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Abstract

Metalloenzymes catalyze various reactions and in particulaygikmases
insert dioxygen into organic substrates. Since these enzymedlyustilize
histidines as ligands for the metal cofactor, we focused oemt&n on the 3-
His-1-carboxylate binding motif as it has been shown recently @ ¢d@mmmon
feature of the cupin superfamily. Most structural and functional matadied
substitute the imidazole rings by pyrazoles, pyridines and akyines to
simplify the synthetic challenge. However, the different donor/aocept
properties and basicity of imidazole render these models inaecWattherefore
developed the synthesis of imidazole-containing ligand mimics oB4Hes-1-
carboxylate motif. The synthesis of the known tris[(4)-imidazolyfjteol, 4-TIC
31, a mimic of the 3-His binding motif, was improved and optimized ntatis
ligand now easily accessible on gram scale. This accdswsed us to
characterize its 2:1 complex with iron (IBR by X-ray crystallography, the first

crystal structure of a metal complex incorporating 4-TIC.

Moreover, we also report the synthesis of a functionalized miysatial
unit bearing a short side-char3. Its coordination chemistry has been explored
and a 2:1 cobalt complex was prepared and characterized by X-ray
crystallographyl04. The coordination properties of the ligand can be described
as an NO-donor. We also expanded the synthetic route to incorporate an
extended side-chain onto a mixed tripodal W®®. However, the coordination
chemistry was difficult due to the low solubility of the ligandspilar aprotic
organic solvents and its propensity to form intractable solids whradnwith

metal ions. We thus optimized the ligand design and syntheRipedith a NsO

Xii



binding mode with Cu (ll) and characterized complé29 by X-ray
crystallography. Comple#29 is the first structural model complex of the 2,3-
guercetin dioxygenase incorporating all three imidzoles and aoxcdabe

functional group and is compared to the active site of the enzyme.
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Chapter 1

The 3-His-1-Carboxylate Binding Motif in Dioxygenases

1.1 Introduction

The selective oxidation of hydrocarbons, a thermodynamicallyréavbut
kinetically disfavored process, is catalyzed by many enzymasdioxygen
activation. Most enzymes utilize a metal cofactor in orderirmumvent the spin
forbidden process of reacting molecular oxygen in a triplet st#te avganic
substrates. The metal cofactor, with an open-shell electronictgte, can directly
activate/reduce dioxygen by its coordination or activate the stdéading to the
formation of some radical character on the reactant, whichheanreact with @

The binding of the metal cofactor is often achieved by polyehisti motifs, and

the 2-His-1-carboxylate triad is generally considered to bec#monical motif of
mononuclear nonheme iron oxygenasesiowever, rather than a general motif, it
has recently been revised as a subset of a much larger binodegabserved in the
cupin superfamily. Based on primary structure homology and tertiary structure,
one can regroup enzymes into a superfamily displaying a giverbaruwof
commonalities. These structurally related proteins found in plamtspbes and
higher organisms seem to exhibit two highly conserved maotifs:
G(X)sHXH(X)34E(X)sG and G(X3PXG(X)H(X)sN. The first B-strand contains
two histidines and a glutamic acid residue which are complemente third

histidine from the seconfl-strand, thus providing as a whole a recurring metal



binding site throughout the cupin superfaniilfhe 2-His-1-carboxylate triad can
then be derived by replacing one the histidines of the first stogn&in or
Asp/Glu® The existence of the cupin superfamily was hypothesized androedfi
by the study of germin and germin-like proteins (GLP). The cupin ifurgtare
multiple and display a wide array of activities such as ismagon and
epimerization. Germin, an archetypal representative of the cigierfamily?
possesses a Mrcenter with oxalate oxidaS@and superoxide dismutase (SOD)
activities. Germin’s active site Mn is octahedral with thes,@iuHis tetrad
coordinating bi-facially, as determined by X-ray crystallographlyis mode of
coordination is very different from the classical Mn-SODs, whicmdbhave a
trans carboxylate ligand to histidiieThis coordination specificity was further
corroborated by structures of Barley oxalate oxiddsed a manganese dioxygen-
dependent oxalate decarboxylase fidatillus subtilis*2

Since we were interested in emulating the unusual reactivity of
metalloenzymes by developing biomimetic catalysts and expladograte mimics
of the important recurring 3-His-1-carboxylate binding mode, we focused
attention on dioxygenases known to activate and insert dioxygen into @rgani
substrates. In the next sections we will detail structureshamsms and model
studies of three enzymes: 1) quercetin 2,3-dioxygenases, 2) atimegluc
dioxygenases, both from the cupin superfamily, and 3) the importanyd$jpoases
which also display the 3-His-1-carboxylate tetrad and have tgcatttacted the
attention of bioinorganic chemists. Spectroscopic and functional modétesé
poly-histidinyl metalloenzymes have been developed, though veryntesporate
poly-imidazole ligand sets. Our work will expand the known models ibying

imidazole ligands as accurate mimics of histidines. We wileltg in the second



chapter our efforts in integrating them into the synthesis ®His-1-carboxylate
mimic. We initially improved the synthesis of the known tris[4(5)iazolyl]
carbinol (4-TIC) ligand and investigated its coordination properti¢is ion (l11)
as a 3-His mimic. We further investigated the functionalizatiord-GfiC and
discovered that the carbinol carbon was prone to substitution reagtidas acidic
conditions. We will also detail our effrorts to incorporate theboxylate moiety
into the tripodal unit and report on the coordination properties of twererft 3-
imidazole-1-carboxylate ligands. The results obtained allowed uopoge a new
ligand design and to synthesize a copper (Il) complex with adésttate NO-
donor ligand. This complex is the first structural model of copper-depende
guercetin 2,3-dioxygenase utilizing only imidazoles as nitrogen-donuds aa

carboxylate side-chain.

1.2 Cu-dependent quercetin 2,3-dioxygenases
1.2.1 Introduction and background

Quercetin 2,3-dioxygenases catalyze the oxygenolysis of two cadsbon
bonds in quercetid (scheme 1.1) by a metal-promoted insertion of dioxygen. This
reaction, calculated to be 88.9 kcal/mol exotherthis, only reproducible in the
laboratory under harsh conditiotsjllustrating the kinetic inertness of triplet
oxygen with organic substrates. Fungi, known to survive on these tyfpes
substrates as a sole source of carbon and energy, utilize quesestio catalyze
the reaction of dioxygen and quercetiryielding 2-(3,4-dihydroxy-benzoyloxy)-

4,6-dihydroxy-benzoic acid and carbon monoxide (scheme 1.1).
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2,3QD (c&*) J\©i

Scheme 1.1

Quercetin 2,3-dioxygenases have been isolated with different metals, for exampl
i) Quercetin 2,3-dioxygenase froBacillus subtiliswas initially isolated as an Fe
containing enzym®°but is active with a wide variety of metals: MnCd&**, Ni%,
CU*. As iron (Il) fails to fully restore the apo-protéinmanganese (I1) is
considered to be the native metal cofacior.

i) Quercetinase QueD @treptomycesp. FLA exhibits a preference for cobalt (II)
and nickel (11)*°

i) Quercetin 2,3-dioxygenase fromispergillus japonicusis a copper (lI)-
containing quercetinase. The copper (lI)-dependent quercetinasiege ade
structure and mechanism is well studied and model complexes in nigbii

reactions are reviewed in details within the next section.

1.2.2 Structure

The presence of copper (Il) in quercetin 2,3-dioxygenases has been
definitively demonstratéd?* and extensively characterized in quercetinase from
Aspergillus nigerfor exampl€? The crystal structure of quercetin 2,3-dioxygenase
from Aspergillus japonicusvas solved at 1.6 A resolution and reported as a dimer

displaying two type 2 mononuclear copper centers (figure 1.1). Biecéinter has



a distorted tetrahedral coordination environment witree histidines and a wai
around copper (l))representing approximately 70% of the confornregticA minor
conformation shows a glutamic acid coordinatedh® ¢opper center, forming
trigonal bipyranidal structure, with three histidines and the ghuate coordinate
(the first carboxylate ligand observed in naturabme-containing protein:. This

heterogeneous environment is also found in sol.?®
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Figure 1.1: Viewof Cu-dependent 2,3-quercetiogygenase active sifrom
Aspergillus japonict (PDB entry: 1JUH). 3-His-Asp copper center with a wal

molecule bound.

1.2.3 Catalytic mechanis

Quercetin 2,3lioxygenase fromspergillus japonicusvas crystallized witl
guercetin in its active site, allowi the detection opotential interactios between
the enzyme and iteative substrateThe displacement of a molecule of water
guercetin leads to a singpenta-coordinated copper cents demonstrated
EXAFS (Extended }-ray Absorption Fine Structuréj. Quercetin monodenta
coordindion to copperthrough its C3 hydroxyl group (C3-QHs unequivocally
confirmed by Xray structureand the newly formed complag square pyramid:

with some bipyramidal distortic Constraints of thactive site on the substrate



also noticeable, as carbon C2 is pyramidalized (scheme 1.2)ntheasing its sp
character and potentially promoting a carbon-centered radicalhamism.
Moreover the coordinated glutamate (Glu-Cu= 2.55 A) is within dyein bond
distance to the 3-hydroxy group of quercetin. From these observdt®psoposed
mechanism of the reaction is initiated by a glutamate medde¢protonation of
guercetin, glutamic acid maintaining the proton at proximity uhg final step
(scheme 1.2). This initial step is supported by: 1) a deflation ofpkee upon
copper binding (flavonol is partially deprotonated at pH= 7 in wasamn), 2) the

mutation of Glu73 to GlIn results in a 1000-fold loss of activity.

||‘|66 T66
1 —  HB8—A I 1
H68/CU - Cu _Hzo
/_ H,0 H112" ]
H112 O _o
E73

Scheme 1.2

The second step invoked is a valence tautomeristtof3-taut (scheme 1.3), in
order to circumvent the spin forbidden procesk. consists of the transfer of a
single electron from the substrate to copper, thus producing'-&la@anoxyl
radical, though it was not detected by EXAFS (Extended X-ray rpbisa Fine
Structure¥* The radical centered on C2 of querc&itaut is directly attacked by
dioxygen, which diffuses to the active site through a putative hydropbbamel

to form 4.2°



Scheme 1.3

An alternative mechanism, wherein dioxygen is initially ac@daby copper (1) has

been proposed based on gas phase calculdfibus,analysis of @activation by a

copper (I)-substrate radical was not supported by modeling stadiee enzyme’s

active site, and an intradiol type mechanism is favorédThe following step

finalizes the formal 1,3 addition (scheme 1.4) to &ive

-Cco Hee ©
H68\Cu||

H11Z L o

OH

E73

O

Scheme 1.4

OH

OH
OH

The intermediat® decomposes to the desired compo6hd the proton, removed

in the first step, is transferred back to produtd give2.



1.2.4 Structural and functional models

Structural and functional model complexes have been synthesized and
studied for quite some time, as they could potentially provide ingigfiitenzyme
catalysis, but also as potential catalyst for bioremediabbnaromatic and
heteroaromatic waste products. Copper complexes catalyze theorreat
dioxygen with flavonol or quercetfii** The first fully characterized functional
model of quercetin 2,3-dioxygenase is Cu®fla 7 (fla= flavonolate aniony
(scheme 1.5). The tetrahedral copper (I) complex is competém ioxygenolysis
of flavonolate and shown to correctly incorporate labeled dioxygehralease
carbon monoxide. This reaction likely proceets dioxygen activation by a Cu
center’® The 1,3-bis(2-pyridylimino)isoindoline (IndH) ligar&i(scheme 1.5) was

also used with Cland CU to form flavonolat&"** complexes as functional models.

Scheme 1.5

The most relevant copper (II) comple, incorporating a BD-donor set, is a
functional model with a moderate turnover rate of 6 per hour at 9% TWMF
(scheme 1.6¥° Interestingly external carboxylate ligands have been reporte

elsewhere to enhance catalysis rafés.



