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Abstract

Although natural systems demonstrate that simple organic features and metal ion cofactors
can combine extremely effectively to lead to efficient catalysis ok Rl DNA cleavage,
achieving similar activity with artificial systems has yet to be achieved. One motivation for
attempting this would be to create artificial nucleases, which could offer a generic
therapeutic approach to controlling gene expressionydmutire more reactive catalytic

sites than have been created to date. This thesis describeststddiedop more effective

catalysts for phosphate diester cleavage through the design of small Zn(ll) complexes.

Initially, a series of mononuclear Zn(llatalysts designed to hydrolyse simple phosphate
diesters were studied. A comparison betwieneffect of positioning sulfonamider a
primary amine in the second coordination sphere was carried othetsitonger hydrogen
bond donor did not lead toneaeffective catalyst. This was rationalised in terms of the

unfavourable ionisation state of the complex at neutral pH.

The amine functional group was then combined with a range of nucleophilic chains to
explore how effectively these two activating strédsgcan be combined. Detailed
mechanistic studies were carried out, revealing the mechanistic pathnéthe response

to inhibition by phosphate diesters and monoesters. The accelerating effects were
significant, with the cleavage of bisnitrophenyl plosphate (BNPP) 625 fold faster when

an oxime was present as a nucleophile instead of an alcohol group. The effect of
exchanging a methyl group for a secondary amine in the secondary sphere was smaller,

with a 19 fold increase in activity. Compared to thethyl substituted analogue, the
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sensitivity to the leaving group of the substrate is reduced. This increase was accompanied
by a strong tendency for the complex to dimerise, reducing the observed activity, but

provided the most reactive mononuclear compde BNPP reported to date.

Based on the observation that strongly acidic groups do not enhance the activity of these
complexes, the properties of the amino groups were modified by substitution with aromatic
rings. The hypothesis was that this would iaseethe hydrogen bonding capacity, without
creating an acidic site. This strategy was effective, and anisidine lead to a rate enhancement
of 10 fold over the parent amino substituted complex for cleavihgdPoxypropy! 4
nitrophenyl phosphate (HPNPP). Exaing the effect of different substituents on activity
revealed that electron donating substituents led to greater activity, in contrast to the

expected increase with electron withdrawing groups as observed in related complexes.

This substitution patterwas then incorporated into a dinucleating ligand, and the Zn(ll)
complex exhibited remarkable activity towards HPNPP cleavage, reducing its half life to a
few seconds at neutral pH. This represents an increase in activity of about 1000 fold over
the parenaamino substituted complex at 0.6 mM. The activity towards a nucleotide dimer
was also enhanced, but only about 3 fold. Despite the absence of a nucleophilic
functionality in the ligand, this complex also showed high activity towards BNPP. Detailed
studieson each of these activities revealed complex behaviour when pH and concentration

were varied.

Overall, the modifications introduced have led to enhanced activities for three different

types of Zn(ll) complexes, with remarkable activity for HPNPP cleavagegver, the

6



combination of these modifications has also revealed complex behaviour which has been

partly but not completely resolved.
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Chapter 1

Studiesand advance on natural and artificial

nucleases
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1.1 Introduction

DNA and RNAplay an essentiabnd central role in the biolagal world, preserving and
regulating the expression of genetic informati@onsistent with these rolesyth nucleic
acidsposses#$igh stabilityin physiological conditios. A keyfactor in thisresistance to
hydrolysis isthe stability of thephosphateester functional groups thaionnect the
nucleoside units. Aneutral pH and5 °C, the halflife of RNA is estimated to be
approximately 100 yeafsbutd ue t o t he ahlgdsoeyhgooep oo the ribdsee 2 6
ring, the stability of the DNAis much greateand estimatedas 30 000 000 years
Phosphates have several major biatagroles which are crucial for the life of an organism.

For example, they are part of the cell membrane as phospholipids and are in the skeletal
structure as calcium salts. The enerigyh phosphate anhydrides ATP and ADP are
essential to store and disgenrenergy in living cells. Often proteins regulate their activity

by becoming phosphorylated and cAMP and cGMP, working as second messengers, have
arole in cell signallindg.The wide variety of linking groups present in chemistry has raised
the question regarding Nature's widespread use of phosfhatestheimer highlighted

how conserving the mleosides' highly elaborate structures is vital for the organism
economy. The best chemistry to take it apart and reestablish the connection needs to be an
ester group that can readily go through hydrolysis and esterification. In addition, the linking
growp needs to be a strong tribasic acid capable of forming anhydrides, connecting two
molecules but still having a labile acid functionality. As theorised by Davis in %1958,
ionisation has played a fundamental role in the conservation of living organisms'
metabolites, which wouldtberwise diffuse through the cellular membranes and be lost by

dilution. The high stability of nucleic acid is due to the ability of the phosphate group to
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connect two nucleosides and maintain a negative charge. Hence, ionisation, which is
responsible foretaining the nucleic acids within the cell membrane, also reduces the
chances ohucleophilic attack by hydroxide or alkoxidkie to electrostatic repulsion,
preserving the genomic material. Although other groups, like citric acid, might have those

charateristics, the stability of a phosphate diester is far higher.

While selecting the kinetically stable phosphate group to protect the genomic information,
evolution has also had to create natural catalysts to accelerate its cleavage. Nucleases are a
classof enzymes that catalyse the cleavage of phosphodiester bonds and, for example, are
used by the organism when exogenDD$A strandsmust be destroyed or whenutations

need to be repairedror example, staphylococcal nuclease accelerdt@sckeavage by
approximately 1&-10?! fold compared to the spontaneous hydrolysis in solifti@nce

the messenger RNA has completed its function, ubl@ases catalyse the hydrolysis of

the nucleic acid to avoid further encoding and consequent excessive production of

proteinst

Understanding the mechanisms of the phosphate diester hydrolysis is crucial to explain the
huge rate accelerations involved and try to propose artificial system able to compete with

the natural catalysts.

Phosphate ester hyalysis in solution can proceed via two limiting stepwise mechanisms:
dissociative (R + An) or associative (A+ Dn).” The difference between the two pathways
depends on the timing of the nucleophilic attack; if the leaving group departs before the
nucleophile's attac&n the phosphorus, generating a metaphosphkgeintermediate, the
reaction progresses via a dissociative mechanism. On the other hand, a pentavalent

phosphorane is formedhen the attack precedes theCPbond cleavage, typical of an
15



associative mechanism. Beden these two limiting cases, the reaction's mechanism can
also be concertedA(Dn) with a single transition state due to synchronous formation and
break of the two PO bonds. ThénDn pathway is still an associative mechanism, but the
character of the transition state varies and, for example, can be described as more or less
dissociatve according to a smaller or higher degree of bonding to the nucleophile and
leaving group, respectively. TheKp of the leaving group can strongly influence the
transition state of the mechanism, and the cleavage of phosphate esters with good leaving

groyps (lower fKa) has been shown to proceed by a more dissociative pathway.

_ _% _ _ -3
I T
HO_'"/'PK"C_)RLG HO_—/P\—ORLG
O/ OR @) OR
dissociative associative

Figure 1.1 Structure of the possible transition state for the phosphoryl transfer reaction of plesidsters

Experimental and computational studies carried out by Kamerlin, Williams and Warshel
on dineopentyl phosphate offered ardepth description of the mechanistic nature of the
cleavage reaction across the whole pH staBiven the high Ka of its leaving group,
dineopentyl phosphate was chosen as a model for DNA. The pH dependence of the
observed rate constant measured at 2Z50for hydrolysis Graph 1.} shows three
distinctive regions. Below pH 6, the acid catalysed reaction procee#gsmtea attacking

the neutral phosphate, and either a stepwise associative or concerted mechanism is
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plausible. The phosphorane intermediate ofARet Dy pathway is compact, withi®

distances of 1.7 and 2.0 A for the leaving group and nucleophile, reshect

/s)

obs

log (K

0 2 4 6 8 10 12 14
pH (25°C)

Graph1.1 pH profile of rate for the hydrolysis of dineopentyl phosphate aP@5@H measured at 2%C)°

The first transfer of a proton from the attacking water to the phosphorane is followed by its
migration to the leaving group, which departs via a second stepANDg pathway is

more expanded than the associative one and is rather dissociative with the bond cleavage
advanced over bond formation. In the-ptdependent region between pH 6 and 13, the
reaction might progress through an attack of the water moleculedartised phosphate

or via a first preequilibrium proton transfer from the water to the phosphate, followed by

hydroxide attack$chemel.l).

Schemd..1 Proton transfer equilibrium
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For water attacking the ionised phosphate, the reaction followsyah Dy pathway
through a first compact transition state with an energetic barrier of 50 kcal/moli The P
bond is formed simultaneously with the proton transfer from water to a phosphate oxygen.
Similarly to the acid catalysed reaction, the transferretioprmigrates to the departing
leaving group in the second step, yielding alcohol and mnamieed phosphate as the
products. It is experimentally impossible to prove if the proton transfer happens
concomitantly with the attack by the water molecule oceeas stepwise. However, by
mapping the free energy surface of hydroxide and water attack on the respective neutral
and ionised phosphate, the authors observed lower free energy and a more viable
mechanism for the system involving the attacking hydroXitie.reaction is base catalysed
above pH 13, involving the hydroxide attacking the ionised phosgiatproton transfer

is involved in the mechanism, and both the nucleophile and the leaving group are ionised

with the reactiorproposed to happen througlsymchronou®\nDn mechanism.

Regarding the hydrolysis of RNA, as schematically represent8dhermel.2 for UpU,

the mechanism consists of first intramolecular tratesdication, which results from the
nucleophilic attack 2'0OH on the phosphate group, and the following hydrolysis of the cyclic
phosphate. Studies byshnberg and coworkefs investigating RNA hydrolysis by using
dinucleotides, revealed that the reaction depends on the solution pH and is subject to

general acid/base catalysis.
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Schemd..2 General mechanism for the hydrolysis of RNA

In addition to the hydrolysis of the phosphate, the experimental conditions (pH < 7) can
bring about i s-Bme frSRdmadeadtide.nt hds beemprofoded that both

the reactions might happen when the pentacoordinate phosphorane is formed, and the
particular condition determines the advance of one or the other pathway. This is supported
by the similar pH profile at pH < 3 of thevo acidcatalysed reactions, which suggests that

the product of hydrolysis and isomerisation are formed from the same intermediate. While
the isomerisation is pH independaiiove pH 3, the hydrolysis is still acid catalysed and,
due to this differenceghe former dominates the latter. In this region, similar to what was
reported for DNA, two indistinguishable mechanisms were proposed to form the
phosphorane: the attack of the hydroxyl group on a monoanionic phosphate followed by
proton transfer or thetatck of the alkoxy to a neutral phosphate diester. The overall process
described irschemel.3 refers to the pH independent isomerisation and the acid catalysed

and pH ndependent hydrolysis of the dinucleotide.
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Schemd..3 Mechanism of the pH independent isomerisation and hydrolysis of UpU

In the pH range from 4 to 7, the phosphorane intermediate is stable enough to allow pseudo
rotation and enhance phosphate migration. Above pH 7, where the base catalysed
hydrolysis takes over, cyclisation happens by an alkoxide attack on the phosphanous wi
the consequent departure of the ionised leaving group. In alkaline conditions, isomerisation
does not happen. The lack of isomerisation was proposed to be due to the transient nature
of the dianionic phosphorane, formed in alkaline conditions, beingnstable to allow
phosphate migration. At higher pH, both the negatively charged oxygen atoms of the
unstable phosphorane occupy equatorial positions, which might explain the absence of
pseudo rotation that leads to the isomerisation. However, more retehés have

demonstrated that the mechanism of alkaline cleavage involves two steps with the
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formation of the dianionic intermediatén particular, Williams and coworkers, reporting

the rate of the hydroxide catalysed reaction over Kgopthe leaving group, observed a
convex break ati of 12.58, indicating a change in the rate limiting step of the reaction.
Although this confirmed the presence of an intermediate, the absence of isomerisation
might be caused by the low stability of thder. The two slopes of the @rsted plot reveal

two b.c for the aryl and alkyl leaving groups €3.52 and-1.34, respectively. Therefore,

with leaving groups Iga higher than 12.58, as is the case for RNA, the rate limiting step is

the departure of thieaving group.

Regarding the catalysis delivered by natural or artificial enzymes, interest is focused on
phosphate hydrolysis at neutral or mild alkaline pH. The reported analysis on DNA and
RNA hydrolysis shows that the mechanism is more associatae dissociative at
physiological conditions. Both the RNA and DNA hydrolysis have been proposed to
proceed by a stepwise process, with phosphorane formation being a rate limiting step that
would benefit from nucleophile activation. In addition, with deadt8d substrates as the
nucleic acids, the stabilisation of the leaving group is essential. This is key information to
explain the behaviour of enzymes and propose artificial systems design to satisfy the
requirement of the catalysed reaction. Modulatihg tocal interactions around the
phosphate by introducing functional groups and metal ion cofactors can accelerate its

hydrolysis, as observed in natural systems.

Detailed aspects of the nature of the phosphinayisfer displacement step in enzymes
were summarised by Kreba al..'° As shown inFigure 1.1, thereis a difference in the
negative charge distribution between the two possible intermediates of an associative or
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dissociative mechanism. An increase relative to treuryd state is observed for the
equatorial oxygen atoms in the pentacoordinate phosphorane, and a reduction in the
corresponding positions in the metaphosphate intermediate. The provision of positively
charged amino acids and metal iamshe active sitestabilises theegative charge on the
oxygen atoms, and this electrostatic interaction may be more effective when an associative
mechanism is involved. On the other hand, for a dissociative mechanism, the enzyme's
microenvironment would stabilise the phbepyl oxygen of the substrate in the ground
state more than those of the metaphosphate intermed@tever, it cannot be excluded

that those elements might enhance the reaction by stabilising the metaphbkphate
intermediate. For example, in the aetisite, the positive charge of metal ions is often

reduced by coordination with carboxylate groups, and their ability to stabilise a

pentacoordinate phosphorane might be reduced.

Whether Mg(ll) or Zn(ll) ions have a functional and structural role or iaeetty involved
in catalysis, it is now well known that many enzymes and ribozymes' activity depends on
their presene. Figure 1.2 summarises how metal ions coordinating to the substrate and

nucleophile can favour the formation of the phosphorane intermediate and the departure of

the leaving group.

rRo. OR rRo. R RO. ro. °R RO. A
_/P\\ _/P\\O ) \6 —/P\\O —/P\OR
o O 0 \ R..O el y o
= 2+ Epn . \:2+ - Z o
M Mo, = M MZ M, - H
OH ‘OH H %
H
a b c d e

Figure 1.2 Possible direct and indirect activation mode provided by the metal ion
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As summarised by Williamet al,!! metal ions can provide threfirect (a, b and c) and
three indirect activation modes (d, e and electrostatic stabilisation). The metal ions can
enhance the electrophilicity of the phosphate group by Lewis acid activation (a), can
prepare the aqueous or alcoholic nucleophile for latbggcdeprotonation (b) and stabilise

the leaving group (c). In addition, the interaction of the ions with the outer sphere
participants might also facilitate the reaction. Intramolecular general base catalysis can be
favoured by the coordinated hydroxidéjile the binding of a water molecule to the metal

ion might provide a proton donor and lead to general acid catalysis. The presence of
positively charged ions can also influence the mechanism by electrostatic effects, favouring
deprotonation and protonatnsfer. When enzymes use two or three ions, the speculation
about their mode of action is elaborate, and more than one interaction influences the
catalysisFigure1.3 shows examples of the synchronous activation provided by two metal

ions on the substrate, nucleophile and leaving group.

R.
2\\\‘0\6 LOR RO\P/Q’R—\— RO, //O,,_N -
M\//, _/P _ \ OH G g
/,O \\AO__\_ 9 \O é RLGQ \(:) OH
iR M M YENVE
f g h

Figure 1.3 Possible synchronous activation modesvirled by twanetal ion

1.2 How do enzymes catalyse the phosphate diester cleav&ge

Regarding phosphorgtansfer reactions, the functional groups directly involved in ligating

metal ions are limited to sulfide, imidazole and carboxylate, which the enzyionsde
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through cysteine, histidine, and aspartic or glutamic acids resichgggectively Figure

1.4).12 In particular, he imidazole and carboxylate ligandave apredisposition of the
oxygen and nitrogen atoms groupatare not protonated at physiological conditions and
free to coordinate the metal ionss proposed by Sigeit al,'® the abundance in proteins

of these two ligands is due to their synergistic effect: taecepting properties pyridine-

like ligands would increase the metal ion charge, deng the binding of negative
charged oxygend.he coordinating amino acid ligands play a significant part in modulating
the Lewis acidity of divalent ions to generate a reactive rbetadl hydraide without
further decreasing its nucleophiliciffhe heterocycle nitrogen site might also enhance the
substrate and nucleophiles' oxygen binding to the metal ions, positively influencing the

catalysist*

O+ _OH
HN—\+ 0
SH ~ NH

OH
OH OH OH
H,N H,N OH H,N H,N
o} o} 0

(6]

L-Cysteine L-Histidine L-Glutamic acid L-Aspartic acid

OH

OH OH
OH OH OH
H2N/EH/ H2NIH/ H2N
)

0] @)

L-Serine L-Threonine L-Tyrosine

Figure 1.4 .-Amino acidsnvolved in the catalysis

Cysteine and histidine, together with serine, threonine and tyrosine, can also be involved
in the catalytic process, acting as nucleophiles and leading to a phosphoenzyme

intermediate Figure1.4).1°
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A relevant example is the-3' exonuclease activity site of the DNA polymerade To
correct errors occurring during DNA replication, the enzyme, which mainly catalyses the
transfer of nucleotides to the 3' end of tempfaimer DNA, has hydrolytic activity in a
different domain. These different portions of the enzyme function independently and have
separate binding sites for DNA, which allow the separate study of each unit.-he 3'
exonuclease portion requires the preseof divalent metal ion and proceeds via a single
step, proved by inversion of stereochemistry. The cleavage of a-singheled substrate
yields a deoxynucleoside-Bionophosphate and 3' hydroxyl DNA segments. The-high
resolution Xray crystal structe of a complex of the Klenow fragment Bf coli (the
portion of the enzyme which consists of both the polymerase &'eé:8)nuclease activity)

with dTMP and a complex of the Klenow fragment variant (D424A) with a stghended

DNA sequence provided tiled information regarding the enzyme's interaction with both
the product (FP) and the substrate in the active site§E® The studyreveals that the two

metal ions largely engage in aspartic and glutamic acid ligation.
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Figure 1.5 Proposed coordination site of the metal ions of th& &xonuclease, from referefte

As reported in the proposed mechanism by Beese and $lgite€1.5), while meal ion

A coordinates with Asp355, GIlu357, Asp 501, one phosphate oxygen and a hydroxide
molecule, metal ion B is involved in the coordination with the bridging carboxylate of Asp
355, two of the phosphate oxygen and other three water molecules. Intgyestuen
though the phosphorous group is still watisitioned and activated by metal ion A (which
seems to have a more structural function), the absence of metal ion B results in a five order
of magnitude activity loss. Although there is scepticismndigg the binding and catalytic
relevance of one of the two metal ions, from thea} crystallography and the enzyme
kinetic data, it has been suggested that their presence might stabilise the -trigonal
bipyramidal phosphorous intermediate while enhancéodvent nucleophilicity and
assisting t h e -hydeowmyb of athe shortened DNA fr@&gent (effect

summarised ifrigure1.3 ).
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1.3 Artificial endonucleases

Sincethe discovery of the first restriction enzyme in 1978ubstantial effosthave been

put into studyingnatural systems andevelopingartificial enzymes that could enhance
efficiently and selectivgl the cleavage ofiucleic acids® This interest is pushed by the
wide potential applications such studies might provide in genome editing. For example, i
molecular biology laboratories, employing artificial restriction enzymesld help
sequence genags, introduce specific nucleotidic patterns into a target desitded
filament, and modulate gene expressivAll theseoperationswhich involvecutting the

DNA at sites not recognised by curdgntientified natural enzymesnightalso be useful

in medicine for gene therapy to replace a defective gene with a normal allele at the correct

chromosomal locatioff

In addition, gnthetic hydrolases could be useful to determine thireedimensional
structure ofDNA, such as ZDNA, supercoiled circles or three and featranded DNA
molecules. Suchnformaion is usually gained from NMR and-MKy crystallography.
However, laborious analysis of NMR spectra are required and obtaXinag-quality
crystalsis often hard to achieve. Instead;aalyst could be desigdto recognise specific
conformations se@nces, suchas singlestranded regions or leftanded helices, cleave

them and producan equivalentesult?!

Moreover,studying artificial enzymes expands and improwasknowledge about how
biological systems workFor example by understanding the catalytic mechanisms of
smaller and easier systemt has been possible to discover more about the enzymes' mode

of action and the role played by metal idhs.
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1.3.1 The development ofartificial restriction enzymes in molecular biology

As reviewedby Adli,>® the first breakthrough in gene editing was understanding the
advantages of the inducement of a dotgitand break (DSB) into a DNA targsite.

Causing the break would determine an increase in the frequency of the gene integration of
several orders of magnitude. Meganucleases, a subclass of endonucleases that recognise
sequences of 140 base pairs (bp) of DNA, were first used to introcuBsB2* However,

one of the limits of this approach is related to the high selectivityeoétizymes. Each of

them would target only a specific DNA fragment, and applying this strategy to different

loci would have been hard to achieve. In addition, meganucleases repair most of the
induced DSBs through an ersprone mechanism called ntwomologais end joining

(NHEJ), which could create defects and randomly introduce or delete small DNA pieces.
Theseproblens wereovercome with the discovery and engineering of zinc fingers. Zinc
fingers are small protein motifs that bind selectively small DNA BMNA units and

mediate proteirprotein interactiort®> The most common Cyslis; zinc finger unit, first
identified in theTranscription factor IlIA consists of a sequence of approximately 30
amino acids, which fold in the presence of Zn(ll) to forma-swor anded anti par a

she¢ s a n-belixtddmain Eigurel.6).
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Figure 1.6 a) schematic representation of the coordination site of theHIsssZinc fingers; b) generic amino acid
sequence of one CGydisz Zinc finger domain; in blue the conserved residues. In bold are the cysteine and hi
residues involved in the Zn(ll) complexation

Despite the huge number of binding motifscoveredover 15 000)and the few conserved
residues in therff the Zn(ll) ion always coordinates to Cys and His residues, and the lack
of the metal ion leads to unfolding; on the other hand, the substitution of cysteine or
histidine leads to the loss of function.ele proteins, interacting with DNA by inserting an
U-helix into the major groove of the double helix, recognise specific triplet of base pairs
and can be fused to create a highly engineered and programmabkbiBtdg protein.
Chandrasegaran and cowokeconjugating a multiple fingers complex with the DNA
cleavage domain of the restriction endonuclease Fok I, showed an interesting example of a
hybrid enzymeé&’ Endonuclease Fok | is a member of bipartite restriction enzymes, which
have two linked distict domains: the @erminal stored the nespecific DNA-cleavage
activity and the Nlerminal the DNAbinding?® Through its recognition domain positioned

in themajor groove of the DNA Borm, the protein strongly interacts with the nucleotides

by multiple hydrogen bonds. The cleavage domain is not specific, and even though it exists
as a monomer, it breaks both the substrate strands. Its activity strongly siepetveb

aspartic acids and a lysine residfiand its position seems to be regulated by Mg(ll) ions.
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As reported in Agarwal and coworkers' study on therd§ structures of Fok* the
domain stands next to the recognition portion, which prevents unnecessary breaks caused

by the interaction of the upscific cleavage site with the nucleic acid.

Interestingly, the metal ions have an important structural role, and their presence might be
responsible for the enzyme activation, facilitating rotation around the linker and positioning
the active domain irhe major groove. Removing the recognition site and delegating the
substrate binding to the zinc fingers complex allowed the creation of a highly efficient
chimeric restriction enzyme. The test of the novel protein with-Ki8 &DNA vyielded a
specific andcomplete cleavage of the substrate producing primary two fragmenish(5,5

and 43kb).2” In contrast with the previous example, after the cleavage of detrialed

DNA, Fok | leads to sealled homologydirected repair (HDR), determining the
incorporatiorwithout defects of specific sequences provided by the donor temptie.
conjugation of Fok | with transcription activatike (TAL) effectors was a similar
successful approach. TAL effectors are key viragefactors of Xanthomonas, a gene of
proteobacteria that causes severe disease in ptaBt mimicking the eukaryotic
transcription factors, these effectors, binding the double strand, mediate gene induction and
lead to changes in the development of the plant. In each of them, the domain which controls
the recognition consists of a variable number38f35 highly conserved amino acids

repeats, each capable of binding a single nucleotide.

Similarly to zinc fingers, the combination of the more versatile TAL effectors was used to
design the recognition portion of the artificial endonucleases family calkddENSs.
Although highly efficient, zinc fingers and TAL nucleases required substantial work in
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developing and engineering an artificial enzyme exclusively for a specific substrate

sequencé?®

A completely different and revolutionary strategy was instead achieved by using CRISPR.
The Cluster Regulatory Interspaced Short Palindromic Repeats is an adaptive immune
system that bacteria and archaea askefend themselves against viral and plasmid cellular
invaders?® In prokaryotes, CRISPR immunity can be divided into two distinct phases, as
summarised irFigure 1.7.3* When the bacteria or archaea first enter in contact with the
exogenous DNA, short portions of the latter are incorporated inside the CRISPR locus in
the so called spacers, each separated by repeat sequences. The pie RRFS (pre
crRNA), a long RNA molecule with sequences homologous to the past invaders, is then
transcripted by the cell from the spacers/repeats locus. At the same time, the trans
activating CRISPR RNA (tracrRNA), a second RNA fragment complementaryeto th
repetitive regions, is also created from the CRISPR locus. WhanmRINA is loaded into

the Cas protein, it forms a doukdranded RNA with tracrRNA fragments on the repeat
sequences. At this stage, the RNaselll, a restriction enzyme that cuts stoaibtked RNA,
cleaves the long prerRNA filament at the end of each RNA complex determining the

formation of multiple ribonucleoproteins (end of PhaseRigurel.7).
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Figure 1.7 Schemes of the two phases of the CRISBS immunity in bacteria and archaea based on refefénc
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The following phase concerns the organism's defence against the second invasion. Once
the invading nucleic acid +enters the cell, it is cleaved by the ribonucletgirodue to the
interaction with the complementary RNA. However, the formation of the DNA:crRNA
hybrid (R loop) is mediated by Cas9, which recognise a specific sequence of the exogenous
genome calle®roto-spacer adjacent motif (PAMscoloured in green ifigurel.7). This

unit can vary from protein to protein, and the most 8egdyogene€as 9 bi nds t o
NGG-3' PAM (with N being a generic nucleotide). The inte@tf two arginine residues

of S. pyogene€as9 with the guanine nucleobases is critical to facilitate the DNA strand
unwinding and the formation of the R ladpEventually, the cut happens by the action of
either one or two cleaving domains of Cas9 that nick the complementary (HNH domain)
and not complementary (Ruv&e domain) DNA strand of the crRNA. Although Cas9

can repair the DSB by a ndtomologous engbining process, in the presence of a nearby
DNA template with homology to the region of the DSB, the integration of a fragment can

also be achieved by a homolediyected mechanism.

