useful in designing systems where tatalytic units connected at the extremities
of the azobenzene chromophore may be placed ie plasimity in theZ isomer or far away

if they are placed far away in thE isomer. Analogously, systems characterized by
photomodulable steric encumbrance could be achiasedell with this chromophore.

Switching the host-guest abilities of supramolecattalysts

The earliest example of this approach dates ba8k When Ueno and co-workers decided to
join together the host-guest features of a p-cyclodextrin -CD) and the E-Z
photoisomerization skills of 4-carboxyazobenzenae Key concept was to switch theCD
encapsulation properties through the selectiveigelfision ofE pseudo-linear azobenzene
isomer while the kinke@-isomer cannot fit into the cavity of the hd3fThe authors tested
their supramolecular light-switchablest-guestsystem in the acyl transfer reaction mf
nitrophenylacetate and found that the linéa#-carbossyazobenzene was a much more
effective competitor with respect to tle-azobenzene for the&-CD cavity hampering the
encapsulation of the ester substrate. As a consequhbigher rate in the acyl transfer reaction
was observed in presence of thanhibitor.

This photoswitchabl@ost-guessystem was further improved by derivatizationtef €D. In
one remarkable example the same research groupodedeas-CD bearing both imidazole
and azobenzene moieties bound to the same carloom @b the narrow rim of the CD
(Scheme 9). The obtained catalyst displayed host-guestproperties and no catalytic
functions when the azobenzene moiety wag iform due to its self-inclusion within the
cavity. Conversely, when the catalytic system whstpisomerized to th& isomer, the
azobenzene moiety left the cavity enabling bindafgactivated esters that were rapidly
cleaved thanks to its inclusion into the cavityciose proximity to the imidazole catalytic
moiety.®

0”0 X o
Py N 320-390 nm P{
X + N” X
0 — —— O
NO, A NO,

NO,

active form

Scheme 9E—Z photoisomerization of the azobenzene moiety allsuisstrate encapsulation within the cavity of tie C
and correct orientation of the imidazole catalyticiety.
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Modulation of the reciprocal distance between cgtalunits

As suggested above, photoisomerization of azobenzan be exploited to modulate the
reciprocal distance between two catalytic unitsatently connected at the extremities of the
photochromic moiety. Two catalytic systems shatimg same strategy were reported by R.
Cacciapaglia’s and J. Rebek’s research groups. latier proposed in 1995 a system
composed by two carbazole-based receptors deneed Kemp’s triacid, which is known to
efficiently bind adenine moieties, reciprocally ceated through an azobenzene fragmént.
The complementarity between the reactants and &mepis acid containing moieties allowed
an effective binding and, due to the presence ef ahobenzene unit, the amide bond
formation was triggered by light. The authors obedrthat higher activity was possible with
the Z isomer (50-fold after extrapolation) due he favourable orientation and confinement
of the reactants. The observed value was deduoettfie concentration of th&isomer and
by binding constants determination. It was obsered after irradiation at 366 nm (UV,
Z—E isomerization) only 50% of the azobenzene supracoddr catalyst was in the desizd
geometry, in contrast to the expected photostatyorstate (PSS) composition for the
azobenzene moiety. The authors argued that stighty ddsorption by the carbazole units
hampered the formation of higher amounts ofzheomer enriched PSS. The system suffered
for background activity in the absence of catalgstwell as product inhibition thus not
displaying turnover ability and reducing the di#ace in the activity of the two
diastereoisomers.

Cacciapaglia’s system consisted in two alkalingkeanetal crown ether based catalytic
moieties connected by an azobenzene spgicabove mentioned metal species are known to
be efficient catalysts for the ethanolysis of ani#itles under basic conditions and the
presence of two contiguous alkaline metal centebles substrate activation by ditopic
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Scheme 10TheZ form of the azobenzene moiety allows proper preaiation of the substrate and, as a consequence,
enhanced reaction rate.
The latter system allowed to obtairenriched (95%) PSS(1) upon irradiation with UVhlig
while photochemicalZ—E switching was performed with near visible-lightadiation
leading toE-enriched (81%) PSS(2). The ratio between the ytatadctivity of the ON Z-
isomer) and OFFH-isomer) reached the value of 3 and this allowedetgersibly switch
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several times the catalytic activity leading toadternating activity profile. Again, the system
showed product inhibition at high conversions aa®la consequence, equimolar amounts of
catalyst needed to be used to afford efficientlgsita

E-Z isomerization as active site steric encumbragféector

Inoue and co-workers reported in 1999 an Al-porphgomplex whose catalytic activity was
regulated by light. Al-porphyrins bearing an axmairogen-based ligand are known to be
effective catalysts promoting efficient carbonatioh alkenes. The authors combined the
activation ability of a nitrogen-based ligand en@ovto theE-Z interconversion ability of a
stilbazole derivativé® Due to its particular design, the stilbazole mpiet the E-form (ON
state) efficiently binds the Al metal center tugni®N the catalytic activity, whil@-isomer
(OFF state) of the stilbazole could not coordirtatéhe metal center due to steric hindrance
thus turning OFF the catalytic activity. The ratibserved between ON/OFF states was 10
and the system showed the ability to be efficiestlyitched from one state to the other
without losing efficiency.

Following the same strategy Hecht and Stoll regbme2008 the first photoswitchable basic
catalyst. A piperidine moiety acted as a basic wogatalytic function that was covalently
bonded to a stilbene or azobenzene moiety througgira rigid derivative. The new system,
comprising both a photoisomerizable and a catalytiety, showed a rigid and orthogonal
shape and due to this particular design, loweicségrcumbrance is expected for thésomer
(Scheme 115° The nucleophilicity and basicity of the piperidin@iety in bothZ and E
isomers was determined by titration experimentscivhgave pk, of 15.9 and 16.7,
respectively. This large change in basicity wasl@tgd employing the organocatalyst in the
nitroaldol (Henry reaction) addition of nitroethane 4-nitrobenzaldheyde observing a
difference of 35 between the ON/OFF states. Théesyshowed higle—Z isomerization
(90:10) upon irradiation with UV light and a remabte thermal stability of th& isomer.
Despite the well-arranged molecular design, the #mtivity of the catalyst required high
catalyst loading, which affected the photoisomeioradue to the strong absorbance of the
concentrated solution. To overcome this issue th#hoas bound the piperidine
photoswitchable catalyst to a heterogeneous suppaviding a new catalytic system
showing much better performante.

OFF-state ON-state

Scheme 11Photoswitchable azobenzene-based piperidine acligltrolled general base catalysts where ligggérs
reversible steric shielding of the basic/nucleaptsite.
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Photocycloadditions

Other interesting, and theoretically reversiblegtplshemical reactions that lead to consistent
modification of both molecular shape/size and etatt properties are photocycloadditions.
This class of reactions could be achieved both nnirdramolecular and intermolecular
fashion. An intermolecular based approach could teareversible photocrosslinking of the
catalyst to heterogeneous support yielding hetereges catalyst possessing the typical
features of homogeneous ones. Otherwise differatatlytic units may be joined in superior
catalyst affording unexpected catalytic performamogamolecular photocycloaddition could
afford consistent geometrical rearrangements any lbeaused to regulate access to the
catalytic moiety.

Light absorption by an olefin promotes an electhmm HOMO to LUMO orbital and this
enables [2+2] cycloaddition between two olefihsThe excited state can take several
relaxation mechanisms such as light emission (#scence between excited and ground state
with the same spin multiplicity and phosphorescerween states with different
multiplicity), electron/energy transfer, non radiatrelaxation and the previously mentioned
E-Z isomerization. Fortunatelif—Z isomerization could be avoided in solution by gsin
cyclic alkenes where the ring geometry constrauesaiefin in aZz-fashion, also in the excited
state; intersystem crossing could be sensitizeditamay be useful to obtain a longer lived
excited state.

Photocyclodimers formation upon irradiation at agar wavelength is observed for many
molecules, such as anthracene, thymine, cycloaiteshand especially coumarin.

Coumarin (1-benzopyran-2-one) is @fi-unsaturated lactone enclosing an aromatic ring and
its structure is widely present in nature espegiallapiacae’s plant family. Umbelliferone is a
natural substance comprising a coumarin moiety wath hydroxyl group that finds
employment as light filter in suntan lotions andams.