Scheme 1.6

Conclusion

The structural models, including-9, are very approximate, which is
reflected in the lack of a good spectroscopic model of the enzauie site. The
critical steps of the mechanism have not been addressed by theamneaéstries
and a better understanding of the regioselectivity of therefdutic attack by
dioxygen is necessary. Ultimately any single model mightt be able to fully
explain the regioselectivity as the mechanism in bulk solvetikety to differ
greatly from the enzymatic one. Also the selectivity of the viBsus the 1,3
addition of dioxygen on the quercetin core is also intriguing as thadtjfion, not
leading to the desired products, was calculated to be energefaadiyable. The
functional models are competent but a lot of room remains for improvemetits, as

reaction was limited to DMF and high temperatures were req(ifetb 100 °Cf*

36

1.3 Acireductone Dioxygenase

1.3.1 Introduction and background

In the methionine salvage pathway, the penultimate step is the

dioxygenation of acireductone by AciReductone Dioxygenase (ARD®yo T

9



monomeric forms exist and share the same polypeptide chain bert idiftheir
metal content. Iron (lI) and nickel (Il) impart very differgaitysical and chemical
properties to the protein, and either enzymatic activity coulcetenstituted from
the apo-protein by incubation with the appropriate metal. They were
chromatographically separated and have distinct catalytic activity

ARD’, an iron (Il) containing enzyme, catalyzes an on-pathway 1,2
oxygenolytic decomposition of acireducton®, to yield theo-keto acid precursor
11 to methionine (scheme 1.7). Dioxygen labeling proved the incorporatiootiof
oxygen atoms into the formate and the keto-acid prodtidise enzyme could still
catalyze this reaction when reconstituted with “Mgpns, albeit with lower

activity 40

OH OH
s N OH _ARD s
e
o} o)
10 11
Scheme 1.7

The nickel (l)-containing protein ARD catalyze an off-pathwawgction,
via a 1,3 oxygenolysis, producing 3-methyl thiopropionage formate and carbon
monoxide (scheme 1.8Y%%**The enzyme’s activity was conserved when nickel
was replaced by Mii and C4", albeit with a lower activity. Labeling studies with

dioxygen showed that ARD incorporates both oxygen atoms into format24hd

10
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10 12

Scheme 1.8

1.3.2 Structure

The nickel and iron containing enzymes seem to possess approxithately
same octahedral coordination with exactly the same ligand$. i&# the same
residues of the polypeptide chain, three histidines and a glutamatgseudo
octahedral environment, with one or two unknown remaining ligands.

The structure of ARD fronKlebsiella ATCC 8724 was determined in
solution by NMR experiments, and is consistent with & bénter coordinated by
the cupin superfamily motif: 2-His-Glu-Hf§*° The structure was further refined
and confirmed by XAS (X-ray Absorption Spectroscopy) to obtain areteicture
of the paramagnetic nickel (I1) coordination. EXAFS analysigits to 3 or 4 His
and 2 or 3 other O/N ligandé*®

ARD’ coordination environment was determined by XAS including EXAFS
and XANES (X-ray Absorption Near Edge Spectroscopy) which alppast an
octahedral geometf.

A patrtial structure of a related ARD or ARD’ (metal unknowrgnirMus
musculushas been resolved by X-ray crystallography, but two ligands oméite

center remain unknowty.
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1.3.3 Catalytic mechanism

XAS analysis of substrate binding in both enzymes supports the
displacement of two ligands one of which is thought to be a hisfldffie' The
mechanisms of ARD and ARD’ were probed by using a monoanionic desthio
analogue,13 (Ama= 305 nm,e= 20000 M' cm?, pKa= 4.0 and pKg 12.2;
scheme 1.9 binding the metal center as a dianionic ligand causing aasistiift
in the Amax for both enzymesifa= 345 nm,e= 14000 M* cri'). Moreover, a
cyclopropyl analogud4 inhibited both enzymes under aerobic conditions. Based

on these results a radical mechanism was propdsed.

OH OH
0 0
13 14

Scheme 1.9

The apparent metal-guided selectivity is tentatively ratioedliby the
pocket’s size and shape of the active site, which is subtly cleatrioy the metal
coordination. The iron containing enzyme allows for an extended swgbstra
conformation (figure 1.2 and scheme 1.10) and thus a 1,2 coordinatidre of t
substrate10 (5 membered chelate), is hypothesized prior to an elec@osfér to
Oz. In the nickel form, bulk within the pocket enforces a 1,3 coordinatiotO of

(figure 1.2 and scheme 1.10) prior to an electron transfes {sadbeme 1.10%
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ARD" + cis-acireductone (ACRC) ARD + frans-acireductone (ACRT)

Figure 1.2: AMBER modeled views of ARD’ and ARD active $ftes

—Fe o—Fe —Fe
O™ o Ly \O O: \O
R/\[H\/O 422 R S s —— R = 15
o o O O 0
0o
’O\Fe
[ | 0, “Ni R 7 Ni
O O —— c oL 16
0 o 0
O, Q/O
Scheme 1.10

Recombination of the radicals produces peroxiéeor 16, that either attacks in a
1,2 fashion, in the case of a 5 membered ring chelate tolféror in a 1,3 fashion
for a six membered ring chelate to fol® (scheme 1.11). Both intermediates lead

after decomposition to their respective products.
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15 r:’l o - = O —_— 11 + formate
| O~
O 0O o O
o 17
O\ - O\ .
:/ Ni o) Ni
16 S, —_— olle — . 12+ CO +format
07 o)
O/O 18
Scheme 1.11

1.3.4 Structural and functional complexes

Octahedral Ni(ll) complexes containing four nitrogen donors were
synthesized and characterized by X-ray crystallography andstbletion structure
confirmed by NMR spectroscopy and conductaticdhese complexes are
primarily based on aryl-appendats((2-pyridyl)methyl)amine ligands which have
been very successful in coordination chemistrjhe first and excellent functional
model of Ni ARD was produced by L. M. Berreau who characterizedxad

ligand-monoanionic substrate analogue compfefscheme 1.12).

5 Ph T@ Ph oh
H ]
! Ph Clo, 0, CO 0"
=] (\O C’) 7N\ N HZO’//,\./N/ A
N Me;NOH e ANINE
PR N Q= 0 l# N=
NT | = PK N )
7 NN \ / N\
_ -
19 Ph—\_/ 20
Scheme 1.12
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The X-ray structure showed symmetrical bidentate binding o$ubstrate through
O1 and O3, diagnostic of a fully delocalized anion. The absorption spectr
displayed @.ma= 399 nm and= 2400 M' cmi*. Upon addition of one equivalent
of base a shift in the absorption was obserkggd€ 420 nm and= 2500 M* cm?)
and labeling studies showed incorporation of oxygen atoms at CTarfdom

dioxygen to yield the complexed carboxylic acilsand carbon monoxidg:>°

Conclusion

The study of biomimetic Ni-ARD complexes is an emerging risid
which should lead to a better understanding of the enzyme’s mechdarisnwvork
done by L. M. Berreau is a good example on how a model complex ¢an gi
important insights into the enzymatic reaction. The coordination mibtthee model
substrate led to a refined mechanism by biochemists and futtitkess of these
complexes should reveal even more details. Important points retoaine
addressediia concerted efforts on the biochemical and small molecule modeling
fronts. A definitive identification of the displaced ligands would furtloar
understanding of the enzymatic reaction. A comparison of thebasielreaction in
copper-dependent quercetinase is interesting, as the deprotoraitiaine
monoanionic acireductone, much more difficult than neutral quercetinrenaire
histidine, a stronger base than glutamate. This scenarioonsistent with
experimental observations. The second step is also dramaticHéyenti from
copper quercetinase where no valence tautomerism is considereda radical
superoxide has been implicated. The low oxidation state of iron anckdos

inertness of nickel are probably responsible for this type of mechanism.
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14 Lipoxygenases

1.4.1 Introduction and background

Lipoxygenases are mononuclear non-heme iron enzymes catalymng
regiospecific and stereospecific insertion of dioxygen intoy faitids. These
dioxygenases are found in mammals, higher plants and even funiiisbhetion
and implication in the inflammatory responsand cancer growth regulation in
humans led to an increased effort in the elucidation of theictates and their
mechanisms of actiolf. The arachidonic acid cascade is essentially divided into
two pathways (scheme 1.13): 1) the cyclooxygenase pathway whichtte#uks
production of prostaglandins (not shown) and 2) the lipoxygenase pathway
involved in the synthesis of lipoxins and leukotrienes. These primargboldes
are implicated in vaso and broncho-constriction and granulocyte chest8tax
Leukotrienes are synthesized from arachidonic acid by insertidioxygen to the
C5 position by 5-Human Lipoxygenases (5-HLO) which are denomiriatetie
position activated on the arachidonic acid skeleton; whereas lipaparfermed by
insertion of dioxygen to C15 and C5 by respectively 15-HLO and 5-HLO. 12-HLOs

have also been involved in lung cancer groffth.

OOH

— COH
5-Lipoxygenase Z

15-Lipoxygenase — — CoOH ~ Lipoxins
XX

OOH

........ > Leukotriene (B4, C4, C4, D4, 4

Scheme 1.13
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The soybean lipoxygenases (SLO) are isolated and purified frobeasoy
seeds, where they are found in high concentration. To date threemifferms
have been isolated: SLO-1, SLO-2 and SLO-3. SLOs have been iraglicat
growth regulation, wound repair, and pest resistance. They also sboe
antimicrobial and antifungal activif}. SLOs are water soluble globular enzymes
and possess a single polypepfiti@he stability and ease of purification of soybean
lipoxygenase-1 (SLO-1) has made it a representative model of the winille dad
by extension a model enzyme for the mammalian lipoxygenase®-1SL
specifically oxidizes the 1,4-diene motif of linoleic acid but \aks competent in
the catalysis of monounsaturated fatty acids yielding erfSnes.

In the particular case of SLO-1, linoleic ac2d was oxidized to 13)-
hydroperoxy-9,11-octadecadienoic acid (13-HP@B)with the specific feature of

adding dioxygen antarafacially to the hydrogen abstracted bgriiyne (scheme

1.14)%
HO,C N SLo.1 HO,C N
0, .
OOH
21 2
Scheme 1.14

The enzyme was isolated in its ferrous state and exhibiigl ttme, during which
a non-enzymatic oxidation of the diene by dioxygen produced hydroperdgyaci
which have been shown to activate the enzyme by oxidizing irpto(iton (111).%°

The high spin ferric form, or yellow form, exhibited an axigt§, S= 5/2) EPR
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signal and is a yellow chromophorgmf= 350 nm,e= 2000 M' cm®). This
absorption is attributed to a charge transfer from a hydroxjdedi to iron (I11)°°
Interestingly when an excess of 13-HP@Pwas used a purple form was produced
with a rhombic signal for its EPR spectrGfiiThe enzyme is considered to be a fast
enzyme with a d/Kn= 3.10 M™*s,°® and multiple kinetic studies have established
the rate limiting step of SLO-1, at temperatures gredtan t32 °C, to be the
cleavage of the doubly activated C-H bond. An unusual kinetic isotopé efsc
also reported and measured to be around®80This unusually large kinetic
isotope effect and its little temperature dependence raisegabsbility of a
guantum mechanical tunneling pathway which was also observed in tfza Hiom

HLO (KIE= 47+7).2

1.4.2 Structure

The structure of SLO-1 has been elucidated by X-ray crystallogi@igare
1.3)*"n its ferrous form a distorted octahedral active site faasd, with a first
coordination sphere composed of: 1) three histidines, His499, His504 ab@dis
bound through their 8 atom 2) a terminal iso-leucine, 11e839, and 3) a molecule
of water. A loosely bound asparagine, Asn694, at 3.0 A from the ferrower ce
completes the first coordination sphere and enforces an octabednaétry (figure
1.3). A similar crystal structure of SL3%3s also available as well as a rabbit 15-
LOX which display four histidines, rather than an asparagine.