The process described above shows how CRIGB$D is an extremely flexible tool that

can potentially generate any specific mutations as long as the target gene is known and its
sequence has the specific PAM recognised by the proteinir§hstép of gene editing in
eukaryotic cells is the design of the RNA strand corresponding to the target genomic region.
Although offtarget modification can often be reduced by choosingrmu2®otides region
adjacent to the PAM site, unselective muas can happen and cannot completely be
avoided®® Cas9 and both the tracrRNA and crRNA, often combined in a longer sequence
called signRNA, are introduced either expressed as DNA, RNA or RNA/protein complex

together with a single or doub$tranded DNA sequence used a@sraplate for the editing.
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CRISPR's high performance, recognised with the 2020 Nobel pieeimistry, has made
these systems excellent tools for even more elaborate genome editing applications and has
renewed the scientific community's attention on iaieif and natural endonucleasés.
However, offtarget modifications that alter the experimental result are not completely
understood and are still under investigafi®Aiming to define the mechanism of non
target DNA cleavagesubstantial effort has been dedicated to studying the catalytic nature
of the Cas protein, particularly the role of the metal ions and the other participants in the
RuvC and NHN domain¥ For example, as Wang and coworkers repottede activity

of the Casl12i2's RuvC domain (the only DNase catalytic portion of the protein) strictly
depends on the presence of two metal ions and specific amino acid residuagposegr

in their work, the two Mg(ll) ions, while ligated by two aspartic acids (Asp 599 and Asp
1019) and one glutamic acid (Glu 833), coordinate to the scissile phosphate group's
oxygens.Figure 1.8 shows a magnified view of the Mg (ll) ions site and highlight the
coordination of one of the two ions (A) to a water molecule positioned at 3.9 A from the

phosphate (evidence that suggests potential activation for nucleattatk).

Figure 1.8 Active coordination site of RuVC domain of Cas®2i@ a ternary complex with crRNA and DA
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Mechanistic insights can also be achieved by employing smaller systems that mimic the
protan activity. Since the discovery of hydrolases, metal ion complexes have been used as
promising models to elucidate the mechanism of phosphate hydrolysis, trying to offer a
complete picture of enzymatic cataly$idn addition, fully synthetic catalysts, able to
cleave phosphodiester bonds, could potentially compete with the current molecular biology
tools and offer a valuable alternative. Although metal ions complexes have not
accomplished comparable acmtions to those of natural systems, their activity can
potentially be improved by providing appropriate functional groups. Furthermore, given
their rather smaller dimensions than engineered enzymes, the design, development and

optimisation of syntheticatalysts can be achieved more rapidly and efficiently.

1.3.2 Chemistry Approach

Following a similar approach to Zn fingers and TALE nucleases, chemists have developed
artificial hydrolases in which the recognition and catalytic functionalities are conferred to
two different moietiesZuckermann and Schultz were the first to apply this strategy in their
hybrid RNase€®4° Delegating the recognition activity to a singeanded DNA sequence

and thecleavag functionality to the staphylococcal RNase A (unable to cleave the
deoxyribonucleic acid) Higure 1.9), they showed the potential to control and \dli

enzymatic activity selectively.
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TTCGCGGTGGTGGC

Figure 1.9; Hybrid oligonucleotideRNase Arom referenceé®

The sepeation of the two domains represents a huge advantage that has opened the
possibility of designing and optimising fully artificial systems in which the activity is

delegated to metal ions complexes.

The first example of synthetic nucleases, published 84 1% Sampath and coworkers,
consists of a I-er DNA oligonucleotide attached to a terpyridine ligand & &f an

internal uracil residueFigure 1.10).4*

11

Figure 1.10; The first synthetic functional mima¢ anuclease usetb cleave the target RNA
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The target, 159ner RNA sequence derivdtbm the gagmRNA of HIV, is sequence
specifically cleaved at pH 7.5. As this work suggests, the position of the conjugation site
in the oligonucleotide segnee could have an important effect on the activity of the
catalyst. If the catalytic moiety is placed in one of the two extremities of the recognition
domain, the cleaved RNA fragment, which mostly maintains its length, can still bind to the
catalyst's DNAstrand. To avoid losing catalytic turnover and enhance the release of the
artificial enzyme, it is important to locate the scission point within the FN¥ duplex
region.This is becausde binding constaritetween the oligomer and the target is strpngl
length-dependent, and two shorter RNA fragments can be removed more easily than a
longer one. In addition, placing the catalytic head group at the end of the sequence leads to

more flexibility and makes the cleaving site hard to control and pré&dict.

In the last two decades, Strémberg and coworkers have created a series of artificial
nucleases that use this strategy by conjugating different catalytic groups with modified
oligonucleotide sequencés.For example, positioning the catalytically active Zn(ll)
complex of 2,9dimethylphenanthrolia in different sequence regions and using different
likers between the head group and the recognition moiety leads them to achieve efficient

and selective cleavagEigurel.11).
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1-2 1-3

Structure of the artificial ribonuclease/target RNA complexes:

5-UCUC G GU-A,-GCUC-3 N denotes 2'-OMe nucleotide residue
' X=1-2a and 1-3
3" - AnGnANGChCAm - X - GLARGH- Y Y = 1-2b

Figure 1.11; Schematic representation of thigonucleotidebased artificial nucleases studied Rgpger Strémberg
and coworkerg?

They tested each artificial enzyme candidate with different targets, whose interadtfions
the modified sequence by Wats@nick base pairing would create different size bulges.
No cleavage was detected whdhthe bases were paired. At pH 7.4 and°g€7 1-2a
(oligonucleotidebased artificial nucleas€&jgure1.11) showed the best results, achieving
higher selectivity for 3and 4 adenosine bulges witpsof 1.4+ 0.02 x 1° stand 1.7+

0.04 x 1 s, respectively(substrate and artificial enzyme are equimolar and equal to 4
UM). In the same conditions, tleborter linker used if-3 reduced its activity toward the
cleavage of larger bulges while enhancing the reaction for -tingcl2otide AA bulge,
showing akobs Of 7.5+ 0.02 x 1¢° s. By placing the catalytic head group in the 5' end of
the recognitiordomain, limited reactivity with every bulge was observedlf@b. The

greater length (including the extra unpaired nucleotide) and the consequent flexibility might
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be responsible for the lower rates observed. However, due to its spatial proximity to the

larger bulgesl-2b showed selectivity toward those.

The promising but limited acceleration providedlbahas been recently exceeded by the

Zn(I) dependent PN/ased artificial ribonucleade4 shown inFigure1.12. 44

1-4

Structure of the PNAzyme / target RNA complex:

5-AGA-GUU - C G-CccCc-3'
Q 0
MLys-TCT-CAA-G- X -T-GGG -NHA 1-4a
H,N
A4
5. AGA-GUU-C " G-CCC-3
1-4b

O (0]
MLys-TCT-CAA-G- X -T-GGG .NH—<
H,N

Figure 1.12 Structure of the Zn(Il) dependent peptide nucleic-aeided artificial ribonuclease (PNAzy)ffe

Although previous PNAzymes had already demonstrated highséteficity, reducing the
half-life time of RNA substrate to 280 min, their reactivity was extremely dependent on
the presence of Cu(ll) ions, which is problemdictherapeutic applicatiorfS.At pH 7

and 37°C, 1-4 enhanced the cleavage of the RNA target witiudleotide AAAA (1-4a)
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and 3nucleotide AAA (-4b) bulges, reducing their hdife time to 3 and 1 hour,
respectively. It is suggested by the authors that the diméipytidophenazine's increased
rigidity and its interaction with the target can result in agnganisation of the RNA bulge,
which migh favour the cleavage and help to better position the metal ion for the catalysis.
When the bulge residues were changetidi (AUG, GUA or UUA), a substrate halife

time of 16 min were measured, making this system the most active among Cu(ll) and

Zn(ll)-dependent PNAzymes to date.

These conjugates are just a few examples of the large class of synthetic nucleases
proposed® Even though promising results have been achieved, the efficiency of these
systems is still insufficient for most of the potential applications, especiallparath with

the activity reached by natural enzym@gtimising the structure of the artificial enzyme,
exploring the different combinations of moieties and studying the effect of different links
between them are present and future challenges. Among #utsesf the catalytic portion

plays a crucial and essential role. Many investigations have been done to increase metal ion
complexes' activity by designing the ligand scaffolds and providing appropriate functional

groups?’

1.3.3 Models

RNA and DNA model molecules have been intensively used as substrates to first screen
among complexes. The cleavage of phosphodiester molecules with chromophore leaving
groups is easy tmonitor and can provide a quick measure of catalysts' performance. As

summarised irFigure 1.13, 4-nitrophenolate, whose appearance can be followed at 400
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nm, is oftenthe leaving group used in the commercially available or synthesised artificial

substrates.
O,N ~ NO, O2N _
:P: /P\
0 0 0 O/Y
OH
BNPP HPNPP
02N _ N02 _ NOZ
O\\ /O O\\ /O/©/
/P\ '
0" o ~oPo
NO, NO,
BDNPP MNPP

NH,
HO N~ 0 HO N™ N
7 :o: :o:

O _OH 0,0
0=P-0 (—)/P\\
©
NO,
UpNP 2'3' c-AMP

Figure 1.13 Structure of artificial substrate used a DNBNPP,BDNPP and MNPFRand RNA HPNPP, UpNP and
2 6 , -BAMP) nsodel molecules

Given its lowpKa of 7.158 4-nitrophenolate isan excellent leaving group, especially
compared to those of the natural targetsa(@ 3'OH in DNA and RNAestimated to be
approximately 14.3 and 13 @spectivel§®). Although he most commonly used substsate
bis 4-nitrophenyl phosphate (BNPP) andhgdroxypropyl 4-nitrophenyl phosphate
(HPNPP) are relatively stable to hydrolysis, their Higdftimes at 23°C and neutral pH of
approximately 108-°'and 22years (value extrapolated fraeference?), respectively, are

quite lower than those of the natural targets. For this reason, often complexes have been
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tested toward the cleavage of phosphates with worse leaving groups (like phenol or methyl)
to replicate better the reaction catalysed by enzyifies.higher stability of the nucleic

acids depends on different aspects, which are related to the stable phosphate group itself
and their overall macrostructures. Therefore, a direct comparison between the biopolymer
and their models cannot be drawn, lhgre are differences in the reaction participants. To
start, the presence of a better leaving group makes BNPP and HPNPP less stable to cleavage
compared to their natural counterparts. For RNA, this is partially balanced by the different
reactivity of then uc | e o p h i-hydeoxyl grobpe res@dt® more constrained and
predisposed to attlcthe phosphorus than the more flexiblenyiroxypropyl of the
HPNPP. Furthermore, proof of the different reactivity is also shown by the highealpe

of the model nueophile>3

In addition, dinucleotidescyclic monosphosphata small oligonucleotides strands have

been tested to evaluate cleavage selectivity.

1.3.4 Design of the catalytic head group

Among the first active catalysts employed for hydrolysing phosphate diesterstGhin
proposed a series of Co(lll) complexes, whose reactivity was extremely dependent on the
ligand structuré* The complexes of the tetramine ligands showRigure1.14 were first

studied toward the hydrolysis of BNPP.
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/\ H,N

[NH HN] <:NH HN:> j H2N/j

N N~ NH
NH HN NH HN ﬁ f 2
oo NH, NH, L

NH,

Figure 1.14 Structure of ligands studied as metal ion complexes

At pH 7.0 and 50C, the secon@rder rate constants for the hydrolysis of BNPP catalysed
by the Co(lll) complges of1-5, 1-7 and1-8 were 4.38 x 16 M1s? 8.14 x 1 M1 s?

and 2.9V s, respectively. The authors proposed that substrate cleavage is caused by the
intramoleculailike nucleophilic attack of metal lad hydroxide. Surprisingly, the 300

fold difference betweei+8 and1-7, which was not ascribed to a different substrate binding
constant, revealed that the complertsinsic reactivity depends on the ligand's tetramine
scaffold. Although the Co(lll) coplexes were the most reactive catalysts, accelerating the
background reaction by 1A fold at neutral pH, rather small enhancements were
observed when the metal ion was replaced by the more biocompatible Zn(ll) ion. Rimura
and Troglet® showed that the complexation bf7 and1-5 to Zn(ll) ions caused a rather
small enhancement over the background reactionah@ 46fold, respectively. A 15old
difference in reactivity was observed whdrsfZn(Il)] was compared with the tridentate
[1-9:Zn(Il)], which provided a 55@old acceleration over the background reaction. The
lower rate constants for the Zn(Il) complexes of the tetradentate ligandstvitasted to

the occupation of more of the ion binding sites, which would inhibit substrate coordination.
In addition, the complexes' reactivity has been proposed to depend on the ability of the

metal ion to deprotonate the bonded water molecule andateihe nucleophilic attack
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on the phosphorous. As reviewed by Mancin and Tetittamplexes of tridentate ligands
1-9 and 1-10 show lower K. values and so are more reactive at neutral pH due to the

presence of a greater proportion of their active species.

1-9 1-10
) 0\
NH H NH HN

) G

Figure 1.15 Structures of tridentate ligands

By comparing thel-6 and1-7, Tonellato and coworkers also highlighted how the ligand
structure impacts the complex reactivibyAlthough both tetradentate ligands bind the
metal ion and have similaKgs for their coordinated water molecules (9.87 and 9.8 for the
branched and cydiligand, respectively),1F7:Cu(ll)] is 3-fold less reactive thanli
6:Cu(ll)]. The difference could be assigned to the trigonal bipyramidal geometry assumed
by 1-7, further reducing the space for substrate binding compared to the facial coordination

modeof 1-6.

Alternative pyridytbased ligands were first proposed by Morrdix1{)°° and Bashkin1-
12)%° to avoid the occupation of too many of the coordination sites of divalent metal ions

(Figurel.16).
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Figure 1.16 Structure of pyridybased complexg061

At 75°C and pH 6.5,1-11:Cu(Il)] (1 mM) leads to a 200fpld enhancement of BNPP
hydrolysis compared to the background reaction. Interestingly, greater reactivity was
observed after the ligand scaffold is substituted with ammonium gféugthough the
mixture ethanol:water (19:1) needed to dissolve the complexes affects the c&tafyses

Cu(ll) complexes ofi-13a and1-13b were 2900 and 2.6 times more reactive than that of
1-11. As described by the authors, thaatvity of [1-13a:Cu(ll)] decreases more than-10

fold when the water content reaches 15%, which is ascribed to complex dissociation and
competition from water in solvating the phosphate and the ammonium sites, inhibiting the
hydrogen bond interactions leten the groups. When comparing the Cu (ll) complekes
1-12 and 1-14 toward the hydrolysis of HPNPP, an interesting insight into the catalytic
mechanism was proposed by Shangéiaal®® Although the tertiary amines add a modest

enhancement to ¢hobserved rate constant (@ofd compared toJ-12:Cu(ll)]), the pH
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profile of kops for [1-14:Cu(ll)] reveals an additional base group with &apof
approximately 6.5 involved in the catalysi$:-12:Cu(ll)] showed the typical beBhaped

profile with a maximum at pH 9, suggesting that tha pf the metal bound water molecule

is around pH 8. Due to the tertiary amine that can provide general base catalysis, [
14:Cu(l)] is more reactive thanl{12:Cu(ll)], even if the metal hand hydroxide is not
formed at neutral pH. However, moving to alkaline values, the difference between the two
complexes is lost, and both the catalysed reactions rely on the participation of the metal
bound hydroxide Schemel.4 shows the possible mechanisms for the transesterification of

HPNPP at alkaline pH (left) and neutral pH (right).

Schemel.4 Mechanismof the transesterification of HPNPP catalysed [ly8:Cu(ll)] at alkaline pH (left) and1-
10:Cu(ll)] at neutral pH (right)f*

This wolk encourages using a ligand structure that introduces functional groups that can
replace the role of metal bound hydroxide in the cleavage reaction at neutral pH or favour
its formation by lowering the Kx of the metal bond water. A relevant example iseth

functionalisation of phenanthroline with methyl and amine groups proposed by Chin and

coworkers Figure1.17).656¢
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Figure 1.17 Structures of phenanthrolideased ligands proposed by Chin efal

The more rigid structure df-15 strongly influences the Lewis acidity of the metal ion,
shifting the [)Ka of the Cu(ll) bound water molecule to 7 (0.8 and 1.2 units lowerltHdn
and1-12). As a result, I-15:Cu(ll)] (10 mM) reduces the halife time of Adenylyl-(3*-
5"-adenosin€0.5mM) to 3min, which is 20 000 and 200 times faster than the analogous
complexes ofl-11 and 1-12, respectively. However, according to the authors, the higher
reactivity is not only a consequence of the low€s lput might depend on the two methyl
groups dthe neocuproine ligand being able to decrease t6e+O bond angle and favour

the chelation and double lewis activation of the phosphate. &vall®® were among the

first to investigate the influence of primary amine in the second coordination sphere. The
hydrolyss of 2',3:cAMP and BDNPP (0.05 mM) showed a first order dependence on the
concentration of the Cu(ll) complexes df16, 1-15 and 1-12 at 25°C. [1-16:Cu(ll)]
showed the highest reactivity, enhancing the background reaction by 633BDIOPP)

and 3.5 x 16fold (2',3:cAMP). Remarkably, 1 mM of catalyst at pH 6 and®@5rovides

over 10-fold rate acceleration over the background base catalysed reaction of the cyclic
phosphate. In addition1{16:Cu(ll)] enhances the regiospecific alage of 2',3cAMP
producing 3AMP and 22AMP in the ratio of 16:1. Although the Lewis acidity of the Cu(ll)

ion was expected to be reduced by the electron donating amino groups, the rétuced p
(5.5) of the metal bound water was attributed to the hyairdipnd donating nature of the
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substituents that stabilise the metal bound hydroxidé6é). This hypothesis was
corroborated by the increasela{7.7) of 1-16b, in which the nitrogen groups could only
act as hydrogen bond acceptoRg(re 1.18). However, this comparison involves a
substantial change in ligand structure, and assigning the overall effect solely to the

hydrogen bonding interactions may not be justified.

Figure 1.18 Structures of complexes that highlight the impact of different nitrogen sources on the raethivader
pKaG5

The lower Ko observed for 1-16:Cu(ll)] and the consequent reduction of the
nucleophilicity of the hydroxide seem to be compensated by thedmwyaibond interaction
between the amine groups and the phosphate in the transitionlsi&®. (The authors
proposed that the amines modulate the acidity of the hydroxide (Hti6ic) and facilitate
the expulsion of the leaving group (redlid6¢). This effect, which is greater for substrates
with poorer leaving groups, is confirmed by the gaps in reactivity betwleg@drCu(ll)]

and [-15:Cu(ll)]. While only a 26fold difference is calculated when the catalysts are
tested toward the hydrolysis of BIPR, [L-16:Cu(ll)] is 600fold more reactive tharlf

15:Cu(ll)] for hydrolysing 2',3cAMP.
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Taking inspiration from metalloenzymes that often use more than one cation in their
catalytic cavities, the construction of ligand scaffolds able to accommodéiglenmetal

ions has been widely investigatékh interesting example is Yashiat al's work, which
compares the activity of monobi- and trinuclear Zn(ll) complexes having homo

structuralfeatures Figure1.19).5
1-17 1-18
NA

<</ )
7

Q g
N— Ny N

B S

_— =

Figure 1.19; Comparison among the structuresligands designed to formone, di- and trimetallic complexe¥

While the mononuclearis(pyridin-2-ylmethyl)aminecomplex [L-17:Zn(ll)] did not show

any detectable activity toward the hydrolysis of several dinucleotides, the presence of two
and three Zn(ll)centres in 1-18:Zn(ll)2] and [L-19:Zn(ll)3] provided a substantial rate
acceleration over the substrate's background reaction. For example, the dinuclear and

trinuclear complex (5 mM) reduced the Rilié of CpA t0180 and 1énin at pH 6.5 and
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50°C, resgctively. Although relatively small cooperativity was observed after the addition
of a third ion ke Of 12), the cleavage catalysed lylP:Zn(ll)3] preferentially yielded the
3NMP o v e-NMR imeerati@H1. However, considering the catalytidfioency of
[1-17:Zn(Il)], the two metal ions in the dinuclear complex act cooperatively. The strong
enhancement might be due 16el8's structure in which the hydroxyl, behaving as an
alkoxide bridge in the complex, shields and reduce electrostatici@pblktween the two

positively charged metal ions.

The construction of ligand scaffolds able to accommodate two metal ions was also

undertaken by Hamilton and cowork&?$8

1-20 1-21
(0] O
= N A = N A
oH _oH
/I N N l\ /I N N l\
x~_N N~ x_N NINZ
=~ "N N =~ "N
\I I/ \I

Figure 1.20 Structure of ligands used as dinuclear complexes by Hamilton and cow&Rers

By conjugating two binding units (terpyridine or bipyridine) with an amide spacer, ligands
1-20and1-21were tested as Cu(ll) dinuclear complexes and showed high reactivity toward
the hydrolysis of HPNPP and 2:@AMP. As reported for the transesterificatiof HPNPP

at pH 7 and 258C, the second metal ion increases the reactivitg-@0[Cu(ll)2] and [L-

21:Cu(ll)2] by 51- and 67fold compared to-12:Cu(ll)], respectively, and maked-[
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21:Cu(ll)z] 24-fold more reactive thanlf11:Cu(ll)]. Based on the pH profile dfps
different cooperative mechanisms were proposed for the two complexes. Double lewis
activation and double general base catalysis were proposed-20ru(ll)2] (Scheme

1.5a), while the reaction enhanced dyJ1:Cu(ll)2] would proceed through single Lewis

acid activation and as well as double general base catebgtisrfiel.5b).

Schemd.5 Proposed mechanism for the Cu(ll) complexes b8 And 11456.68

In addition, [L-21:Cu(ll)2] was tested with a series of dinucleotides and showed maximum
reactivity at pH 7.5, and gave an unexpected selectivity toward aedsmitaning
substrates which vgaattributed to strong-" stacking interactions between the base and

the bipyridyl unit®®

Compared to the enhancement provided by the catalydtseftransesterification of RNA
models, unsatisfactory results were achieved for the hydrolysis of-lixdAohosphate

groups. In analogy with the natural targets, those molecules lack an intramolecular
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nucleophiles and show higher stability toward hyds@yIn the active centre of alkaline
phosphatases, the phosphate monoester coordinated to the Zn(ll) ions is first attacked by a
serine residue yielding a phosphorylated intermediate which is eventually hydrolysed to
reinitiate the catalytic cycl€.Hence, incorporating a hydroxyl group into ligand structures

has often been used as a successful strategy to enhance the cleavage of BNPP. For example,
Shiro and coworkers investigated the difference in the reactivity of thé Zothplexes

of 1-23and1-5 and1-22 (Figure1.14 andFigure1.21).”

1-22 1-23
NH HN NH HN
L L T o
NH N NH N
/N -/

Figure 1.21 Structure of the ligands proposed by Shiro and cowotkers

In contrast to the reaction catalysed by5[Zn(Il)] (ligand 1-5 reported inFigure 1.14,

page 43) and [l-22Zn(ll)], in the presence of1{23:Zn(ll)], BNPP is cleaved by
transesterificabn. As reported irschemel.6, once the active catalytic species is formed

at pH 7.4, the alkoxide of the ligand attacks the phosphorous, producing a phosphorylated
conplex, which is eventually hydrolysed by the metal bound hydroxi#e? ( 9.0) at
alkaline pH. Although the cleavage proceeds through a different mechanism,kyith a

6.5 x 10* M? s, [1-23:Zn(ll)] is 30 and 125 times faster than its analogdus:Zn(I1)]

and [L-22.Zn(ll)], respectively.
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Schemd..6 Proposed mechanism of BNPP cleavage catalysed-Bg:Zn(Il)] *

Catalyst improvement can be achieved by decorating a dinuclear ligand with a nucleophilic
group that positivig contribute to the activity of complexes. Following this strategy,
Bazzicalupiet al.’? introduced a pendant alcohol to the macrocye®, which was used

as a ligand to form a dinuclear Zn(Il) compl&igurel1.22).

1-24 1-25
(N{-|_\O/_\O/_I-}N—> (N{-|_\O/_\O/_I-}N—>
NH HN NH N " \__OH
&NU_/O\_/O\_I-}N NI\ﬂ_/O\_/O\_I—}NJ

Figure 1.22 Structures of ligand proposed IBazzicalupi et al?