Photodimerization of coumarin leads to loss of thg-unsaturation and formation of a
cyclobutane ring between the two coumarin moleclesir dimers are possible depending
on the position of the carbonyl fragmehead-to-headdlimers (HH) show carbonyls on the
same side of the cyclobutane ring in 1-2 positiomkile head-to-tail dimers (HT) show
carbonyl on opposite 1-3 positions. Both HH and Hifmers exist into two possible
stereoisomersyn or anti depending on the presence of substituents onaime side or on
opposite sides of the cyclobutane planar structespectively.
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Scheme 12Coumarin and coumarin’s dimers chemical structures.

H. Morrison and A. A. Lamola studied the coumarhofodimerization process since 1960s
investigating in detail the effect of the solvent the reaction and the correspondence
between excited state and product distributionhef possible dimef. Summarizing the
authors’ work, direct irradiation of coumarin inlaosolvents produces th¢H-syndimer via

a singlet excimer'CC*), whose formation is known to be favoured byigh dielectric
medium. Conversely, irradiation in the presenca triplet sensitizer, such as benzophenone,
leads to théHH-anti adduct in both polar and apolar solverid.-anti dimers are found in
trace amounts during sensitized irradiation whhe HT-syn isomers are found in small
amounts during irradiation in apolar solvents. Hitt dimers formation is favoured also by
the so called’heavy atom” effect. It was found that the quantum efficiency HH-anti
formation (Pyy-ang) Was essentially independent of solvent polaribces high polarity is a
requirement forHH-syn adducts formation, while the enhanc®gy.ani values found in
halocarbon confirm their sensitization effect. Fatimn ofHH-syndimers is quite inefficient
(d= 4.410" in acetonitrile) and, since intersystem crossiagminimal (.= 8.810° in
acetonitrile), the overwhelmingly dominant procéssthe excited coumarin singlet state is
the decay to the ground state. H. Morrison and odkers explained th&heavy atom” effect

as follow: the excited coumarin in triplet stataats with a ground state coumarin yielding a
1, 4 diradical {C,*), which in turns could partially undergo bond sime to form dimer via an
intersystem crossing step. Such closure step hamrpete with rotation about the new
formed bond (1,4) and since the rotated diradisap@eometrically unable to close and
complete dimerization, it could only undergo clega/do give back two coumarin molecules.
Since closure is essentially an intersystem crgsgiocess, external heavy atoms might
facilitate bond formation and increase the efficierof the product forming step®d(.
an=3510* in carbon tetrachloridéf®
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Scheme 13Theheavy atoneffect proposed by Morrison and co-workers fori&anti dimer formation mechanism. The
1,4diradical {C,*) may form successfully the dimer after intersysterossingi(c.) process (left) while rotation about the
new formed bond (1,4) lead to unproductive exaitedecules that undergo bond cleavage yielding baokcoumarin
molecules (right).
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Due to the presence of a competing non-reactivieqsehching process, the dimerization
guantum yield of coumarin is rather low, requiringnost cases long irradiation time (>24 h)
as well as high sample concentration and powaght source.

As previously mentioned, the dimerization processiat be reversed by irradiation at shorter
wavelength. Commonly coumarin dimer cleavage i$opered with UV-C light source under
280 nm which could be achieved by low pressure ungriamp.

Systems exploiting [2+2] photocycloadditions

[2+2] photocycloaddition found wide application arganic chemistry, especially for the
synthesis of structurally complex and bicyclic campds®® Recently coumarin and thymine
based systems have been successfully used in gewetd of light-responsive luminescence
probes, drugs and non-drugs delivery syst&hisipck copolymer micelle®¥ data storage
system$® and several other functionalized materidlsNevertheless, despite this wide
applicability range, to the best of our knowledg®y examples of coumarin based
photomodulable catalytic system are known in ttedture while a photoswitchable catalytic
system exploiting the [2+2] cycloaddition of thymirhas been reported by Nozaki and
collaborators in 1997

Their system was based op-gyclodextrin equipped with two thymine moietiesunbed on
the same rim of thg-CD (Scheme 14). The intramolecular cycloadditidrinmse moieties
provided a shield to the narrower opening of fRED, partially undermining the hosting
capacity of the CD but providing a deeper hydrophchvity. The proposed light-modulable
CD showed reversible photodimerization skills allegvthree closing-opening cycles without
any loss of efficiency; thénost-guestabilities of the two open and closed forms were
evaluated using the acyl transfer reactiop-oftrophenylacetate (PNPA) as a test reaction.
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Scheme 148-CD equipped with two thymine moieties mounted leemnsame rim of thp-CD. After photocycloaddition
between the thymine fragments a more deep hydraplkaebity is obtained.
The catalytic efficiencies of the new supramolechiast before and after the cycloaddition
process, expressed as the ratiQ.)(kkqis9],© were determined and compared to the analogous
properties of an unfunctionalizeG-CD. It was observed that the functionalized open
derivative was more active than the unfunctiondligeCD and that after dimerization the
activity was boosted from [{k)/(kais9] values of 42 to 162 thanks to the presence wibee

¢ The ratio between the rate constant under catatyinditions (k) and the rate constant for the dissociation of
PNPA from the cyclodextrin cavity k) could be used as an expression of the cataifect yielded by the
CD.
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deep and hydrophobic cavity that more deeply agltlti hosts the substrate leading to a
substantial decrease afk

Spirooxazines as light-switchable devices with mdrkvariation of electronic
properties

Spirooxazines are constituted by different aromatiits bearing an oxazine heterocyclic
moiety bound in spiro fashion that prevents theonjugation between the two rings, as
reported in Scheme 15. The closed neutral spirangazSO) isomer is transparent to the
visible light while, the open merocyanine isomer QM obtained upon ultraviolet light
irradiation, leads to ring opening of the oxazolineg with formation of a switterionic
structure characterized byconjunction between the two connected aromati¢sumvhich
usually corresponds to intense visible light abﬁorp
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Scheme 15The two photochromic forms for the spiroxazinethia SO isomer ng-conjugation is observed between the two
aromatic rings whereas they are conjugated in M@ f@y virtue of this the former is transparenttie visible light while
the latter shows intense light absorption in thetble region. S©>MC switching is performed by UV irradiation whilleet
MC could be returned to SO both in photochemicatig thermally fashion.

MC form is less stable than the SP form and grdgleahverts to the ring closed isomer with
a rate that is influenced by temperature, solvetargy, light and by the presence of certain
substituents in the aromatic ringslt is known that the presence of aromatic derixestion
the oxazine moiety shifts the equilibrium towarde tBO form whil&® the presence of
electron-donating groups in the indoline moietyftshit towards the MC form* The light
driven conversion S©MC allows not only to prepare catalytic moietiesthwdifferent
electronic properties due to the extenaecbnjunction of the MC form, but also the marked
difference observed in the solubility and coordmaiability may be exploited.

Spirooxazines, and more generally spiropyranesg Haeen widely studied due to their
potential applicability in molecular devices suchaptoelectronic componentsdata storage
devices” liquid crystals’ and so of? Several examples of metal complexes bearing
spirooxazine moieties have been repdftead in one remarkable example a photoswitchable
catalyst has been proposed where light was usesl/&ssibly recycle the catalyst. G. Liu and
J. Wang described in 2010 a ruthenium catalysveah the ring closing metathesis whose
solubility may be triggered by ligfif. The authors linked the spirooxazine moiety to the
Hoveyda-Grubbs boomerang-shaped ruthenium-carbemplex obtaining a catalyst active
in the ring-closing metathesis (RCM) reaction anthatt shows the typical
spirooxazine/merocyanine (SO/MC) interconversiaiuee.
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Scheme 16Light promoted S©-MC switching yielded large variation of the soliiproperties of the catalyst allowing
phase transfer and consequently recover of thé/tiateomplex.

Switching from the neutral SO to the zwitterionicCMlrastically alters the polarity of the
catalyst. The SO form of the catalyst showed gooldbdity in cyclohexane while MC
showed to be easily solubilized in polar media sashglycol/methanol mixtures. RCM
reaction tests were carried out in biphasic systéoyslohexane/glycol/methanol, 3:2:1
v:viv). SO-catalyst and reactants were solubilisedhe apolar cyclohexane phase where
reaction occurred until complete conversion. Thigeedhe biphasic mixture was irradiated
with UV light causing the transfer of the catalyst the apolar phase due to MC form,
confirmed by coloration of the alcoholic phase. sTkatalyst separation strategy allowed
firstly easy collection of products and, upon aidaitof fresh apolar solvent and after visible
light irradiation (or by thermal ring-closing in idd the SO-complex was formed back again
available for further cycles.