Asparagine 694 is partially coordinated to the ferrous center irgguit two
coordination modes: five and six coordinates (5C/6C) in a ratio of ajppatedy
60/40. The enzyme achieves this state of loose binding by controtlieg t

orientation of Asn rather than restricting its approach to the ffdtas involved in
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an extendechydrogen bond networkwhich couldbe disrupted by single poi
mutation or addition of a low molecular weight dlobinducing a change in ti
populations of 5/6CY% The ferric state is only a 5C center and the presei the

hydroxide, a strong donor, with a short-OH bond (1.9 A) was confirmed |

74

Figure 1.3: SLOL active sitewaters not showrRDB entry: 1YGE. H499, H504,

EXAFSE0

H690 and terminal isoleucine coordinating Fe(llater not showr

1.4.3 Catalyticmechanism

Three different mechanis’®* were initially proposed, but a consensus
been reached and is supported by experimental atatacomputational studi®?
The initial step is the abstraction of the douldtiveated allylic hydrogelof linoleic
acid 21 to form a pentadienyl radical moii 23 (scheme 1.15¥ This hydrogen
abstraction has been calculated to be exothermigpipyoximately 12.6 kcal/mc
The iron (lll) hydroxide motif is significantly diéren from the high valent o»-
iron center usually invoked in nonheme iron enzy, andwas unambiguousl
shown to be responsible for hydrogen abstractiokibgtic studie.®* SLO-1 has a

high F&"" reduction potential of 0.6 V (versus hydroc® and it is essential fc
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the catalytic efficiency. Raising the E° of the couplé/Fd" by diminishing the
number of ligands is regarded as one of the main driving forces foHthe
abstraction step. Moreover this model was supported by the sfudyutants.
N694H was produced and displayed an only six coordinate iron (lll) center,
histidine becoming a ligand for iron. The reduced catalytic activitgtionalized in
terms of decreased reduction potential of the metal c&werother singly mutated
lipoxygenase N694C formed an only six coordinate iron center in itlizexi form,
further corroborating the ration&l.

According to DFT calculations, as the hydrogen atom is shifted &arbon
to oxygen no spin density develops on any of the three collinear atoms
involved/®# However, the spin density manifests itself in the diene moretyttze
iron center lending credence to a proton coupled electron transtdamsm, the
electron being directly transferred from the diene to the irth ‘fl This step,
suggested to occwia tunneling of the proton has elicited a vigorous debate in the
literature as the role of the protein’s motions and dynamics haue dogoint of
contentiorf® %3

The product of the second stéld, a peroxyl radical, experimentally
detected is the result of a direct addition of dioxygen to theagemtyl radical. The
calculated transition state (2 kcal/mol) is low lying and tree@ss is exergonic by
8 kcal/mol®* Under thermodynamic control in solution the dioxygenation of C9,
C11 and C13 was reversible with a preference for®€idther than C13, as
observed in the enzyme. Single point mutagenesis revealed the impartasteric
factors to the step’s regioselectivity and a channel guidingithygen’s access to
the organic substrate has therefore been proposed, thought to cdmrol t

antarafacial addition to C13 to giga.*>*

20



_ _ 21

R{ R,
22 H
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Ea
Rz
| OH OH,
7 K Fel 23
HOO"
Fe! 0,
‘00
24 - Ry = HOC(CHy)7
Rl/ﬂ\/:\R2 Ry = -(CHy)CH;
Scheme 1.15

The purple form, usually observed when an excess of hydroperoxideresent, is
due to an alkylperoxo moiety coordinated end-on to the iron ceméestriucture of
which has been confirmed by X-ray crystallographihis metastable form of
lipoxygenase produced carbon centered and peroxyl raffibalsalso decomposed
to regenerate the ferric form of lipoxygenase andS§34POD 22 also obtained

directly from24.

1.4.4 Structural and functional complexes

Initial reports of lipoxygenase mimics modeled the histidineafagad with
polypyrazolylborate ligands, structurally different and undesirablgatinely
charged® The synthetically challenging terminal ferric hydroxide ifptesumed
to be the catalytically relevant species, was produced by ugisg6+
neopentylamino-2-pyridinylmethyl)amine), tnpa. The distorted octahedra

environment of the iron (lI) comple®5 (scheme 1.16) provided two factors
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important to the stability of the complex. The steric bulk of thepeatyl unit

prevented polymerization and the hydroxide was stabilized by bfgdro

bonding®®1®

25 . P,H,fcj,,’:é):\/\\\ -
R = -CH,C(CHy)s N v \—"N
_ I"N=
/NN
— \_/
Scheme 1.16

Stack and co-workel¥!% have been successful in designing an iron
complex 26 (scheme 1.17) displaying the desired iron (lll)-methoxide motif
mimicking the hydroxide ligand in lipoxygenases. The ligand, compogddur
pyridines, enforced a six coordinate square pyramidal structutie Nitle

differences between iron (II) or ().

C d _‘ (0T,
e\/

\ / |
N

26
Scheme 1.17
One of the main features of the iron (lll) compl2x was its short Fe-O bond
(1.782(3) A) and its large Fe-O-Glngle (165°) supporting the notion of multiple
bond character between iron and oxygen. The redox potential of the higinospi

(1) complex was measured at 0.730 V vs. SHE. The complex atexiraydrogen
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atom from numerous substrate and followed kinetics consistent Wit arder in
the complex and substrate. The highest KIE measured with thiseom@.5 with
toluene, and a thermodynamic justification of the reaction wasqadvHydrogen
atom abstraction reactions by organic compounds, transition M&t&tand metal
0x0s %7 follow the Polanyi relationship correlating the rates andvaiion
parameters with the carbon-hydrogen bond strength. The drivingféarbgdrogen
abstraction is generally reflected in the thermodynamiaisfffor hydrogen, i.e.
H* and & A calculated bond dissociation energy for thd-A®Me of 83.5:2
kcal/mol made the iron (lll) competent for hydrogen atom abstractin 1,4
cyclohexadiene and exhibited a linear correlation between (& and the
bond dissociation energy (BDEY

A new type of manganese-dependent lipoxygenase was redaubyered
and is mechanistically similar to SLO*¥*'°Using the same ligand, Staek al.
synthesized a Mi*OH complex which displayed the same general behavi@é.as
A redox potential of 0.81 V was measured and a bond dissociation ene3gi f
kcal/ mol. The KIEs were lower and seemed to be less sengitiB®E ! This

complex was also compared to an"

FOH complex obtained with a slightly
modified ligand-*?

A closely related work done by Mayer and co-worker5®investigated the
ability of iron(lll) (HBim)(H2Bim)2(ClO4), 27 (scheme 1.18) to abstract hydrogen
atoms. The metal complex was competent and abstracted hydrogen atomeftom

C-H bonds. The formation of an N-H bond estimated atZ/&cal/mol was the

driving force of the reaction.
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Scheme 1.18

Conclusion

Lipoxygenases are fascinating enzymes and the hydrogen atomcabstr
step has elicited an intensive and fruitful research in biocksmsnall molecule
mimics and computational chemistry. However, the models studiedodidtilize
biologically accurate ligand sets and used mainly pyridinesubstigites for
histidines. One of the major features of lipoxygenases not reproduced by models are
the very large kinetic isotope effects, but structural models hgw®duced the
spectroscopic signatures of lipoxygenases and functional models haeittbe

from a firmer reframed theoretical ground.

1.5 Conclusion

The three specific dioxygenases described here incorporatd-the-1-
carboxylate binding motif and utilize either copper (lI), nické), (iron (1I/111).
These enzymes all proceed by different type of substraiath@h mechanisms
allowing organic molecules to react with triplet oxygen. Alructural and
functional model complexes designed and synthesized for these ereyoickshe

utilization of the biomimetic imidazole ligands. The closesicstiral ligand29*°
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(scheme 1.19) of the 3-His-1-carboxylate motif, though designed taicmi
superoxide dismutase active sitésonly incorporate two imidazole units at the C2

position and a tertiary amine.

Scheme 1.19
The replacement of the third imidazole by an amino group, to simpiéy
synthesis, was likely not to reproduce accurately the binding envirdrand the
electronic character of the metal. The scarcity of polganole ligand set stems
from the difficulty of their syntheses and purifications, and thelazoles are thus
often replaced by aliphatic amines, pyridines or pyrazoles. eayesuch
substitutes are structurally and electronically inaccurate ankelynto reproduce
the electronic character of the metal center. Structuratily pyrazoles are good
models as five membered hetero-aromatic rings, but are found tmbgestt and
o donors, as well as strongemcceptors than histidiré® All three nitrogen donor
substitutes possess very different donor/acceptor propeisies vishistidine and
imidazole derivative$***?° These different electronic properties are also reflected
in the wide range of aqueous basicities: (pKa imidazolium, 7.&zplum, 2.5;
pyridinium 5.2; tertiary ammonium 9-11) of the nitrogen donors. Theréifatlethe
understanding of enzymatic catalysis and the design of exffidow molecular
weight catalysts (functional models) would likely be improved byaighful
coordination environment.We therefore engaged in the synthesis of hi@imcc

ligands possessing the®donor set.

25



Chapter 2

An Efficient Synthesis of the Trig[4(5)-imidazolyl]carbinol

(4-TIC) a3-HisMode

2.1 Introduction and background

2.1.1 Introduction

Hydrolytic and redox non-heme metalloenzymes generally utiliee t
binding properties of poly-histidinyl ligand sets to coordinate mehalparticular
the three histidinyl nitrogen donor set is often found as part dirtheoordination
sphere in metalloenzymes active sites. Although many struetadaspectroscopic
models along with some functional models of poly-histidinyl-metallperes have
been prepared, very few incorporate the poly-imidazole ligand seatrder to
address the lack of a good ligand set for the 3-His-1-carboxylaté found in
dioxygenases and the shortcomings of substitutes for imidazoles)gaged in the
design and synthesis of poly-imidazole ligands; and sought to produce lgtenim
metal complexes with facial three histidinyl donor set functiaedl by a

carboxylate pendant arm.
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2.1.2 Background and retrosynthesis

The bi-facially coordinating ligand30 was initially conceived as an
extension of the tris[4(5)-imidazolyl]carbinol (4-TIC31[ scheme 2.1) molecule
first synthesized and reported by Bresletal'?* This led us to consider the final
target as the combination of two parts: a tripod and a pendenfhemroute to the
desired ligand was divided into two stages: 1) a late stage doatiration of 4-

TIC by appending the tether and 2) its synthesis utilizing inoldaas a starting

material.
OH N OH M
o M TN M {“ﬁ ZFN
HOMN NH == sy NH = EtOCOOEt+ ! \
Z N Z N N
HN—/ HN—/ P
30 31 32
Scheme 2.1

The first synthetic challenge addressed was the synthesis toiptbaal unit as two
different isomers could be envisaged (schemes 2.2 and 2.3). Theasdinsér
possessing an all C2 point of attachment (2-T3&}s much simpler to obtain than

the all-C-4 carbinol (4-TIC31.

L
H
N OH N — /\§
[/ 4 | N l\N
N N ‘ N
HN SN H H \
\__/ OHH
33 34

Scheme 2.2
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However, the all-C4 tripodal unit, though more difficult to access, thasone
favored as it is a stronger binder and a better biomimetic niodksl coordination

for zn?*, C&* and cg*.**!

L
OH N | N
M, L M—N=
HN\\ \\| =N N NH

N / NH HN - ‘\\\\\ Nﬁ

Wi OH\NH

HN
31 35

Scheme 2.3

These coordinating properties parallel the basicity of the ligas@sTIC, a weaker

base than 4-TIC, is also a weaker complexing agent (table 2.1).

Compound | pK | pK, | pKs

4-TIC 6.95 | 523 | 3.37

2-TIC 6.12 | 359 | <15

Table 2.1: pKa of 4-TIC and 2-Ti€

This observation was rationalized by electrostatic repuféiodpon protonation or
metal binding, positive charges develop on the nitrogen atoms of alrhgs in
close proximity, but for geometric reasons the charges on 8T e further apart

and thus less destabilizing than3h
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Scheme 2.4

The stronger binding affinity and biologically relevance rendered {hkC4igand
more interesting and desiralifé. 4-TIC itself had already been reported and
Collman’s synthestd? appeared to be especially well suited to our plan as the
introduction of the pendent arm was simplified by an unprotected 2gyositi the

imidazole rings.