[1-25:Zn(11)2] showed its highest activity at alkaline pH wihof 8.3+ 0.4 x 10* M1 st
recorded for the transesterification of BNPP. Under the same reaction condition, [
24:Zn(11)2] catalysed the hydrolysis of BNPP 7 times slower. The improvement provided
by the small hydroxyl pendant was limited, bl#25:Zn(ll) 2] could offer a good modiéor

describing the mechanism of alkaline phosphatase.
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1.4 Aims

This project aims tadevelop more effective catalysts for phosphate diester cleavage in
water, building on the concepts that have been described in this introduction and applying

them to the deslopment of pyridybased Zn(ll) complexes

The second chapter of this thesis focuses on catalysts designed to hydrolyse the
phosphodiester bond of DNA. It has been shown that 6'amino groups in the pyridyl
substitutent of Zn(ll) complexes lead to much leigheactivity, and this effect has been
ascribed to its hydrogen bond donor propetti€s’™ If this is correct, then stronger
hydrogen bond donors will lead to more highly active complexes. To this aim, a comparison
between a sulfonamide and a primaryine substitution irortho of the pyridine ring is

undertakenZ-1 and2-2, respectively irFigurel1.23).

2-1 2.2
\ 0
0" \H NH,
OH2 OH2
9 / \N\\é 2+ / \N~\£n2+
—S—-N=( _--"-0H HNY={ _.~7"-0oH

Figure 1.23 Structure of mononuclear complexes studied in Chapter 2

A second question which arises is whether the favourable effects of incorporating more
effective ligand based nucleophiles and better hydrogen bmmatidg substituents on the

pyridyl ring combine effectively to make especially effective catalysts. To this aim, we
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combined these two aspects in a new family of Zn(ll) complexes shoWwigumne 1.24
which introduce an amino group to a series of complexes that have nucleophilic side chains

of varying effectiveness.

23 2-4 2.5
\ N N
NH NH NH
I\ AW 2 W
SN ~a 2+ et 24
—N={ _--?"*-0on —NA=( _--">-0oH —N=( -4 OH

Figure 1.24 Structure oimononuclear complexes discussed in Chapter 2

The third chapter describes how we investigated whether the strength of hydrogen bond
donors affects the catalyst's performarkigyrel.25). A series of mononuclear complexes
where the second coordination sphere of the complexes contains-bagie@ substituents

were used to test this parameter systematically.
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Figure 1.25 Structures of the mononuclear complexes reported in Chapter 3

In chapter four, the effect of aniline substituents on the pyridyl units were examined in the
context of a dinuclear complekigurel.26). As these complexes are particularly reactive,
this provides the opportunitp examine whether the effect of the new substituent is similar

for both activaed model compounds, and for RNA fragments suchum@gyl-(3-

5)guanosineypG).
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Figure 1.26 Structure of the dinuclear complexes described in Chapter 4
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Chapter 2
Optimisation of Zn(ll1) complexes for the

hydrolysis of a phosphate diester model for

DNA
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2.1 Introduction

The design of the ligand structure has a crucial role in optimising the reactivity of
complexes toward thbydrolysis of phosphodiester bond of DNA and Dhlée model
molecules. In several studies, researchers have taken inspiration from the findings in the
catalytic site of natural systems, and have observed substantial activity enhancements after
introducingkey groups into the second coordination spludrthe complex.” Enzymes,

using the functionalities of their amino acids' side chains, catalyse the reaction by
facilitating the nucleophilic attack, providing electrostatic stabilisation of the transition
state, intermediates, and the leaving group. kample, nucleophilic amino acids like
histidine, serine, threonine and tyrosine can become phosphorylated and create a
phosphoenzyme intermedidtBAlternatively, ribonuclease catalyses RNA hydrolysis by a
concerted general aclthse mechanism, using two histidine residues that behave as proton
scavenger$ Those residues have a cruciale in the catalysis and thus, mimicking
Nature, ligand structures have often been decorated with thiophenol and imidazole. For
example, in 2003, Ichikawet al.’® introduced histidine basegpendages to their ligand
structure and observed a &.60%-fold acceleration in the hydrolysis of bisgitrophenyl)
phosphate (BNPP) when the Zn(ll) complex was u&e@li( Figure2.1). Its maximum
activity at physiologicapH (tested at 50C) was attributed to the moyteprotonated ionic

form of the complex, and the imidazole groups were proposed to have an active role in
complexing Zn(Il). Thecoordination of two nitrogen, together with the secondary amine,
would indeed provide symmetry to the complex and enhance the hydrophobicity of the

active site.
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Figure 2.1 Stucture of the active species of complexssdfor the hydrolysis of DN/nodel molecul&t7”

Similarly, Neves and coworkérs successfully introduced imidazole into their
unsymmetrical dinuclear ligand, which svased as a Ni(ll) complex for the hydrolysis of
bis(2,4dinitrophenyl) phosphate (BDNPP) and showed promising results. In their study,
comparing the structurally analogous complexes reportedjure2.1, at pH 9 and 28C,

2-8 was reported to be more reactthan2-7 toward the cleavage of BDNPP, accelerating
the unetalysed reaction by a factor of 9.95 ¥ {the acceleration provided i2y7 was8.8

x 10%. The reaction producedetuivalents of dR,4-nitrophenolate and one equivalent of
inorganic phosphate. The loweKgpvalue of2-8 (8.6) than2-7 (9.7), which would result

in a higher active species concentration (double deprotonategh@ged inFigure 2.1)
under the experimental conditions, was proposed to be responsible for the higher reactivity
of the former. In addition, the presence of the twodmbered rings i2-8, probablycis
positioned in the complegubstrate intermediate, would favour proximity and facilitate the

nucleophilic attack.
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Regarding pyridindased Zn(ll) complexes, a convenient way of introducing
functionalities into the ligash structure is to use the 2' position of the pyridine ring. As
shown inFigure2.2, data from Chin's and Williams's grq(fiy®shows that the presence of
methyls and primary amines provide a reactivity enhancement of 5 and 230 fold toward the
hydrolysis of BNPP compared 39 respectively. As highlighted by these numbers, the

introduction of hydrogen bond donors has the most significant effect.

2-9 2-10 2-11
NH,
OH OH OH
7 N1 7 N1 2N
N--_ 2+ Nogn2 N Zn2s
= -7 "-OH —.--"1 TOH HoN ==X .-"7 ""OH
NS = N
\ N\ / \
ko max /M7 87! 4.2 x10% 2.3x107% 9.7 x 102
Kyo) 1 5 230

Figure 2.2 Comparison among three complexes with different substitutions ingbsit®on of the pyridine rings. The
maximum second order rate constant for the BXBPRsesterification in the presence of the catalysts are reported below
their structures.The values correnspond to maximumvklue reported for each complekhe rate constantvere
measured in the following condition: [Buffer] = 50 midnic strength 0.M, 25°C, [BNPP] = 0.05 mM'8.7°

As further investigated in the following chapters, this approach has also been successfully
applied to analogous mononuclear and dinuclear catalysts used for the transesterification
of RNA model molecules. The mence of these groups clearly modulates the reaatif/ity

the complexes, which has created curiosity regarding the possible benefits of introducing
different hydrogen bond donors. As reported by Breslow and coworkers, thiophenol and
imidazole pedants fardm the direct Zn(ll) coordination sphere were used to decorate the
ligand structure of the Zn(ll) complexes shownFigure 2.3.8° Although low reactivity

was observed at pH 7.0 and €7, the additional groups increase the activit-a2 by 9-
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and 20 fold (thiophenol and imidazole 213, respectively) towards the transesterification

of the RNA model HPNPP.

2-12 2-13
\((Nj\( W
N----7,.2+-N N----7,2+-N
Zn Z:n aaR=H N
N b:R=—< ]
H N
H
a b
Kops 15 2.05+0.03 x 1077 1.92+0.02x10% 416 +0.03x 10
Ko/ 1 9 20

Figure 2.3 Structures of Zn(Il) complexes studied by Breslow and coworKeng rate constants weraeasured in the
following condition: [complex] = 0.5 mMMHPNPP] = 0.19 mM, [HEPES] = 10 mM, pH 7.0 and 3 in 10% (v/v)
DMSO in watef®

As found in many nucleases and phosphafi€€sarginine residues contribute to the
catalytic activity by stabilising the transition state through hydrogen bonding and
electrostatic complementarity. Therefore, incorporating the guanidinium group into ligand
structures has been exploited to enhancerakeatalyst's activity. As reported by e

al.,®% both the guanidiniurenriched Zn(Il) complexeg-15 and 2-16 (Figure 2.4) were

more reactive (by 360and 606fold respectively) than the core liga2el4 toward the
hydrolysis of BNPP at pH 7.2 and 26. The combination of the Zn(ll) ions and the
positively charged guanidinium groups was believed to lead to a high accelé&vatioa
hydrolysis of plasmid DNA, which was also observed, although not quantified.

Surprisingly, the two complexes also demonstrated a remarkable selectivity toward specific
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nucleotide sequences although there is no obvious sequence selective conaopitieset t

complexes.
2-14 2-15 2-16
— . . . —
7 N p HoN 7 N ) NH, 7N )
=N, N MNH =N N~ HN— =N, N
“zhet H,N “Zhet NH, L HN “Zhet NH .
H,O  OH, H,O OH, HoN=( H,O  OH, )=NH,
NH, H,N
keat /" 574 x107 1.42 x 10 3.67 x 10
Ky 1 300 600

Figure 2.4 Structures of the complexes presented by He etTéle rate constants were measured in the following
condition: [complex] = 0.05 mM[BNPP] = 0.05 mM, [Buffelj = 50 mM, ionic strength fixed at 0.1 M by addition of
NaCl,pH 72 and 25°C 8

The cleavage of DNA, whitlacks the intramolecular 2'OH nucleophile present in the
ribose units of the RNA, must proceed via an intermolecular attack of a nucleophile. This
main difference between the two nucleic acids is a significant contribution to DNA's higher
stability towads hydrolysis. Thus, when metal ion complexes are used to tackle this
challenge, the incorporation of a nucleophile in the ligand is a common strategy to
accelerate the reaction. When the substrate binds to the metal complex, the attack on the
phosphorus arried out by the ligand's nucleophile has the characteristic of an
intramolecular event. As demonstrated by Giial,”®84an alkoxy group in the ligand that
coordinates the metal ion can be more reactive than a-bmtat hydroxiden both Zn(ll)

and Cu(ll) complexes. The lengbhthe aliphatic chain and the consequent position of the
alkoxy group influences the complex reactivity. For example, the difference in the second
order rate constants for the cleavage of BDNPP catalysed by a series of Cu(ll) pyridine

complexesfigure2.5) illustrates the different impact of this feature.
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Figure 2.5 Structures and second order rate constaffor the cleavage of BDNPP catalysed by the complexes published
by Chin et al The rate constants were measured in the following condit{@BNPH = 0.01 mM, [Buffer] = 10 mM,
25°C 81

In the presence of ti19, BDNPP cleavage proceeds via transesterification, yieldinrg 2,4
dinitrophenol and the phosphorylated complex, which shows that the metal alkoxide is the
nucleophile in this reaction. On the other hand, the alkoxide of theh@®ligand does

not take part in the reaction, aBd.8 mainly catalysed substrate hydrolysis (90%) with a
rate constant similar t&-17. The authors suggested that the most active species might be
formed by displacing the coordinated alkoxide by hydroxidechvis consistent with the
reactivity of2-18 being about half that &-17. As suggested by crystallography data, the
higher reactivity observed fd-19 could be due to the propylene linker expanding the
N(alkylamine}Cu-O(alkoxide) bond angle, leading & decrease in the O(alkoxide-
O(phosphate) bond angle which favours attack of the nucleophilic atom. In turn, the shorter
ethylene may prevent the effective delivery of the alkoxide nucleophile, and so hydrolysis
through metal ion bound hydroxide ioore favourable. Although this strategy has proven

to successfully reduce the hiife time of DNA-model molecules, the simple hydroxyl
group has limitations. Although the coordination to the metal ion facilitates the alcohol

deprotonation at lower pH vads by decreasing itd<g, it could be responsible for reducing
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both the alkoxide nucleophilicity and the Lewis acidity of the metal centre. In addition, the
transesterification between the substrate and the catalyst yields to a phosphorylated

complex thatoses its reactivity and catalytic nature.

In the last few years, Williams's gro§f§°® has investigated complexes decorated with
alternative nucleophiles which are not directly coordinated to the metal ion. For example,
as reported inFigure 2.6, structually related Zn(ll) complexes have shown higher
reactivity against the hydrolysis of BNPP when a hydrated aldehyde or an oxime replaces

the hydroxyl group in one of the ligand's chains.

2-20 2-21 2-22
OH OH, OH
72 R 2 72 N
/) izn?t _/ zZn%t __/:7Zn?t _OH
///I, “~OH //, I] OH OH B /l “N
=N~ —N’\N\/g ~N/\l\'l\/%
\ \ / \
Kp max /M1 s 1.3x10%2 2.9x102 8.0x 10"
Kol 1 2 62

Figure 2.6 Structures and second order rate constarfior the cleavage of BNPP catalysed by the complexes published
by Williams et alThe rate constants were measured in the following condition:[BNPP] = 0.05 mM, [Buffer] = 50 mM,
ionic strength fixed at 0.1 M by addition of NaM@5°C 78

Although a relatively small difference is found betw@e20 and2-21, the terminal gem
diol converts the complex from stoichiometric to a catalytic participant of the reaction. In
contrast with previous results, which highlighted the importance of the coordination of the

nucleophile to the metal ion, the higher reactivity of the hydratdehyde suggests that
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the attacking nucleophile is the hydroxyl group not directly interagtitiythe Zn(ll) ion.
Following this strategy, the design£2 aimed to introduce a better nucleophile into the
ligand structure. The oxime can coordinate to the metal centre through the nitrogen,
reducing deactivation of the oxygen atom and bringingnil the substrate in close
proximity. Although lower reactivity was observed with poor leaving grop422 is the

most active mononuclear complex reported to date toward the hydrolysis of BNPP.

2.2 Result and discussion

As briefly introduced, two main apprad@es have been followed for designing the ligand
structure of pyridindbased mononuclear complexes. Both the functionalisation of the
2' position of the pyridine ring and replacing a hydroxy with more efficient nucleophiles
have significantly enhanced chfitc activity. This Chapter first investigates the
introduction of a stronger hydrogen bond donor into the ligand by substituting the primary
amines 2-2) with sulfonamide groups{gure2.7a1 2-1). In the second section a new
family of ligands that attempt to combine the two strategies and benefit from a cooperative
effect is explored. As shown Figure2.7b, the reactivity of three mononuclear complexes
(2-3, 2-4 and2-5) decorated with MeNH as sources of hydrogen bonding and with different

nucleophiles incorporated into the ligand are compared.
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a) Comparison between sulfonamide and primary amine:
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= ’Zn\‘OH AN /,:n “OH —ND= /,Zn\\N/OH

Figure 2.7 Structures of the complexes studied in this Chapter

2.3 Sulfonamide: Hydrogen bond donor or acidic group?

Amides and sulfonamides are among the best candidates to enhance the Hyonogan

capacity of ligands. As listed by Hunfért h e

hydrogen bond donor

two groups arsimilar (2.9 and 2.8 respectively) and significantly greater than the value of

an aniline NH (2.1); and almost double the value found for a simple amine (1.5). Previous

work 8’ used a naphthyridinkke structure 2-23 in Figure 2.8) to constrain the amide

geometry for hydrogen bond donation and prevent carbonyl coordination to the metal

centre, but resulted in a shutdown of the catalytic activity.
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Figure 2.8 Complexes with different hydrogen bond donor groups in the ortho pyridine position

This inactivity might have been due to deprotonation of the amido groups, with the
consequent completoss of hydrogen bonding capacity. However, this particular structure
might be especially prone to deprotonation due to the aromatic character of the anion that
forms, and so we decided to explore the introduction of sulfonamide groups as hydrogen
bond adnors. ComplexX-1 was designed, synthesised and studied to discover whether it

led to more active complexes, or was similarly deactivating overall.
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2.3.1 Synthesis

The synthetic procedure for synthesising the sulfonatéded ligandL(>-1) started from

2-amine6-methyl pyridine and consisted of 5 steps with an overall yield of ITB%tgme

2.1).
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Scheme.1 Synthesis of N6-(iodomethyl)pyridir2-yl)methanesulfonamide;a) Me&0, EtN, DCM, 25C 2h 87 %
yield; b) mCPBA, DCM, 2% 18 h 87% yield c)AcO, 100°C 18 h 55% and 9 % yieldd) KOH, MeOH, 2%C 1 h; e)
I2, PhsP, Imidazole, DCM, 25C 18 h 44 % yield f) 3-amino-2,2-dimethylproparl-ol, DIPEA, dry DMF, 7C°C, 18 h
40% yield

The sulfonamide group was introduced using methanesulfonyl chloride and triethylamine;
the reaction led to the -dulfonamide molecule, whicls iconveniently more soluble in
organic solvents than the mocfunctionalised analogue. After-bikide formationby
treatment withmetachloroperoxybenzoic, the Boekelheide rearrangement at°C00

yielded two products. The high temperature for this stepqd wigseachieve complete
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conversion, also led to different side products, with the major of them the acetylated

sulfonamide. A proposed mechanism for both the pathways is shdsahéme2.2.
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Scheme.2 Proposed mechanisms for the Boekelheide reaction, which leads to the form&ii@ndfd

The adlition of potassium hydroxide successfully hydrolysed both the products, and
conveniently removed the acetyl group of 2d selectively so that this side product also gave
the desired mono sulfonated intermediate. Finally, the iodide derivalitaned by Apel
reaction using iodine, was used to alkylatan3inc2,2-dimethylproparnl-ol in the
presence of DIPEA at . The aliphatic chain of the ligand was chosen by considering
the improvement in the reactivity of the complexes provided by the geminallrgeibps
reported in previous work The reference compourich-> was obtained by the procedure
shown inScheme2.3) and followed the synthetic route devised by Sgren Svenningsen of
the Williams group. The esterification of pyridi2es-dicarboxylic acid was performed

with sulfuric acid at 80C. After the hydrolysis of one ester group, the carboxylic acid was

convertel to a Boeprotected amine through a Curtius rearrangement.
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Scheme.3 Synthesis df2-2: a) H.SOy, EtOH, 80°C 18 h 89 % yield b) NaOH, EtOH:Dioxane (1:2), 108 2 h 50%
yield; c) Diphenylphosphoryl azide, &, +BuOH, Toluene, 108C 18 h 69 % yield d) NaBH;, CaCk, EtOH, 325°C
18h 97 % yield e) MeSQCI, EN, THF, 625°C 18h 95 % vyield f) Lil, THF, 50°C 2h 91 % yield g) 3-amino-2,2-
dimethylproparl-ol, DIPEA, dry DMF, 70°C, 18 h 69 % yield h) TFA, 25°C 2 h 98% vyield

The ester functionality was then reduced by sodium borohydride in the presence of calcium
ions at 0°C to form the alcohol, which was then convdrieto a good leaving group by
reaction with methanesulfonyl chloride and triethylamine. After the Finkelstein reaction
with lithium iodide at 50°C, the building block was used for the alkylation witAr@ino
2,2-dimethylproparl-ol in the presence of DEA at 70°C. Finally, the Boc protecting
groups were removed by treatment with trifluoroacetic acid at room temperature, yielding

L2-o2.
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2.3.2 Analysis

The sulfonamiddased mononuclear compl2xl was tested with BNPP, bat most only

a small enhancemeabo\e the background rate of hydrolysis was observed in the pH range
between 7 and 1@&fter 14 h at 25C at pH 8, based on the 0.6% absorbance increment at
400 nm, we estimated that 1 mM @1 produced approximately 0.4 pM of- 4
nitrophenolate (0.9% conveosi) corresponding téops Not higher tharl x 107 st. As
suggested for the naphthyridine based compounds, this could be due to the intrinsic acidity
of sulfonamide groups, which increases once the complex is formed. Consequently, the
ligandL 21 and2-1 were studied and comparedlie2 and2-2 by potentiometric titration.

The speciation plotfor 2-1 and 2-2 were obtainedy fitting the potentiometric titration
datausingHyperquad and Hys8 andare compared iGraph2.1 aandb. At physiological

pH, 2-2 (2mM) is primarily present in itmono deprotonated form, and, given its structure,

the proton is probably removed from one of the oxygens coordinated to the Zn(Tiheon.

pKa! of 7.32 for 2-2 leads to the most activeomplex fornthat acceleragBNPP hydrolysis

with ak2™® of 6.79 + 0.02 x 18 M1 s1. Thanks to the highky of the amino groups, the
ligand retains the presence of stable hydrogen bond donors, and, as shown in the following
Chapter, this can positively affect thetivity of thecatalyst across the pH range of interest.

On the other han@:-1 (0.2 mM)has almost quantitatively become doubly deprotonated by
pH 7 (Graph2.1a). It is most likely hat the sulfonamides are deprotonated, so their strong
hydrogenbond donor capacity is lost, causing the formation of a neutral, less soluble and
inactive complex. The proposed deprotonation equilibria andkhegtues for2-1 and?2-

2 are presented iScheme2.4 andTable2.1.
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a) Speciation plot of 2-1

0.2

T T T T Complex species (solid lines):

T 21

" (2-1) - H
" (2-1) - 2H"
" (2-1) - 3H"
01 . . .
Ligand species (dashed lines):

[species] / mM

0.05

pH

Complex species (solid lines):
22

C(22)-H
(2-2) - 2H*

Ligand species (dashed lines):

[species] / mM

-: Lo2

Graph2.1 Speciation plots of-2 (a) and 22 (b. The titration experiment was performed aP@%nd ionic strength

fixed at 0.1 M by addition of NaNQ a) [2-1] =0.2 mM; [2-2] =2 mM. The difference in theoncentration of the
complexes is due to the low solubility ef 2

As previously reported itheliterature?® the formation of the aliphatic alkoxide at

neutral pH strongly affestthe catalyst reactivity. As proposedScheme2.4, the
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alkoxide in2-1 is mostly formed at alkaline pH after the deprotonation of the

sulformamides.

Proposed deprotonation equilibria in solution for 2-1:

® Q Q 2
ot~ o=~ ot~ o=~
NN OH " on Y on ; OH
OH, (" OH, ({7 OH, = 2
Ra =t ¢ 5 * LS =
21 (2-1) - H* (2-1) - 2H* (2-1) - 3H*
Proposed deprotonation equilibria in solution for 2-2:
NH, NH, NH,
S QHZ IS ,/OH S _IOH
H2N E//E;?”%i*o/H PK,' HaN Q‘;wz/”gt*w PK,? HaN \ /,’/\‘fiz/”gt*o’
o O o
2-2 (2-2) - H* (2-2) - 2H*
Scheme.4 Proposed deprotonation equilibria in the pH range between 5 and 11¥arl 22
Table2.1 pKavalues for 21 and lz-1, 2-2 and L2z at 25°C in 0.1 M NaN®@
complex ligand
pKa' pKa? pKa® pKa pKa® pKa® pKa*
2-1 5.58 5.89 8.70 4.41 5.92 7.96 8.74
2-2 7.32 9.98 - 5.24 7.42 - -

The formation of the additional negative charge might then prevent the substrate binding
and decrease the Lewis acidity of the Zn(ll) ion. However, the small enhancement over the

background reaction could be due to the tautomé-aj-H*. As shownin Scheme2.5,
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Scheme.5 Proposed tautomeric equilibrium of-@-H* that leads to the formation of the active species

once the active species is formed at neutral pH, the substrate can bind to the complex and
benefit from the hydrogen bond donating properties of the sulfonamiilissoutcome is
consistent with what was previously observed with naphthyridine based ligand and
suggests that deprotonation is the main reason for the inactivity. The result has had a
significant impact on the work pursued in the following Chaptershiiciwmore robust but

stable aniline groups have been introduced into the ligand's structure to enhance the
phosphodiester hydrolysis. At this point, we turned our attention to addressing the question

of how well different forms of structural changes toamte activity can be combined.

2.4 Methylamine based Zn(ll) complexes

As an amino group was the most effectivpy2idyl substituent known at this point, we
decided to combine this with ligand side chains that provide enhanced activity relative to a
simple 3hydroxy propyl side chain. We decided to work with methylamine groups instead

of the parent amine partly due to synthetic considerations at the time, but also because one
of the target compounds involved aldehyde functional groups, and methylation wiiee a

was expected to avoid the formation of undesirable imines.
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2.4.1 Synthesis

Similarly to the route to the sulfonamitd@sed building block described earlier, the

synthesis starts from thea2ninc-6-methylpyridine as shown i8cheme2.6.

® o D8 e LS
N” O NH, — N/H o/k — N N)J\OJ<

Scheme.6 Synthetic procedure &y building block 2ta) BoeO, E&N, DMAP, DCM, 28C 18 h 80 % yield b)NaH,
Mel, DMF, 25C 18 h 97 % vyield c) mCPBA, DCM, 2% 18 h 87 %yield; d) AcO, 70°C 18 h 75 % vyield e) KOH,
MeOH, 25C 1 h 80 % yield f) MeSQCI, EtN, THF, 23C 18 h 98 % yield g) Lil, THF, 5C°C 1 h 98 % vyield

First, the amine functionality was Boc protected usingedibutyl dicarbonate and
triethylamine. After the methylation of the protected amine, the building block was
oxidised to the N-oxide by metachloroperoxybenzoic acid. The Boekelheide
rearrangement in acetic anhydride at 70 °C gave the ester, which was hydrolysed by adding
potassium hydroxide tgive the hydroxy methyl group in the 6 position. Finally, the
hydroxyl group was converted into an iodide through mesylation followed by the

Finkelstein reaction. The building block was synthesised with an overall yield of 35%. If
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the N'methylation step isiot carried out, the Boekelheide rearrangement occurs in poor

yield, with substantial amounts of a byproduct forming where tuxitle reacts with the

Boc group87:°

The series of ligands share one further common stepaasr®»2,2-dimethyt propanl-

ol is alkylated with the iodide building blkdn the presence of DIPEA at 7Q (Scheme

2.7).

>(0 La3
\ >
L
o ~NH
S DU
| 4 N\% —e> H Z N\%
(0] N N\ /N N\
\ Z \ Z

OH OH
YN YN
f
| NF N\% — H /N N\/%
Y ay
y Z
Ls.s

Scheme.7 Synthesis ofds,L2.4 and L2s; a) DIPEA, dry DMF, 70C 18 h 75 % vyield b) DessMartin periodnane, dry
DCM, 25°C 2h 65 % yield c) NH.OH-HCI, NaOH, water:ethanol (1:1), 2% 3h 93 % yieldd) TFA, DCM, 28°C 1h
95 % yield e) TFA, DCM, 23C 1h 26 % vield f) TFA,TIS, water, 2% 3 h 59 % vyield.