Diarylethenes as light-switchable devices with rmedrkvariation of electronic
properties

Diarylethenes are 1,3,5-hexatrienes derivativesvsigpinteresting photochromic properties.
Due to their particular molecular structure, whadhuld be exemplified considering tBeand

Z stilbene isomers, they undergo b&z photoisomerization and photocycloisomerization.
An oxidative re-aromatization process could folltve cycloisomerization leading to more
stable products, as pictured in Scheme 17
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Scheme 17StilbeneE—Z photoisomerization, photocycloisomerization of Figomer and its oxidation to phenanthrene.

SinceE-Z isomerism is not possible in constrained cycligfial 1,3,5-hexatrienes based on
cyclic olefin bearing two aromatic rings linked tihe olefin have been reported.
Photocyclized isomers showing higher stability todvaxidative re-aromatization could be
achieved exchanging the ortho-hydrogen atoms omrtbmatic rings with other substituents
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such as methyl groups. According with Woodward-i@ahn rule gprinciple of conservation
of orbital symmetry cyclization of 1,3,5-hexatriene is allowed i ttonrotatory fashion only
in the photoexcited state; suddenly the closed isngiers are less stable than the open ones
due to loss of aromaticity and this normally lim#ashievement of thermally stable closed
isomers. Irie ad co-workers carried out a theoaétstudy on the photochromic reaction of
1,3,5-hexatriene to cyclohexadiene in order to gaess to guiding principle for thermally
irreversible photochromic molecules synthd8isCycloreversion in the ground state has to
overcome an energy barrier, and the required enarggunt correlates with the energy
differences at the ground state between the opeh closed isomersi) large energy
difference, the energy barrier becomes small aedhtal reversion is allowed) low energy
differences, the energy barrier becomes large lagminal reversion is avoided.

Table 1.Relative ground state energy differences betweewopen and closed-ring forms.

1, 2-diarylethene AE Kca/mol

1, 2-diphenylethene 27.3

1, 2-di(3-pyrrolyl)ethene 15.3

1, 2-di(3-furyl)ethene 9.2

1, 2-di(3-thienyl)ethene -3.3

Both the open and the closed forms become thermadise stable when the ground state
energy of the closed-ring isomer is closer in epdogthe open one. As could be understood
by the stabilization energies due to aromaticigyoréed in Figure 17 and from the energies
differences between the ground state of the twmese reported in Table 1, the higher is the
aromatic stabilization energy and the lower isttlegmal stability of the closed isomer.

PN PN

Aromatic ring Energy kcal/mol “ / Hv
phenyl 27.7 N H
pyrrolyl 13.8 |

furyl 9.1 E X i\\‘ N\
thienyl 4.7 /\<\x T He J‘x

H

Figure 17. Aromatic stabilization energies for the differerbraatic rings.

d Calculation was carried out at the semi empilieatl (MNDO).
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Due to its properties, the thienyl moiety is thesinased in the synthesis of diarylethenes
showing thermal stable closed ring and high quantuetd for the cycloisomerization
process. When 1,Bis(2-methylthiophen-3-yl)ethenes are irradiated, pogsible conformers
may be involved in the cycloisomerization: one pres the thienyl rings in a parallek C
symmetry orientation oranti-parallel orientation with a plane of symmetPy.Such
conformers are in dynamic equilibrium and theiembnversion rate is estimated to be much
slower than the lifetime of the photoexcited staldgs means that each conformer is excited
independently (no conformational change in thetegcstate). Because of this, the maximum
cyclization quantum yield is 0.°

anti-parallel conformer
\ R

\ —_ - Ve

s)\T_\/:S( hv CLOSED
)7 conrotatory FORM
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|

| A
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Scheme 18The two conformers of a dithinylethene moiety. Bismmerization is allowed only in conrotatory fashfrom

the anti-parallel conformer.
The ring open isomers of dithienylethenes are hsuadlourless due to the electronic
isolation of the thiophene rings while the clossdmer, which is practically flat, present and
extendedn-system along the molecular backbone. Thanks tosthall shape variation
cycloisomerization could be achieved both in solutand in solid matrix enhancing their
applicability. Cycloisomerization alters their liglabsorption properties redox potentials,
dielectric constants, refractive indices and sdwatteer physicochemical properties as well. It
has been found that the presence of electron-adwnajioups in position®, 5 of the
thiophene ring decreases the ring-opening quantieh wvhile the presence of electron-
withdrawing or push-pull substituents provides Iéissrmal stable ring-closed isoméfs.
Thiophenes without any substituent in position é emcommended to discard any steric
hindrance between this position and the allylicugron the cyclic olefin bearing the two
aromatic rings.

The reverse ring-opening reaction could be perfdrimeth under thermal and photochemical
conditions. Some ring-closed isomers show highntlaérstability and in these cases ring-
opening is efficiently performed simply by irradat. The photocleavage of the new formed
bond is commonly achieved by irradiation in thables region, where the-extended system
shows strong absorption.

The electronic differences between the open andcliieed dithienylethenes coupled with
their excellent ring-closing ring-opening quantunelgs and unprecedented photofatigue
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(1000 ring open cycle¥¥ make this molecular structure extremely interestin the
manufacture of photomodulable enzyme mimics.

Photoswitchable systems exploiting the diarylethapnesty

Diarylethenes have been implemented in the congiruof several molecular devices with
reversible properties like photochromic compleX8sphotomodulable mixed valence
systems?® photocontrolled paralysis in biological systelts,data storage systerfs,
synthetic materials and many oth&fsRecently the diarylethene moiety has been employed
to introduce light control on chemical reactivif{,spurring the preparation of new molecules
incorporating this moiety aiming at the developmefphotomodulable detectot® ligands,
complexes and eventually catalysts.

One of the top authors in this field of researciNisR. Branda who studied deeply the

different reactivity of diarylethene moiety in boptnotochromic isomeric forms. He argued

that it is possible to exploit the large differesge electronic properties existing between the
two isomers obtained by photoisomerization to matiukatalytic activity in homogeneous

catalysts. The presence of certain functional gsdngtalled on one of the two aromatic units
connected to the thiophene moieties may affecstibstituent on the other side only when the
open highlyr-conjugated isomer is present.

One remarkable example of this strategy is baseth@molecule reported in Scheme 19 that
aims at mimicking pyridoxal 5’-phosphate (PLP), tBé vitamin active form where the
electrophilicity of the aldehyde moiety present ane thiophene residue is drastically
enhanced by the presence of an electron withdragiiogp, such as the pyridinium cation
installed on the other thiophene unit. The PLP rking molecule was tested in the
racemization of L-alanine aiming at the evaluatadrthe different catalytic abilities of the
two photochromic forms.

Racemization of L-alanine

Electronically "isolated" Electronically "connected" A
inactive active - uv vis UV o
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Scheme 19UV and visible light toggles the dithienylethenrusture between its “inactive” ring-open and “aetiving-
closed forms. Deprotonation of the aldimine addolstained from reaction with I-alanine, to the quinid adduct is allowed
only with the closed form.
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When the dithienylethene is in its open form thereno n-conjugation between the two
aromatic rings and racemization of L-alanine does proceed. Conversely, when the
molecule is subjected to UV irradiation the closamner is formed, which is characterized by
higher level of conjugation, and as a consequelneadcemiztion of L-alanine is observed.
This OFF/ON effect could be explained considerimgt deprotonation of the aldimine adduct
is allowed only with the closed isomer by virtue tbé large electron withdrawing effect
played by the conjugated pyridinium ion. Conversétg same process is not possible when
the thiophene rings are isolates as like as iroffen form. Deprotonation of the aldimine is
followed by the formation of the quinonoid form thafter reaction with water yields a
racemic mixture of alanine.

The PLP mimicking molecule showed how the substitutpattern in one of the two
thiophene rings affects the chemical propertieghef second thiophene rings only in the
closed form by virtue of the electronic connectiimween the two fragments.

As showed by Branda and co-workers the electrompgrties of the bridging unity installed
between the thiophene rings is affected by the @boinerization process as well. As
reported in Scheme 20, the authors realized a ldthgne system incorporating a
phenylborate moiety, where the boron atom is in@dln the resonance with the bridging
unit. In the open isomer the boron atom is para afioxaborole aromatic system (-O-B-O-
C=C-, 6= electrons) and this makes it a weak Lewis acidesithe emptyp orbital of the
boron atom is filled with the electrons of the aatim system.