2.1.3 Syntheses of the 3-Imidazole subunit

2.1.3.1 Breslow Syntheses

The syntheses of poly-imidazole ligands are few and far batwéé the
initial work on imidazole based tripodal ligands reported by Breskwd
coworkers-*'#The 2-substituted tripod (scheme 2.5) was easily prepared in two
steps by deprotonation by butyl lithium (BuLi) of the 2-position orthheaded by
the MOM protecting grou6, followed by addition of diethylcarbonate. The
MOM-protected 2-TIC 37 could then be deprotected under strongly acidic

conditions to yield 2-TIG33.
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Scheme 2.5

The synthesis of tris(4-imidazolyl)carbinol (4-TIC) (scheme 2&s more
complicated than the 2-TIC isomer as the regioselectivitysafbétitution was only
achieved by protecting the 2-position3tf by a thiophenyl group to yiel@8. The
synthesis further employs the ortho-directing and protecting group M@hich
was critical in the deprotonation of the 5-positior88f Breslowet al reported that
lithium diisopropylamine (LDA) was a sufficient base to deprotentdte C5
position, although reports elsewhere have advocated the replacenddA diy
BuLi as it appeared that LDA is an insufficiently strorap&>* The organolithium
thus formed was then trapped with diethylcarbonate to vyield the5-tri
imidazolyl)carbonyl derivative39. The first deprotection step of the C2 position
was effected by an Al(Hg) amalgam in low yield and itmgortant to realize that
compound40 obtained cannot be used for coordination chemistry as the tripod is
linked at the C-5 position. It therefore must be further N-depredeghder acidic
conditions to produce the desired 4-TIC. Synthesis of the tatgeas achieved in
5 steps (including the initial protection of imidazole) in 3-16%dyidlut this route
was deemed unsuitable for production of large amounts of the compound as

reproduction with slight modifications did not substantially improve the yiéfds.
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Scheme 2.6

2.1.3.2 Collman Synthesis

R
HO N)\SP
|
MOM |3
39
NHCI
Hoo L Y
N
H 3
31

A different approach to 4-TIC was developed by Collneanal?* and

utilized N-trityl-4-iodoimidazole as a key intermedia@4 which was synthesized

in three steps by an established procedure (scheme 2.7). Imidazeés initially

per-iodinated 42) and then selectively 2,4(5)-de-iodinated with aqueous sodium

sulfite 43).3?° The protection of 4(5)-iodo-imidazo#8 with trityl chloride (Tr-Cl),

a bulky protecting group, led to the formation of the 5-iodo regioisomer

exclusively*?®

0y
N
)

41

43

KOH, I, N
o Y

H
42
|
TrCl, E&N Z/—N
\
hIl)
Tr
44
Scheme 2.7

31

|
NapSO3, EtOH/H,0 z*g
N

H
43



The selective metal halogen exchange (scheme 2.8), only pornpeoceed with
iodine?"*?° produced the 4-substituted Grignard read&h€ven with the 2-
position unprotected the organomagnesium bromide formed is kinetically trapped in
methylene chloride and does not rearrange to more stable s@mer2 and 5). It

was then reported to add to diethylcarbonate to directly formdtimeidazolyl

tripod 45.

| Tr< OH
N NN\ Nﬁ
/ 3y 1) EtMgBr, CH,Cl, L\N \_N.
Tr NJ
Tr/
44 45
Scheme 2.8

In our hands two problems were encountered with the N-trityl ghexle4-TIC
synthesis. The use of iodine and the massive trityl protectingpgwas not
conducive to large scale synthesis as they constitute moke ahass and once
removed only a small quantity of the final product was obtained. Segoasl|
illustrated in greater detail later, the sterically dedciag trityl protecting group
dramatically changed the reactivity of the substrate, and f@ddeost electrophilic
attacks. These considerations guided the design of a more reffacid practical

synthesis.
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2.2 Resultsand Discussion

2.2.1 Introduction

Our approach (scheme 2.9) to 4-TIC was developed with the previous
syntheses in mind and the goal to develop a practical andrap&lto 4-TIC. We
envisioned obtaining the tripod from the doubly protected imidaz6)eas the
critical choice of the N-protection bBy,N-dimethylsulfamoyl guaranteed the ease of
deprotonation of both C2 and C5 positions. Moreover, as the tripod would require
further functionalization at the C2 position ttert-butyldimethylsilyl (TBDMS)

protecting group was chosen as it is easily and selectively removed bgédluori

OH N
HN S [N
N \_Ny =  EtOCOOEt + N)\S/I/
~N SONMe
HN—/ 2
31 46

Scheme 2.9

2.2.2 Synthesis of Tris[4(5)-imidazolyl]carbirgil and its derivatives

2.2.2.1 Synthesis of 4-TIG1

Imidazole 41 (scheme 2.10) reacted readily with N,N-dimethylsulfamoyl
chloride and triethylamine to yield in excellent yield (90%) tKheprotected
imidazole47."*! Easily prepared on large scale the sulfonamide was a gotidgsta
material for the synthesis of 4-TIC. The sulfonamddecould then be protected at
the 2-position by addition of one equivalent of BuLi and TBDMSCI at°@8*

The intermediatd6 thus formed was then deprotonated once more, in the same pot,
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by addition of a second equivalent of base. Deprotonation at the 5-pos#asn
carried out at -78 °C and addition of diethyl carbonate resultseirfiadrmation of

the desired produd8 in good yield (70%) without purificatioh’>

N N N
J '\ CISONMe, [/ \ 1) BuLi /
(» SN C\,) 2) TBDMSCI q)\TBDMS

N
I I I
H SO,NMe; SO,NMe,
41 47 46
1) BuLj /R
46 2) EtOCGEL HO N)\TBDMS
|
SOZN M62 3
48
Scheme 2.10

The product, a white solid, was fully characterized by nucleanetegresonance
(NMR) and by mass spectrometry. Thed NMR spectroscopy confirmed the
substitution of the 2 and 4 positions of the imidazole nucl8uss the remaining
C4-proton atd 6.38 ppm was a singlet; the presence of a hydroxy group was
supported by infra-red (IR) spectroscopy with a broad absorption band at 3300 cm
The doubly protected tripod was finally completely deprotectede(seh2.11) in

one step in 6N HCI at reflux for 90 minutes. The crude product was then purified by
cation exchange chromatography which provided either the known nieutraBl

in 88% vyield, when ammonium hydroxide was used as an eluent, or toi-the

hydrochloride sal81-3HCI in 80% yield, when replaced by 6N HCI.
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Scheme 2.11

The characteristic resonance of the more deshielded C2-protatoablat = 0.9

Hz) 6 7.64 ppm and the disappearance of the methyl group of the protecting groups
by 'H NMR spectroscopy indicated that the desired product was obtainesl. Thi
structure was further corroborated bYC NMR spectroscopy and mass
spectrometry which exhibited an [(M — OH)ase peak. A crystal obtained by
slow evaporation of a solution of the tri-hydrochloride 8alin methanol yielded
crystals suitable for X-ray crystallography. The structoiréhe tri-hydrochloride

salt was obtained (figure 2.1) and showed the expected structure inwolaed

extensive hydrogen bond network with chloride ions and methanol molecules:

Figure 2.1: X-ray ORTEP diagram 8f-3HC|
Selected bond distances (A): O(1)-C(10)= 1.4157(11); N(1)-C(2)= 1.3259(14);
N(1)-C(1)= 1.3811(12); N(2)-C(2)= 1.3235(14); N(2)-C(3)= 1.3717(13). Selected
bond angles (°): C(2)-N(1)-C(1)= 108.46(8); C(2)-N(2)-C(3)= 109.32(9); C(3)-

C(1)-N(1)= 107.11(8); N(2)-C(2)-N(1)= 108.50(9); C(1)-C(3)-N(2)= 106.62(9).
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2.2.2.2 Synthesis of two derivativéd and51

The selective deprotection at the 2-position was initiallyngited by the
action of TBAF which led to complex mixtures (scheme 2.12). This umcteghe
difficulty might be attributable to TBAF's basicity in THF protmg an
elimination reaction give N-sulfonamide-imidazdie and the symmetrical ketone.
This pathway, likely to be driven by steric relief, was shut mavhen CsF in
aqueous acetonitrile was used and yield@dnh 88% vyield. The presence of water

in the system was assumed to moderate the basicity of fluoride.

TBAF / '?l
Y HO.
TBDM /s N)
|
SOZNMeZ SO,NMe; |3
CsF / E
HO
TBDMS CH3CN/H,0 N
OZNMez SONMe; |3

Scheme 2.12

The two doublets of both imidazole protods (1.2 Hz) ats 8.01 ppm and 6.35
ppm observed byH NMR spectroscopy and the resonance of the methyl group
from the N-protecting group aé 2.91 ppm indicated of the selective C2-
deprotection of the imidazole nucleusd

This practical route to 4-TIG1 and its selective C2-deprotection led us to
consider the next stage of the synthetic plan as the functiomaiizzt the ligand

and its coordinating properties would be hampered by the presenchydfaxy
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group. We therefore tried to modify its reactivity by investiggtseveral tactics to
install protecting groups. Direct attempts (scheme 2.13) to priftecproductin
situ were carried out with various electrophiles. These trapping iexqets
initially involved acetyl chloride and failed, resulting in the isiola of the carbinol
48. As the steric hindrance of two quaternary carbons only sepdnatate oxygen
atom in the presumed intermediate may have been responsibleefabserved
inertness, two other electrophiles were tested: iodomethane @nel)methyl
triflate (MeOTf). Both of these trapping agents also faite@rotect the carbinoh

situ.

N

[\ 1) BuLi, TBDMSCL J1io. |4 N
N) 2) BuLi, EtOCGEt ',\' TBDM
ISOZNMez SONMe, 3
47 50

AcCl

N
Mel /R
50 HO N)\TBDMS
|
MeOTf SONMe; |3

48

Scheme 2.13

Attempts also carried out on the pure starting carkldly sodium hydride (NaH)
treatment in THF at O °C followed by addition of AcCl, Mel oe®ITf led to
decomposition of the starting material (scheme 2.14). The decoroposiéd8 by
NaH was observed by TLC analysis and supports the interpretatithe TBAF

experiments with fluoride a base in THF.
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HO I repMS NaH

. decomposition
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Scheme 2.14

Methylation of the alcohol (scheme 2.15) was finally achieved umdetic
conditions by methanolysis of the tri-cationic form3afin quantitative yield. The
reaction is thought to occwia protonation of the tertiary alcohol by one of the

protonated imidazoles, resulting in the loss of water and the formattin of

OH 0
HN NS s Hel MeOH HN\ NS aHe
<\ NH N NH
72 /N 72 /N
HN—/ HN—/
31 51
Scheme 2.15

The desired product, a white solid, proved to be extremely hygroscaopic a
displayed the expected resonance of the added methyl gréup.26 ppm by'H
NMR spectroscopy and a slight upfield shift in the doublets of toenatic

imidazole fromd 9.12 ppm t® 9.02 ppm.

2.2.3 Synthesis of a 4-TIC iron (lll) complég

With the tripod in our hands confirmation of its coordinating propertes w
sought as no crystal structure of a 4-TIC metal complex wasrknbwe tripod was

found to readily form a 2:1 complex (scheme 2.16), as a brown solicgyter with
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iron trichloride. Suitable crystals for X-ray crystallograplgre obtained from a
concentrated solution in methanol (figure 2.2). The structure ofdh®plex was
determined and it is the first structure of any metal coxegoleby 4-TIC. It
displayed all three nitrogen donors of the ligand coordinated to thedraran an
octahedral arrangement, constituted by two 4-TIC ligands and itsléogiths and

angles were not significantly different from 2-TIC complexes.