The hydroxyl group was then oxidised in the presend@estMartin periodinane in dry

DCM to form the aldehyde. Finally, the oxime was introduced by treating the aldehyde
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with NH2OH-HCI and NaOH. The ligands were then deproteggaagtrifluoroacetic aai.

Apart fromL2-3 (90% yield), the yield of the deprotection st@yere low, and loss of the
aliphatic chain was observed fdr24 and L2s. To avoid ligand decomposition,
triisopropylsilane and watexere added to the reaction mixture, but omwgprovedthe
yieldsfor L 25 (54%yield). The yield folL 2.4 was 20% and could nbe improved. It is not

clear why this side chain was so susceptible to decomposition under acidic conditions,
although a retrdviannich type of reaction may be occurring. Given thdiaconditions,

where the concentration of tertiary amine is expected to be extremely low, this would be

surprising.

2.4.2 Kinetic studies

The mononucleaZn(ll) complexes were tested for their activity in accelerating the
hydrolysis of BNPP at 2%C in waterby monitoring the appearance ehitrophenolate at
400 nm. This substrate is a convenient model compound that is often used to evaluate

catalysts that are designed to catalyse the hydrolysis of DNA.

23 2.4 2.5
\ AN
NH NH NH
7 O 7N QH2 7\ OH,
N _N“;,in%:OH Nl SZnZt o \__/ >Zn?*_ _OH

Figure 2.9 Structure of the methylamifmsed mononuclear complexes
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All three complexesHigure2.9) accelerate the hydrolysis BNPP at pH 7.4 and 2%,
and the halife time is reduced from 100 yeafs'to 12 h, 19 h and 37 min by 1 mM
concentrations oP-3, 2-4 and 2-5, respectively. The introduction of the oxime into the
ligand makes2-5 the most active complex. Whilez3z and L24 did not provide any
detectable enhancement over the background reaction at pH 7 arfi€, 2the
transesterification of BNPP (0.05 mM) was catalysed fy(1 mM) with an observed rate
constant of 1.4 + 0.1 x &™. The value found is almost 20Id lower than that of the
reaction catalysed b35 underthe same experimental conditioAll the ligands show a
strong 1:1 binding to the Zn(ll) ion, as sholnkinetic experiments performed at different
metal ion:ligand ratios as illustrated fos-3 in Graph2.2. Given the strong Zn(ll) binding
of the ligands, the fittingoes not provide an accurate measure oKtivalues, which have

been estimated to be approximately eqa&i0 pM .

510

410° | LY

/s

obs

110°

0 . L 1 1 1
0 1 2 3 4 5

[Zn(NO,).}/ mM

Graph?2.2 Plot of kbsagainst Zn(N@)zequivalent; [l2-3] = 2 mM, [BNPP] = 0.05mM, [HEPES] = 50 mM pH 7.4,
[NaNGs] = 0.1 M, 25°C. Data fitted with equatiofi)
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(LLaonlr + (2024 + 1 ) —J (Lol + 120241 + Vg ) = 4lL nlrlzn?]

(1) kops = ko 2

The hydrolysis reaction in the presence of the complexes is not affected by buffer
concentration and exhibits a first order dependence on the concentration of BNPP (see
experimental section)Given the different types of nucleophiles introduced into the
structures of the ligands, the reaction mechanism is expected to differ according to the
catalysts used. Therefore, the cleavage oiNd BNPP catalysed by 1 mMf 2-n was

investigated by HPLC, LCMS arf®P NMR spectroscopy

The reaction enhanced By3 proceeds by nucleophilic attack of the hydroxyl group with
consequent formation ofditrophenol and a phosphorylated complex (Scheme 1.6) which

is stable to further hydrolysis. The areas of the peaks for each component of the reaction
mixture are reported agwt time in Graph 2.3. We did not convert the areas into
concentration as a calibration curve for the intermediate was not available. In the first 10
h, the formation b4-nitrophenol (red dots) and the phosphorylated complex (orange dots)
mirror the rapid decrease of both the substrate (yellow dots)-aiigreen dots). After that

time, the drop in active complex concentration leads to a slowdown of the reaction.
Although relatively stable, the phosphorylated complex seemed to be partially hydrolysed

under the reaction conditions.

80



6000 T

4000

2000 . #

Area / mAU min™
}
y

Graph2.3Variationofthear eas of

60

each
by 2-3 at pH 7.4 and 25C: BNPP (), 4-nitrophenol(6), phosphorylated compléx) and2-3 (0); [BNPP] = 5 mM,
[2-3] = 1 mM, [HEPES] = 50 mM, ionic strength 0.1 M, 40% (vagetonitrilein water
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BNPP
-0- 4-nitrophenol
-0- 2-3 - phosphorylated

2-3
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This slow hydrolysis can occur by two pathways in which either the active spet

regenerated along with -ditrophenyl phosphate, or -ritrophenol and a ne\

phosphorylated complex are produced .
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Scheme 1.6 Proposed mechanism of the reaction cataly2:8 by

Both processes seem to be occurring, as suggested by the modest rises in the areas of the
relevantchromatographic peaks. Four fractions of the HPLC run were collected and the
masses are reportedfigure2.10. Given the proximity among their peaksndrophenol

and BNPP were collected together in Fraction The assignment of the twmeaks have
beendoneby single injections of tandardsolutions (5 mM) of BNPP and-ditrophenol

using the same HPLC meth&Llrprisingly both the masseslofz and its monophosphate

derivate were found in Fraction II.
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Figure 2.10 Masses of different fractions of HPLC run for the transesterification of BNPP catalysed aiy25°C
and pH 7.4. [23] = 1 mM, [BNPP] =5 mM, [HEPES]=50 mM, ionic strength 0.1 M by addition of NaND%(v/v)
acetonitrile in water

The values found byCMS were consistent with the mechanism propo2e3].which was
mostly consumed after 10 h, behaves more as a reagent rather than a catalyst and does not

undergo multiple turnovers. After 70 h, only 1 equivalent of BNPP was cleaved, and the
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concentratiorof 4-nitrophenol that is produced was less than 1.5 mM (from the cleavage
of BNPP and the hydrolysis of the phosphorylated comp@xthe other han@;4, which

was designed to achieve catalytic turnover, cleaves BNPP by overall hydrolysis.

1000

800

600 4
A
400 | e 72h
40h
‘ Jﬂ'\ E h
200 6 h
‘ 4hn
)
2h
0 Il 4
T T T T T
0 5 10 15 20 25 min

Figure 2.11 Chromatograms of consecutive injections of the reaction mixture for the hydrolysis of BNPP catal
2-4 at pH 7.4 and 25C; 4-nitrophenol phosphate (rt: 3 min);£2(rt: 7 min), BNPP (rt: 8.3nin), 4nitrophenol (rt: 8.6
min); [BNPP] = 5 mM, R-4] = 1 mM, [HEPES] = 50 mM, ionic strength 0.1 M, 40% (v/v) acetonitrile in water
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Scheme.8 Proposed mechanism ftre hydrolysis of BNPP catalysed by 2
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As shown in the chromatograms of sequential injections of the reaction mikigtee(
2.11), the concentration of compléx4 does not vary over time as shown by its constant
peak area at 7.Min. Furthermore, the only new components to appear-argaphenol

(rt 8.5 min) and 4nitrophenyl phosphate (rt 8in). These data are consistent with the

mechanism described 8cheme2.8.

Electrospray ionisatioESI) mass spectrometry confirmed that the relative molecular
masses of the peaks matched the proposed struckigese2.12), and no traces of the
phosphorylated complex were found, suggesting the intermediate rapidly hydrolyses back

into its active form and rejoins the catalytic cycle.

Fraction I: rt: 4 - 5.5 min - ESI Fraction IlI; rt: 7 min + ESI
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7 N

—NPD= (@]
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Figure 2.12 Masses of different fractions of the HPLC run after 1 week for the transesterification of BNPP ca
by 24 at 25°C and pH 7.4. [24] = 1 mM, [BNPP] = 5 mM, [HEPES]=50 mM, ionic strength 0.1 M by addition
NaNGs, 40%(Vv) acetonitrile in water

Experiments that us&P NMR to monitor the reaction of BNPP 1fiM) catalysed by-3
and2-4 (1 mM) highlight the difference between the two reactidngyre2.13andFigure
2.14). In the presence @4, a peak appears dt.96 ppm which is-hitrophenyl phosphate,

whereas a phosphorylated compleéx 3 ppm) was formed wheh3 catalyses the reaction.
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2-3 - 3P NMR experiment
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b ssmpprimntelutgacmamonisiootouess. 241

\corees 16N
U WV U
S S

T T T T T T T T T T T T T T T T T T T T T T T T
-1.0 20 30 -40 -50 6.0 -7.0 -8.0 90 -10.0 -11.0 -12.0 -13.0
ppm

Figure 2.13 Transesterification of BNPP catalysed bg at pH 7.4 and 25C monitored by'P NMR. [BNPP] = 5 mM,
[2-3] =1 mM, [HEPES] = 50 mM, ionic strength 0.1 M, 40%(vagetonitrile in water

As the HPLC experiment suggests, the produ@®f%hould partially hydrolyse, yielding

4-nitrophenol and the phosphate monoester of the complex. However, except for a small

ppm shift, no additional peaks are observed after a month.
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2-4 - 3P NMR experiment
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Figure 2.14 Transesterification of BNPP catalysed by at pH 7.4 and 25C monitored by'P NMR. [BNPP] = 5 mM,
[2-4] =1 mM, [HEPES] = 50 mM, ionic strength 0.1 M, 40%(v/v) acetonitrile in water

Although 2-4 is catalytic, these experiments showed modest reactivity a turnover
number of only 1.2 after 7B. This result can be explained by strong inhibition of the
catalyst by the phosphate monoester, which could bind tightly to the complex and prevent
substrate coordination. However, no shiftte#signalfor the4-nitrophenol phosphate was
visible by NMR spectroscopyAn inhibition experiment performed in the presence of
phenyl phosphate (PP) suggested strong coordination bet@derand phosphate

monoesters, although precipitation was observed to occur, and no precise measurements
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could be made. In the presence adduivalent of PP, no production ofndtrophenolate
was observed after 18 h. In addition, when mM concentrations of PP were present in the

reaction mixture, precipitation occurs, and no reaction was detectable.

A different mechanism is proposed for thectean enhanced b®-5, which cleaves BNPP

by transesterification, similarly t8-3. The®'P NMR and HPLC data reported figure

2.15 andFigure2.16 reveal that after 3@nin, the concentration of-ditrophenol (rt 13.9

min) is 1.44 mM, an@-5 (rt 5.7min) is fully converted to its phosphorylated form (rt 15.3
min, -6.55 ppm). Adydrolysis of the latter could follow the two pathways described in the
proposed mechanism (a and b), the initial production of more than 1 equivalent of 4
nitrophenol might suggest that either the phosphorylated catalyst partially retains its
reactivity o is quickly hydrolysed (al). An alternative explanation could be the fast
regeneration o2-5 through both steps al and a2. The additionaitphenol produced

over time mainly comes from the hydrolysis of the complex derivative, confirmed by the
decreae of the signal a6.55 ppm and the peak at 1. The simultaneous appearance

of the three peaks at 2.5, 5.9 and 6B are the 4nitrophenyl phosphate, phosphate
monoester and the cyano derivative of the complex respectively, consistent with this
hypothesis. The emerging signal-8t98 and 5.9 ppm in the NMR experiment are also

consistent with the proposed mechaniSoheme2.9).
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Figure 2.15 Transesterification of BNPP catalysed b¥ 2t pH 7.4 and 25C monitored by'P NMR. [BNPP] = 5
mM, [2-5] =1 mM, [HEPES] = 50 mM, ionic strength 0.1 M, 40%(v/v) acetonitrile in water
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Figure 2.16 Transesterification of BNPP catalysed®$% at pH 7.4 and 28C monitored by HPLC (b¥-nitrophenol
phosphate (rt: 2.8 min),-8 (rt: 5.7 min), 257 phosphorylated monoester (rt: 4.5 min}p2 CN (rt 5.9), 4
nitrophenol (rt:13.9 min)BNPP (rt: 15.1min), 2-57 phosphorylated diester (rt: 15.3 mjfBNPP] = 5 mM, [2-5]
=1 mM, [HEPES] = 50 mM, iaic strength 0.1 M, 40%(v/\&cetonitrilein water
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Equations used to fit the data in b (phase 1):

2 Ap = Ag+ As (1 — ekonst)

(©) Ap = Ag + Af (e Fons?)

Equations used to fit the data in ¢ (phase | and phase I1):

2 k 2 2 1
(4) At = Af + (AO _Af) e'kobs t + (Al - Af)% (e'kobs t— e'kobs t)
(kobs - kobs )
where:  Aop: initial area kobs!: observed rate constant phase |
Af: final area kobs?: observed rate constant phase |l

A area due to intermediate

The observed rate constant obtained from {egsares fitting the data with equatid@3,

(3) and (4)ielded the values reported Trable2.2 for 2-3, 2-4 and2-5.

Table2.2 Observed rate constants obtained by the fitting of equaf®né3) and (4)to the HPLC experiment

2-3 2-4 25
Kobs / 571 Kobs / 571 Kobs® / 51 Kobs 2 / st
4-nitrophenol 11+01x104 | 525+001x105 | 1.8 0.6 x 103 1.5+ 0.2 x 105
BNPP 1.6+05x104 | 561 0.05x 10% 4+2x103 3.3+06x 105
COMABHEIESED | 4 /1 @6 50 15 - 2.4+08x103 1.4+0.2 x 10%
Kobs / 571
Complex 1.3+ 0.4x 104 - 1.54 % 0.03 x 103
Complex CN - - 3.1+0.2x10°
A ) ) 1.6+ 0.5x 10°

Similar to 2-3 and 2-4, the fractions of the HPLC run were collected and analysed by

electron sprayonisation Figure2.17).
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Figure 2.17 Masses of different fractions of the HPLC run after 1 week for the transesterification of BNPP ca
by 25 at 25°C and pH 7.4. [25] = 1 mM, [BNPP] = 5 mM, [HEPES]=50 mM, ionic strength 0.1 M by addition
NaNGs, 40%(v/v) acetonitrile in water.

LCMS analysis did not show any presence-6f After 2 weeks, the only mass identified
by electrospray MS was that of the &irivate of the complex, suggesting that the

hydrolysis of the phosphoryl complex mainly followed path b (as also confirmed by NMR).
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After 16 h,2-5 (1 mM) consumed almost 2 mM of BNPP, which is double the amount
cleaved by2-3 and 2-4 in more than 70 h. This higher rate enhancement provided by
introducing the better nucleophile is also helped by weak binding with the monophosphate
eder produced during the reaction. As highlighted by an experiment to measure whether
PP inhibits the reactiorF{gure2.18a), increasing the concentration of the bitar in the
reaction mixture led to a decrease in the relative rate constants for the transesterification of
BNPP (0.05 mM) catalysed by 0.5 mM &5 at pH 7.5, 8 and 9 and Z%&. High
concentrations of the inhibitor were required to strongly affecrehetion, reflecting a
relative weak binding constant between the monoesters and the catabmtirast, the
equivalent experiment performed wizk3 (2 mM) showed that an equal concentration of

the monoester is enough to deactivate the complgxie2.18b).
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Figure 2.18 PP inhibition plot for the transesterification of BNPP catalyse®fy(a) and2-3 (b) at pH 7.5 ¢), 8
(6)and 9 @) and 25°C; a) [2-5] = 0.5 mM, [BNPP] = 0.05 mM, [Buffer] = 50 mM, ionic strength 0.1 M by NaN
addition. b) p-3] = 2 mM, [BNPP] = 0.05 nM, [Buffer] = 50 mM, ionic strength 0.1 M by NaN@ddition.
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(5) kobs _ K, i.ObS

kO [1] + KiObs

Table2.3 Ki values

k 1
(6) ;ZS:E(lfxfy+\/(l+x+y)274x)
where: K™ / mM
' 2-3 2-5
pH 7 0.03 £ 0.02 -
[7] K;Jbs pH 7.5 - 6.4+0.5
X = = -
pH 9 0.68+0.06 | 310+10

The PP profiles shown ifigure 2.18a and b were fittedvith equations(5) and (6),

respectively, yielding the observed inhibition constants reportédhie2.3.

The dependence of the rate of BNPP cleavage on complex concentration under pseudo first
order conditions (excess complex) was also evaluated. As reportéadure 2.19, the
reaction is first order i2-3 and2-4 (0.57 3 mM), but a downwards curvature is observed

with increasing concentration &5 (0.17 2 mM).
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Figure 2.19 Plots of the observed rate constants for the hydrolysis of BNPP at pH 7.4 at@ &Bainst the
concentration of the-B; a) First order dependence afkon [2-3] (0) and[2-4] (0); b) Dependence obison [2-5];
[BNPP] = 0.05 mM, [HEPES] = 50 mMpnic strength at 0.1 M by addition of NahO

The observed curvature could indicate that the substrate becomes fully bound to the
complex at higher concentrations, but it would require a binding constant between the
diester and the complex that is aroun@0® M?; this is very high for a mononuclear Zn
complex in agueous solution, and inconsistent with the much weaker values observed for
PP binding reported ifable2.3 (as monoesters usually bind to Zn complexes much more
tightly than diesters). In addition, an analogous experiment with dimethyl phosphate
(DMP) at pH 7.4 showed that increasing the diester concentration caused no variation of

the relative rate constart(aph2.4), confirming a weaker binding with diesters.
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Graph 2.4 DMP Inhibition plot. [25] = 0.25 mM, [BNPP] = 0.05 mM,  Scheme.10 Inhibition equilibrium
[HEPES] = 50 mM pH 7.4, ionic strength at 0.1 M by additiaNGs

The trend, observed in the pH range between 7 and 11, could be due to complex
dimerisation, as proposed by Williarasal. when a related complex containing an oxime
was studied2-22 in Figure 2.20).8° Dimerisation is also common with Co(Il) and Cu(ll)
mononuclear complexes and, from similar equilibria to the one descrilSmtheme2.11,

equation(7) was used to fit the profil&-*
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Scheme.11 Dimerisation equilibrium in competition with BNPP cleavage

However, for2-5 this approach did not lead us to a good measuremek arfid Kp,
suggesting that the complex exists predominantly in the dimer form under these
experimental conditions. If this is the case, then the two parameters are not defined
independently, and canhioe determined from the plot of the observed rate constant against
the total concentration of complex (see below). Therefore, an investigation of the reaction
was undertaken at lower catalyst concentration, where the ground state of the complex
would havea larger proportion of the monomer present. To maintain the pseudo first order

condition, the substrate was kept at 1 mM, while the complex varied from 0.009 to 0.1 mM.
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The increasing concentrations oh#trophenolate over time are reportedGnaph2.5a.

Each curve represents the transesterification of BNPP at pH 8.3 d@ceRbanced by the
presence of a specific catalyst concentration (increasamy fhe bottom to the top). As
observed for the turnover experiment, after the conversion of 1 equivalent of substrate, the
excess of <itrophenolate comes from the subsequent slow hydrolysis of the
phosphorylated complex. To avoid monitoring this addéioeaction, we monitor the 4
nitrophenolate appearance up to a concentration equivalent to that of the complex for each
experiment. As highlighted iRigure 2.21a for the experiment at 0.07 mM &5, the
exponential rise equatiord)((page 93Wwas not a very accurate fit for the data, with the
residuals showing a systematic deviation from the daiggesting the reaction was not

first order. Unlike2-22, which showed &p of 110 + 10 M, these data suggested tAdi

was mostly present in its dimeric form even at the lower concentrations. By applying the
proposed model and by fitting the data nuadly with the software Barkeley Madonna
(Figure2.21b), we obtain an approximak& value of 5 x 10M™ and ak. of 14 + 2 M*

s? (pH 8.3 and 25C).
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Due to the high value found fdfp, it is apparent that in pseudiost order conditions
(excess of complex®-5 is mostly dimerised, and the concentration of dinigs)(in terms
of the concentration of total comple@1) can be approximated by equati@. Given the
equilibrium defined by equatia®), the monomer concentration can be expressed in terms

of total complex Cr) as described in equati¢h0).

. [66y] _ [6Gy]
8)  [Cr] =2 [Cx;] (9) Yo% Bola | [642

100 b

6] 64

The observed rate constdkiyy is related to the dimerisation constaks) and the second

order rate constant for the reaction of thenomer with the substrate) by:

?

<
2

?
\®)

Qm—Q0®=Q—'§3[5" C T
(11 200 where: Q oo

The data were fitted by equati¢hl) which yieldedko = 0.011 M®® st at pH 8.3. The
second order rate constadatwas then calculated using the value obtained from the
experiments at low complex concentration (5 X) Ehdfound to be equab 11 M? stin
good agreement with the value of 14'M! deduced from the numerical fitting of the

reaction progress at low complex concentration. Using the value of*1st Kbr k: led to
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a value of 8 x 1OM* for Kp. These analyses suggest that this reaction scheme sxp&in
data under both sets of réian conditionssatisfactorily and led to an acceptable evaluation

of the rate and dimerisation constants.

The dashed line iRigure2.1% illustrates the fit of theame equatioat pH 7.4and 25°C

and is indistinguishable from the fit obtained of equafidl) to these data. The values of

k> andKp obtained from equatiofY) had an error which was much greater than their values,
but when combined together accordingtmation {0), gaveexactly the same value k.

This suggests that our assumption that the dimer is essentially fully dimerised under these
conditions is reasonable. At the lowest concentration of 0.1 mM we used for these
experimentskp = 5 x 1¢ M would indicate that only 10% of the complexsigias the
monomer, and this seems likely to be an upper limit. If this value is lower, the vakie for

would be higher, compensating for the lower concentration of active monomer present.

Plotting the second order rate constienfor 2-3 and2-4 againstthe pH revealed the bell
shape profile reported i@raph2.6. The data are in good agreement with equati@),

which defines a maximurk value and two kinetic K. and [Ks? that define a singly
ionised species as the active form (values reportéalie2.4). Although the second{a

is less pronounced fd-3, the profile of2-4 showed that the formation of the double
deprotonated form of the catalyst strongly reduced its activity. This hypothesis is consistent
with the potentiometric titration data, which yielded the speciation plots repoifeglire

2.22. The Kqsfor all the complexes reported Trable2.4 are in good agreement with the
kinetic values. In particular, the data confirmed th&tand2-4 reach their highest when

the single deprotonated complex was formed.
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Graph2.6 pH profile of the second order rate constasfiok the cleavage of BNPP catalysed b$ &nd2-4 at 25°C;
[BNPP]= 0.05 mM, [Buffer] = 50 mM.,ionic séngth at 0.1 M by addition of NaNO

Table2.4 Values of kand pka obtained by fitting equatio(l2) to the pH profile of the second order rate constant

pKa1 pKaZ
Complex ke meX [ Mt st Kinetic Titration Kinetic Titration
2-3 2.4+0.2x102 7.3+0.1 7.68 10.9+0.3 10.71
2:4 2.1+0.4x 10?2 6.9+0.2 6.79 8.9+0.2 8.72
. KX[HT]
12 ky = k3'™ [Cx]

(KoK + Kg[H* ]+ [H*]?)

A measured macroscopi&pcannot be assigned to a specific microscopic deprotonation,

and we cannot identify where the proton was removed unambiguously. However, either the

metal bound water or the hydroxyl group can likely be deprotonated under the experimental

conditions.
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Figure 2.22 Speciation plots of-3 (a) and 24 (b). The titration experiment was performed at°€5and ionic

strength fixed at 0.1 M by addition of Nal@) [2-3] =2 mM; [2-4] =0.2 mM; The difference in the concentratic
of the complexes is due to the low soitapidf 2-4 and 25.

As previously reportedybMarequeRivaset al, °2 a primary amino group in the second
coordination sphere of closely related tetradentate complexes can stabilise the metal bound

hydroxideby hydrogen bonding, causing a shift of the metal bound wate&s'®@ lower
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value. For complexes with analogous scaffolds to that3fit has been suggested that the
presence of substituents in the ortho pyridyl positida 1) would likely affect the water
deprotonation rather than the alkoxy grd8#/ Here we report the kineticka values of

the equivalent ligan@-11 compared ta2-2 and 2-3 (Table 2.5). Due to the similarities
between the values found, the complexes appeared to behave likewise. If the first
deprotonation is mainly asciated with the formation of the metal bound hydroxide, the
secondary and primary amines3 and2-2 impact the Ka of water similarly. However,

a small shift to a lower value foKg! was observed f®-2 and2-3. A more alkaline value

of pKz2, which corresponds to the deprotonation of the hydroxyl group, was fouBeBfor

and2-4.
2-2 2-11 Table2.5 kinetic pKa of 23, 22 and 211
/ N\ QHZ / \ (I)HZ CompIeX pKal ‘ pKaz
N-__1 N-.
HNN=( 2 HN 202 23 73:01 109+03
2 N 2 N QH 2-2 6.97 +0.05 | 10.68+0.06
- N\/é - N 2-11* 7.90 10.2

\ Y/, \ Y/ *from reference %

Figure 2.23 Structure of mononuclear Zn(Il) complexes
with primary amine groups in the ortho pyridyl position

The shift might be due to the two methyl groups that would affect the hydroxyl group more
than the wadr molecule.2-11 is the most reactive among these complexes an#:t&s

of 9.7 x 10 M* s which is most closely approached at pH 9. However, comparing the
kinetic data at pH 7.4£-3, 2-2 and2-11 had approximately similar reactivity toward the
cleavage of BNPP witk, values of2.4 + 0.2 x 1%, 6.5 + 02 x 102 and 25 x 102 M1 s?,

respetively. Although2-3 and2-2 formed the single deprotonated active species at lower
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pH, their maximum activity was reduced. The deprotonation of the metal bound hydroxyl
is central for the catalyst reactivity, but coordination with the Zn(ll) centre redhee
alkoxide's nucleophilic activity toward the phosphordisnce the relatively lowek,™*
values 0f2-3 and2-2 compared t@®-11, which are modulated by their ligand structures,

might result from the Zn(lIl) coordination which decreased the straighie nucleophile.