P [ Lewis acidic
Lewis "neutral" L j_ \T’
~_ ]/ B
B 312 nm o o
4n+2 o 0 — Vo T~
- —_— / -~ / 4 Cross-
n-electrons \—/ 7N\ '
> 434 nm — , »—  conjugated
/’n"—“.{'\ I | ,'l ¥ Z |
T XS TSN
(l S ‘ P | ]
= N /”

Scheme 20UV and visible light toggles the dithienyletheriristure between the ring-open and ring-closed $orfine

boron atom in the former one is part of an aromatstem and by virtue of this it does not showetkgected Lewis acidity.
Such effect is completely reversed and the Lewiditgaestored after photoisomerization to the fahgsed form.

When the molecule is irradiated with UV light (3d&) the closed isomer is formed and this
restores the expected Lewis acid character of tatoB since in the new isomeric structure it
is not involved anymore in an aromatic system. Eaghors confirmed this performing
pyridine binding experiments that showed no sigaift changes in th#l-NMR spectrum of
the open isomer after addition of 10 eq. pyridimbjle remarkable chemical shift changes
were detected for the closed isomer supportindnidieer Lewis acid.

Very recently, Bielawski and co-workers preparegheotomodulable dithienyl derivative
bearing a carbenes moiety in the central backbome tused as ligand for metal centers. The
electron-donor properties of the photomodulabld&ae were obtained through preparation
the corresponding NHC-chalcogen (X=0, S) and Ir-Nt#€bony! derivative$'® The authors
found that switching from the open isomer to tteseH one entailed a shift of 28 ¢ishift to

higher frequenciesv{o) for the carbonyl moiety in the IR spectrum. Thisans that the CO
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bond was reinforced by the photoisomerization. Thleenomenon was explained by
considering the delocalization of the N lone phattwas delocalized on thesystem after the
cyclization, while it was not at the beginning. TiheNHC carbonyl complex was then used
for Tolman Electronic Parameters determination (3)Efinding a TEP value of 2049 &nfor

the open isomer typical for NHC ligand, while tHesed isomer showed a TEP value of 2055
cm’® typical for phosphines.

In a related study the same research group usexha@bgous dithienylethene-based NHC
carbene as photomodulable catalyst for the tra@ssation reaction of vinyl acetate
(Scheme 215" When a hexafluorophosphate photomodulable carlsaftewas used in
catalytic amounts (1 mol%) it was found that theeropsomer led to the formation of the
elongated ester, while the closed turned out toabmost inacitve. The open/closed
interconversion was not prevented and ON/OFF triggeof catalytic activity was achieved
just irradiating the catalyst with the proper wargth. The activity differences between the
two photochromic forms were explained taking intccaunt that the disruption of the
endocyclic double bond after the ring closing pesceignificant changes in the nucleophilic

character of the carbene since losing the C=C ured@n in the carbene backbone leads to
lower catalytic performancé*?
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Scheme 21Switching from the open “active” to the closed ‘ttige” forms caused dramatic variation of the elauic
properties of the diarylethene based carbeneglaat active catalyst for the transesterificatiomingl esters only in the open
photochromic form.
Another important class of ligands, probably thesmgsed in catalysis, are phosphines. Until
now only one example of phosphine incorporatingaaytethene moiety has been reported.
Branda’'s research group in 2005 succeeded in ththesis of a diarylethene bearing two
diphenyl moieties in the side arms and investigatieel c-donation properties of the
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photoisomers (Scheme 22¥. The symmetric bisphosphine selenide derivativegewe
prepared and showed marked differences in thé'sk coupling constants between the open
and the closed isomers. The authors reported whitheng from one form to the other was as
effective as changing a phenyl substituent withedhyl in terms ot-donor properties of the
phosphorous atom. The closed isomer showed enhandedation ability confirming that
the electron density on a metal center might bedusy light irradiation when a diarylethene
moiety is incorporated in the ligand.
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Scheme 22UV and visible light toggles the dithienylethenrusture between its ring-open and ring-closed fofBysvirtue
of the new formea extended system, the electronic properties oftieephosphines are different. As showed by the
selenium-phosphorous coupling constants of theesponding selenides, thedonation ability resulted enhanced in the
closed isomer with respect to the open form.

Finally the photochemical switch of dithienyl moést has been exploited to prepare ligands
whose geometry and coordination ability can be iavodulated while maintaining almost
unaffected their electronic properties. Branda emavorkers reported an example where the
diarylethene photoisomerization is a powerful témlswitch the enantioselectivity of an
asymmetric reactioh* The dithienylethene scaffold was modified compgsiwo chiral
enantiopure oxazoline moieties in the side armigBe 23). The obtained ligand was tested
in the copper catalysed enantioselective cycloprapan of styrene with ethyl diazoacetate
observing that the open isomer led to the formatibthe chiral cyclopropane derivative in
30% and 50%efor trans andcis products, respectively, while the open isomerrdffd only

5 % eefor both products.
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Scheme 23The two photochromic forms of the dithienyletheoaffold equipped with two chiral enantiopure oxazel
moieties used in the copper catalysed enantiosetenfclopropanation of styrene with diazoacetate.
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AIM OF THE THESIS

This thesis aims to develop and study new strageiie achieving control in homogeneous
catalysis according to three strategies:

I.  Through geometrical and electronic modulation of @oordination environment
surrounding metal complexes obtained as an effguh@tochemical reactions.

ii.  Another strategy takes advantage from the photoidanmterconversion of a guest
molecule which acts as inhibitor towards supramdéccatalysts.

iii.  Finally supramolecular modification of the solvaiat sphere surrounding a metal
complex is considered to develop controllable pbatalysts.

The first developed system consists in the intradacof a photo-reactive moiety within a
common phosphorous based ligand. More precisebuanarin moiety, which is known to be
active towards[2+2] photocycloadditions, has been introduced and hstgrhemical
behaviour in square planar bisphosphines Pt(ll) pleres established (Scheme 24). The
photo reacted and un-reacted forms of these Riglf)plexes were used in catalytic reactions
aiming to understand which activity differences evéo be ascribed to the photochemical
transformation.
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Scheme 24Geometrical modification of the coordination sphieyentramolecular photocyclodimerization of coumar
based ligands.

A second study involves the introduction of a digttyene moiety, a known chromophore,
within a phosphorous based ligand. The chosen atpbore has two photochromic forms
which are interested by different electronic dmition and by virtue of this, different
electronic properties are expected in coordinatieemistry for the two photochromic forms.
More precisely the open form shows the two thioghengs electronically isolated while in
the closed form they are connected, showing a regtendedr-system (Scheme 25). The
different electronic properties of the two photawhic forms have been studied synthesizing
the corresponding selenides of each phosphine gnithéb synthesis of the corresponding
Rh(l) Vaska type complexes.
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Scheme 25Modulation of the electronic properties of dithjesthene-based phosphines.

The second strategy involves the synthesis of aopswitchable inhibitor for supramolecular
catalysts through incorporation of the dithienyésté moiety within @is-pyridinium cation.
The different photochromic forms may interact irifetent manners with supramolecular
catalysts by virtue of their different electronistdbution and molecular flexibility.

The first host-guessystem concerns catalysis in organic media andoeastituted by the
hexamer obtained by self-assembly of six resortamghe molecules which acts both as host
and catalyst while the guest inhibitor was consttiuby a dithienylethene based bis-
pyridinium (Scheme 26). The second photo-switch&bl&t-guessystem was composed by
p-cyclodextrin and by the dithienylethene previous#gted and considers water as more
environment friendly reaction media.

— Host; supramolecular catalyst

Scheme 26Photoswitchable inhibitors for supramolecular gz,

Finally, we studied the sequestration effect obipramolecular cavity towards a photoredox
catalyst. Since we were interested in introducirsgeond level of control in a photochemical
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catalyst, where the first level is the presencethm absence of light, we argued that
modification of the solvatation sphere of the catatould be crucial for the regulation of the
catalyst activity. Again the host system was coutsd by the hexamer obtained by self-
assembly of resorcin[4]arene while [Ru(bf§) was used as the photocatalyst. After
evaluation of the supramolecular interactions wmealong with catalysis using as test
reaction the aerobical oxidation of sulphides (Sth&7).

R=CyHy

Wswi o

Scheme 27Modulation of the solvatation sphere of a photorechttalyst by encapsulation within a supramolecciaye.
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PHOTOMODULATION OF THE GEOMETRICAL
ENVIRONMENT SURROUNDING A METAL CENTER

Coumarin moiety shows, as previously describedathibty to reversibly form dimers upon
UV irradiation due to [2+2] photocycloaddition réan. By virtue of this, two molecular
fragments may be jointed together yielding new wlEr species characterized by different
shapes. We argued that tikroduction of a coumarin moiety into a common gitorous-
based compound may be interesting for the develapmt light-dimerizable ligands and
cross-linkable units. Indeed, using light as effecto promote the dimerization of two
monodentate ligands into a bidentate one may atlfi@rent catalytic performance for the
complex bearing such species.