OH N FeCh OH N
HN " \ﬁ HN™X \ﬁ Fet| 3Cr
72 /N 72 /N
HN—/ i HN— |
31 52
Scheme 2.16

Figure 2.2: X-ray ORTEP diagram &2
Selected distances (A): Fe(1)-N(1)= 1.9535(15); Fe(1)-N(3)= 1.9414FER))-
N(B)= 1.9662(15); N(1)-C(3)= 1.329(2); N(1)-C(1)= 1.378(2); C(1)-C(10)=
1.516(2). Selected bond angles (°): N(3)-Fe(1)-N(1)= 92.96(6); N(3)-Fe&)3N
92.89(6); N(1)-Fe(1)-N(5)= 86.68(6); C(9)-C(10)-C(1)= 106.13(15); O(1)-C(10)-

C(9)= 110.74(14).
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2.2.4 Conclusion

This improved and shortened route, 50-55% overall yield from imidazole, is
a three pot procedure with limited and simple purification stepsethdee two
previous syntheses are longer and technically much more ditfisdlte imidazole
derivatives are purified by column chromatography on silicavgdt eluents
saturated with ammonf&? This important improvement of the synthesis of 4-
imidazolyl carbinols helped us to push forward large quantities offule
deprotected material. It also facilitated the investigatidnthee coordination
chemistry of 4-TIC. Potential further modifications of the 2-positould now be
reasonably envisioned as we turned our attention to discover efficient

functionalizations of imidazoles at the 2-position with a model substrate.

2.3 Functionalization of 4-T1C
2.3.1 Introduction and background

The functionalization of imidazoles at the 2-position can be caoug¢dn
various ways. The preparation of 2-(2-imidazolyl)acetophenthesheme 2.17),
for example, demonstrates the feasibility of addition of an gstemp and though

encouraging this strategy would not be easily transposed to our problem.

O

( W _EtN, CICOEE ( )\/\ _Hgo'Cr ( )\)\

s AN oS o

53 54 55

Scheme 2.17
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This procedure requires the presence of two specific featurasmgthyl group at
the 2-position of the imidazolg3 and 2) an activating protecting group. The first
requirement could conceivably be met by simple addition of the megtbyip onto
the N-protected 4-TIC56 (scheme 2.18), but additional modifications of the
protecting groups are likely to render the rout&tar 58 very lengthy. Moreover,
the poor solubility properties and the difficulty in purifying polydazole tripods

in general would render impractical such a route.

SONMe; MeNGS N , J N
N S . N ST o N\ <~
s NN - k \ s \

' Bn N “Bn
Z N SO,NMe, z /N Z /N
I},J ,}lJ
SO,NMe, SO,NMe, Bn
56 57 58
Scheme 2.18

The formation of organolithium species, using strong bases slBhLasand their
addition to halogenoacetates was also considered. However, theiteafti2-
lithio-imidazoles with differentt-butyl halogenoacetates was moderated by the
neighboring protecting group, as reported in a study of additions of soilid@47

to t-butyl halogenoacetatds (scheme 2.19):
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qw)\f x * qg\'/\COZtBu
L O

|
Me,NO,S Me,NO,s ~ CO2tBU
[ g 1) BuLi 59 60
N 2) A~ N
| t,
X" >coBu (
MezNOZS 02 + /N»\x
|
47 SO,NMe,
61
Scheme 2.19

X=Cl X=Br X=1

47, R=R=H | 33(66 %) 0 35 (26 %)

Table 2.2: Product distribution and yields from scheme'219

The chloro-derivative underwent attack at the ester to furnishhioeoketones9,
whereas thd-butyl iodoacetate transfered iodine to the imidazole in lowdgijel
product 61. Substitution at the C2 position under classical conditions is rather
capricious and the reactivity seems to be hampered by theoalegithdrawing
sulfamoyl protecting group. Moreover, when the bromo-acetate did/&ehahe
desired way (scheme 2.20) (e.g. with the trityl protecting groug)product63

apparently further reacted and producedbetyl acetaté4.

z/—'il 1) Buli z/"kl 2/—'§l
N) 2) )\‘ )\'/\COZtBu

N N
N | t
Tr B “CO,Bu +  COJfBu ++ CO'Bu
62 63 64
Scheme 2.20
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We therefore sought milder and more selective conditions in orafeict
the required transformation. Itoh and coworkers’ work was deemed more
reasonable and further investigatéd'®’ The reactivity of the imidazole nucleus
can be greatly modified by purposefully choosing activating groupbenw
protected by a strong electron withdrawing group and activatdeefuny a second
one (scheme 2.21), the 2-position of the imidazoliumegatiecomes electrophilic
and undergoes the addition of Mukaiyama-type nucleophiles to yield iotioez

66.

OTMS CO.EL
N AR o
/ ) _1) CICOE EgN / 3 OMe ] M
H OMe

2) CICOEL N N
|
CO,Et COEt
65 66
Scheme 2.21

The imidazoline67 can in a second step be re-aromatized to imidafesith
potassium hydroxide and potassium ferric cyanide in refluxing desxaater

(scheme 2.22).

CO,CHCICH;

[ '\)l\/\ KOH, KgFe(CN) [ g\/\
N N
CO,CHCICH, H

67 68

Scheme 2.22

43



2.3.2 Results and Discussion

We initially sought to confirm Coutist al**°

report as a successful addition
of t-butyl bromoacetate would have provided us with a direct entry to
functionalized 4-TIC. However, analysis of the crude products‘tyyNMR

spectroscopy showed the starting material and other uniéentdfompounds

(scheme 2.23).

N _ N
Ly g Bull X Q)vcoztsu

PN t )
Me,NOLS Br "CO,Bu Me,NO,S

Scheme 2.23

We therefore turned our attention to a preliminary study of thecaity
of Itoh’s chemistry. The reactions were performed on a model atdo$frin order
to determine its reproducibility and practicality. Moreover, weenalso greatly
interested in the re-aromatization step as only one imidapolk&iaing substrate
68 had been reported. This reaction was reproduced with our particidaekstyl
acetat®® to give us the desired imidazoli®8 in good yields (55%) as a colorless
oil (scheme 2.24). The loss of aromatic resonances in the prodsaonfirmed by

'H and"*C NMR spectroscopy.

CO,Et

N\ CICO,Et / N9
(» o ()\)J\OtBu
N TBDMS N

| |

SO,NMe, oBU SO,NMe,

47 69

Scheme 2.24

44



We then proceeded to test the functional group tolerance of the etmotand

aromatization steps as the ester was potentially reactive thedeonditions of the

oxidation (scheme 2.25).

CO,Et :
N 0 Il\l O CO,Bu
» [ KOH, K3Fe(CN / §
()\)J\OtBu - Sxpected )\)J\OtBu , KgFe(CN} ]\
H product I}J N
SOZNMGZ Ill
70 69 -
Scheme 2.25

Upon treatment 089 with potassium hydroxide followed by additionathloranil

or ferric salts a white solid was isolated in 63% vyield andattterized by'H and

13C NMR spectroscopy. The unusual low field resonances of an aromatieus

and the absence of the expected molecular ion by mass spectrercitiged the
formation of 70. The mass of the isolated compound was missing 14 au,
corresponding to a nitrogen atom. Crystals obtained from a solutiofl o
methanol were analyzed by X-ray crystallography whichbéisteed the structure

of the compound to be a pyrrole derivative (figure 2.3).
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Figure 2.3: X-ray ORTEP diagram 61

Selected distances (A): C(6)-C(7)= 1.4291(14); C(7)-C(8)= 1.3704(15:N{(8¥
1.3743(15). Selected angles (°): C(9)-C(6)-C(7)= 107.19; C(9)-C(6)-C(5)=

124.01(9); C(7)-C(6)-C(5)= 128.64: C(8)-C(7)-C(6)= 106.77(9)

Formation of pyrrole7l can be rationalized by the presence of an acidic
methylene group alpha to the carboxyl group and by the good nugdenty of the
sulfonamide, both of which could promote an initial elimination-ring opesiap.
This would then be followed by loss of the sulfonamide group and finiaty r
closure. This Tiffeneau-Demjanov rearrangeri®nit® further highlights the

potential problem posed by acidic C-Hs flanked by the ester and imidazoleasiucle

2.4 Conclusion

To summarize we developed a practical and efficient route to-th€ 4
ligand in a three pot procedure in excellent yield (50-55%) over three*steps.

We also explored further functionalization of 4-TIC but no satisfy
method was found and we thus re-evaluated our approach. The more conservative
option was to push the current line of investigation by slight madiifios of the

deprotection step. Using acidic conditions to deprotect the carbaarate
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sulfonamide might be a more selective. However, a second and mocal radi
approach was finally chosen. The original the organic targetmealified since the
methylene group appeared to be responsible for most side reacti@mgeobdt
was replaced by a geminal dimethyl group which would most lijgedgmpt other
potential side reactions during the synthesis of a 3-Imidazobrtiexylate ligand.
The new targef2 therefore incorporated this new feature (scheme 2.26):

HN Y OH N%%COZH
0T

NH

7N 72

HN—

Scheme 2.26: New ligand proposed
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2.5 Experimental

Materials and Methods:

All operations were carried out under argon by means of standaten&c
and vacuum-line techniques. Organic solvents were dried by standaebpres
and distilled under Abefore use. ChCl, was dried over Cajand distilled under
Ar before use; THF was dried over Na using benzophenone as indicator and
distilled under Abefore use; methanol was dried over Mg graht distilled under
argon. Glassware was oven-dried at 110 °C overnight. IR sp&ete recorded in
KBr pellets with a Perkin-Elmer 283-B infrared spectrophotomg@tsolution 4
cm®). The'H (300 MHz), and™C (75.5 MHz) NMR spectra were recorded on a
Varian Mercury-300 spectrometer. Mass spectra were acquiredrFimmigan TSQ
700 spectrometer (ESI) in methanol solution. Compodifid* was prepared by a

known procedure and matched the spectroscopic data available.

Tris(1-N,N-dimethylsulfamoyl-2-butyldimethylsilyl-5-imidazolyl)carbino#8:

1-(N,N-Dimethylsulfamoyl)-imidazole (1.85 g, 10.6 mmol7 was
dissolved in dry THF (90 mL) under a positive pressure of ArthWigorous
stirring, the temperature was lowered to -78 °C and a solutiofBolLi in pentane
(11.1 mmol, 5.9 mL of a 1.88 M solution, 1.05 eq.) was added drop-wise. After
stirring for 30 min, a solution dafbutyldimethylsilyl chloride (12.7 mmol, 1.91 g,
1.2 eq.) in dry THF (2 mL) was adde&th cannula. The reaction mixture was then
left at room temperature overnight. The solution was cooled to -7&ntCa
solution ofn-BuLi (11.7 mmol, 6.2 mL of a 1.88 M solution, 1.1 eq) was added

drop-wise. After stirring for 30 min, neat diethyl carbonate (3.0 mmol, 425 uL, 0.33
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eq.) was added drop-wise. The reaction was left in the dryceterge bath, slowly
warming to room temperature. After stirring 24 h, ethyl deef@0 mL) was added

to the reaction, and the solution was washed with brirne 20 mL). The organic
phase was dried with MgS0and the solvent removed under reduced pressure.
During solvent removal a white solid precipitated, which wasrétteoff and
washed with ethyl acetate. The filtrate was concentratedttengrocedure was
repeated to afford of the desired product as a white solid (2.19 g, 7@%)rtNer
purification was necessary. Melting point: decomposes above 185 °(KBRB
3477, 2933, 2995, 2964, 1462, 1372, 1157, 959;¢m NMR (300 MHz, CDCJ)

8 6.38 (s, 3H), 5.80 (s, 1H), 2.59 (s, 18H), 1.02 (s, 27H), 0.38 (s, 9H), 0.36 (s, 9H);
3c (75.5 MHz, CDG)) & 160.4, 135.2, 134.5, 71.3, 38.4, 27.6, 19.0, -2.9, -3.0;
HRMS (ESI +): exact mass calculated faulds/NoNaO;S:Sis [M + Na]* 916.3531.

Found 916.3550.