The speciation plot and the kinetic pH profile2# showed that thactiveform of the
catalyst is present as the dominant species over a narrower pH range tanTais is
primarily due to a zunits difference in 2. As for 2-3, it was difficult to identify the
microscopic nature of the ionic species formed with certaldbwever, we propose that
the second electrewithdrawing hydroxyl group might be responsible for lowering the
second Ka. Due to proximity, the metal bound hydroxide is more affected than the
coordinated water molecule; hence, th&?mf 8.7 might be de to the deprotonation of
the former. This result is in good agreement with values reported by Bet@ip* for

their analogous mononuclear ligandsahich the Ka of an alcohol group was proposed to

be reduced by introducing electraiithdrawing groups2-23 and2-24 in Figure2.24 and

Table2.6)
2-23 2-24 Table2.6 Kinetic pka and k max calculated for
2-23 and 224
NH, NH,

OH, OH,

/ \N‘\é 2+ / ) ‘\: 2+
HNA=( 70" NH, PN - {"oH Complex | pKa' | pKa® | ka2 /M™*s?
=N"~N__/~ =N"“~\__/~CF, 2-4 69 | 89 2.1x 102
% \ / 2-23* 73 | 84 2.2x 102
2-24* 77 | 86 1.5x 103

*from reference %
Figure 2.24 Complexes proposed by Bonomi et al.
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The similar Ka& measured for2-3 and 2-4 are consistent with this analysis. No
enhancement over the reaction catalyse@-Bywas observed when the hydroxyl group
was replaced by the gediol. However, when Williams and coworkers reported the
incorporation of an aldehyde into the ligand strusti-21 promoted the catalytic
hydrolysis of BNPP two times faster thz#20 (reported in the chapter introductioRigure

2.6).”° As demonstrated by tHe valuesreported inTable2.6, lowering the hydroxyl Ka

might reflect a decrease in the alkoxide nucleophilicity. Due to the hiightre reaction
catalysed by2-21 was proposed to proceed by the nucleophilic attackhef non
coordinated hydroxyl group. In particular, given the tautomeric equilibrium, if the Zn(ll)
coordinates to the hydroxyl group, a greater Lewis acid activation was provided to the
substrate $cheme2.12). Although the reaction catalysed by our novel complex might
proceed through an analogous mechanism, the same reactivity obser2e®ldod 2-4
seems to suggest that this hypothesis is unnecessary. In thishedridtate anion is likely

to be present at higher concentrations than the alkoxy anion, in which case the alkoxy needs
to be more reactive to lead to the same overall reactivity23pthe most acidic site for

the first deprotonation is likely to beatZn(ll) bound water that can be stabilised by the
amino groups; fok-4, both the Zn(ll) bound water and the side chain could be the preferred
site, and so each will be present as the anionic form. These differen¢@amigbt mask

a more significant dierence in reactivity of the nucleophilic side chains than is apparent

from the pH rate profile.
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The pH dependence &fbs for the BNPP transesterification catalysed2dy at different

concentrations are reported fiigure 2.25a, and the pH dependence of the valueskor

derived from fitting the data at each pH to equatit®) are reported ifrigure2.25b.

a) b)
-3 T T T 2 T T T
PR o
PRLE etk e ..
e g .o Tee
It .. 15 F 4
Yy TOTE T iet 2 ]
- Ll -
g - »
»
- - @ Tm e °
2 = .- .
kS N - 1 - - "~
‘:‘ Y s L & ™ ¢
2 _-—‘.'_' Y g
4 fo---"* LR 4 -
‘\
& 05 B
\
\
\
.\
.4.5 1 1 1 o 1 1 1
7 8 9 10 11 7 8 9 10 11
pH pH

Figure 2.25 pH dependence of thepkat increasing complex concentration (a) andlk) for the transesterificatior
of BNPP catalysed by-2 at 25°C. [BNPP] = 0.05 mM, [Buffer] = 50 mM, ionic strength at 0.1 M bydé@bn of
NaNQs

13 kg [HY|Kg + koKgKZ[H*]?
Y = 1+ [HYK: + KIK2[H*]?
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Table2.7 kobsand pka values at different concentration o2

[2-5]/ mM Kops /57 Kops' /87 pKat pK a?
0.10 9.90 + 0.60 x 10° 1.8+ 0.2 x 10* 85+ 0.3 104 £ 0.1
0.25 1.64 = 0.03 x 10 26+ 0.1 x10* 8.4 + 0.3 10.8 £ 0.1
0.50 2.13 + 0.08 x 10* 35+ 0.2 x10* 8.5+ 0.2 10.9 £ 0.1
0.75 2.64+0.09 x 104 | 43%0.2 x10* 8.6+ 0.2 11.0 £ 0.1
1.00 2.60 £ 0.06 x 10* 48+ 0.1 x10* 85+ 0.1 11.2 £ 0.1
1.50 2.90 = 0.30 x 10* 55+ 0.3 x 10* 8.4 = 0.3 11.6 £ 0.4
2.00 3.00 £ 0.10 x 10* 6.3+ 0.2 x10* 83+ 0.1 11.7 £ 0.3

Table2.8 k2 and pkavalues for 25 gained by fitting the data with equati(iB)

‘ ko'/ M1s ‘ k2" / M1s1 ‘ pKal ‘ pKa2

23 | 90406 | 151 | 86+04 | 11.2+03

(13) considers two ionisations and two rate constants. The rate constanavayes
obtained fromFigure2.25a and b are reported ifable 2.7 and Table 2.8, respectively.

While almost no change was observed fidglpincreasing the concentration 26 from

0.1 to 2 mM led to a shift ofia?. The pH profile also suggested the existence of tweeact
species. The first active ionised species, formed below pH 7, undergoes deprotonation at
approximately pH 8.6 + 0.4 Kal), leading to the second active form of the catalyst.
Eventually, deprotonation Ka?) of the latter causes the decrease in reiagtiy pH 11.2 +

0.3.

As reported by Breslow and Chipm&rbinding Zn(ll) to 2pyridinealdoxime reduces the
pKaof the oxime from 10.4 to 6.5. Th&pof the waterbound to the Zn(ll) ion is less
affected by the ionisation of the oxime than by the ionisation of an OH group directly

coordinated to the Zn(ll) ion, as might be expected.
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Scheme.13 Equilibria proposed by Breslow and Chipman for thpy2idinealdoxime

In contrast t02-3 and2-4, the first iKa of the catalyst, which should be at pH < 7, does not
measure the deprotonation of the metalifab water.In agreement with the repodf
Breslow and Chipman, we proposed that at pH 7, the catalyst is already in its single
deprotonated form2(5)-H+, with the proton being removed from the oxime group. Then,
the two kinetic Kas obtained from the pH profiles correspond to the furtherodepations

that yield @-5)-2H" and @-5)-3H". While the double deprotonated form of the catalyst is
still reactive, further deprotonation deactivates the complex. A similar result was reported
by Yatsimirsky and coworkers on their Zn(ll) comp2®5 tested toward the hydrolysis

of esters and phosate triester$® The pH profile (n the 711 range) of the rate constant

for the phenol acetates hydrolysis catalysed2i®b, structurally similar to2-5, was
characterised by two kinetickp of 8.5 and 10.5Although the most active species to

hydrolyse the acetate wak25)-3H", the Ka values are in agreement with our findings.

2-25

OH,

I
\N—"Z'ﬁl“‘\N/OH
A
H

Figure 2.26 Structure of the catalyst proposed by Yatsimirsky and coworkers
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The proposed equilibria 02-5 are shown inScheme2.13. We expected the single
deprotonated specieslbe the most active form of the complex due to a likely decrease in
substrate affinity caused by further deprotonations. In contrast to acetate hydrolysis, it is
uncommon fora catalyst tested with a phosphate diester to exhibit more than one active
speciesFor carbonyl ester cleavage, the presence of an additional nucleophile coordinated
to the metal usually leads to an increase in the catalyst reactivity, as obser2«b.for

the reactions, initial coordination of the substrate to the complex ishevéd to be part

of the mechanism, and so as the reactivity of the nucleophile increases, so does the rate of

the reaction.

Although we considered no variation of the dimerisation constant across thegdthe
deprotonation oR-5 might partially infuence the equilibria betweef-§)-2H" and its
dimeric form. As reported ischeme2.14, after the first fa the additional negatively
charged hydroxide groups mighantially prevent the doupland triply deprotonateforms
of 2-5 from engaging in dimerisation. Therefore,2f%)-H* and @-5)-2H" retained part of
the complex reactivity, the observed maximumkefat higher pH might be due to

compensation between the two major events happening in solution.
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Although @-5)-2H" might be less reactive thag-5)-H", the former might be more in its

monomeric form than the latter.

To attempt to gain further information that could help interpret the profile, we titrated both
L2s and2-5 at 0.2 mM total concentration. Although the datalfes could be analysed

using a simple scheme to describe its sequential deprotonation, a more elaborate scheme
was required for2-5 to take into account dimerisation. Howeverfroducing a large
number of species affect the validity of the model. For thisoreave reduced the possible
species in the pH range studibdsed on the kinetic data and propoSatheme2.14.
Although titrations of2-5 at higher concentrations wiou have favoured the dimer
formation only and tested the model more thoroughly (the experiment at 2 mM was
attempted, but precipitation occurred), we assumed that under the experimental condition,
the single and the double deprotonated forn2-& mainly engaged in dimerisation.
However, we did not expe@-6)-3H" to dimerise, and only2(5),-2H" (2-5),-3H" and @-

5),-4H" speciesvere considered. The speciation plot is reporte@raph?2.7.
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Graph2.7 Speciation plot of 5. The titration experiment was performed at’@5and ionic strength fixed at 0.1 M by
addition of NaN@; [2-5] = 0.2 mM.

Table2.9 pKa values of the dimeric form of32

| pK& | pK¥ | pKf
252 | 66 | 74 | 83

As proposed by the speciation plot, the major species at pH 7 is the dimer of the single
deprotonated formfa2-5, and moving to more alkaline pH, consecutive deprotonations
lead to @-5)>-3H" and @-5)>-4H". It is worth noting that increasing the number of negative
charges seems to reduce the abundance of the dimeric species. Com2aed2bi{, the
additional metal bound hydroxides 2+%)>-3H" and @-5).-4H" might affect the complex
dimerisation as confirmed by the reduction of the maximum of their distribufdihsugh

we were interested in the monomeric species of the catalyst, the speciatianh fhe

dimers helpus to understand where the correspondent monomer would form. For example,

the speciation ofX5),-4H", which has its maximum at pH 8.5, suggestedithtéte same
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pH region at lower concentratioB-§)-2H" would be the major specie Good agreement
was found between the speciation plot and the kinetic data at lower pH. Over pH 7, the
speciation plot confirmed tha2-6)-H*, which is affected by dimerisation to for@%)2-

2H*, was the most abundant form, and its reactivity is édfiny the second order rate
constant equal t6.7 + 0.4M* s. According toGraph2.7, the gKa of (2-5)>-4H" is at pH

8.3, and a similar value would be expected of the equivalent mon@dg2H". This

result was confirmed by the pH profile, in which the kinetg!f 8.6 +0.4led to ak; of

15+ 1 M1 st However, compared to the kinetic data, which showed a se¢qruf p1.2

+ 0.3 the increase in the speciation distribution 6)-3H* was observed at lower pH
(approximately 9.5). Although we could not explain this discrepancy between our model,
based on the kinetic data, and the potentiometric titration, we exdluelgdssibilitythat

the higher reactivity at pH 9.5 was due to thghhi negatively charge®{5)-3H", which

would strongly inhibit the phosphate binding to the complex. It is worth highlighting that
the potentiometric titration is influenced by dimerisation and the experimental
concentration of the complex (kept low a2 @M). Both factors have made the titration

fitting laborious and complicated.

The presence of the secondary amines in the ortho position seemed to favour the
dimerisation considerably more strongly than the methyl groups and the second order rate
constan was only 19old higher than that measured 2122 (k. = 0.80 M?! s1). The
difference observed betwe@rb and2-22 was modest compared to previously reported
literature’®798%97 The introduction of primary amine groups in thetho positon of the

pyridyl ring has often greatly improved the catalyst reactivity.Flgure 2.27 is a

comparison between the reactivity of mononuclear catalysts designed for the hydrolysis of
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DNA model molecules and dinuclear complexes, which have been studied for the
hydrolysis of RNA mdel molecules. As highlighted by the relative rate constants, while
the gap between the mononuclear catalysts is 40, the dinuclear complex enriched with
primary amines is 140fbld more reactive than its equivalély®6. This large difference

was explainedb be due to the hydrogen bond donor capacity of the groups, which stabilise

the formation of the metddound hydroxide and enhance the substrate binding.

2-10 2-11
NH,
OH
N 72 R
702t _ N2
p— /’/,' \OH H2N e II OH
\ / \ /
ko max /M5! 2.3x103 9.7 x 102
Keel 1 42
2-26 4-18
NH, HoN
7\ oH HON/\ 7 N on, Ho
=~ Nz 22*6 2:,/2’+ = HaN -\ NZ 22+(_) 2:/,2,"‘ _J NH,
----- n=-0---Zn="- /. X--Zn?"-0---zp2 . I
4 N i 1 N N\ Vi N g / N
S v A / Ly, =
— —~ —
k /s -6 3
obs (0.2mM) 7 S 3.8x10 53x10
Keel 1 1400

Figure 2.27 Difference in reactivity of mononuclear and dinuclear catalyst reported in literature

To test if2-5is a promising candidate for the cleavage of substrates less reactive than BNPP
(and potentially DNA), we monitored the transesterification of five methylprgsphate
diesters [igure 2.28) with different leaving groups. The presence and the position of

substituents in the aromatic ring strongly influenced teqgb theleavinggroup.
117



N //o
>
Te- AI’\O/ o—
K
Ar: PRa
_ ——<;>—No2 7.14
‘0
=
-~ - Cl 7.71
.xN
2 NO,
——@—(:N 7.96
D
6 1 1 1 1
7 7.5 8 8.5 9 9.5 NO,
F

Graph2.8 Comparison betweehek: dependenceverthe pka of Figure 2.28 Methyl aryl Phosphatdiesters
the leaving group for the transesterification of methyl a

phosphate diestdretween 22 (black solid line) and 5(0), at

pH 8.3 and 28C; [substrate] = 0.05 mMpH 8.3[EPPS] = 50

mM, ionic strength at 0.1 M by addition of NalNO

The reaction catalysed 2y5 proceeds by the transesterification of the substnagiessing

the phenolateThe second order rate constant for the cleavagenitr@dphenyl methyl

phosphatén the presence &5 at pH 8.3 and 25C is equal to4.3+ 0.5 M1 st which is

30 times lower than the value found for BNAR. reported inGraph?2.8, increasing the

pKa of the leaving group reduces the second order rate constant. The lineagleass
fitting of t heofd8%+a0.1.pDuetd mesandric eontrbutioAN®;

and 4CN groups offer much greater stability to the phenoladém the other substituents.

For this reason, previous studies have shown that a more appropriate analysis of the
cleavage of the methyl phenyl phosphodiesters was done by omitting these two substrates

Il n our case, the two appr oaadiilbd7stOd)jaddtheot vyi el

k- for the transesterification of all the substrates stay approximately on the same line. In an
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analogous experiment in the presence-a2, a steeper dependence of khevas found by

Wil liams angofel@w@al).Khe s p edidm measure of the ability of the
transition state to accommodate the charge buildup on the leaving group's oxygen. For a
specific reaction, this value is greatly affected by the local environment. As reported by
Herschlag and Zalatan for phosphdiester hydrolysis catalysed by alkaline phosphatase,

t he pr gdre-@43,ed1anhd0.85 for an associative, dissociative and synchronous
transition st aicealuefouadsqgrthexcleavagedf igethyl 8nh ghosphate
diester catlgsed by2-5 is higher than the value found for hydroxide (tested &C42.c b
of-0.94 + 0.05), but smaller than the one found®f@2. In addition, the fractional effective
charge in the transiti adl 4cdhegual®-1.7Faslequall at e d
to 0.61, suggesting a concerted reaction with a loose transition state. The equivalent
parameter foR-22is 0.75, suggesting that5 has a less advanced transition state as far as
bond cleavage to the leaving group is concerned 2q2& Although this is a relatively

small variation, we cannot exclude that the secondary amine might play a role in stabilising
the charge on the leaving group and favouring its departure. However, the huge drop in
reactivity between the most -dO.) and the leas{3-F) activated substrate (96ld
difference ink2) highlights the limitation of the catalyst for the hydrolysis of nucleic acids

(which have leaving groups with much high&:g).
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2.5 Conclusions

This Chapter highlights the impact of the ligand structure on modulating catalyst
performance. Although tempting as a strategy, the introduction of stronger hydrogen bond
donor groups in thertho position of the pyridine rings disrupts the effectivendsthe
complex due to competing deprotonation. With first and secKgslgf 5.58 and 5.89, the
double deprotonated species (with the two protons probably coming from the sulfonamide
groups) is dominant at physiological pH. The formation of this neutraplexmeads to

reduced solubility and reactivity.

As discussed in the second half of the Chapter, we confirmed the importance of stable
hydrogen bond donors, which determine d&@d enhancement over the cleavage of BNPP

catalysed by-9 (Figure2.29).”®

2-9 2-20 2-3
\
NH
W 2 W 2
Saa5 2+ Sl 2+ ~~7n2*
— //’,Zn\‘OH — ,/;Zn‘\oH —NR=_ /;Z”“‘OH
‘N/\\[\IJ\J —N’\Nvﬁ *N/\NVA
@4 \ / \ /
K2 max I M5 4.2 x10" 1.3 x102 2.4x1072
kre/ 1 30 57

Figure 2.29 Structure and reactivity of mononuclear complex tested with BNPP°& 25

In addition, we investigated how the combination of hydrogen bond donors in the ortho

position and different nucleophiles in the ligand chain would affect the complex behaviour
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andreactivity. The pH dependence of tkecalculated fo2-3, 2-4 and2-5 are compared

in Graph2.9.
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\ N N
NH NH NH
oH QH OH
7 Nl 72 N 72
—=( M= __( Zn2_ LOH
- - ' “OH 7 { OH OH —N i ! N
DA i NN L
\/ \ 7 \_/
ke [ Mt 571 2.4+02x10? 21+0.4x102 1541
Kre 1 0.9 625
2 T T T T 1 .
b = _.__'__.-.-".‘-'--_'.'..__ . |
- ‘\\
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=
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g at .
o 20T e
-2 - ~‘,,, .“ .. i
P ,' [ ] \. \‘
4" ‘e RN
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Graph2.9 pH profile of the second order rate constaptdk the cleavage of BNPP catalysed bg.2-4 and 25 at
25°C; [BNPP]= 0.05 mM, [Buffer] = 50 mMijonic strength at 0.1 M by addition of NablO

While the gerdiol in the aliphatic chain did not provide any benefit in terms of reactivity

and efficiency (and yielded only low turnover numbers), the oxime group had a huge impact
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on the catalyst. The presence of an oxyanion not deactivated by cdordimigh the metal

ion, and not decreasing the Lewis acidity of the Zn(ll) ion, seem to combine to provide a
large enhancement of the reactivity of the complex. In comparzsbms 625-fold faster
than2-3. Surprisingly, the difference between the twtabgst is higher than that found

betweer2-20 and2-22 (64-fold)’®8%

Although this is the highe&t ever recorded for a mononuclear Zn(Il) complex£ 1 M-
1sh), the observed rate constant #86 is strongly influenced by dimerisati. Compared
to 2-22 (Kp of 9 + 1 mM),2-5 show an approximately 45@0nes smaller value of 5 uM

(Figure2.30).

2-22 2-5
\
NH
an aNi
S~a5 2+ -~ o+
_ /,IIZn\N,OH —Ni=( /,:Zn\N,OH
Dw B
\ \
K2 max! M7 571 8.0 x 10°" 95+0.9
Kp /mM 9+1 5x 1073

Figure 2.30 Comparison between the kinetic parameter calculated-22 and 25

As shown inFigure 2.31, by providing a hydrogebond, the secondary amine might be
responsible for the observed stronger dimerisatior2-6f The much larger effect on
dimerisation (4 500old) than reactivity (about 10 fold) can be accountedfeformation

of a dimer where both coordinated oximeaoas are stabilised by two sets of hydrogen

bond interactions. For the reaction, the interactions may enhance the effective Lewis acidity
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of the metal ion centre, but the oxygen of the phosphate that is coordinated may not be the
site of the greatest charghange during the reactidnand so enhanced Lewis activity

could have a reduced effect.

Figure 2.31 Dimeric structure of 22(left) and 25 (right)

Although consistentour calculation ofk> is strongly influenced by th&p value
extrapolated from the data obtained with limiting complex concentrations. Therefore, to
obtain a more definitive measure awcdnfirm the intrinsic catalyst reactivity, the
investigation of the catalyst reactivity at even lower concentrations would need to be
considered. As previously reported, in excess of BNPP, the lowest concentration of the
catalyst used was 9 uM, and, inglexperimental condition, we monitored the appearance
of only 1 equivalent of 4itrophenolate. The increment in the absorbance at 400 nm due
to the production of 9 uM of the product is small. Hence, decreasing the catalyst
concentration and, consequentliyge detectable phenol produced would not be practical
due to the low sensitivity of the method. A possible alternative to confirm the reactivity of
the monomer would then be to use a substrate with a fluorescent leaving group. Fluorescent
spectroscopy, me sensitive than UWis, would then allow the screening of lower

concentrations.
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Dimerisation could also be reduced or avoided by changing the ligand structure or
anchoring the latter to a support. For example, aliphatic thiolated chains, able-to self
asemble on the surface of gold nanoparticles, have often been conjugated with catalytic
head groups. Mancin and Scrimin have developed series of nanogaasel@ catalysts

and investigated their activity as enzyme minffd@ecently Sousa and cowork&fhave
incorporated La(lll) complexes into electrospun polycaprolactone fibres, widely used in
bioergineering application®! for hydrolysing BDNPP by heterogeneous catalysis.
Similarly, the conjugation df 2.5 to other systems can be a valid future applicatio?of

in catalysis. Both these approaches might be useful to limit dimerisation andtewvhle
benefit of combining the hydrogen bond donor groups in the second coordination sphere
and the stronger nucleophile present in the ligand structure. Possible strategies to modify

the ligand structure are highlighted in redrigure2.32.

/AN OH
X-NF\— N

=N N\{\
X 7 )
Figure 2.32 Possible strategies to modify.4.
While bulkier groups mightbent r oduced i n 2 position of

oxime to limit the complex dimerisation, by using any other position of the pyridyl ring or

the b to the oxime, it would be possible
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2.6 Experimental

2.6.1 Synthesis

L21
=
.
N I\H \
O 0=S— 2c
= = = 1l
~ ‘ a “ \ O\\//O b o \ O\\//O c T o
N“ONH, = NN NN +
| | |
O=§— 2a O'O:?— 2b y
“ | O/\‘//O
N N
YO Oé\ 2d
(e}
\_O d
o=
NH
\
Q a = = o

Scheme.15 Synthesis of N6-(iodomethyl)pyridiR2-yl)methanesulfonamide;a) MeZQ, EsN, DCM, 25C 2h 87 %
yield; b) mCPBA, DCM, 2% 18 h 87%yield; c)AcO, 100°C 18 h 55% and 9 % yieldd) KOH, MeOH, 2%C 1 h; e)
I2, PhsP, Imidazole, DCM, 28C 18 h 44 % yield f) 3-aminc-2,2-dimethylproparl-ol, DIPEA, dry DMF, 7C°C, 18 h
40% vyield

=
| 2O
N -~
N l}l \
0=8—
)

2a  N-(6-methylpyridin -2-yl)-N-(methylsulfonyl)methanesufonamide

2-Amino-6-methylpyridine (15 g, 138 mmol) was dissolved in 250 mL of D&t °C.

Methanesulfonyl chloride (48 g, 416 mmol) and triethylamine (77 534, mmol) were
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addedand the solution mix was left reactifay 2 h at room temperatur£00 mLof DCM
were added to the mntixre,and the organic layevashed with NHCI saturated solution of
(50 mL x 3) andrine (100mL). The organic layer was driederMgSQs, and the solvent
was removed under reduced pressure. The product was purified sding gel

chromatography (EtOAtlexare, 7:3) to yield a white solid (32 g, 120 mmol; 87% Yield).

IH NMR (400 MHz, CDC§) : G 7. 7z21IH{QH,py), 7.25 (BJ=KE i 1H - CH
py), 7.14 (d, = 8 B 1H - CH py), 3.59 (s, 6H SO(CHa)2), 2.57 (s, 3H CHa).
13CNMR (101 MHz, CDCH) : U  1p§)9Ll47573 (09, 139.35 (CHpy), 124.96 (CH
py), 122.13 (CHpy), 44.17 (SACHs)z), 24.40 (CH).

MS (ES-TOF): [M+H]* Obs. m/z265.03

2b  2-methyl-6-(N-(methylsulfonyl)methylsulfonamido)pyridine 1-oxide

To a stirred solution da (32 g, 120 mmolin DCM (200mL), metachloroperoxybenzoic

acid ( @7%) (41 g, 181 mmol) was added 0 °C. After 18 h at room temperaturiae
solvent wagvaporatedinder reduced pressufiée solid was dissolved in DCM (500 mL)

and he organic layer was washed with saturated Nat{€® 100 mL)and wasdried over
MgSQu. After solvent removal under reduced pressure, the crude product was purified
using silica gel chromatography (EtOACM, 1:1)and obtained awghite solid (13 g, 55

mmol, 87 % yield)
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IH NMR (400 MHz, CDC#) :  7.3& (m3H - CH py), 7.21 (t, J= 8 4, 1H- CH py),
7.14 (d, J= 8 |, 1H- CH py), 3.61 (s, 6H (SOx(CHs)2), 2.55 (s, 3H CHa).
13C NMR (101 MHz, CDC}) : U 1 2py), 197618 (CKbY), 124.75 (CHpy), 45.03
(SO(CHza)2), 18.33 (CH).
MS (ES-TOF): [M+H]* Obs. m/z265.0

[M+Na]™ Obs. m/z287.0

2¢  (6-(N-(methylsulfonyl)methylsulfonamido)pyridin -2-yl)methyl acetate

2b (25 g, 4 mmol) was dissolved iaceticanhydride (150 mL)andthereaction mixture
wasstirred for 18 hat 100°C. The solvent was removed under reduced presandethe
crude was purified by silica gel chromatography (Et€DXeM, 1:1). A white solid (16 g,

50 mmol) was obtained with 55% vyield.