Herein we report the synthesis of a new phosphortigand constituted by a
diphenylphosphine moiety equipped with a 4-methytoarin fragment. The new phosphine
was then coordinated to a Pt(ll) center affordimg ¢orrespondingisphosphinédis-chloride
square planar complex whose photochemical behawwasrinvestigated. Upon chloride ion
removal, newbis-cationic platinum species can be obtained for Igatapurpose and its
photochemical behaviour was studied in differemtesats. Finally thebis-cationic complexes
in their light reacted and un-reacted forms westet# in different reaction, such as the Diels-
Alder reaction, alkenes isomerization and dimeiazat

Figure 18.The proposed monophosphine bearing two penyl angsa 4-methylcoumarin moiety.

Monophosphine synthesis

The retrosynthetic approach, reported in Scheme@8siders the synthesis of the 4-methyl-
7-hydroxycoumarin from the low cost resorcinol|deted by addition of a two carbon atom
long spacer which provides more flexibility to teieucture, and finally the introduction of a
diphenyl moiety leading to the desired coumarinebldgyand.
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Scheme 28Retrosynthetic approach for the coumarin-basedpstios ligand synthesis.

4-methyl-7-hydroxy-coumarirp)

Coumarin moieties are readily available from difer chemical suppliers or could be easily
synthetized in laboratory by Perkin’s reaction betw salicylic aldehyde and acetic anhydride
or by Pechmann condensation between hydroxyaremesieetoacetateés® Many reactions
have been recently proposed as useful synthetihwagt to achieve coumarins with different
substitution patterns, such as: Friedel-Crafts rglleions of aromatic compounds,
Knoevenagel condensation of aldehyde or ketonds avitive methylenes,” hydroarylation
of arylpropiolic esters bearing MOMrotectedorto-hydroxyl group with boronic acids?
ring-closing methatesis; Horner-Wadsworth-Emmons olefinatiéhand Wittig reactiort?*
\J/OH CH3SO3H HO'\T’\/OT‘
1 ) K)J\ S netat \57\\‘//
r.t.

5

O]

Scheme 29Methanesulfonic acid catalysed Pechmann’s condendagtween resorcinol and ethyl acetoacetate.

As reported in Scheme 29, the Pechmann condensabBtmween resorcinol and ethyl
acetoacetate was catalysed by ~5 equivalents ofiamesulfonic acid. The product was
isolated simply pouring the crude mixture in crublee under stirring followed by filtration

of the yellowish solid formed. The crude producthiaged in 88-90% yield, but still

containing impurities, was re-crystallized from heater-ethanol solution (2:3) yielding a
white solid in 68% yield.

The molecular structure was confirmed By-NMR, *C-NMR, GC-MS and UV-Vis
analysis. The UV-Vis spectrum is characterizedritgrise absorption band at ~320 nm which
is due to absorption by the enone moiety of thar@rin molecule. Since the dimerization of
coumarin causes the loss of the enone moiety, ifa@pkearance of its absorption band could
be used to follow the progress of the dimerizatiSimilarly, the'H-NMR signals of the
coumarin moiety could be used to follow the dimatian progress; indeed the shift of the
aromatic protons and especially the shift of thetgm and the methyl linked to thes-
unsaturated moiety after the dimerization are ¢asyonitor and allow to understand which

e MOM=Methoxymethyl ether
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isomeric photo-dimer is formed upon irradiationguie 19 reports thtH-NMR spectrum of

4-methylcoumarin as well as the signal attribution.
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Figure 19.'H-NMR spectrum of 4-methylcoumarin in acetone-d.

7-(2-bromoethoxy)-4-methylcoumard(

The product previously obtained was reacted witB-@liboromoethane, aiming to introduce a
spacer between the phosphorous ligand moiety amdlhioto-reactive coumarin fragment.
The reaction, reported in Scheme 30, consistedemticleophilic substitution of bromide ion
in the halo-alkane by attack of the conjugated lodske hydroxyl coumarin.

Br =
HO (0] O
Br K,CO5 H 0~ O (@]
_ + _ > (@] o.__0O + \
130 °C
W
4 4-dimer

Scheme 30Synthesis of 4-methylcoumarin bearing a two carttoms long spacer.
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The reaction was carried out using 1,2-dibromoethas both reactant and solvent while
potassium carbonate was used as base. The heteongecrude reaction mixture contained
poorly soluble carbonate and coumarin at room teatpee, while the latter almost dissolved
at high temperature (130 °C). Complete substratearsion was achieved but analysis of the
crude reaction mixture showed the presence of bawhosubstituted 4) and the undesired
bis-substituted 4-dimer) products. The latter product arises by reactietwben the mono-
substituted product and the coumarin reagent Ilgatdirconsumption of both reactant and the
desired product. The by-product formation is prdpdévoured by the higher solubility of the
mono-substituted product in the reaction media. Tse of larger amounts of 1,2-
dibromoethane (50 eq.) and an ammonium ion as ptrassfer agent did not allow any
improvement of the selectivity of the reaction. Tesired product was isolated in 58 % yield
as a white solid by flash chromatography, usinghexane-ethylacetate mixture (75:25) as
eluent. All the spectroscopic analyses confirmeel phoposed molecular structure of the
product.

7-(2-(diphenylphosphino)ethoxy)-4-methylcoumasn (

The phosphine moiety was introduced in the coumi@agment by nucleophilic substitution

of the bromine atom in the product obtained by phevious step with diphenylphosphide
anion. The reaction is reported in Scheme 31, aasl performed by addition of a potassium
diphenyl phosphide THF-solution to a THF-solutioih4oat room temperature. Anhydrous
and deoxygenated reaction conditions are of vitglartance to avoid degradation of the
phosphide and minimize by-products formation.
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Scheme 31Introduction of the coumarinic moiety within a destyl phosphine fragment

After potassium diphenyl phosphide addition thectiea mixture was allowed to react
overnight, then the product was isolated by flastomatography (eluent hexane/ethylacetate
75:25). The fractions containing the product wewngckly concentrated in vacuum and the
obtained ligand was stored under nitrogen. Thentig) was obtained as a white solid in
67% yield and showed easy and rapid oxidation plosed to the air; as a consequence, after
quick characterization the ligand was promptly tedawvith the Pt(Il) precursor yielding an
air and moisture stable compound.

The ligand was characterized By-NMR, *'P-NMR and UV-Vis analysis. The UV-Vis
spectrum showed the typical coumarin absorptiordl@n-320 nm and two relative maxima
at 292 and 280 nm, as reported inFigure 20.
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The*H-NMR spectrum showed the typical resonances oftthemarin moiety as showed in
Figure 21; thé'P-NMR resonance was found at -23.92 ppm whichrésaaonable value for a
diphenyl-alkyl phosphine. TH&P-NMR phosphine oxide resonance was detected pp38
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Figure 21.'H-NMR spectrum o8 in chloroform-d.

Svynthesis of the bis-monophosphine square plar#d) Pbmplexes

Since it is known that several reactions like hyolnmylation and others are sensitive to the
topicity of the ligand, leading different catalytiperformance upon switching from
monodentate to bidentate chelating ligafftfé,we decided to prepare a square planar Pt(l1)
complex as model compound to understand the phuty@iation ability of the newly

49



synthesized coumarin based ligand. This complex fwdker studied in different catalytic
reactions. Pt(ll) complexes bearibgs-phosphine ligands are well known soft Lewis acids
that have been widely used as catalyst in differeattions such as: B.V. oxidation, alkene
epoxydation, sulfoxidation, alkenes isomerizatiod anany others?®

In Scheme 32 the retrosynthetic approach for tmhsgis of the above mentioned square
planar complex is reported which was directly amedi by reaction of the coumarin-based
phosphine and a suitable Pt(ll) precursor; thelgatally active version of this complex was
obtained after chloride ligand substitution witle fess coordinating triflate.
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Scheme 32Retrosynthetic approach for the synthesis of sgpiarear Pt(Il) complexes.

Cis dichloro complex

The monodentate coumarin-based ligahdvas reacted with [Pt(COD)§) (COD= 1,5-
cyclooctadiene) as Pt(ll) source, yielding the esponding Pt(Il) square planar comptas
1-oin the kinetically favouredis configuration. The complex was easily precipitateth n-
pentane from a dichloromethane solution and cheriaed by'HNMR, **C-NMR, *P-NMR
and UV-Vis spectroscopy.