Relax. delay 1.000 s=c
Pulse 45.0 degress
Req. time 1.838 sec
W

PHEE
i

7,260

£.802

49



77.230
76 E0E

000 pec

CBSZRVE C13. 75.4522854 Miz
IECHUPLE E1, 300.0701003 Mz
Powsr 36 4B

coatinuously on

WALTZ-16 modulated

IATA PROCESSING

Liae broadening 1.0 Hz

FT sisze o7z

TuLal Liwmc 7844 Lo, 7 ais, D eocu

2401

A e3.028

3.0
—-2.915

160,346
—135,237
134,542
\—? 293

R L o o o o e o o B ML I o e e e e S AREnmam s o
220 200 180 160 14cC 120 100 1] 60 40 20 0 ppm

Tris(1-N,N-dimethylsulphamoyl-5-imidazolyl)carbindb:

Tris(1N,N-dimethylsulfamoyl-2=butyldimethylsilyl-5-imidazolyl)carbinol
48 (2.04 g, 2.3 mmol) and 2.0 g (13.2 mmol, 5.8 eq.) of CsF a@d(HD mL) were
added to CHCN (90 mL). The stirred suspension was refluxed for 24 h. The
organic phase was separated and dried over MgB@on concentration of the
organic phase a solid precipitated which was filtered off and daiéokding the
desired product as a white solid (1.11 g, 88% vyield). No further purificatas
necessary. Melting point: decomposes above 130 °C; IR (KBr) 3489, 3138, 2949,
1555,1467, 1393, 1165, 1092, 1046, 984, 845, 729, 58MMR (300 MHz,
CDCl) & 8.01 (d, 3HJ= 1.2 Hz), 6.35 (d, 3HJ)= 1.2 Hz), 5.58 (s, 1H), 2.91 (s,
18H); °C (75.5 MHz, CDG)) § 141.5, 133.4, 132.7, 68.6, 38.5; HRMS (ESI +):

exact mass calculated fofdBlo6NgO;S; [M + H]* 552.1112. Found 552.1137.
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Tris(4(5)-imidazolyl)carbinol hydrochloric sail-3 HCI:

Tris(1N,N-dimethylsulfamoyl-2-butyldimethylsilyl-5-imidazolyl)carbinol
48 (1.60 g, 1.79 mmol) was refluxed in hydrochloric acid (50 mL, 1.5 MPtor
min. The solvent was evaporated under reduce pressure. Column chropigtogra
on a Dowex 50WX8-100 resin (20 mL) with water followed by 6 M bytitoric

acid yielded the tri-hydrochloride salt as a white solid (487 8065 yield). When
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6% NH,OH was used instead of hydrochloric acid the neutral tripbdvas
obtained (362 mg, 88% vyield). Suitable crystals for X-ray clgggaphy were

obtained by slow evaporation of a solutior8®3 HCI in methanol.

Tris(4(5)-imidazolyl)carbinol31: decomposes at 130 °C; IR (KBr) 3386,
3142, 2844, 2605, 1455, 1111,1088, 945, 826, 618; M NMR (300 MHz,
CDsOD) § 7.64 (d,J= 1.2 Hz, 3H), 6.84 (dJ= 1.2 Hz, 3H;C (75.5 MHz,
CD3;0D) 6 142.6, 136.5, 119.9, 70.5; HRMS (ESI +): exact mass calculated for

Cio0H10NgNaO [M + Naf 253.0814. Found 253.0821.

STANDARD 1H CBSERVE

Pulse Sequence: s2pul

3,306
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Tris(4(5)-imidazolyl)carbinol hydrochloride sal8l3 HCI) a white solid
decomposes above 175 °C; IR (KBr) 3165, 3111, 2980, 2830, 2594, 1625, 1467,
1420, 1100, 1065, 818 ¢m*H NMR (300 MHz, CROD) § 9.12 (s, 3H), 7.75 (s,
3H); °C (75.5 MHz, CROD) & 137.8, 135.1, 120.2, 66.6; HRMS (ESI +): exact

mass calculated forigH;0NeNaO [M + Na] 253.0814. Found 253.0821.
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Table 2.3: Crystal data and structure refinemen8id3 HCI

Empirical formula GoHi13Clz N O
Formula weight 339.61
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
a= 7.5651(5) Ap= 90°.
Unit cell dimensions b= 22.9874(15) Ap= 94.2420(10)°.
c=8.3708(5) Ay= 90°.
Volume 1451.71(16) B
z 4
Density (calculated) 1.554 Mg/n$
Absorption coefficient 0.636 mml
F(000) 696
Crystal size 0.22 x 0.08 x 0.02 mf
Theta range for data collection 1.77 to 27.49°.
Index ranges -9<=h<=9, -29<=k<=28, -10<=I<=10
Reflections collected 17459
Independent reflections 3318 [R(int)= 0.0171]
Completeness to theta= 27.49° 99.8 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9874 and 0.8728
Refinement method Full-matrix least-squares orfF

3318/0/182

1°2}

Data / restraints / parameter

Goodness-of-fit on 1.045
Final R indices [I>2sigma(l)] R1=0.0279, wR2=0.0705
R indices (all data) R1=0.0297, wR2=0.0719
Largest diff. peak and hole 0.454 and -0.250 e-R
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Tris(4(5)-imidazolyl)methoxymethane hydrochloric salt-meth&iol

Tris(4(5)-imidazolyl)carbinol hydrochloridgl-3 HCI (201 mg, 0.59 mmol)
dissolved in dry MeOH (20 mL) was refluxed for 19 h under positiesqure of
N2. A soxhlet apparatus was used whose thimble was filled withatexdi A
molecular sieves. The solution was concentrated under reduced prassure
acetone was added to precipitate the desired product, which teasdfibff and
dried. The product co-crystallized with one molecule of methanoérfuéted by
NMR) in quantitative yield. The methanol-free product (hygroscopa)ld be
obtained as a white solid by extensive washing with acetoneduyimg. IR (KBr)
3103, 2995, 2833, 2609, 1602, 1474, 1104, 841, 618 & NMR (300 MHz,
CD;0D) § 9.02 (d,J= 1.2 Hz, 3H), 7.83 (d)= 1.2 Hz, 3H), 3.35 (s, 3H}’C (75.5

MHz, CD;OD) § 137.7, 133.6, 121.0, 73.3, 53.3; MS (ESI+): [M — M&£213.09
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Bmbient
Pile: MeO-trd
INOVA-£00  "c

I.310

Relar. delay 1.000 sex
Pulge 32.3 cegress
Acg. time 3.74% sec
Wil

—1.8
S 1314

1.306

NRRRTTR L3
DATA PRC ING
PT pize 6553€

Total time 0 min, 38 s=c

iz 11 10 9 B 7 [ 5 4 3 2 1 -0 -1 Ppm
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13C OBSERVE

Data Ccll=cted oa:

ounmzl du-nerouryl00
Archi

IC: fon vmnroysydat
Hamp.L.

Pulge Sequsnce: slpul

Belvent: CDICD

121.401

Relaz. delay 1.000 ses
Pulse 45.0 cegress

Rog. time 1.815 sec

Width 18857.% Hz

15808 zep=cicions

OBSERVE C13, 735.4524311 MH=
DRCOTUPLE  T1, I00.0712325 Md=

138,026

133.123

T73.223

Bis(tris(4(5)-imidazolyl)carbinoliron(lll) chlorid&2:

FeCk (46 mg, 0.29 mmol, 1 eq.) and tris(4(5)-imidazolyl)carbidbl(132
mg, 0.58 mmol, 2 eqg.) were dissolved inCH(10 mL) and stirred for 3 h. The
solvent was removed under reduced pressure and the crude massoaledi in
MeOH. Upon slow evaporation dark brown crystals formed and vilezeel off,

and washed with acetone, yieldifg (141 mg, 74% yield).

57



Table 2.4: Crystal data and structure refinemenb2or

Empirical formula

G4 Hao Cl; Fe N, Og

Formula weight 786.88
Temperature 99(2) K
Wavelength 0.71073 A

Crystal system Triclinic

P-1

Space group

a= 10.7760(8) Ag= 83.5450(10)°.

Unit cell dimensions

b= 10.9987(8) AB= 80.8150(10)".

c= 16.6397(13) Ay= 63.8040(10)°.

Volume 1745.0(2) B
Z 2
Density (calculated) 1.498 Mg/n$
Absorption coefficient 0.724 mml
F(000) 818
Crystal size 0.38 x 0.26 x 0.24 mf

Theta range for data collectio

2.07 to 27.50°.

Index ranges -13<=h<=13, -14<=k<=14, -21<=I<=P
Reflections collected 21063
Independent reflections 7841 [R(int)= 0.0143]
Completeness to theta= 27.49° 99.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8453 and 0.7704

Refinement method

Full-matrix least-squares oreF

Data / restraints / parameter

1°2}

784116 /437

Goodness-of-fit on &

1.016

Final R indices [I>2sigma(l)]

R1=0.0421, wR2= 0.1156

R indices (all data)

R1=0.0434, wR2=0.1166

Largest diff. peak and hole

1.819 and -0.952 eR
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3-Dimethylsulfamoyl-2-ethoxycarbonylmethyl-2,3-dihydro-imidazdlcarboxylic

acid ethyl estef9

To a stirred solution off7 (1.02 g, 5.8 mmol, 1 eq.) in freshly distilled
acetonitrile (30 mL) the ketene silyl acéti)2.98 g, 11.6 mmol, 2 eq.) was added.
The reaction mixture was then cooled to 0 °C and methyl chlorofer(@88 mL,

4.8 mmol, 1.2 eq.) added dropwise. The reaction mixture was left to twangom
temperature for 2 h. The solvents were removed in vacuo and the crgsde wa
purified by flash column chromotagraphy on silica gel (6 hexanesc@E#f to

yield 69 as a colorless oil (1.17 g, 56% yield). The product was charaxtesizH

(300 MHz, CDC}) & 6.00 (broad multiplet, 3H), 3.77 (s, 3H), 2.91 (s, 6H), 2.90 (s,
2H), 1.43 (s, 9H); MS (ESI+) exact mass calculate feri3; N, Os S [M + HJ'

335.12. Found 335.14.

1.426

2

H

VB

E gt
B

=

)

(1]

Width 4833.1 Hm
12 rap doma

OESERTE

12 10 8 6 & 2 -0 ppm
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1H-Pyrrole-3-carboxylic acid tert-butyl estér

To a stirred solution of imidazolir@® (1.17 g, 3.22 mmol) in acetonitrile(70
mL), a IN NaOH (9 mL) solution was added and then refluxed for 4 thelmom
temperature reaction mixture AcOEt (50 mL) were added and rtfenic phase
was then washed with brine € 20 mL) and dried over anhydrous MgsSOhe
solvent was removed under vacuum and the solid resulting was punyfildsh
column chromatography (7 hexanes: 3AcOEt) to yfdlds a white solid (339 mg,
63% yield). IR (KBr) 3344, 2980, 1674, 15507 1477, 1420, 1369, 1350, 1246,
1136;'H NMR (300 MHz, CDCJ) & 7.34 (m, 1H), 6.73 (m, 1H), 6.59 (m, 1H),
1/551 (s, 9H):**C NMR (75.5 MHz, CDGJ) & 164.8, 123.2, 118.6, 118.2, 79.7,
28.4; MS (ESI +): exact mass calculated fgHGNO,Na [M + NaJ 190.1. Found

190.2.

1z 10 8 () 4 2 -0 =

T.8d
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Data Collected an:
sunnrl.chan. oo, sl -RersuEy 300
Archive directory:
F NPTt /i /s S ransay e S daka
Smmple diregtoryi

Files CARBOH

Tulse Sequance: mipul
Solvent: COC1D

Relan. delay 1.000 ses
Fulse 45.0 degress

Aog. eims 1.015 e

Wideh 18867.9 =

286 repesicions

OBSERVE C13, 75.4532996 MHs
DECOUPLE  H1, 360.0701003 sms
Powar 16 dB

contimucualy o

WALTZ-16 modulated

FT sise 131072
Total time 12 mim

164. 880

123.333

138,645

138,151

100,674

8,730

77,436
77.872

TE.645

432

220 200 180 160 140

120

61

io0

80

(1]

a0
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Table 2.5: Crystal data and structure refinementor

Empirical formula GHisN G,
Formula weight 167.20
Temperature 110(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)

Unit cell dimensions

a= 5.9895(5) Ag= 90°.

b= 8.2125(7) Ap= 91.5430(10)".

c= 9.3453(7) Ay=90°.

Volume 1745.0(2) B
Z 2
Density (calculated) 1.208 Mg/n$
Absorption coefficient 0.085 mml
F(000) 180
Crystal size 0.32 x 0.24 x 0.14 mf

Theta range for data collectio

2.18 to 28.30°.