IH NMR (400 MHz, CDC§) : 0 7 . 8z71H{QH,py), J.47 (BJ=E K 1H- CH

py), 7.27 (d, 3= 8 | 1H - CH py), 5.23 (s, 2H OCHy), 3.58 (S, 6H (SOx(CHa)2), 2.17

(s, 3H- CHa).

13CNMR (101 MHz,CDC}) : U 170. 62 py),Clon92 (O)51€0.08 @CH ( C
py), 124.29 (CHpy), 123.00 (CHpy), 65.98 (OCH), 44.17 ((SGCHs)2), 21.03 (CHCOO).
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2d  (6-(N-(methylsulfonyl)acetamido)pyridin-2-yl)methyl acetate

2b (25 g, 4 mmol) was dissolved iaceticanhydride (150 mL)andthereaction mixture
wasstirredfor 18hat 100°C. The solvent was removed under reduced presandethe
crude was purified by silica gel chromatography (Et€DXeM, 1:1), yielding the product

as white solid (2.3 g, 8 mmol; 99teld).

IH NMR (400 MHz, CDC}) : & 7. 9 1H-1CH py)) %47 8, JH8 & 1H - CH

py), 7.40 (d, J= 8 H1H - CH py), 5.21 (s, 2H OCH,), 3.45 (s, 3H (SO:CHs), 2.17 (s,
3H - CHsCOO), 1.99 (s, 3H CHsCON).

I3CNMR (10LMHz, CDCY) : U 171.15 (NCO), py) 149.58(0
py), 139.95 (CHpy), 124.72 (CHpy), 122.79 (CHpy), 66.03 (OCH) 41.69 (SGCHs),

25.12 (CHCON), 21.03 (CHCO).

OH

2e  N-(6-(hydroxymethyl)pyridin -2-yl)methanesulfonamide

2¢ (16 g,50 mmol) and2d (2.3 g, 8 mmol) were dissolved in MeOH (150 mL) &

(CO),

NaOH (7 g, 14 mmol) was dissolved in 10 mL of water and added dropwise to the solution.

The reaction mixture was left stirring at rodgemperatureand after 1 h, 50 mL of 1 M

solution of HCI in MeOH were added. The solvent was removed under reduced pressure

and the solid obtained dissolved in 80 mL of EtOH. The organic layer was filtered off and
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concentrated byotary evapomtor. The geration was repeated three times to remove traces

of salts. A yellow oil was obtained and used without further purification (50 gymol).

'H NMR (400 MHz,DO) : 7.8 (mA&H- CH py), 7.13 (d, J=8 & 1H - CH py),
6.94 (d, J=8 B, 1H - CH py), 4.65 (s, 2H CH), 3.11 (s, 3H (SG:CHz). OH signal not
obeserved.

13C NMR (101 MHz, O) : U 1p$)3143%a (CHpyG, 114.21 (CHpy), 112.07 (CH
py), 60.41 (HOCH), 40.15 (SQCHs).

HRMS (ES-TOF): [M+H]* Calc. m/z:203.0493 Obs. m/z203.0485%

2f  N-(6-(iodomethyl)pyridin -2-yl)ymethanesulfonamide

To a solution ofiodine (15 g60 mmol) andimidazole (4 g60 mmol) in 50 mL of dry

DCM, triphenylphosphine (16 &0 mmol) was added at @ underargon. The mixture

was left reacting for 3@in. 2e (10 g,50 mmol) in 50 mL of dry DCMwasfinally added

to the reactiomixture, whichwas left stirmg for 18 hat room temperature. The solution

was washed with water (20 mL x 2) and 10%3$4@3 solution (20 mL), driedverMgSQy

and the solvent removed under reduced pressure. The product was obtained pure by silica

gel chromatography (EtOADCM, 1:4)with a 44% yield (6.8 21 mmol).

IH NMR (400 MHz, CDCH) : U 7. &2H-(CHpy), 2.59&d, JH 8 B 1H - CH
py), 6.03 (d, J= 8 B 1H - CH py), 4.41 (s, 2H CHy), 3.27 (S, 3H SO.CHs).

13C NMR (101 MHz, CDC}) : U 1 By 139.96 (QH®), 118.12 (CHpy), 111.19
(CH py), 41.64 (SGCH;), 5.28 (ICH).

HRMS (ES-TOF): [M+H]+ Calc. m/z: 312.9502 Obs. m/z: 312.9507
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L21

3-Amino-2,2-dimethylpropanol (140 mg, 1.3 mmol) was added to a soluti@f ¢1.1 g,

3.4 mmol) in 20 mL of dry DMFDIPEA (690 pL, 43.5 mmol) wasdaled to the mixture
which was left stirring overnight at 7GC. The solvent was evaporated under reduced
pressurgand the product was purified by using silica gel chromatography (EtOAc) and

obtained in 40% Yield (250 mg,3B mmol).

IH NMR (400 MHz,CDQ3) : & 7.80 (t, J= 8 H, 1H, Py),
J= 8 H, 1H, Py), 3.89 (s, 4H, NGHPY), 3.25 (s, 6H, SfTHs), 3.14 (s, 2H, OCh), 2.61

(s, 2H, NCH), 0.64 (s, 6H, CH). OH signal not obeserved.

13C NMR (101 MHz, CDC}) : U (CHRY), 18336 (CHPy), 113.14 (CHPy), 69.36
(HOCH), 63.92 (NCH)), 60.33 (NCH-Py), 41.05 (S@CHs), 23.23 (CH).

HRMS (ES-TOF): [M+H]* Calc.m/z: 471.1610- Obs. m/z: 472.1705
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Scheme.16 Synthesis of2.2: a) H2SOy, EtOH, 80°C 18 h 89 % yield b) NaOH, EtOH:Dioxane (1:2), 108C 2 h 50
% yield c) Diphenylphosphoryl azide, 4, +BuOH, Toluene, 108C 18 h 69 % vyield d) NaBH;,, CaCk, EtOH, 025
°C 18h 97 % yield e) MeSQCI, E&N, THF, 025°C 18h 95 % yieldf) Lil, THF, 50°C 2h 91 % yield g) 3-amino-2,2-
dimethylproparl-ol, DIPEA, dry DMF, 70°C, 18 h 69 % yield h) TFA, 25°C 2 h 98% vyield

2g  diethyl pyridine-2,6-dicarboxylate

To a suspension gyridine-2,6-dicarboxylic acid(13 g, 78 mmol) in 150 mL of ethanol,
2.1 mL of sulfuric acid was added dropwise. The reaction was left stirring overnight at 80
°C. The following day, the mixture was concentdabg rotary evaporation and then diluted

with 200 mL of a saturated solution of NaH&E@he product was extracted by DCM (3 x
131



30 mL), and the combined organic layers were dried over MgB@ solvent evaporation
by reduced pressure yielded a colourle$$1&.5 g, 70 mmol; 89%) used without further

purification.

'HNMR (400 MHz,CDC}) : U 8. 26 ( dCHpy), 799 (71=8/.8HzZ 1H 2 H
CH py), 4.47 (9, J = 7.1 Hz, 4HCH>), 1.43 (t, J = 7.1 Hz, 6HCHg).
13C NMR (101 MHz, CDC}) : U 1®),414862(C pyg 138.34 (CH py), 127.93
(CH- py), 62.44 (CH), 14.30 (CH).
HRMS (ES-TOF): [M+H]* Calc.m/z 224.0917- Obs. m/z: = 224.0917;

[M+Na]* Calc. m/z: 246.07370bs. m/z: = 246.0743;

N\

~_© N OH
(o] 0

2h  6-(ethoxycarbonyl)picolinic acid

NaOH (2.8 g, 69.6 mmol) was left dissolving in 80 mL of ethanol by sonication for 1 h.
Next, the NaOH solution was added dropwise to a solution of 1g (15.5 g, 69.6 mmol) in
220 mL of dioxane:ethanol (10:1). The solution Wt stirring for 2h at 100°C, cooled

to approximately 50C and concentrated. 250 mL of water were poured into the round
bottom flask, and the unreacted starting material was removed by; (3450 mL). By
adding HCI (0.1 M), the water phase pH wawéred to 1, and the product was extracted
by CHCE (3 x 50 mL). The organic layers were combined, treated with Mg®@ dried

under low pressure. A pure white solid was obtained with a 50% vyield (6.68 g, 34.2 mmol).
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'H NMR (400 MHz, CDC%) : U 81.=4.8, 1.1 idzd1H CH py), 8.36 (dd, J = 7.8,
1.1 Hz, 1H- CH py), 8.12 (t, J = 7.8 Hz, 1HCH py), 4.49 (q, J = 7.1 Hz, 2HCH,), 1.45
(t, J =7.1 Hz, 3H CHs), OH signal not observed.
13C NMR (101 MHz, CDC}) : U 1 6 363B8B(CQ),a4r)19 (Epy), 146.52 (G
py), 139.74 (CH py), 128.86 (CH py), 126.83 (CH py), 62.61 (CH), 14.37 (CH).
HRMS (ES-TOF): [M+H]* Calc.m/z 196.0604 Obs. m/z: = 196.0601;

[M+Na]* Calc. m/z:218.0424 Obs. m/z: = 218.0420;

2i  ethyl 6-((tert-butoxycarbonyl)amino)picolinate

To 2h (6.68 g, 34mmol) and EN (10.5 mL, 75 mmol) dissolved in Toluene (220 mt), t
BuOH (2.3 mL, 239 mmoknd diphenyl phosphoryl azide (11 mL, 51 mmol) were added.
The temperature of the stirring mixture was then increased and kept°@ fto@5 h. The
reaction solution was concentrated by rotary evaporation and diluted by 300 mL of EtOAc.
The organic lagr was washed with a saturated solution of Nakl(GBXx 70 mL), Brine
solution (70 mL) and finally dried over MgQOThe solvent was removed by reduced
pressure, and the crude product was purified by flash chromatography (EtOAc/hexane

(1:9)). The yellow oilbbtained crystallised under high vacuum (6.22 g, 23 mmol; 69 %)

HNMR (400 MHz,CDC}) : U 8. 13 (dd,CHpy)=7.877.68,m,2H 0 Hz,
- CH py), 7.58 (s, 1H NH), 4.44 (q, J = 7.1 Hz, 2HCHy), 1.50 (s, 9H (CHa)3), 1.41 (t,

J = 7.1Hz, 3H- CHa).

13C NMR (101 MHz, CDC¥) : & 164.98 (CO), 152.45 (C p
(CONH), 139.14 (CH py), 120.05 (CH py), 116.09 (CH py), 81.40 (C), 62.02)(@BL31
((CHs)3), 14.43 (CH).
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HRMS (ES-TOF): [M+H]* Calc.m/z 267.1339 Obs. m/z=267.1352;
[M+Na]* Calc. m/z:289.1159 Obs. m/z: = 289.1169;

OH

2j  tert-butyl (6-(hydroxymethyl)pyridin -2-yl)carbamate

2i (6.22 g, 23nmol) and CaCl(2.74 g, & mmol) were dissolved in ethanol a&t@ NaBH:

(5.2 g, 138 mmglwas added porticwise, and the mixture was left stirring for 2 h &0

and then overnight at room temperature. 400 mL of water were poured into the round
bottomflask, and the product was extracted from the aqueous phase with (GHC100

mL). The combined organic layers were washed with brine (150 mL), treated withaMgSO
and concentratedn vacuum The product was purified by flash chromatography

(Hexane/EtOAC3:2)) and obtained as a colourless oil with 97% yield (5.1 g, 23 mmol).

IH NMR (400 MHz, CDC}) :
CH), 7.33 (s, 1H NH), 6.89 (d, J
OH), 1.52(s, 9H- (CHa)3).

13C NMR (101 MHz,CDC}) : © 157.50 (C py), 152.33 (C p)
(CH py), 115.06 (CH py), 110.61 (CH py), 81.33 (C), 63.854)CPB.38 ((CH)3).

HRMS (ES-TOF): [M+H]* Calc.m/z 225.1234 Obs. m/z: = 225.1238;

a4

7.82 ( &CH)J7.65( B=7OHHaH 1 H
7.4 Hz, 1HCH), 4.65 (s, 2H CHy), 3.53 (s, 1H
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2k (6-((tert-butoxycarbonyl)amino)pyridin -2-yl)methyl methanesulfonate

To a solution o®j (3.7g, 16 mmol) andMeSQCI (1.5 mL,20 mmol) in THF (120 mL),

EtN (3.4 mL, 25 mmol) was added dropwise &C0The mixture was stirred for 15 h at
room temperature. The suspension formed was filtered off, and the filtrate was concentrated
in vacuum The mixture was takenith a saturated solution of NBI (250 mL), and the
product was extracted by £t (3 x 50 mL). The combined organic layers were washed
with a saturated solution of NBI (80 mL), treated with MgS£and dried under reduced
vacuum, yielding a pale yellow oiThe product was used without further purification (4.75

g, 16 mmol; 95%).

IH NMR (400 MHz, CDC#) : G 7. 93 ( d CH)J7.7E(t B= 79 HH2H 1 H
CH), 7.34 (s, 1H NH), 7.10 (d, J = 7.4 Hz, 1HCH), 5.17 (s, 2H CHy), 3.04 (s, 3H

SO,CHg), 1.51 (s, 9H (CHs)s).

13C NMR (101 MHz, CDC}) : U 152.29 (C py), 151.94 (C
(CH py), 117.24 (CH py), 112.41 (CH py), 81.48 (C), 71.264CBB.30 (SGCHs), 28.36

((CHz)3).

HRMS (ES-TOF): [M+H]* Calc.m/z 302.0936- Obs. m/z= 302.0930;

21  tert-butyl (6-(iodomethyl)pyridin -2-yl)carbamate

To a round bottom flask loaded with a solutior&f(4.8 g, 16 mmol) in THF, Lil (4.2g,
31 mmol) was added. The reaction mixture was left stirring foa50°C. After pouring

180 mL of a saturated solution of WEl, the product was extracted from the aqueous layer
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by ERO (3 x 50 mL). The combined organic layevere washed with 50 mL of NigI
saturated solution, 50 mL of 10% (w) 28303 solution, and then dried over MgaQO'he

solvent was removed byigh vacuum, yielding a yellow oil (8.g, 14 mmol; 91%).

'H NMR (400 MHz, CDC¥): i 7 . 398.3(Hd, 1H CH py), 7.58 (t,J=7.9 Hz, 1H
CH py), 7.01 (d,J = 7.4 Hz, 1H- CH py), 4.37 (s, 2H CHy), 1.52 (d,J = 6.7 Hz, 9H-
(CHa)3 ).

13C NMR (101 MHz, CDC}): U 6.58.(C py), 15163 (C py), 139.23 CH py), 117.32
(CH py), 111.30 CH py), 28.37 ((CHa)3)), 6.16 CH>).

HRMS (ES-TOF): [M+H]* Calc.m/z 335.0251- Obs. m/z: = 335.0251;

S f

5 Y HO
C?/N _N N\/z\
% \_/

2m  di-tert-butyl((((3-hydroxy-2,2-dimethylpropyl)azanediyl)bis(methylene))

bis(pyridine-6,2-diyl))dicarbamate

A solution of2l (4.8 g, 14 mmol) and-&mino2,2-dimethylpropanol (667 mg, Bmmol)

in DMF (70 mL) was prepared in a 100 mL round bottom flask. DIPEA (3.4 mL, 19 mmol)
was added to thiatter, and the reaction mixture was left stirring overnight 2C7/@00

mL of brine were poured into the DMF solution, and the crude product was extracted from
the agueous phase by DCM (3 x 50 mL). The organic layers were combined, washed with

brine (50mL) and treated with MgSOThe solvent is finally removed bgtary evapomtor.
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The product is obtained pure after flash chromatography (DCM/EtOAc (9:1)) with a 69%

Yield (2.3 g, 45 mmol).

IH NMR (400 MHz, CDC$) : U 7. 80 ( dCHpY), 7® (t8=3.9 Hz2H 2 H
CH py), 7.35 (s, 2H NH), 6.93 (d, J = 7.4 Hz, 2HCH py), 3.68 (s, 4H CHy), 3.33 (s,

2H - CHOH), 2.58 (s, 2H CH2N), 1.52 (s, 18H (CHzg)3), 0.91 (s, 6HCHs). OH signal

not obeserved.

13C NMR (101 MHz, CDC#) : U 1 pyy, 152.81 (G ), 151.51 (CONH), 138.81
(CH py), 117.90 (CH py), 110.58 (CH py), 81.08 (C), 72.42 (9)C65.82 (NCH), 61.88
(CHz), 28.41 ((CH)3), 24.83 (CH).

HRMS (ES-TOF): [M+H] " Calc.m/z 516.3180 Obs. m/z: 516.3189;

NH,
Y HO

H N
N/

Lo2

2m (200 mg, 0.39 mmol) was dissolved in 3 mL of TFA and stirred for 3 h at room
temperature. The TFA in excess was removed by blowing nitrogen, and the remaining oll
was dissolved in water (10 mLThe aqueous phase, which was first washed wib &

x 5 mL), was basified by adding concentrated NaOH. The product is then extracted from
the water layer by DCM (3 x 10 mL). The combined organic layers were treated with
MgSQs and dried undein vacuum. The desired compound was obtained as a pale yellow

oil in 98% vyield (120 mg, 0.38 mmol).
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IHNMR (400 MHz,CDC¥) : U 7. 36 ( daHj CHpy)5.7B(d,037.3Hz,5

2H i CH py), 6.36 (d, J = 8.1 HZH i CH py), 4.60(s,4H i NH>), 3.65 (s4H i CHy),
3.35 (s,2H i CHxOH), 2.56 (s2H T NCH>), 0.89 (spH 1 CHzs). OH signal not obeserved.
13C NMR (101 MHz, CDC$) : U € pyB 150.36 C py), 138.54(C py), 113.04 (s),
107.12 (s), 71.724CHp), 64.95 NCHy), 62.30 CHy), 36.82 (CHa)3), 24.98 CHba).

HRMS (ES-TOF): [M+H]* Calc.m/z 316.2132 Obs. m/z: 316.2146;

Methyl amine building block

2s | 2t

Scheme@.17 Synthetic procedure of key building block 2t: a) BadEsN, DMAP, DCM, 253C 18 h, 80 % yield; b)NaH,
Mel, DMF, 28C 18 h, 97 % yield; c) mCPBA, DCM, %518 h, 87 % yield; d) A©, 70°C 18 h, 75 % yield; e) KOH,
MeOH, 25C 1 h, 80 % yield; f) MeS@I, E&N, THF, 25C 18 h, 98 % vyield; g) Lil, THF, 3C 1 h 98 % yield.
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2n  2-(tert-butoxycarbonylamino)-6-methylpyridine

2-Amine-6-methylpyridine (9 g, 81.5 mmol) was dissolved in DCM (200 mL)tebi

butyl dicarbonate (18 g, 81.5 mmol) and triethylamine (12.5 mL, 89.6 mmol) were added
to the solution. A catgtic amount of 4dimethylaminopyridine (570 mg, 10%) was added

and the reaction mixture was stirred overnight at room temperature. The solvent was
removed under reduced pressumad the product was purifieénd obtained as white
crystals(13.6 g,65.2 mmol, 80% yieldusing silica gel chromatography (EtOAexane,

1:4).

IH NMR (400 MHz,CDC}) : U 8.07 (s, 1HIH-BHYY 75271 (d,
J=8 Hz, 1H- CH py), 6.77 (d, J= 8 1| 1H - CH py), 2.41 (s, 3H CHa), 1.47 (s, 9H
(CHa)a).
13C NMR (101 MHz, CDC}) : & 156. 87 py)QAB)63 (OW)51238.55 €CH ( C
py), 117.96 (CHoy), 109.33 (CHpy), 80.72 (CB0oC), 28.36 (CHs)3), 24.04 (CH).
MS (ES-TOF): [M+H]* Obs. m/z209.1
[M+Na]" Obs. m/z231.1

N 0

| N7 NJ\ok

20  2-(methyl-tert-butoxycarbonylamino)-6-methylpyridine

Sodium hydride 60% in mineral oil (5.2 g, 130.4 mmol) was suspended in 80 mL of dry

DMF under argon. A solution d¢fn (13.6 g, 65.2 mmol) in dry DMF (80 mL) was then
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added at 0 °CAfter slow addition of methyl iodide (4.87 mL, 78.24 mmal}he reaction
mixture was stirred overnight at room temperature. Tleetien was quenchedith 200
mL of water,and the produawasextracted with EO (3 x 50 mL) The combined organic
layers werevashed with saturated NaHG@(3 x 50 mL) brine (3 x 50 mLanddriedover
MgSQs. The solvenivasremoved under reduced pressyieding a colourless oil (14 g,

63.2 mmol, 97 % yield), used without further purification.

IH NMR (400 MHz, CDC#) : & 7 . 4z3lH{QH,py), 7.33 (BJ=B & 1H- CH
py), 6.78 (d, J=8 B 1H - CH py), 3.32 (s, 3H NCHj3), 2.41 (s, 3H CHy), 1.44 (s, 9H
(CHa)3).
I3C NMR (101 MHz, CDC#) : © 156. 41 py)Qas4a4 (O)5187.05 [CH ( C
py), 118.61 (CHoy), 116.30 (CHoy), 80.72 (CBoC), 34.32 (NCH) 28.28 (CHa)s), 24.24
(CHa).
MS (ES-TOF): [M+H]* Obs. m/z223.1

[M+Na]* Obs. m/z245.1

(0]
N )Lok

'Ozit />

2p  2-(metyl-tert-Butoxycarbonylamino)-6-methylpyridine -N-oxide

To a solution of20 (14 g, 63.2 mml) in 200 mL of DCM at 0 °C, meta
chloroperoxybenzoic acid (21.2 g, 94.8 mmol) was adtled reaction mixture was stirred
at room temperaturéfter 18 h, he solvent was removed under reduced presblaet,
the solid was dissolved Et.O (150 mL), which wasvashed with saturated NaHG(3 x

100mL). The product was finally extracted from the water phete DCM (4 x 50 mL)
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The combined organic layers weateed over MgS@®@ and the solventvasremoved under
high vacuumA white solid was obtained (13 g, 55 mmol, 87% vyield) and used without

further purification.

IH NMR (400 MHz, CDC}) :  #7.18 (m12- CH py), 7.11 (t, J= 8 4, 1H - CH py),
3.18 (s, 3H NCHs), 2.52 (s, 3H CHa), 1.41 (s, 9H (CHa)a).
I3C NMR (101 MHz,CDC}) : U 154. 37 p¢)Aas26 (04)4124.59 8H ( C
py), 124.40 (CHpy), 123.56 (CHpy), 81.40 (CBoc), 34.78 (NCH) 28.79 (CHza)3), 18.31
(CHg).
MS (ES-TOF): [M+H]* Obs. m/z239.1

[M+Na]* Obs. m/z261.1

OYO
2q  2-(metyl-tert-butoxycarbonylamino)-6-acetylpyridine

2p (13 g, 55 mmol) was dissolved in 100 miLagetic anhydrideand the reaction solution
was left stirring overnight at 7GC. The solvent was removed under reduced pressure and
co-evaporated with toluene. The product (11.6 g, 41.2 mmol) was obtaineafiausdica

gel chromatography (DCNEtOAC, 9:1) witha 75% yield.

'H NMR (400 MHz, CDC}) : (+7.60 (M2A - CH py), 7.037.01 (m,1H - CH py),
5.15 (s, 2HOCH), 3.38 (s, 3H NCHg), 2.16 (s, 3H CH:CO), 2.52 (s, 3H CHg), 1.51
(s, 9H- (CHz)3).
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13C NMR (101 MHz, CDC}) : U (DCQQ),.1BH3 (CO), 154.54 (@), 153.74 (C
py), 137.64 (CHpy), 118.26 (CHpy), 116.17 (CHoy), 81.34 (CBoc), 66.79 (OCH), 34.29
(NCH;) 28.47 (CHs)s), 21.14 (CHCO).

MS (ES-TOF): [M+H]* Obs. m/z281.1

2r  2-(metyl-tert-Butoxycarbonylamino)-6-methanolpyridine

A saturated solution of potassium hydroxide (10 mL) was attd2g (11.6 g, 41.2 mmol)
dissolved in 60 mL of MeOHAfter 1 h of stirring at room temperature, the solution was
concentrated byotay evaportor, 150 mL of water were added to the mixiumad the
product was extracted with DCM (3 x 70 mL). The organic layeredried over MgS@
and the solvent removed under reduced pressieepbtainedolourlessoil (7.85 g, 33

mmol, 80% yield) was used without further purification.

IH NMR (400 MHz, CDC4) :  1+7.52 (m@2# - CH py), 6.936.91 (m,1H - CH py),
4.695 (d, J=4 BH 2H- HOCHy), 3.40 (s, 3H NCHa), 1.52 (s, 9H (CHs)3). OH signal not
obeserved.
13C NMR (101 MHz, CDC%) : U 1 pyp 152.04 (Qpyg, 137.82 (CHpy), 117.54
(CH py), 115.49 (CHpy), 81.51 (CBoc), 63.92 (HOCH), 34.32 (NCH) 28.46 (CHa)a3).
MS (ES-TOF): [M+H]* Obs. m/z239.1

[M+Na]* Obs. m/z261.1
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2s  2-(metyl-tert-Butoxycarbonylamino)-6-mesytmethanolpyridine

2r (7.8 g, 33 mmol) and triethylamine (7 mL, 49.5 mmol) were dissolved in 100 mL of
THF. Methanesulfonyl chloride (8L, 39.6 mmol) was added afG, and the mixture was

left stirring for 18 hat room temperature. The reaction was quenched with 200 mL of
saturated NBCI, and the produatasextracted with DCM (3 x 100 mL). The organic layer
was dried over MgS#) and the solventvas removed byrotay evapomtor, yielding a

yellow oil (10 g, 32.4mmol, 98 % yield) used without further purification.