The3!P-NMR spectrum shows a resonance at 3.16 ppm #ypical value of 3629 Hz for the
phosphorous-platinum coupling constati%%) typical for acis P ligands geometry?
'H-NMR spectrum confirmed the presence of the coirmeroieties since the spectrum
showed clearly two out of three coumarin aromat@qns at 6.74 ppm (dd, J=8.8 and J=2.5
Hz) and 6.57 (d, J=2.5 Hz). The vinyl and methyltpns were detected respectively at 6.08
(bg, J=1.2 Hz) and 2.36 ppm (d, J=1.2 Hz). The reimg coumarin aromatic proton and the
phenyl ring resonances were detected as two setsuttiplets in the range 7.20-7.30 and
7.38-7.58 ppm. The UV-Vis analysis confirmed thegence of the coumarin moieties. In
fact, an intense absorption band was observed bat&80 and 300 nm which is typical for
the coumarin fragment.a,=323 nm) together with two relative maxima at 282 280 nm,
while absorption observed fax 260 nm was attributed to the phenyl rings.
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Chloride-triflate ligand substitution

The abstraction of the chloride ligands frams-1-o0 was performed by metathesis reaction
with silver triflate. The precipitated silver chide was remover by filtration and the desired
complex cis2-0 was obtained by precipitation with diethylether onfr an
acetone/dichloromethane (1:1) solution. The newpmmd was characterized BYINMR,
*IPNMR, and UV-Vis spectroscopy.

The *P-NMR spectrum showed a slight upfield shift of tesonance at -3.26 ppm with a
typical value of 3997 Hz for th&*'1%%, coupling constant. The increased value found for
the coupling constant is considered a reliablecetibn of the presence of a more weakly
bound ligand such as triflate irans position with respect to P. THel-NMR and®*'P-NMR
spectra revealed very broad signals as reportétgure 22. The UV-Vis spectra showed the
typical coumarin absorption band between 350 ar@lr8 with an absorption maximum at
320 nm while the absorption observedi&t260 nm was attributed also in this case to the
phenyl rings.
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Figure 22.'H-NMR spectrum otis-2-o0 in dichloromethane-d.

Photochemical behaviour of the dichlorocomplex

The Pt(ll) dichloro complexis-1-o showed good solubility in chlorinated solventse&pa
acquired in dichloromethane can be recorded dow2d&nm without interference provided
by the solvent itseff*® This cut-off value allows, theoretically, to pemio both the
dimerization and the inverse cleavage of the direactions. Conversely, the low polarity of
these solvents may decrease the dimerization gogield while the presence of chlorine
atoms in the solvents may enhance Ité-anti dimer formation due to ththeavy atom”

effect®?®

51



0,55
0,5
0,45
0,4

0,35

i
s 0min

: e 10 min at 365 nm

0,25 \ 30 min at 365 nm

60 min at 365 nm

Absorbance

30 min at 254 nm
0,15

0,1

0,05

250 265 280 295 310 325 340 355 370 385 400 415 430 445

nm

Figure 23.UV-Vis spectra otis-1-0in chloroform 1.610° M solutions after different irradiation times afferent
wavelength.

The dimerization process was firstly studied by MK-spectroscopy as reported in Figure
23. The intense absorption between 350 and 300eumedsed after irradiation with UV light
at 365 nm and after 30 minutes the phtostationate {PSS) was reached. Dimerization of
the coumarin moieties is characterized by loshefunsaturation and concomitant formation
of the cyclobutane moiety. Dimers could be formedthbin an intermolecular or
intramolecular fashion but considering the low @mtcation employed (10M) and the low
dimerization quantum yields for the coumarin ma&gtwe argued that the dimerization
process occurs intramolecularly between coumaagnfrents belonging to the same molecule.

The complex was consequently irradiated at 254 mprémote dimer cleavage; after 30 min
of irradiation the new collected spectrum showediféerent profile with respect to the
starting material together with a modification bétsample concentration. As expected, the
absorption at ~320 nm was increased but the relamiaxima at 292 and 280 nm were shifted
respectively to 275 and 267 nm showing that theispdormed after the photo-cleavage was
different from the starting one. In order to sheght on the observed phenomenon and to
achieve a better interpretation of the dimerizajwacess, we studied the same reaction by
'"H-NMR and*P-NMR spectroscopy.

Due to its intrinsic lower sensibility, NMR expemmts were performed on much more
concentrated samples (~ 1 mM). The chemical shithe proton and methyl bound to the
bridging cyclobutane ring could be used to undedstahich types of dimers are formed by
photo-irradiation. Typical values for the above mmmed resonances are 3.4 and 1.2-1.35
ppm for theanti-dimers, while 3.6 and 1.6-1.7 ppm are common wloleserved fosyn
dimers (Figure 24)-*
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Figure 24. Typical 1H-NMR resonances value famti (left) andsyn(right) dimers.

As long as the irradiated complex is concernedias observed that in order to achieve good
conversions into the dimerized products, long iaBdn times or strong irradiation
equipments were required. After irradiation with Uyht at 365 nm for one hour, in the same

conditions previously reported, a mixture of prausas obtained, as confirmed by fie
NMR spectrum reported in Figure 25.
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Figure 25. A) cis-1-oafter 1 hour irradiation at 365 nm in dichlorometbal;B) cis-1-obefore irradiationn
dichloromethane-d.

At the beginning of the irradiation process,cia—trans isomerization was observed as
already reported in the literature for this cla®bcomplexes?’ thetransisomer {rans-1-0)
is characterized by #P-NMR resonance at 7.48 ppni'6d®».=2561 Hz) and by the new
'H-NMR resonances for the coumarin protons. The yetihd the proton of the enone moiety
resonate respectively at 2.34 (d, J=0.9 Hz) ané @d, J=0.9 Hz) and the two detectable
aromatic coumarin protons at 6.69 (dd, J= 8.7 amtl 2z) and 6.57 (d, J=2.4 H2z),
respectively. After prolonged irradiation (16 hgurdwo different photocycloaddition
products were found in 1.6:1 ratio correspondingtwm closed species (Scheme 33)
53



respectively characterized by tf#-NMR resonances at 8.68 ppm'$3®%.=3621 Hz) for
the more abundant specieis{1-c), and 12.32 ppm {31%%.=2577 Hz) for the less abundant
speciestfans-1-c). All the coumarin aromatic protons were shiftgdield and were detected
at 7.14 ppm (d, J= 8.4 Hz), 6.71 ppm (dd, J= 8D 2240 Hz), 6.14 (d, J=2.4 Hz) fois-1-c
and at 7.06 ppm (d, J=8.70 Hz), 6.40 (dd, J=8.1d02aR0 Hz), 6.17 (d, J=2.7 Hz) forans-1-

c. As to the proton and the methyl group linkedhe tyclobutane ring, their resonances were
respectively detected at 1.67 (s) and 3.45 (s) fmprhoth products; while the former value is
typical of syncoumarin adducts the latter is typical &ti-dimers. Because of this, we were
not able to unequivocally assign a precise confijon, but from the P-Pt coupling constants
and from the analysis of the sample at differemies we understood that irradiation of the
complexes induces first eis—trans photoisomerization of the starting material whish
followed by dimerization process. After dimer foioa another trans—cis
photoisomerization process occurs Yyielding ¢leclosed Pt(ll) complex. Scheme 33 reports
the above mentioned isomerization-dimerization pss@above mentioned.
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Scheme 33Proposed photochemical behavioucisf1-o upon UV light irradiation.