11

Index ranges -7<=h<=7, -10<=k<=10, -12<=I<=]
Reflections collected 5249
Independent reflections 2125 [R(int)= 0.0187]
Completeness to theta= 27.49° 96.7 %
Absorption correction None

Max. and min. transmission

0.9881 and 0.9732

Refinement method

Full-matrix least-squares oreF

Data / restraints / parameter

1°2}

2125/1/112

Goodness-of-fit on &

1.078

Final R indices [I>2sigma(l)]

R1=0.0298, wR2= 0.0762

R indices (all data)

R1=0.0299, wR2= 0.0763

Absolute structure parameter

0.8(7)

Largest diff. peak and hole

0.154 and -0.271 e:R
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Deprotection attempt @8 using TBAF (scheme 2.12):

To a solution of tris(IN,N-dimethylsulfamoyl-2-butyldimethylsilyl-5-
imidazolyl)carbinol48 (0.200 g, 0.224 mmol) in THF (10 mL), a 1 M solution of
TBAF (3 mL) was added dropwise. The solution turned yellow and wasdstor
2 h at room temperature. The organic phase was separated ahdwnevigSQ.
TLC (95 EtOAc: 5 MeOH) andH NMR spectroscopy analysis of the crude

mixture revealed a complex mixture which could not be purified.

In situ protection of48 (scheme 2.13):

See prior procedure to synthesé#® The procedure was only modified in
its quenching procedure whereby EtOAc angDHvere replaced by the desired
electrophile and stirred at room temperature for 1 h. Aqueous workwg4gan

yields not significantly different from the normal procedure.

Addition of bromo-acetic acitért-butyl ester tal7 (scheme 2.23):

1-(N,N-Dimethylsulfamoyl)-imidazole (0.500 g, 2.85 mmoB7 was
dissolved in dry THF (30 mL) under a positive pressure of ArthWigorous
stirring, the temperature was lowered to -78 °C and a solutiofBoLi in pentane
(3.14 mmol, 1.7 mL of a 1.88 M solution, 1.1 eq.) was added drop-wise. After
stirring for 30 min, bromo-acetic actert-butyl ester (3.14 mmol, 0.47 mL) was
added neat. The reaction mixture was then left at room tempe@tarnight and
guenched with BD. The organic phase was separated and the organic solvent
removed under reduced pressure to yield the starting materibl NIR analysis

of the crude mixture and unidentified products.
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Chapter 3

Synthesis of the Mixed Carboxylate-Functionalized Carbinol 73

and Study of its Coordination Chemistry

N \_NH
HN” "NH

73

3.1 Introduction: retrosythetic analysis

The initial route devised to reach the desired targetppeared problematic
due to unforeseen difficulties encountered in purifying these poljaoie
containing molecules, compounded by unfavorable physical properties spobras
solubility. All but methanol and water were found to solubilize 4-Td@ #us with
such a limited arsenal of solvents most transformations considecath®&almost
intractable. In order to secure enough material and studyotirdination chemistry
of the 3-Imidazole-1-carboxylate ligand, it became clear thabtet properties
always be kept in mind when designing a synthetic plan in order tonzaxyields
and ease of isolation. The direct illustration of this stratedlge incorporation the
pendant arm in one of the initial building blocks rather than the lingiz
functionalization strategy (scheme 3.1 and 3.2). Indeed, the feweuthber of
steps involving the tripod itself the greater the chances akesacand therefore the

target was envisioneda two different routes. The first one investigated (scheme
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3.1) was the addition of a functionalized imidazole mok&yalready bearing the

pendant arm to a bis-imidazole ketofte

o E
N \ — Nl\/)j;&/ll\l

X=H,O
//N PL-NT
HN— =N
3
1 e P
" . PL<NJ/U\[N ; N%(OR
}\l , \ I\f>—’ ’ Q\/N\P2 X2
75 76
Scheme 3.1

The second approach (scheme 3.2), a complementary route, envisioned the addition

of two equivalents of nucleophil&3 to an imidazole ester bearing the pendant arm

78.
B e
74 — N)\PB " MeOC N%m
| |
pt P2
77 78
Scheme 3.2

Both of these routes are aiming at a 4-TIC analogue as thetdttarget.
The synthesis of a model substra® a mixed tripod with a C4 and two C2
linkages, was initially considered by the simplified path delee in scheme 3.3.
This approach was a model study to the more complex targeasustipwn in the

retrosynthetic scheme below, one of the obvious advantages of streltegysis
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the absence of C2 reactive positions on the ke&thetherefore by-passing a

protection-deprotection sequence.

Pl
N OH N | Py
[\ %COZH N OH NI OR
T o T
N

\_NH
N” "NH NN
\=/ PY )/
73
p\l 0
N N OR
79  — <// =N + = X=H,0
\ N ,N\/> Q\/N\ X2
pL P2
80 81
Scheme 3.3

3.2 Synthesisof precursors 80 and 81

3.2.1 Synthesis of protected imidaz8te

Reports of 2-functionalized imidazoles with the desired oxidatiate sin
the side-chain were not available at the time of the synthetic work, but the row
(1H-imidazol-2-yl)-2-methyl-propan-1-@3 (scheme 3.4) seemed to display all the
required features for an initial test of the proposed synthetic routecohtygound is
readily available in gram quantity in two steps (37% yield ol)emald makes for a
good starting point. Condensation of formaldehyde and iso-butyraldehytiethes
hydroxy aldehyde82 which once condensed with glyoxal and ammonium

hydroxide, gave the imidazole alcotg3.**?

66



O i N

JJ\ + H triton B HO H NH4OH (\
H H Glyoxal N
(0] o] H

82 83

Scheme 3.4

The alcohol83 was then protected with TBDMS-CI in methylene chloride & th
presence of imidazole, as a base, in excellent yield (94% ysddgme 3.5). The
white product was easily purified by recrystalization frometanitrile and
characterized by NMR spectroscopy. Tie NMR signals of the TBDMS group
and their relative integration supported the assignment of the prodhgctd@ntity
of 84 was also confirmed bY'C spectroscopy and mass spectromelrprotection
performed at room temperature with NaH and N,N-dimethylsulfancbidride
yielded the desired compoud in good yield (72%). The characterization8&
was simplified by the appearance of two doubk&{,19 ppm and 6.95 ppm with

a coupling constant o= 1.5 Hz from the imidazole ring protons and the
resonances of the sulfamoyl protecting group. Further charadiemibgt'>C NMR

spectroscopy supported tNeprotection of the imidazole.

N
83 TBDMSC| ( 1) NaH [\
~imidazole OTBDMS 2)CISQNMe2 N OTBDMS
)

MezNOZS

84 85

Scheme 3.5

The pro-nucleophile was thus rapidly prepared in four steps in an loyietdl of

25% from iso-butyraldehyde. Lithiation at the C5-position was mrdiyeaddition
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of BuLi at -78 °C and quenching with deuterated methanol. Completerd&on

of the 5-position was observed B NMR spectroscopy (scheme 3.6). The
characteristic doublets of the aromatic ring 88 became a singlet i185-d,
confirming the quantitative lithiation at the desired position. Witesé results

established we then turned our attention to the electrophilic partner of themeacti

N
[ \ 1Buli _ I
N OTBDMS 2) NeOD OTBDMS
|
MEZNOZS MeZNOZS
85 85-d

Scheme 3.6

3.2.2 Synthesis of symmetrical bis-imidazolyl keis&7-89

Symmetrical 2-imidazolyl-ketones are known and some preparatiaves
been published. We settled for C-2 ketones as model substrates deirto
availability and the N-methyl protected ketofé was easily prepared in large

quantity according to the known procedure illustrated in schenté°3.7.

N
N i N N
1) BuL
[ e @%X
| oy
86

Scheme 3.7

One of the problems encountered with ket8idewvas its low solubility in aprotic
solvents such as THF, which rendered its handling in reactions \Blokiewas

used rather difficult. In order to address this obstacle other ketwaes also
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prepared. The known ketones capped by a benzyl @iJ* or a para-
methoxybenzyl (PMB)89 protecting group® showed increased solubility in
organic solvents. The preparations of these two ketones weredcauti according
to the published proceduresm the formation of a Weinreb amide and were utilized
as electrophilic partners in the addition reaction (scheme 3.8). é&&88rand 89
were obtained in 81% vyield and 92% vyield respectively, as whitdssahd were

characterized byH and**C NMR spectroscopy.

N R.
]\ 1) BuLi g N NTY o
C\I) 2 o (N/\Kn/f\\} 88: R = Bn
R 0

89: R= PMB
|
R meo.

ll\l OMe

Scheme 3.8

3.2.3 Addition attempts @5 to 87-89

All three synthesized keton&3-89 were used in addition attempts (scheme
3.9). Initially, the 1-methyl-imidazolyl ketone was added to theti@aenixturevia
cannula where the nucleophilic partner was preformed at -78 °C with one
equivalent of BuLi*H NMR analysis of the crude mixture confirmed a lack of the
expected product and the formation of a myriad of imidazole-containodygis.
Although the failure to obtain the expected product was initially éthon the poor
solubility of the reactan87, reactions carried out with electronically equivalent
substrates such as ben8f and PMB89 protected imidazoles did not differ in

their outcomes.
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R
|

[’1‘ 1) BuLi - [N N OTBDMS
W < oreows 1

N

R.
N N |
Me,NO,S [ | \/\> R—N" N SONNMe,
R O
R o]

R =Me, Bn, PMB

Scheme 3.9

3.2.4 Conclusion

These surprising results presented us with a rather difficatdigon since no
obvious reasons for these failed attempts could be put forward. Tti& ini
simplification of the synthetic route using a 2-imidazolyl-ketoresresd unlikely to
be responsible for this lack selectivity. Despite the negatisatsewe turned our
attention to the preferred substr@@= (75 with P'= SQNMe, and B= TBDMS)
(scheme 3.10) hoping that our success in fornl@gn the synthesis of 4-TIC
(scheme 2.10) would translate to this slightly modified version. Actiparallel
could be drawn between routes A and B as an intermediary keton@esasnably

formed on the way td8 (route A),

MezNOZS\ @) /802NM62 / N
N N N I»\ route A
TBDMS—( J)J\E »—TBDMS Li N TBDMS 48
N N SO,NMe,
90

MezN Ozs\ O /S()zN M62

N
N N _/[\ route B
TBDMS%N])K[ I\?«TBDMS Li N)7<\OTBDMS --------------- -

Me,NO,S

Scheme 3.10
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3.3 Modification and optimization of precursor syntheses

3.3.1 Introduction: oxidation attempts of alcoBal

Oxidation of the alcohol (scheme 3.11) to the carboxylic acid wes al
probed on the model compoufit'*® This oxidation proved to be more complex
than anticipated initially since purification of the zwitteriongroduct was
complicated by its water solubility. Only the oxidizing systemwolving 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) and iodobenzene diaceB¢B) seemed
to produce any crude products that included the desired targeteawidet byin
situ '"H NMR spectroscopy. No optimization or isolation of the product was

successful given the complexity of the mixtures.

N N o)
(/ \ conditions (/ \
N)X\OH ____________ > N OH
H H

83
Scheme 3.11
Entry catalyst Stoichiometric oxidant Additives
1 RuCk-3H,0 TCCA TBAB, NaCG;
2 TEMPO BAIB n/a
3 TEMPO TCCA n/a

Table 3.1: Reactions of scheme 3.11

3.3.2 Modifications and synthesis of precursér

The nucleophilic imidazole componesi even though practical for its ease

of preparation, presented the major drawback of having its side chiia wrong
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oxidation state. This side chain was initially incorporated to preentany late
stage chemical transformations but was not the best possible oAtiomore
effective strategy would be to carry through the entire syisthies desired tether in
its correct oxidation state as an ester (scheme 3.12). Adding suskcirophilic
site in the precursor was apparently trading one problem for anathdhe
compound must be deprotonated by the nucleophilic base BuLi. We otteeref
envisioned the use of an ortho-directing group (ODG) on the imidazmleus,
which along with the sterically encumbered vicinal gem-dimetyk, would

prevent any side reactions at the carboxyl group.

q& CO,Me

|
ODG

Scheme 3.12

The desired new compoun84 was expeditiously synthesized by the
oxidation of hydroxymethyl pivalat&’ 91 to 92 and without purification, engaged
in the condensation to the imidazole derivat®&(scheme 3.13) in 63% overall
yield. The compound was easily purified by precipitation from Et@Ad fully
characterized by NMR spectroscopy with three resonance6.89 ppm (s, 2H)
3.72 ppm (s, 3H) and 1.66 ppm by*H NMR and a more informativ€C NMR
spectrum. The structure assignment was also supported by IRrospeply
(v(CO)= 1729 cnt) and mass spectrometry (ESI +: exact mass calculated for
CgH1aN,0, [M + H]™ 169.0972. Found 169.0962). Protection of the imidazole was
carried out withN,N-dimethylsulfamoyl chloride and NaH to furnish the required

precursord4 in 60% yield. This white solid was again characterizedHhNMR
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spectroscopy and the diagnostic appearance of two doublets of an titlitetbs
imidazole at 7.11 ppm and 7.01 ppm with coupling constadt 1.5 Hz. The"*C

NMR and mass spectrometry confirmed the presence of the protecting group.