IH NMR (400 MHz, CDC}) :  (+7.63 (m2B- CH py), 7.14 (d, J=8 K, 1H - CH py),
5.25 (s, 2H HOCH), 3.38 (s, 3H NCHs), 3.07 (S, 3H OSQ.CHs), 1.52 (s, 9H (CHa)a).
13C NMR (101 MHz,CDC#) : 0 155. 13 py)Q8l)32 (n))5188.00 &€H ( C
py), 119.01 (CHpy), 117.59 (CHpy), 81.64 (CBoc), 71.74 (OCH), 38.24 (OSGCHs),
34.24 (NCH) 28.44 (CHa)s).
MS (ES-TOF): [M+H]* Obs. m/z:317.1

[M+Na]™ Obs. m/z339.1

2t 2-(metyl-tert-Butoxycarbonylamino)-6-iodomethylpyridine

Lil (9 g, 64.8 mmol) was added to a solutior2ef (10 g, 32.4 mmol) in dry THF (120

mL). The reaction mixture was stirréor 1 h at 50°C and then quenched with 26@. of
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saturated NECI. The product was extracted with DCM (3 x 50 mand thecombined
organic layes were washed with 1090N&S,03 solution (50 mL) andvere dried over
MgSQs. The solvent was evaporated under reduced pressndean orange oil was

obtained(11 g, 31.8 mmol, 98% yieldnd used without further purification.

IH NMR (400 MHz, CDC}) :  +7.52 (mE2B - CH py), 7.087.06 (m,1H - CH py),
4.44 (s, 2H ICHy), 3.40 (s, 3H NCHs), 1.52 (S, 9H (CHs)a).

13C NMR (101 MHz, CDC#) : U 1 Py} 158.88 (GpyG, 137.87 (CHpy), 117.94
(CH py), 117.82 (CHoy), 81.40 (CB0C), 34.34 (NG1s) 28.44 (CHs)s), 6.85 (ICH).

MS (ES-TOF): [M+H]* Obs. m/z:349.0
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Methyl amine based ligands

o
>LO)LN/ “NH
N SN HO SN HO
((j\i/k-ﬁ-HN oH —— |‘/ N\%—d> H‘/ N\%
N T ° z /><\ O N N\ N N\
| 2t w ”" | Ly

Scheme.18; Synthesis of4s,L24 and Lzs; a) DIPEA, dry DMF, 70°C 18 h 75 % vyield b) DessMartin periodinane,
dry DCM, 25°C 2h, 65 % yield; ¢c) NEDH-HCI, NaOH, water:ethanol (1:1), 2%C 3h, 93 % vyield; d) TFA, DCM, 25
°C 1h, 95 % yield; e) TFA, DCM, 2& 1h, 26 % yield; ffFA,TIS, water, 2% 3 h, 59 % yield.
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2u

3-Amino-2,2-dimethylpropanol (1.5 g, 14.5 mmol) was added to a solutiatt dfl1 g,
31.8 mmol) dissolvein 80 mL of dry DMF.DIPEA (7.6 mL, 43.5 mmol) was added to
the mixture and stirrecovernight at 70C under argonThe solution was poured in water
(200 mL) and the produatvasextracted with DCM (3 x 40 mL). Theombinedorganic
layers were washed witlvater € x 30 mL), dried over MgS£and concentrated under
reduced pressure. The product was purified by silica gel chromatogragbéctHeX,

3:7), and a yellow oil was obtained in 75% yield (5.9 g, 11 mmol).

IH NMR (400 MHz, CDC}) : 7.5 (M54 - CH py), 7.027.00 (m,2H - CH py),
5.38 (s, 1H OH), 3.78 (s, 4H NCH2 py), 3.42 (s, 6H NCHa), 3.30 (s, 2H HOCHy),
2.73 (s, 2H CH:2N), 1.52 6, 9H- (CHza)3), 0.91 (s, 6H CHs).
13C NMR (101 MHz, CDC#) : U 156 . 58 py), C58.56, (Cpy),5.37.3®(CH C
py), 118.86 (CHy), 117.61 (CHy), 81.21 (CBoc), 72.92 (CHOH), 66.02 (NCH), 61.74
(CHaN py), 34.43 (CHN), 28.50 (CHs)3), 24.59 (CH).
MS (ES-TOF): [M+H]* Obs. m/z544.3

[M+Na]* Obs. m/z566.3
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2v

Dessmartin periodinane (5,1 g, 12.1 mmol) was added to a solutidn &9 g, 11 mmol)
in dry DCM (100 mLb at 0°C underargon. After 2 h at room temperatutee reaction
mixture was poured with 150 mL of water; the product was extracted with 3CV60
mL), and the organic laysrwere washed with water (2 x 50 mL) amwderedried over
MgSQu. The soltion was concentrated under reduced pressmetthe crudevaspurified
by silica gel chromatography (EtOA2CM, 1:9), yielding a yellow oil (3.9 g, 7.15 mmol,

65% Yield).

IH NMR (400 MHz,CDCl) : G 9. 36 ( s7,50 (MMH- CE pyDJ.137.70. 6 0
(M, 2H - CH py), 3.74 (s, 4H CH.N py), 3.39 (s, 6H CHaN), 2.93 (s, 2H CH.N), 1.51

(s, 9H- (CH3)3), 1.02 (s, 6H CHg).

13C NMR (101 MHz, CDCJ) : 206163 (CHO), 157.43 (@y), 154.62 (Qpy), 137.42 (CH

py), 118. 54 (CHpy), 117.51 (CHpy), 81.18 (CBoq), 61.78 (CHN), 61.41 (CHN py),
34.42 (CHN), 28.49((CH3)3), 20.47 (CH).

MS (ES-TOF): [M+H]* Obs. m/z542.3
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NH2OHHCI (275 mg, 4 mmoland NaOH (158 mg, 4 mmol) were dissolved in 10 mL of

a mix MeOHwater (1:1) and then added to a solutior2e{2 g, 3.6 mmol) in 25 mL of
MeOH. The reactionvasstirred for 3h at 60°C, and then NaCl saturated (100 mL) was
added. The product was extracted with(E(3 x 20 mL). The organic layer wasetl over
MgSQy, and the solvent was removed under reduced pressure. The colourless oil (1.9 g,

3.34 mmol, 93% Yield) was used without further purification.

IH NMR (400 MHz,CDC}) : U 8. 05 (s, 1HZ?2CKBhHY), 7.497. 57 ('t
(d, J= 8 H, 2H - CH py), 7.18 (d, J= 8 i 2H - CH py), 3.78 (s, 4H, CkN py), 3.38 (s,
6H - CHsN), 2.77 (s, 2H CH2N), 1.50 (s, 9H (CHa)3), 1.01 (s, 6H CHa).
13C NMR (101 MHz,CDC$) : U 158.59 ( CNOH) ,py)l1s4B5(€3 ( CO) ,
py), 137.33 (CHoy), 118.67 (CHoy), 117.44 (CHoy), 81.13 (CBoc), 64.63 (CHN), 61.69
(CHaN py), 34.46 (CHN), 28.48 (CHs)s), 3.92 (CH).
MS (ESTOF): [M+H]* Obs. m/z: 557.3
[M+Na]* Obs. m/z: 579.3
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L23

2u (200mg, 0.37 mmol) was dissolved in 3 mL of TFA and left reacting for 3 h at room
temperature. The TFA in excess was removed by bloWNimagnd the remaining oil was
dissolved in water (10 mL)'he aqueous phase, which was first washed wi® B2 x 5

mL), was basified by adding concentrated NaOH. The product is then extracted from the
water layer by DCM (3 x 10 mL). The combined organic layers were treated with MgSO
and dried under high vacuum. The desired compound was obtained as a pale yellow oil

in 95% yield (120 mg, 0.35 mmol).

'H NMR (400 MHz, CDC#): G17.45 (t,J= 7.8 Hz,2H - CH py), 6.66 (dJ=7.3 Hz,2H -
CH py), 6.32 (d,J=8.5 Hz,2H - CH py), 3.76 (s4H i CH:N py), 3.42 (s2H - CH2N),
2.92 (dJ=5.0Hz6H - CHsN), 2.64 (s2H - CH2), 0.91 (spH - CHz). NH andOH signas
not obeserved.

13C NMR (101 MHz, CDC}) 11 154.78(C py), 148.44(C py), 144.29CH py), 111.51(CH
py), 107.96(CH py), 69.71 CH20), 65.12 CH2N), 57.52 CH2N py), 37.27 (C), 29.06
(NCHs), 24.07 (CH).

HRMS (ES-TOF): [M+H]+ Calc. m/z: 344.2445 Obs. m/z: 344.2458
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2v (250 mg, 0.46 mmolwas dissolved in 4 mL of DCMFA (1:1), and the mixture was
stirredfor 35min at room temperature. After TFA and DCM evaporation bylwing,

the crude was dissolved 1® mL of water, and the solution was basified by adding NaOH
(2 M) until alkaline pH (89) was reached. The product was extracted from the aqueous
phase with DCM (3 x 10 mL). The combined organic layers were dried over Mg®D
concentratedn vacuum Finally, the crude was purifiedy the auto column CombiFlash
NextGen 100 applying a gradient from 0 to 5% of MeOH in DCM fomi{) followed by

10 min isocratic(5 % of MeOH in DCM), yielding a pale yellow oil (41 mg, 0.12 mmol,

26% Yield).

'H NMR (400 MHz, CDC}) :  4i(s, 8H- GHO),7.41(t, J= 8 Hz, 2H CH py), 6.75 (d,
J=8 H, Hz, 2H - CH py), 6.24 (d,J= 8 Hz, 2H CH py), 4.54 (m, 2H NH), 3.62 (s, 4H
- CH2N py), 2.895 (d 6H - CHsN), 288 (s, 2H- CH2N), 1.00(s, 6H- CHa).

13C NMR (101 MHz, CDC}) : 703 (2HO0), 18.34(C py), 158.22 (Cpy), 138.06 (CH
py), 112.12 (CH py), 103.85(CH py), 62.04 (CH2N), 6168 (CH:N py), 29.41(CHsN),
2053 (CH).

HRMS (ESTOF): [M+H]+ Calc. m/z: 342.2288 Obs. m/z: 342.2272
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A mixture of TFA (2.85 mL), TIS (0.15 mL) in 5 mL of DCM was prepared and added to
2w (200 mg, 0.36 mmol) solution in DCM (&L). After 4 h of stirring at room
temperature, the TFA solution was evaporated byTHe crude was then purified using
theauto column CombiFla§iNextGen 100 applying a gradient from 0 to 5% of MeOH in
DCM for 10 min, followed by30 minisocratic(5 % of MeOH in DCM) yielding a yellow

oil (117 mg, 0.21 mmol, 59% Yield).

IHNMR (400 MHz,CDCH) : U 9. 91 (s, 2#2H-GHpy,7.2%(s,7 9
1H - HOCN), 6.89 (d, J= 8 # 2H - CH py), 6.61 (d, J= 8 | 2H - CH py), 3.93 (s, 4H
CH:N py), 2.96 (s, 6H CHaN), 2.80 (s, 2H CHzN), 1.08 (s, 6H (CHa)a).

13C NMR (101 MHz,CDC§) : U4 158. 91 (CNOH), 157.63
(CH py), 111.71 (CH py), 103.42 (CH py), 64.24 (N§SH61.4 (NCH py), 29.3 (NCH),
24.00 (CH).

HRMS (ESTOF): [M+H]+ Calc. m/z: $7.2397- Obs. m/z: 357.2383
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2.6.2 UV - Kinetic experiment

The kinetic experiments were carried asingMilli -Q® water at 25C. The buffers used
were MES (5.5 < pH < 6.7) HEPES (6.9 < pH < 8.2), EPPS (7.4 < pH < 8.6), CHES (8.7 <
pH <9.9) and CAPS (9.8 < pH <11.0). All the solutions were prepared with analytical
grade buffers keeping the ionic strength at 0.1 M by adding NaN@ reaction was either
performed in a quartz cuvette using the Cary 300\ &/NIR spectrophotometers or el

of a quartz plate using the FluoroStar Omega plate reader. At pH 7 or above, the reaction
progress was monitored at 400 nm, following the appearameritbphenolate; in the pH
range 57, thereaction was monitored yetecting the formation gd-nitrophenol at 318

nm using scanning kinetic methaedor HPLC. A typical experiment was started by
introducing a volum@0pL of 5 mM BNPP to the reaction solution. The latter was prepared
by mixing the zinc complex (0.052 mM - createdn situ by adding specific aliquots of
5-50 mM Zn(NGs)2 and ligand stock solutions) with 1 mL of 0.1 M Buffer and the
appropriate volume of 0.1 M NaN@ reach 2 mL. The ligand solution was prepared with

DMSO and the Zn(N¢g)> with 0.1 M NaNQ in water.

2.6.3 HPLC i Kinetic experiment

Kinetic experimentsnonitoredoy HPLCusedthe following method:

Turnover experiment fa2-3 and2-4:
Gradient: 595% acetonitrile in 10 min, injected volume: 10 pL; Absorbance
registered at 350 nm. Column: Synergi 4 um R&Rr80A,LC Column 150 x 4.6

mm, Phenomenex.
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Turnover experiment fa2-5:

20 % acetonitrile for 1@nin followed by a gradient 205 % acetonitrile in 5 min,
injected volume: 10 uL; Absorbance registered at 350 nm. Column: Synergi 4 um
PolarRP 80 A,LC Column 158 4.6 mm, Phenomenex.

Substrate screening withb:

Gradient: 595% acetonitrile in 15 min, injected volume: 20 uL; Absorbance
registered at 280 nm. Column: Synergi 4 um R&EF 80 A,LC Column 150 x 4.6
mm, Phenomenex. KinetBs e m C18 100 PhenoméexCol umn,
2-4 analysis in pseudo firgirder condition:

Gradient: 595% acetonitrile in 15 min, injected volume: 20 pL; Absorbance
registered at 318 nm. Column: Synergi 4 um R8IBr80 A,LC Column 150 x 4.6

mm, Phenomenex.

Calibration curve of itrophenol for the HPLC experiment in excess of substrate:

Area / mAU min”

4
1.410 T . ' T — [4-NP]/mM [ Area/mAU mint
\ o 0.1 279.3
1210° |- e ’ 0.5 1337
ot | .":' | 1 2652.4
.’ 2 5323.9
5000 o 3 7398.8
i Py 1 4 10396
o 5 11679
6000 | L’ 1
e
4000 [ ," 7
o
2000 .
',' wavelength: 350 nm
o 2 1 ! L 1 I injection volume: 10 pL
0 1 2 3 4 5 6

[4-nitro] / mM
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Calibration curves of phenols used for thedstrate screening experiment performed by

HPLC:
1500 T T T T >
.l
’
’
’
’
’
’
ll
’
- ’.
‘= 1000 | 4 -
— ’
£ 3
2 P
< ;e
-
© ue
S s} o -
< P
’
’ "—_ -
. T
’ - -
/’ - T Lo
o P e wavelength: 280 nm
o _._:;;:I--"" injection volume: 20 pL
0 Laiw==7" 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12
[phenol] / mM
mM 4-CN/rt9.1 3-NO,/ rt 10.4 min |3-NO,-4 Cl / rt11.6 minf 4-NO, / rt 10.0 min 3-F/rt10.1 min
0.01 149.39 104.08 53.93 31.45 21.99
0.025 363.54 256.45 133.37 78.83 54.6
0.05 719.07 518.92 269.56 158.53 109.94
0.075 1068.8 774.84 405.54 237.19 166.28
0.1 1410.2 1033.4 540.72 316.29 220.79
slope:
14203 + 65 10337 + 11 5403 +7 3163 +2 2209 +4
/mAU mM*

In general, thexperimeng wereinitiated by addinga wolume of 5mM BNPP solution to
the reaction solution composed of complex (fornmesitu), buffer, 0.1 M NaN@in water.

To both the eluents, 0.1 % of TFA was added.
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2.6.4 Data

1 Kobsvs [2-n]:
[Buffer] =50 mM , [NaNQ] = 0.1 M, [BNPP]=0.05 mM, 28C;

2-3:
[2-3] / mM Kops /S~
pH 6.66 pH 7.06

0.5 2.30 +0.02 x10° | 4.36 + 0.02 x10° | 9.38 +0.04 x10°® | 1.08 + 0.05 x 10
1.0 459 +0.03 x10° | 9.41 + 0.03 x10° | 1.66 +0.04 x10° | 2.14 +0.01 x 10°
15 6.45 +0.04 x10° | 1.44 + 0.01 x10° | 2.41 +0.01 x10° | 3.07 £ 0.03 x10°
2.0 7.53 +0.04 x10° | 1.90 £ 0.01 x10° | 3.16 +0.01 x10° | 4.42 £0.03 x 10°
25 9.93 +0.28 x 10° | 2.48 £ 0.01 x 10° | 4.20 £0.01 x10° | 5.42 +0.06 x 10°

[2-3] /mM Kove /S~
0.5 2.04 +0.12 x10° | 1.59 + 0.02 x10° | 1.05 + 0.01 x 10°
1.0 3.92 +0.09 x10° | 3.04 +0.01 x10° | 2.31 +0.02 x10°
15 4.19 £0.09 x 10° | 4.07 £ 0.02 x10° | 2.99 +0.02 x 10
2.0 5.96 + 0.56 x 10° | 5.18 + 0.03 x10° | 3.95 +0.02 x 10°
25 7.72 £0.08 x10° | 5.75 £ 0.04 x 10° =

2-4:
-1

[2-4] / mM Kobo /S
0.50 4.88 +0.32 x10°
1.00 1.01 £ 0.01 x10°
1.50 1.50 £ 0.05 x 10°
2.00 1.92 £0.03 x10°
2.50 2.36 £0.09 x 10°
2.85 2.60 £0.12 x 10°
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2-5:

[2-5] /' mM

k obs / S-l

pH 7.11

pH 7.52

0.10
0.25
0.50
0.75
1.00
1.50
2.00

9.98 +0.04 x10°
1.72 +0.01 x 10
2.26 +0.01 x10™
2.75 +0.12 x10*
3.07 £0.08 x10*
3.82 +0.14 x10*
3.30 £0.12 x 10™

1.07 + 0.04 x10*
1.71 + 0.04 x10™
2.17 +0.01 x 10"
2.78 +0.05 x 10
2.80 + 0.08 x 10
3.27 £0.05 x 10™
3.33 +0.09 x10™

1.17 +0.03 x 10™
1.91 +0.03 x 10
2.50 +0.01 x10™
2.83 £0.01 x10™
3.08 £0.05 x10™
3.52 £0.05 x10™
3.95 +0.06 x 10

1.27 +0.02 x 10"
2.08 +0.01 x10™
2.74 +£0.01 x10™
3.34 +0.03 x10*
3.36 +0.03 x10™
2.74 +0.07 x10*
4.65 +0.08 x 10

-1
[2-5] / mM Kops /S
pH 10.55

0.10
0.25
0.50
0.75
1.00
1.50
2.00

pH profile

1.49 +0.01 x10™
2.32 +0.02 x10*
3.15 +0.03 x10™
3.79 +0.04 x10*
417 +0.04 x 10™
5.06 +0.04 x10*
5.68 +0.09 x 10™

1.51 + 0.01 x10*
2.37 £ 0.02 x10*
3.28 +0.02 x 10™
3.98 +0.03 x 10"
4.41 +0.06 x 10™
5.10 + 0.04 x 10
5.98 + 0.08 x 10

1.08 +0.01 x10™
1.93 +0.02 x10™
2.89 +0.02 x 10
3.58 +0.03 x10™
4.26 +0.04 x 10™
5.26 +0.07 x10™
6.00 +0.09 x 10™

[Buffer] = 50 mM, [NaNQ] = 0.1 M, [BNPP]=0.05 mM, 25C;

6.92 +0.11 x10®
1.62 +0.03 x10™
2.53 £0.02 x10™
3.25 +0.03 x10™
3.90 £0.04 x10™
4.98 £0.08 x 10™
5.88 +0.10 x 10™

2-3: 2-4:

pH k, /M*s? logk, pH k, /I Mts? log k>
305 373+ 011 x10°|-243 6.40 700+ 065 x10°%]|-2.155
7.06 993+ 0.05 x10°%|-2.00 6.20 286+ 0.08 x10°[-2.544
7.42 168+ 0.01 x102%|-1.78 7.00 134+ 029 x10?[-1.872
7.80 217+ 0.02 x10%|-1.66  7.40 168+ 043 x102|-1.774
8.31 230+ 0.03 x10%|-1.64 8.00 207+ 014 x 10?2 |-1.685
8.91 230+ 0.02 x102]|-1.64 8.40 157+ 075 x 102 [-1.805
9.50 198+ 0.01 x10%|-1.70 9.50 496 + 0.38 x 10°|-2.305
1026 | 177+ 002 x102|-1.75 1000 | 3.24+ 023 x10°|-2.490
10.77 | 155+ 001 x102]|-1.81
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2-5:

pH ko /st M2 ko, /Mt | logk,
7.11 1.001 £ 0.017 + x 102 | 10.0% 0.2 1.000
752 | 8626 £ 0.432 + x 10° 86+ 0.4 0.936
7.97 9.599 =+ 0.376 £ X 10°® 9.6+ 04 0.982
829 | 1129+ 0.051 + x 10%| 11.3* 05 1.053
8.91 1.324 £ 0.023 £ x 102 | 13.2% .2 1.122
948 | 1376+ 0025+ x 102 | 138+ g2 | 1.139
10.31 | 1328 + 0.018 + x 102 | 13.3% 0.2 1.123
1055 | 1241+ 0.042 + x 102 | 124+ 04 1.094

Kobs VS [BNPP]:
[EPPS] = 50 mM pH 7.4, [NaNgp= 0.1 M, 25°C;

BNPP /mM Kos /5™
2-3/2mM 2-4/1mM 2-5/1mM
0.010 453 +0.03 x10°| 5.32 +0.03 x10°| 2.51 + 0.51 x 10™
0.025 4.62 +0.02 x10°| 6.95 +0.08 x10°| 3.11 + 0.43 x10™
0.050 4.40 +0.02 x10°| 9.24 + 0.02 x10°| 2.85 + 0.10 x 10™
0.075 450 +0.02 x10°| 1.14 +0.07 x10°| 2.94 + 0.04 x 10™
0.100 4.63 £0.01 x10°| 1.26 £0.06 x 10| 2.77 £ 0.02 x 10*
0.125 4.49 £0.03 x10° - 2.77 £ 0.02 x10™
0.150 4.67 £0.03 x10°| 1.64 £0.10 x10°| 2.68 + 0.03 x 10™
0.175 - - 2.79 £ 6.92 x10*
0.200 - - 2.90 + 8.91 x10™
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kobs Vs [HEPES]:
[NaNOs] = 0.1 M, [BNPP] = 0.05 mM, 25C;

I(obs /S-l
2-4/1mM

HEPES / M

2-3/2mM

2-5/1mM

0.005
0.010
0.025
0.050
0.075
0.100

2.34 + 0.01 x10°
2.78 + 0.01 x 107
3.08 + 0.01 x107
3.19 + 0.01 x10°
3.22 £ 0.01 x10°
3.23 £ 0.01 x107

PP inhibition experiment
[Buffer] = 50 mM, [NaNQ] = 0.1 M, -n] =1 mM, [BNPP]=0.05 mM, 25C;

1.13 £ 0.10 x 10°
1.18 £ 0.08 x 10

5

5

1.06 + 0.07 x107
9.68 + 0.05 x10°
9.94 £ 0.08 x 10°°
1.15 £ 0.08 x 107

2.26 + 0.01 x10™
3.08 + 0.01 x10™
3.37 + 0.01 x10™
3.42 +'0.04 x 10°*
3.45 £ 0.05 x10™

3.29 £

0.03 x10™

2-3:
[PP] / mM p_r p_l n

Kops / S kik o Kops / S kik o Kops /S kK

0.0 2.15 +0.01 x10° 1.00 | 4.56 £0.02 x10° 1.00 6.35 +0.03 x10° 1.00
0.1 2.02 +0.01 x10° 0.94 |4.38+0.02 x10° 0.96 5.95 +0.02 x10°| 0.94
05 1.30 £0.01 x10°| 060 |3.19+0.02 x10°| 0.70 | 4.96 +0.02 x10°| 0.78
1.0 9.20 £0.03 x10°| 043 |227+0.03 x10°| 050 | 3.90+0.01 x10° 0.61
15 3.70 £0.01 x10°| 017 |9.46 £0.37 x10°| 021 | 3.13+0.01 x10° 0.49
2.0 9.02 +0.07 x107| 0.04 |571+003 x10%| 013 | 2.06+0.01 x10°% 0.32
25 3.83+0.09 x107| 0.02 |3.38+0.02 x10¢| 007 | 2.20+0.01 x10°| 0.35
3.0 3.11 +0.06 x 107 0.01 |2.19 £+0.01 x10°® 0.05 2.19 £0.01 x10°| 0.35
35 - - 1.76 +0.01 x10°| 004 | 1.91+0.01 x10°| 0.30

2-5:
[PP] / mM p\ E

Kops / St k/k o Kops / S k/k o Kops /S* k/k o

0 7.88+0.03 x10*| 1.00 [230+001 x10*| 1.00 2.98 +0.00 x10*| 1.00

20 1.89 £0.04 x10*| 024 [9.01+007 x10°| 039 | 279+004 x10*| 0.93

40 1.17 +0.01 x10*| 015 [566 +0.01 x10°| 0.25 2.60 +0.01 x10*| 0.87

60 553 £0.01 x10°| 0.07 [425+0.01 x10°| o0.18 2.49 £0.01 x10*| 0.84

80 6.43 +0.01 x10° 0.08 |3.52 +0.01 x10° 0.15 243 +0.01 x10*| 0.82
100 6.81 +0.01 x10° 0.09 |3.26 +0.01 x10° 0.14 222 +0.01 x10*l 0.75
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Zn(Il) binding

[HEPES] =50 mM H 7.4, [NaNQ = 0.1 M, 2-n] =1 mM, [BNPP]=0.05 mM, 25C;