Dimerization studies carried out in other chlorethtsolvents such as chloroform and 1,2-
dichloroethane revealed the same trend. The useawvé coordinating and more polar
solvents, such as dimethyl sulfoxide, allowed abi@j a dimerization mixture which is
characterized by the presence in lower amount@fabove described products in lower
amounts and by a new complex due to cycloadditietwéen the phosphines in as
geometry. The latter is characterized*l-NMR resonance at 6.48 ppmi'6}®.=3613 Hz)
and by'H-NMR resonances of the aromatic coumarin protdn&.@8 ppm (d, J=8.70 Hz),
6.82 ppm (dd, J=8.40 and 2.40 Hz), 6,17 ppm (d,AB=Biz). The resonances of proton and
methyl linked to the cyclobutane ring of this stasemer were detected at 3.66 and 1.65
ppm. The high chemical shift observed for such éhet suggested syn geometry for the
photo-irradiated complex, which is also the expgct@e for the dimerization of single
coumarin molecules in such a solvent.
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Photochemical behaviour of the Pi(ll) bis-triflatemplex

The bis-triflate Pt(ll) complexcis-2-o showed good solubility in chlorinated solventstsas
chloroform, dichloromethane and 1,2-dichloroethaPlsotoirradiation in such solvents was
studied by'H-NMR and*'P-NMR spectroscopy and by UV-Vis spectroscopy.diation of
the starting complex in chloroform with a Wood latf85 nm) revealed decreasing of the
absorption band at ~320 nm as a consequence afirtiexization reaction (Figure 26). The
PSS state was reached after 60 minutes and wasvél|by irradiation at 254 nm seeking for
dimer cleavage. The spectrum registered after 30fradiation at 254 nm (low pressure
mercury lamp 12 W) revealed also in this case diffevalues for the relative maxima which
were now detected respectively at 275 and 266 nm.
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Figure 26. UV-Vis spectra otis-2-0in chloroform 1.610° M solutions after different irradiation times afferent
wavelength.

'H-NMR and®*'P-NMR analysis revealed that long irradiation timese required to achieve
good yield in dimer formation. Indeed, only 20% wversion of the starting material was
observed after 2 hours of irradiation. The dimeiiza product was characterized loys
geometry ¢is-2-c), confirmed by the’’P-NMR resonance and coupling constant at -0.268
(F519%,=3959 Hz), while th¢H-NMR spectra reported the aromatic coumarin protan
7.18 ppm (d, J=8.4 Hz), 6.83 ppm (dd, J=8.4 andHz)}} 6.16 (d, J=2.4 Hz) and the proton
and the methyl group bound to the cyclobutane maiespectively at 1.67 and 3.46 ppm
respectively. From the latter values and from tieee®isomer expected from dimerization in
chlorinated solvents it was established that thankls were cross-linked in amti fashion.
Curiously with respect to what observed &is-2-0, the *H-NMR resonances of theis-2-c
are well resolved. Figure 27 reports fiveNMR spectra of the non-irradiated (Figure 27B)
and irradiated (Figure 27Ajis-2-0 complex. Longer irradiation times caused degradadif
the complex; indeed after one day of irradiatidie solution became yellowish and a grey
precipitate was observed.
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Figure 27.A) cis2-oafter 1 hour irradiation at 365 nm in dichlorometbal;B) cis-2-obefore irradiationn
dichloromethane-d.

We studied the irradiation process also in otherempolar solvents, such as dimethyl
sulfoxide. Also in this case the dimerization yiddacis adduct characterized ByP-NMR
resonances at -2.73 ppm'tJ®%.=3936 Hz) and by the resonances of the coumaoimaiic
protons at 7.11 ppm (d, J=8.4 Hz), 6.90 ppm (d8,4and 2.4 Hz), 6.31 ppm (d, J=2.4 Hz).
The resonances of the methyl and proton linkedhéobrridging cyclobutane ring were found
at 1.66 and 3.88 ppm, respectively, clearly indngathe formation of ayndimer. Also in
this solvent, long irradiation times are requirgdgntitative conversions was achieved in 10
hours) and an appreciable degradation of the complexabasrved. As demonstrated by the
photodimerization tests in dimethyl sulfoxide, diaion in highly polar solvents vyields
selective and quantitative dimerizationsynfashion in shorter times.

Analogously, the irradiation of the complex was fpened in methanol analyzing the
products by UV-Vis and bjH-NMR and**P-NMR. Irradiation with a UV light source at 365
nm caused a decrease of the band at ~320 nm aclimganf the PSS after just 10 minutes
(Figure 28). Photo-cleavage of the dimers, perfarimge irradiation for 30 minutes at 254 nm
yielded an increased absorption at 320 nm confgmihe reversibility of the [2+2]
photocycloaddition. Analysis of the latter spectrtenealed growth of the concentration of
the sample, increased absorption at longer waviilesngd disappearance of one of the two
relative maxima. The maximum at 276 nm was presenwhile the one at 287 nm
disappeared.

f With a Wood lamp, omnilux 25 W, irradiance at 368 10 W/nd
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Figure 28. UV-Vis spectra otis-2-0in methanol 1.610° M solutions after different irradiation times afferent
wavelength.

The 'H-NMR spectrum of the starting material was charaped by sharp signals like two
detectable coumarin aromatic protons at 6.60 ppmJd8.7 and 2.4 Hz), 6.55 ppm (d, J=2.4
Hz) while the proton and the methyl group of therem moiety was found at 6.10 ppm (bq,
J=1.2 Hz) and 2.36 ppm (d, J=1.2 Hz), respectivtlgo the signals of the ethyl spacer were
well-resolved and appeared as two multiplets a® 4dd 3.20 ppm, respectively. TH&-
NMR spectrum showed resonance at 23.16 ppta'ts.=2928Hz) which is reasonable for a
trans square planar Pt(IDis-phosphinadois-triflate complex {rans-2-0). The isomerization of
such complex could be considered as a substitugantion where two mechanisms may
occur: the associative mechanism and the disseeiatilvolysis mechanism. The former is
more frequent with 8 ML, complexes and normally is characterized by negagiwtropy of
activation and by retention of configuration; thébstitution rate is influenced by} the
nature of the leaving group) the incoming ligandii) the metal centery) thecis andtrans
ligands to the leaving grouprénseffect) %1%

The dissociative mechanism is more common with dioatively saturated 18 electron
complexes since they can more readily form a 1étrela complex rather than a 20 electron
complex. The main factors influencing the subsbttutrate are:) transition seriesji)
electronic configurationiii) steric encumbrance of the ligah®ince we did not observe
retention of configuration and since phosphineshategood leaving groups, we discarded the
associative mechanism. We suggest that whencig€-0 is solubilized in methanol,

g Incoming ligand series: BRoyridine>NH;, CI'>H,O>0H; leaving group series: NGH,O>CI>Br>1">Nj’
>CN; metal center series: ##Ni>Pd>>Pt;trans effect for a given ligand consists in its influeran the rate of
exchange of the ligand tnansposition to it. An experimental series for tnans effect is: <H,O<OH
<NHz<amines<piridines< GtBr<SCN<I'<NO, <CgHs <CH;'<phosphines<arsines<H-<olefins<CN-<CO<NO.
h Transition series:"2row> 3° row> I row; electronic configuration series>d'%>d’; the larger the Tolman
cone angle, the larger the dissociation constant.
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replacement of the weakly coordinated triflate ibgsa solvent molecule occurs leading to a
solvento species (dissociation/ solvolysis stepjerAthat, cis—trans isomerization takes
place leading to the Pt(Il) compldérans-2-o0 with the sterically hindered coumarin-based
ligands intrans geometry. The dissociation or solvolysis stepuigp®rted by the higtrans
effect of the phosphine and by the low coordinatagity of the triflate ion (good leaving
group). Scheme 34 shows the proposed mechanisthdosomerization process. A similar
isomerization process has been described for otRgil) complexes, such as
[PtX(CeHs)(PE)2] (X=Br, CI).**’

OTf oTf MeOH Me

MeOH MeOH -~ Kr ~OH

L Pt—~<aOTf ——— L Pt—~-MeOH ———> L' Pt—<MeOH —> Lo Pt—al_
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. ‘
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-

L TfO TfO HOMe
Scheme 34Proposedis—transisomerization mechanism for this-2-o.

Quantitative dimerization products were observedrdif.5 h of irradiation or less, depending
on the concentration and the irradiation equipmesded. Two productstrans-2-c;) were
detected in a ~5:1 ratio. The more abundant spstiewed &'P-NMR resonances at 26.18
ppm (3%1%.=2925 Hz) which confirms a retainddans geometry while the'H-NMR
showed the coumarin aromatic protons at 6.93 ppnd<8.7 Hz), 6.08 ppm (dd, J=8.7 and
2.4 Hz), 592 ppm (d, J=2.4 Hz) and the proton #mel methyl group bound to the
cyclobutane moiety at 1.60 and 3.52 ppm, respdygtiEhe less abundant species showed
3IP_NMR resonance at 23.94 ppm (the coupling coutdbeodetected due to low resolution)
and its distinctivetH-NMR signals were found at 6.76 ppm (d, J=8.7 H&R1 ppm (dd,
J=8.7 and 2.4 Hz) for the two detectable aromadigntarin protons, 3.80 and 1.63 ppm
respectively for the proton and the methyl grouprgbto the cyclobutane ring. Due to the
known photochemical behaviour of 4-methyl coumannmethanol and to the observed
chemical shift of the diagnostic cyclobutane protesonances, we argued that the coumarin
moieties dimerized in aynfashion. Figure 29 reports the superimposed spexdtboth the
non-irradiated (Figure 29B) and irradiated (FigR8&) complexes in methanol.
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Figure 29.A) trans-2-oafter 1.5 hour irradiation at 365 nm in methanoBjifrans-2-obefore irradiatiorin methanol-d.