Kops /8™

4.25 +0.06 x10~
1.18 £0.01 x10°
2.15+0.01 x10°
2.92 +0.01 x10°
3.78 +0.02 x10°
3.99 +0.01 x10°
4.08 +0.01 x10°
435 +0.02 x10°
411 £0.02 x10°

Kops /87

2-3:

Zn(NO3),
mM eq
0.0 0.00
0.5 0.25
1.0 0.50
15 0.75
2.0 1.00
25 1.25
3.0 1.50
3.5 1.75
4.0 2.00

2-5:

Zn(NO3),
mM eq
0.00 0.00
0.05 0.05
0.10 0.10
0.50 0.50
1.00 1.00
1.50 1.50
2.00 2.00
2.50 2.50
3.00 3.00

6.08 £0.19 x 107
1.37 +0.04 x10°
1.67 £0.02 x10°
2.24 £0.03 x10°
2.67 £0.01 x10°
2.80 £0.01 x10°
2.92 £0.02 x10°
2.98 +0.02 x10°
297 001 x10°

2-4:

m,\jn(No?’)eZq kobs /S_l

0.0 0.00 3.87 +0.46 x107
0.05 0.05 1.16 +0.11 x10°
0.10 0.10 1.46 +0.10 x10°
0.50 0.50 6.65 £0.26 x10°
1.00 1.00 1.14 +0.08 x10°
1.50 1.50 1.15 +0.11 x10°
2.00 2.00 1.13 +0.06 x10°
2.50 250 | 1.20+0.09 x10°
3.00 3.00 1.20 0.09 x10°
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1 Kobsvs [DMP]

[HEPES = 50 mMpH 7.4 [2-5] = 1 mM, [BNPP]=0.05 mM,ionic strength at 0.1 M by
addition ofNaNG;, 25 °C;

[DMP] / mM Kops /8™ kik o
0 1.694 + 0.017 x10* 1.00

20 1.776 + 0.015 x 10" 1.05

40 1.706 + 0.016 x10™ 1.01

60 1.774 + 0.019 x10* 1.05

80 1.787 + 0.019 x10™* 1.05

100 1.864 + 0.020 x 10™ 1.10

1 kavs pKa of leaving group

[EPPS] =50 mM pH 8.3, [B] = 1 mM, [substrate] = 0.05 mNhnic strength at 0.1

M by addition ofNaNG;, 25°C;

PK o Kops /57" ko /s M k,/M's? log k »
7.14 1.37 + 0.15 x 10°| 433 £ 0.47 x 10*| 4.33 047 x 10*| -0.36
7.71 4.90 £ 0.33 x 10°| 1.55 +0.11 x 10*|15.51 + 1.06 x 102 -0.81
7.97 2.04 + 0.06 x 10°| 6.46 £ 0.20 x 10°| 6.46 + 0.20 x 107 -1.19
8.63 9.38 + 0.14 x 107| 2.97 +0.04 x 10°| 2.97 + 0.04 x 10?| -1.53
9.28 9.38 + 0.14 x 10®| 2.97 £+ 0.04 x 10®| 2.97 £0.04 x 10°| -2.53

160



2.6.5 Potentiometric titration

The titration experiments were carried out at 25 °C, and the pH was measured by Mettler
Toledo pH metecalibrated with Thermo Scientific buffer packs at pH 4.00, 7.01 and 10.06

at 25 °C. To the ligand or complex (0.2 mM), dissolved in 10 mL of 0.1 M NaRO

equi valents of HCI (40 eL of 0.1 N from a
Aesar) werea d d e d . The titration was performed by
NaOH (equal t o of equiiwalte ngtl)a swsi tshy ra nHyaen
0.02 M NaOH solution was prepared from a standardised 1 N solution of NaOH purchased

from Alfa Aesar. The 0.2 M NaOH solution concentration was evaluated by titration against

10 ml of a 0.2 mM of potassium hydrogen phthalate as a primary standard and then used to
titrate the 0.01 N HCI solution. The solutions were all prepared with deionised wager. Th
measures were then processed by Hypspec and Hyss, and the data fitting yielded the
speciation plots reported below. The titration plots of the complexes were fitted using the

|l og b values obtained for the relative | ig:
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2-1

Titration curve:
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2-3

Titration curve:
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2-4

Titration curve:
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2-5

Titration curve:
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Chapter 3
Mononuclear Zn (1) complexes for the

cleavage ofphosphate diester models foRNA
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3.1 Introduction

A wide range of metal ion complexes have been studied to explore their ability to enhance
the cleavage of the phosphodiester bonds in RNXs described in Chapter RNA has

lower stability toward hydrolysis than DNA. Intramolecular transesterification can occur
through the 2' hydroxyl group attacking the phosphate group, and tHegentathe of RNA

is approximately 3 x TOtimes lower than that of DNA® Given these structural and
mechanistic differences, the complexes used to catdhe cleavage of RNA do not need

to deliver a nucleophile efficiently, as is required to accelerate DNA cleavage. As
highlighted in Chapter 2, a ligand based nucleophile can enhance the reaction rate, but the
ensuing transesterification between the ldyand the substrate creates aadgvated
catalyst and affects its performance by reducing the turnover number. In the case of
artificial enzymes for RNA cleavage, this issue can be avoided, and generally, better

catalyst efficiency is achieved.

It is firmly established that phosphate diester cleavage is accelerated strongly by metal ions.
For exampleZn(ll) ions in hydrolasesoordinate to water molecules, decreasing the€ir p

so that hydroxide is generated at neutral pH and enhances nucleophilic®&ttack.
Furthermore, thenicroenvironment of an enzyme pocket is strongly affected by all the
amino acid residues capable of hydrogen bonding to the substrate, facilitating its
coordination to the metal ion cor¥s'>"Although their role has not been completely
defined, functional groups capable of hydrogen bonding have been suggested to strengthen

substrate binding, stabilise the transition state, and help leaving group departure. Also, the
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interaction between the metal ioound water and the hydrogen bond donating groups of

arginine, lysine, histidine, and serine might influence hydroxide formé&tfon

While designing the ligand structure of complexes tonim this local environment,
substantial work has focused on quantifying the effect on the reaction rate provided by the
second coordination sphere. To investigate this, De Rosales and coworkers have studied
the impact of introducing primary amines inte teecond coordination sphere of tris(2
pyridylmethyl)amine (tpa) based Zn(ll) complexes on tKe @f the metal bond water

molecule Figure3.1).%2

37 3-8 3-9 3-10
NH, NH,

H,0 N H0 NH H,0 NH H,0 NH
/ N /N, 20 N ? J SN 2

— Z@ =LATNEN NS CITNEN N N

N — / N —N N — / N"— |

72N N N /N N 72N N N 78R N N

pK, 8.08+0.04 7.62+0.09 6.68+0.02 5.99+0.05

Figure 3.1 Structures of mononuclear complexes and relativegf&n(ll) bound water molecul&

Given their electron donating nature, the amino group®@sectedo make the Zn(ll)
centre more electron rich and, consequently, a poorer Lewis acid. This would lower the
acidity of a Zn(Il) bound water molecule. However, the primary amines cooperate with the
Zn(ll) Lewis acidity to polarise the ® bond and stbilise the hydroxide over the water
molecule. As a result, an approximately OKz pinit decrease per hydrogen bond donor
was observed, ar@i10showed the lowest value of 5.99 £ 0.05. This demonstrates that Zn

bound water acidity is strongly influencey the shape and binding site of the ligand, as
168



well as the environmental effects. A similar trend is also reflected in the complexes' ability
to coordinate phosphate esters and catalyse their hydrolytic red€fi@msmplex 3-9
showed a higher affinity toward phenyl phosphate tBah The monophosphate is
expected to replace the neutral water molecule more easily than the negatively charged
hydroxide. AlthougIB-9 ionises at a lower pH tha7, the trend confirms that the arein
hydrogen bonding provides significant stabilisation on the negatively charged oxygen of
the phosphate. Williams and coworkers reported a study on the amine enriched tpa Zn(ll)
complexes, comparing the activity 8f7 and 3-10 toward the hydrolysis of th&NA

model 2hydroxypropy! 4nitrophenyl phosphate (HPNPR)Complex3-10 was highly
effective (with ak; of 2 x 1¢ M s?) and accelates the background reaction 760

faster tharB-7 (k. of 3 x 1¢ M* s1). The contribution provided by the amino groups is
comparable to the core Zn(ll) ion 87, further confirming the influence on catalysis of

the microenvironment around the meatahtre.

Providing the ligand structure with alternative functionalities is crucial for testing this
hypothesis further. As reported in Chapter 2, introducing stronger hydrogen bond donors,
such as amides and sulfonamides, has not proven effective chertddprotonation at
neutral pH. Therefore, groups that are more effective hydrogen bond donors but with a high

pKa are required.

Szymczaket al. have recently focused their attention opl@&nylamino substituted tpa
copper and zinc complexes as modelsitderstand oxygenase and oxidase enzyi?e&®

They reported promising results in dioxygen capture via the formation of dimerised
complexes and the reverse dioxygen release, as repofSetieme3. 1.
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Schemé.1 Reversible @capture and release equilibrium of tpa based complé&s

The performance of the complex was influenced by the introducfiahfferent para
substituted aniline groups in tleetho position of pyridyl rings. They suggested that the
effect was due to the secondary amine's hydrogen bond strength modulatecpasathe
substitution. As summarised gure 3.2, the highest stability of the adduct was reached

when the ligand structure was enriched witirdluoromethyl)anilines.

Hydrogen bond donor strength

-
v

where X:
X S

NH T NH T NH TNH
/ \ — _£\2+
=
N N=
7 \__N
N O CFs

— 7

-
y

Complex's oxygen binding

Figure 3.2 Impact on oxygen binding of the secondary amines' hydrogen bond stféngth
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Enriching the ligand structure with aromatic amines provides the complex with stronger H
bond donors that are not strongly acidilso creating a hydrophobic pocket whose effect

would be interesting to investigate.

3.2 Results and discussion

This Chapter reports the synthesis and kinetic evaluationamil®e substituted tris¢2
pyridylmethyl)amine mononuclear Zn(ll) complexes thdficently enhance the
transesterification of the phosphodiester bond. We also investigate parev
functionalisation of the aniline rings perturbs the complex reactivity. Although five
mononuclear complexes have been obtaifeglife3.3), this Chapter focuses on structures

3-1, 3-2, 3-3 and3-4. Complex3-5 did not show any reactivity and so was not investigated

further.
OEt
o O/
Q Q
NH 0 NH NH /
o
O>X\Q CN HN/@J(OEI Q GN\ HN/@ \OQ 7\ HN/@/
Et0 ) i ) N = " e o
/NN N/ /NN N/ 7N N/
OH
FiC o
O
NH NH o)
CF. le)
F3C\©\N§/ N HN/@/ ’ @Né/ N HN/O/Z%H
—(_-Zn** - = HO Zn?t-. =
JN SN
\ \ / \ N\ /

Figure 3.3 Mononuclear Zn(Il) complexes
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3.2.1 Synthesis

Szymczak's group approached the synthesis of these ligands starting {fiooom(&2-
pyridyl)methanol to obtain a versatiles{i(6-bromao2-pyridylmethyl)amine intermediate,
which can eventually be converted by Buchwilatwig crosscoupling into the final
ligandsi® We followed the same core strateldy but modified the route to the key
intermediate. Thanks to our collaboration with the Research Institute of Sweden (RISE), a
new and upscaled methags developed to obtain-Bomao2-pyridyl)methanol, as shown

in Schemes.2.

fl a | X b = | c = |
N > + N J
Br N Br l}l Br N Br N
o O\fO OH

Scheme.2 Large scale synthesis of-fBomao2-pyridyl)methanol: a) AcOOH, AcOH AT, 15 h 40 % vyield b) AcO,
H2SQy, 70°C, 15 h; ¢) KOH, MeOH, r.t. 1,55 % yield

The Boekelheide rearrangement of thker@mo6-methylpyridine, conveniently activated

by peracett acid, yields (bromao2-pyridyl)methyl acetate, which was then hydrolysed.

The synthesis was performed and optimised on a large scale using 1.7 moles of starting
material with an overall yield of 40%. The synthetic route does not include any purification
by flash chromatography in its steps. The updated method used for synthesising the family

of ligands is shown ischemes.3.
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Scheme3.3 General method for the synthesis of the ligands; a)MsGN,EEHF, r.t. 18 h 90 % yield b)Potassium
Phthalimide, DMFDCM, r.t. 3 h; ¢)38% HBr, 120C, 15 h two stepsyield of 49% d)(6-broma2-pyridyl)methyl
methanesulfonate, NaOH, Me@itO, 70°C, 18 h 60% yield €) NHAr, Pd(OAc), BINAP, CsCOs, Toluene, 10€C,
20h

The hydroxyl group of (@romo2-pyridyl)methanol is efficiently mesylated and
convertedto a primary amine by a nucleophilic substitution with potassium phthalimide
and subsequent hydrolysis. Alkylation of-ffomo2-pyridyl)methanamine with (6
broma2-pyridyl)methyl methanesulfonate provided trisi®mao2-pyridylmethyl)
amine. The final tjands were furnished by Buchwaitartwig reactions with the relevant

substituted anilines.

Br Br NH, NH,
SN NZ a | N N~ | b | SN N7
= N X > N

g
Bre_ Ny N ‘N\ HoN ‘N\
~ S g

Scheme3.4 Synthetic route for @roma2-pyridyl)methanamine and {6roma2-pyridyl)methyl methaneulfonate; a)
Benzophenone imine, Pd(OA@INAP, CsCOs, Toluene, 106C, 24 h 70 % yield b) HCI, THF, r.t. 1h 87% vyield
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To synthesise the previously studied -((Bis((6-aminc-2-pyridyl)
methyl)amino)methyl)pyridi¥rR-amine, tris((6bromo-2- pyridyl methyl)amine was cross

coupled with benzophenone imine followed by acidic hydrolysis as sho@&chiemes.4.

3.2.2 Kinetic studies

Reaction conditions

Replacing the primary amino groups with more bulky and apolar anilines leads to
challenges in terms of water solubility. The complexes show poor aqus#absity under

the usual reaction conditions, which involve 0.1 M NaN@d 0.05 M sulfonate buffer.

These salts are generally used to keep ionic strength and pH constant, and were retained.
Hence, the complexes have been studied using an aqueous subuti@ming 40% (v/v)

of acetonitrile.

Reducing the medium polarity can alter the phosphodiester cleavage reaction, especially
when higher percentages of organic solvents are used. The presence of dipolar aprotic
solvents, leading to nucleophilic dehydoati could activate the alkoxide or hydroxide
involved in the reaction. Furthermore, Yatsimirsky and coworkers proposed that an
organicrich mixture of water might be a good model for the environment of an active
site1%’ They suggested that introducing an organic cosolvent, like DMSO and DMF, would
imitate the solvating properties of the peptides and create a rather polar medium. The group
followed the alkaline hydrolysis of BNPP and NPDPP in aqgaddMSO, acetonitrile and
dioxane mixtures, discovering a general medium effect. Increasing the percentage of the

organic cosolvent up to 600% (v/v) gave barely any change or a slight decrease of the
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reaction rate, but when the percentage was raised7@%r the reaction is 180 times

faster in organigich media than in water. This suggests that a higher percentage of
acetonitrile than we have used with 8@ complexes is required to lead to a significant
change in the reactivity of the phosphatestie A series of experiments have been
designed to test this hypothesis, starting from determining the second order rate constant

for the baseaatalysed HPNPP transesterification under these reaction conditions.
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,
,
,
0.01 | o'
,
‘l
0.008 |- L 4
A3 ’
wn '=
£ 0.006 | o :
= o’
"
0.004 |- . -
L4
L
0.002 |- R .
e
0 L 1 L 1 L
0 002 004 0068 008 01 0412
[NaOH] / M

Graph3.1 Seconebrder plot for the alkaline transesterification of HPNPP in 40 %(v/v) acetonitrile in water. [HPNPP]
= 0.05 mM, ionic strength at 0.1 M by addition of NajNO

The linear leassquares fitting of the data gives a seconder rate cortant equal to 9.6 +
0.1x10%> Mt s, which is in close agreement with the value reported by Williams and
coworkers (7.0 + 0.4 x 1M1 s1)%2in fully aqueous condition, and confirms that no large
alteration in reactivity is caused by the new medium. The leaving group of the HPNPP is a
4-nitrophenolate, and the catalytic reaction is usually monitored by following the
appearance of its peak at 400 rialfemes.5). The formation of the-hitrophenolate was

confirmed by HPLC analysis, where product formation is follow&d3(min; method: 1
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mL/min, acetonitrile 85% in 10min, 25 °C). However, the addition of acetonitrile
perturbs the deprotonation equilibrium of thairophenol, shifting its ia from 7.13%to
7.90 + 0.01, as demonstrated by UV titratiGig(ure 3.4). The absorbance values44i0
nm were reported against the pH and the fitting of the data by eqadpyielded the
new constant. The 0.75 unit shift is consistent with a decrease of the medium polarity.

00

\ /

KO’

J\ S

oy'o oo

ON P — + O,N o O,N OH
2 0,0 \

Scheme.5 Transesterification of HPNPP. In red, the deprotonationildgiium of the 4nitrophenol

Ab — Abs! 7] Abs/ Ka
(14 Sa0onm — 5400nmm + ADSi50nm m
a) b)
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Figure 3.4a) UV-spectra of 0.05 mM-#itrophenol solutions at different pH, using 50 mM Buffer. Increasing the
(red to blue) the absorbance band shows a maximum andQQassigned to-ditrophenolate; b)Titration curve
obtained by th absorbance value at 400 nm, plotted against theBulfer used: MES, HEPES,CHES and CAPS

As reported by Barbosa al in their study on the preferential solvation of carboxylic acids

in acetonitrile and water mixtures, up to B pnit shifts can be aerved by changing the
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acetonitrile from 10 to 70% (w/wf® Similarly, the 40% (v/v) mixture, which can
preferentially enhance the solvation of the neutral rather than the charged species, alters the
pKa of 4-nitrophenol and causes the reported sHift.assess the impact caused by the
acetonitrile on the reactiyi of the catalysts3-10 (Figure 3.5Figure 3.5),which has been
studied extesively in fully aqueous solutiotf,was investigated at increasing percentages

of the organic solvent. The HPNPP transesterification caelpy3-10 at pH 7.4 and 25

°C was followed at 30, 40 and 50% (v/v) of acetonitrile in water, monitoring the 4

nitrophenolate peak appearance at 400 nm over(kigare3.6a).

3-10
NH Figure 3.5 Structure of 310
N\ H,0 NH,
HoN\—= /:Zrﬂz* -N= /
N—
JNTNN
a) b)

=0==40 %
—&— water

0.5

1 _-
log kle s
LN

pH

Figure 3.6 a) HPNPP transesterification catalysed byL@ at pH 7.4 and 2%C in a reaction mixture containing 30(ligt
blue), 40 (blue) and 50 (purple)% (v/v) of acetonitrile in water. Appearancendfaphenolate peak at 400nm ov
time. The data fittinghrough equation?) yielded the desreported in the table. [HPNPP] = 0.05 mM,{B0] = 1 mM,
[HEPES] = 50 mM, ionic strength (0.1 M) regulated by addition of NaN®) Comparison between pH rate profil
for the transesterification of 0.05 mM HPNPP dgsd by 310 at 25°C i n w33 dne 40%(¢/\) ncetonitrile ir
water ©). [Buffer]=50 mM and ionic strength fixed at 0.1 M by additafriNaNQ
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(2 [Pl =[Py] (1 — e konst) (19 k=i

Table3.1 kebsvalues gained by fitting the data reported in graph a by equg#pn

ACN (i) % Kobs / 571
30 9.58 + 0.03 x 10°
40 9.68 + 0.01 x 10°
9.59 + 0.01 x 10®

Due to the perturbation of-ditrophenol fKa previously discussed, the three curves'
endpoints differ, but no alteration kdhs was detectedrigure3.6 andTable3.1). The pH

rate profile for the second order rate constant for the transesterification of HPNPP catalysed
by 3-10 was not changed significantly by added acetonitrile as shown by the overlap
between the data reported in the literature (black dots) and the new values (blue dots) in
Figure3.6b. The pH values were measured by pH electrode InLab Micro at thaf émel
experiment. Fitting equatiofl5) to the data gives a secendder limiting rate constant of

7.8 0.2 x 1& Mt st and kinetic [Ka of 5.5 + 0.1 which are in obe agreement with the
literature values for the reaction under fully aqueous conditions: 7.9 + 0:AM 16! and

5.7 £ 0.1. The kinetick extrapolated from the pH profile, which refers to the dissociation
equilibrium involving the complex’'s aqua and hydroxy foBeheme3.6a), was barely

affected by thaddition of acetonitrile.
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Scheme.6 Deprotonation equilibria of 3.0 (a) and and <hitrophenol (b)

In contrast with the equilibrium of nitrophen@dcheme3.6b), there is no change in the
overall charge for the complex's dissociation. Therefore, the equilibrium was not influenced
by the dielectric constant variatidsut rather by the solutsolvent interaction and the

ability of the medium to solvate one or the other charged species.

The lack of alteration in reaction rate with this solvation change can be compared with
reports for related processes. Selmeeti al. have also investigated HPNPP
transesterification, catalysed by their binuclear Zn(ll) complexes in water/DMSO (70/30)
mixture and DMSG% The transesterification rate was-#4d higher in DMSO than in the
agueous mixture, and different mechanisms were proposed for the two different conditions.
Sigel and coworkers have observed that $@34 of dioxane in water enhanced the Zn(ll)
promoted dephosphorylation of ATP by a factof8f which they explained in terms of an
increased stabilisation of metal ion complexes with ligands having a negatively charged

oxygen as a donor grodff. Anhydrous ethanol and methanol have also been used for
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mimicking the presumed lower dielectric constant of enzymatic active site and have shown

a remarkable increase in the reaction fatehe catalysis of HPNPP by a dinuclear Zn(ll)
complex® However, these examples either involved more highly charged substrates or
much higher fractions of the organic component to show large differences relative to the

fully aqueous conditionsthame have wused ( mol arlesfthram20%)i on o f
This suggests that our data were not significantly perturbed by the solvent composition and

the effects observed can be expected to be applicable to fully aqueous solution too.

Active complexes

Figure 3.7 Structure of the different catalysts

Similarly to the tris(pyridir2-ylmethyl)amine complex3-1 and 3-2 exhibited strong
binding with Zn(ll). The complexation properties were evaluated by monitoring the UV

spectra of the compounds during a Zni@@tation at pH 7, 7.4 and &igure3.8a and for
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3-1and3-2 at pH 7.4). Under these conditions, the binding of the Zn(ll) to the ligand was

found to be sufficiently strong that the stoichiometry was well defined, but the binding

constant cannot be readily determined.

a) 3-1 [L3-1] =0.05 mM b) 3-2 [L32] =0.05 mM
0.4 T T T T 0.5 T T T T
®--pH 7.4 -#--pH74
,”___o,__--o-—--r"'t . ___.____,-__.-..----.
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03 o - 0.4 | ‘,' 4
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E . E i
m§ ! m£ ‘.’
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c) 34 [L3-4] =0.05 mM
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Figure 3.8 Zn(ll) titration of 31(a) , 32 (b) and 34 (c) at pH 7.4[3-n] = 0.05 mM, [ZnC}] =0 i 0.1 mM, [HEPES]
=50 mM
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(snlr + [2n2*] + 1/ ) - J (ILacnlr + 12074 + Yy )~ 4lLs_ylr(zn24]
2

(16) Abs = Absg

This confirmed tight binding between the ligand and Zn(ll) even at a concentration 10 times
lower than the one used in the experimental kinetic conditiore®ntrast to this result, the
ZnCly titration ofL 3-4 showed a weak but persistent 1:1 binding within the pH range studied
(7-8), as reported for the experiment at pH 7.4igure 3.8c, and the fitting of equation

(1) give a binding constant @D + 20 mM*. A pH dependent Zn(ll) binding behaviour was
found forLs3 (Figure3.9). At lower pH Figure3.9a) the titration plot displayed a sharp
change of absorbance at 326 nm bgliaoh of 0.5 eq of ZnCl suggesting the formation

of a 2:1 (ligand:Zn(Il)) adduct. This unexpected behaviour was patrtially lost at pH 7.4 and
8 (Figure3.9b andc), where the complexation curves, although different, showed a weak
2:1 binding.The datawerefitted to a 2:1 [3-3:Zn(11)) modelby Bindfit, the online tool for
supramolecular chemistry research and analysis offered by Thord&rsdrich yielded

the binding constants reportedliable3.2. Even though the adduct was formed, the kinetic
experiment, where the ratio between ligand and ZnjN@as kept 2:1, did not show any
effect on the system reactivitfhe observed rate constaats for transesterification of

0.05 mM HPNPP catalysed by 0.25 n8\8 at pH 7 is 3.592 + 0.002 x & which was
approximately Zold higher than the valulund when the same concentration of ligand

and half an equivalent of Zn(NR are used (1.642 + 0.001 x16%).
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a) [L33] = 0.05 mM b) [L33] =0.05 mM
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b) [L33] =0.05 mM

Table3.2 Zn(ll) binding constants for-3

‘ K1t/ M1 ‘ Ko1/ M1
3.0+ 0.3 x10? 4 +1x10°
9+1x104 8.7+ 0.3x102
pH 7.9 1.5+04x10 6.5+ 0.4 x 107

Figure 3.9 Zinc titration experiments. Plots of Absorbance at 326 nm against the equivaleat{@r0I75 mM) at
pH 7 (a), 7.4 (b) and 8 (c); Bs] = 0.05 mM, [Buffer] = 50 mM, 40%v/v) acetonitrile in water

As described below, given the linear dependendgpebn the complex concentration, the
rate is more likely to be due the concentration @-3 beingequal to 0.125 mM (equal to

the Zn(ll) concentration) than a poorly active dimeric adduct.

The complexes undergo multiple turnovers as shown B AIMR experiment Figure

3.10): 1.5 mmol of HPNPP were efficiently cleaved by 0.1 m\3-@fat pH 7.4, producing
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