Cleavage of the coumarin dimers at 254 nm in methdid not quantitatively yield back the
startingtrans complex. The mixture appeared yellowish and a grey preipitvas found,

suggesting that complex degradation occurs in sudolvent upon irradiation with low
wavelength light.

General considerations on the photodimerizationcess

From the above mentioned studies it was clear ¢fattive dimerization of the coumarin
ligand could be achieved in polar and nucleoplsititvents such as methanol. High polarity is
probably involved in positive solvation/stabilizati of the excimers formed during excitation
(8°—SY, while, the nucleophilic character of the solvarays a fundamental role in
promoting cis to trans isomerization ofcis-2-o that can undergo faster dimerization more
easily.

The shape of the NMR signals of the open and claswmuplexes deserves a separate
discussion. The signals of both this and trans complexes in their open forms appeared
broad in non-coordinating solvents such as chlormfand dichloromethane. When the
spectra are recorded in the more polar dimethyfbside the signals appear much more
resolved but still partially broad. The spectrdaxiked in the polar and nucleophilic methanol
revealed perfectly sharp signals, such as thoseded for the Pt(Il) dichloro complex. In
contrast, the NMR signals of the closed isomersewal sharp in all the solvents tested.
Figure 30 reports thtH-NMR spectra for the both the open and closads complexes in
different solvents.

' Methanol cut off wavelength is around 240 nm.
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Figure 30. A)trans-2-cs in dichloromethane-dB) trans-2-oin dichloromethane-d}) trans-2-cs in methanol-dP) trans-2-
o0 in methanol-d.

We suggest that the oxygen atoms present in thena@om moiety and in the ethyl spacer,
may act as weakly coordinating units allowing thenephosphine ligan8 to act as a P-O
chelating species. Due to the weakness of suchattien, thebis-monodentate and the
chelate species exchange with each other at ghattes comparable with the NMR time scale
and, because of this, the spectra show broad aesignals (Figure 30B). In Scheme 35 the
equilibria involved in the reversible bidentate/radantate exchange involving the coumarin
monophosphine ligands are depicted. In the preseic®re coordinating solvents, the latter
compete for the available coordination site onrtigal and this shifts the equilibria described
in Scheme 35 to the right.

2+ . 2+ 2+
£
O o]
o ) :
AN o oy
~—PPh, \/’ (“"‘;th /J>/\ /“-—gpn,. 4/ \
< ',.;'/o P— . Pt=Solv ___ /\/ — =\ O wPt= A
— o o 5 Solv-Pt=Solv o
e > \//4 P ond—/ NN \
/Q, Ph,P—— . P, hoP— J PhyP—
A N\ (o]
/P, L J ba
7’(0 7]/ [e]
o) | © B
trans-2-o

Scheme 35Possible exchange processing operating in non i@ty solvents and involving different Pt(ll) spes
comprising different ligand topicity from bis P-@ibntate up to bis P monodentate fashion.

The sharp signals observed in the closed compléxgsire 30A) are probably due to the
more rigid structure of the closed isomers for whself-coordination is prevented by steric
and geometric requirements.
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All the above observations suggest some considesatin the potential catalytic applications
of these Pt(ll) complexes. It is likely that theocdination sites available for catalysis on the
closedtrans complexes are more accessible than the corresgpmties on the opdnans
complex. Because of this a higher catalytic activof the closed complex is expected.
Competition for the coordination site on the metaiter is expected to favour coordination of
a substrate with better coordination ability widspect to the oxygens present on the ligand.
Pt(Il) complexes are soft Lewis acids and bettesrdimation is observed with soft Lewis
bases such as alkenes while oxygenated ligandeeaker ligands. As a consequence, it is
expected that the coumarin based Pt(ll) complexesldvbe more sensitive to alkene
substrates able to coordinate to the metal ceateer than to oxygenated substrates whose
coordination to Pt(ll) is in competition with seléordination by the coumarin based
phosphine ligand.
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Figure 31.Photoswitching of the Pt(Il) complex from non dimzed chelating ligands to a dimerized-ligands caxplhere
chelation of the oxygen moieties is inhibited bg thore rigid structure.

To prove this consideration we tested the openthadctlosed form of th&rans complex in
three different catalytic reactions, two with alkesubstrates like the isomerization reaction of
allylbenzene to give internal alkenes and the dimagion ofa-methyl styrene and one with a
carbonyl compound like the Diels Alder reactionvibetn 1, 3-cyclohexadiene and acrolein.
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Catalytic tests with Pt(ll) complexes

Allylbenzene isomerization

Recently Strukul and co-workers reported an efficiessomerization method for the
conversion of terminal alkenes into internal allkemeediated bymonccationic andbis-
cationic Pt(Il) specie¥?® The reaction turned out to be sensitive to thecstendrance and
bite angle provided by theis-bidentated phosphine ligand employed and this estgg that
the same reaction could evidence different cataffgatures for the open and closeans
Pt(Il) complex.

The isomerization tests were carried out on allyleme as a model substrate at 30°C,
employing chloroform as solvent and a catalyst ilogudbf 1% mol with respect to the
substrate following the progress of the reactiorG@. The isomerization yields a mixture of
Z and E-trans3-phenyl-2-propene where the more stabilens isomer is predominant
(Scheme 36).
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Scheme 3@Catalytic isomerization of allylbenzene mediated?ll) species.

In order to obtain reproducible procedures andibédi data the open and closed complexes
were prepared as followsis-2-0 was charged in a Schlenk tube and isomerizeédhtts-2-0
simply by solubilisation in methanol. Then, two afjamounts of solution were loaded in
separate vials via a microsyringe. One vial waadiated for 60 minutes with a Wood lamp to
prepare thetrans closed species and subsequently both vials weesl dmder vacuum.
Finally an allylbenzene chloroform solution was edldh equal amount to each thermostatted
vial following the progress of the reaction by diresampling the reaction mixture at given
times. The catalytic performancestodns-2-0 andtrans-2-cs were compared to thas-2-o0
and to other bistriflate complexes such as [Pt(dppe)](QTH[Pt(dppb)](OTf and
[Pt(PPR)2](OTf),. The obtained results are reported in Table 2thadkinetic profiles for the
iIsomerization reaction with open and closed complexreported in Figure 32.

Table 2. Catalytic isomerization of allylbenzene mediatedffl) species.

Complex Internal alkenes (%)?
[Pt(dppe)](OTf} 0
[Pt(dppb)](OTf 9
[Pt(PPR),](OT), 22
trans-2-o 66
trans-2-cs 80
Cis-2-0 15

Experimental conditions: [allylbenzene]®9.157 M,[Pt(Il)catalyst] =1.57 mM ; T= 30 °C; solvent chloroform (0.6 mL);
conversion determined by GC analysis. a) 24 h.

62



First of all it was observed théitans complexes showed higher activity with respect ¢hos
with cis geometry. Time course of the isomerization reacsbowed thatrans-2-o and
trans-2c; are characterized by similar activity up to 480nmivhile the closed complex
remained active for longer times even at higherssabe conversions. This divergence is
likely due to the fact that at higher conversioa thmaining terminal alkene competes with
the oxygen in the coumarin moiety in binding thetaheenter and the latter process is more
likely to occur with the open complex than the eld®ne (Figure 31).
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Figure 32.Kinetic profiles for catalytic isomerization of gibenzene mediated lisans-2-0 andtrans-2-c. Experimental
conditions: [allylbenzene]9.157 M,[Pt(Il)catalyst]= 1.57 mM ; T= 30 °C; solvent chloroform (0.6 mL)ne@rsion
determined by GC analysis.

o-methyl styrene isomerization

Subsequently the new photomodulable Pt(ll) catalygtre tested in a catalytic C-C bond
forming reaction involving alkenes. In order to mvdouble bond migratiory-methylstirene
was selected as model substrate as it providee($l37) a dimer derived by nucleophilic
attack of a freen-methyl styrene molecule on a coordinated (actd)atemethyl styrene
molecule yielding 1,1’-(4-methylpent-1-ene-2,4-flijbenzene. The latter presents a terminal
C=C double bond that can be isomerized to the 