Glyoxal

MeOZC></OH RE:“&F\)O MeOZC><H/H __(NHg)COs ( )><002Me
o)

91 92

N
o3 _1)NaH 14 »XCOZMG
N

2) CISONMe,
I
MeoNOLS
94

Scheme 3.13

The regioselectivity of the lithiation of the compound and its kiabto
nucleophiles was tested in a deuteration experiment (scheme 3.14).e@ompl
incorporation of deuterium at C5, indicated by the disappearance afdhetic
doublets and appearance of a single aromatic singlet, allowed amnfion the
quantitative lithiation oB4 within the detection limit ofH NMR spectroscopy. No
apparent decomposition of the methyl ester was detectétl INMR analysis of

the crude produd@4-d, confirming its use as competent precursor.

N
[ \ COMe 1)BuLi _ [ COMe
I}I 2) MeOD
Me2NOZS MezNOZS
94 94-d

Scheme 3.14
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3.4 Synthesisof bisimidazolyl ketone 90
3.4.1 First approach

Since our true goal was to obtain a 4-TIC derivative, the syrcakketone
90 of routes A and B (scheme 3.10) was a desired intermediate and could
potentially be beneficial to the addition reaction by involving thiesgpmed
intermediate in the condensation of tripd#l The synthesis of the keto®® was
more challenging than expected as the known procedures to forrdetired
product were quite ineffective. The simple transposition of the proeedsed to
synthesizeN-alkyl and N-benzyl symmetrical ketone87-89, to imidazole 47
(scheme 3.15), yielded only the undesired ar@island the starting materidll as
determined by'H NMR analysis. Attempts to modify the procedure by adding
TMEDA or using Weinreb’s amide did not improve the reactivity. Treisctivity
was observed either at the G&Z) or the C5 46) position and further confirmed

prior findings by Katritzky*® and Brown>".

N
q»\TBDMS g Buli §/()\TBDMS

(0]

|
MezNOZS ~ S NMe
NJ\OMe N_ SONMe,

47 | 95
with or without TMEDA

Scheme 3.15

3.4.2 Second approach

The inability to form the desired ketoA8 was circumvented by a two step
procedure (scheme 3.16). First sulfonamddevas added to 0.5 equivalent of ethyl

formate, using a “one pot procedure”, to yield the secondary symaligtr
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substituted alcohd6, in 51% vyield. The compound was characterizedtb{NMR

spectroscopy and featured a doublet from the methine pro®5.88 ppm and a
doublet from the hydroxy proton &t3.58 ppm withJ= 3.6 Hz. The composition of
96 was further supported by mass spectrometry (ESI+) throdgdgaostic peak at

[M+H] *= 607.2.

N 1) BuLi N
{3y __217BDMSCI _ HO /N
N 3) Buli N TBDMS
H
MeNOLS 4) HCOET SONMe; |2
47 96
Scheme 3.16

The conditions for oxidation of the secondary alcohol were surveyed diffiexgnt
known methodologies. General conditions reported with PCC, DDQ,
tempo/TCCA®? L/tempd*®, MnO,™*3, IBX'**!°° 3| failed to produce keton@0
from the alcohol and led to decomposition products. A milder oxidantsoaght

in the Dess-Martin periodinane reagent which proved indeed to be effective.
NMR analysis of the reaction mixture clearly indicated tlearc formation of the
product but also its decomposition when the conversion of the reacaoked an
acceptable level. The release of protons during the oxidatiorideasfied as a
potential catalyst for a decomposition pathway, but no improvements wer
observed when an inorganic solid base such as sodium bicarbonate (at#SO
added. However the decomposition stopped almost completely when imida=ole
added to the reaction mixture (scheme 3.17)3%nha/as isolated in 60% yield and

characterized byH and *C NMR. The diagnostic deshielded aromatic protons

75



were observed &t 7.55 ppm supporting the oxidation of the secondary alcohol to

the ketone0.
N MeNOS O SONMe;

HO,
/N»\TBDMS :?nei(sjz-zl\(/l)fiertin periodinane NJ)J\[N
I TBDMS TBDMS
H1 SoNme, |2 \<\N ! \ ,\f>’

95 90

Scheme 3.17
Similarly to HO and'BuOH"®, imidazole was thought to act as a ligand rather than

a base; replacing imidazole lBuOH led to comparable results.

3.4.3 Addition attempts with the new precurs@®sand94

With the two exact desired precurs®®and94 in our hands, attempts to
conclude the synthesis by performing the required condensation weesl caurt
(scheme 3.18). It was regrettably found that the reaction did rddttiie expected
product and the two starting materials were completely recoverigd no
decomposition. According to tHél NMR spectrum of the crude reaction mixture
only the reactants were detectable with no formation of other compdusrse it

appears that no reaction occurred.

SOzNM €

0
N , TBDMS.__, OH
1) BulLi
(<o X ]
';\I MezNOZS\ N COMe
SO,NMe, N _ Me,NO,S—N™ N
TBDMS—( | N >:N
N /)
N . TBDMS
94 SONMe;  ‘rgpms
90
Scheme 3.18
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The formation of the 5-lithio-imidazolyl starting materiabrh 94 (scheme 3.18)
was confirmed multiple times by deuteration and no reason haddawhfor the

lack of reactivity of the reactants. It is all the more agable that a clear parallel
can be drawn between route A (scheme 3.10), assumed to occur during the
preparation of48, and B, this reaction. One can speculate on the electronic
differences of the two pathways which could result in a potesi@tgy mismatch

of the reactants. The opposite inductive effects of the silyl gauplé and
carboxyl group ord4, at the 2-position, could explain the difference in behavior.
Indeed, TBDMS, an electron releasing group used in the synthet8sisfdirectly
attached to the aromatic ring, whereas the carboxyl group, imdlyctvithdrawing,
could deactivate the nucleophi®d rendering it inefficient. As more unexpected
results from such addition reactions were observed, attempts to raodel
understand the reactivity of the imidazole containing moleculesompugtational

analysis is provided later.

3.5 Second and third approach of a build-in carboxylate tether

3.5.1 Introduction: retrosynthetic analysis

As the first approach of the appended tripod failed to produce a valiks
a second look at the retrosynthetic analysis led us to investlgasynthesis of the
target 73 (scheme 3.19.1) as the direct regioselective addition productvmf t
equivalents of sulfonamidd7 to 98 (scheme 3.19.2). The necessary compound
should easily be prepared as most of the chemistry required foparprobe has

been developed or is only a few steps removed from current known materials.
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MEZNOZS_

MeNOS  MOM
N OH N N OH N
E\ \%COZH
N NH
H N” “NH
\—/

73 97

Scheme 3.19.1

N N O
| |\
97 > <7N) + MeOZC/[; OMe
ISOzNMez ISOzNMez

47 98

Scheme 3.19.2

3.5.2 Synthesis of precurses

3.5.2.1 Synthesis of diest@8

This new electrophile was simply obtained by deprotonation at the C5-
position of 94 and quenching with methyl chloroformate (scheme 3.20). The
product was easily purified and modification of the aromatic resmsa (two
doublets) in theH NMR spectrum to a more deshielded singlet a.61 ppm
confirmed the addition of the carboxyl group on the imidazole fihg.compound
was fully characterized b¥C NMR spectroscopy and its composition verified by

mass spectrometry (ESI+).

_1Buli N

|
MezNOZS Me;NO,S

94 98

Scheme 3.20
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3.5.2.2 Addition attempts

Two reactions were attempted on the dieS&rscheme 3.21). First, the
addition reaction of the 2-lithio-N-sulfonamide imidazole, obtained frém
showed by*H NMR and TLC analysis the presence of numerous products in the
crude reaction mixture. After aqueous work-up, react@nwas clearly detectable
but 98 did not seem to have survived the reaction. This conclusion was further
corroborated by the reaction of the 5-lithio-2-TBDMS-imidazole, iabthfrom46,
with 98 with similar results. After aqueous work-up, no apparent consumptiéf of
and no recovery of the electrophB8 were detected bjH NMR analysis of the

crude mixture.

MeNO,S  MOM
N OH N%(OMG
[N/> <\ 'N o}
Me,NO,S—N” SN
\—/

1) BuLi
()\ 2) X or
SOZNMez Ve OZC[)><C02M6 MezNOZS MOM OMe
TBDMS

47:R=H Me2N028
46: R = TBDMS \ N O
MeZNozs—N N

—N
TBDMS

Scheme 3.21

3.5.2.3 Conclusion

These observations were difficult to explain and a hypothesis was
formulated. The sulfamoyl protecting group used could be responsibteidora
contrarian behavior of the reactions. This was circumstantsaipported by the

radical modification of the nucleophilicity of imidazoles, as the wogéhium
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species could not be added to amides (scheme 3.15) as observed gkyatfit
Brown **! and us. In the present case the strong electron withdrawinty albithe
sulfamoyl protecting group could facilitate electron transtemf the organo-
lithiums 46-47 to 98 to form a stable radical anion (equation 3.1).

Nu=+ E - Nut + E~

Equation 3.1

In order to test this hypothesis, we decided to modify therelgctcharacter of the

imidazole dieste®8 by introducing a more electron rich protecting group.

3.5.3 Third approach of a build-in carboxylate &sth

3.5.3.1 Synthesis of MOM-protected imidazh0®

Introduction of a MOM protecting group @8, chosen for the ease of its
removal under acidic conditions, was simply accomplished in two stgps b
deprotection/protection sequence (scheme 3.22). The sulfonamide proteatipg gr
was promptly removed in methanol with catalytic amount of sulfacid to yield
99 in 85% vyield, which displays a very broad singlet for the aronpatiton. The
signal was sharpened by protonati®@ with deuterated trifluoroactic acid. The
compound 99 fully characterized spectroscopically and then regioselegtivel
protected using one equivalent of NaH and chloromethyl methyl @#@M-Cl)

to give100 in 90% yield.
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H2804/M€OH
oL ceome o g RO

MeZNOZS
98 99
MeOZC
_DNaH Z’ COMe

¥ ZyMom<cr )>< C2

|v|0|v|

100

Scheme 3.22

The C4 location of the ester was established by a NOESY egydti Irradiation
of the methylene group of the MOM protecting group allowed us tecti¢he
methyl group of the MOM and gem-dimethyl unit by NOE but morpartantly

the resonance of the aromatic proton was also enhanced (Figure 3.BYNOE

experiment ori00).

Me0C,
/Z’x COMe
i 1

H I\’)\{*Cﬁs

| ’
Ty, CHs

'l f/'
CH-

=—ift-

]
3.283
|BBE

Figure 3.1: NOESY experiment dQ0
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3.5.3.2 Addition attempts tt00 and synthesis of3
With compoundl00 readily available we then tested the addition reactions
(scheme 3.23) with the different lithiated pro-nucleoph®&s46, 47 and101-103

(scheme 3.24):

MOM%(OM
. OH e
1) BuLi N
36, 46, 101-
101103 5 X~ R_WK

R

MeO,G o)
N
/ CO,Me
N R=36, 46, 101-103
MOM
Scheme 3.23
N N N
[ \ [ \ /N
N N)\u Li N)\TBDMS
SO,NMe, MOM SO,NMe,
47 36 46

) ) -

SO,NMe, SO,NMe, SO,NMe,

101 102 103
Scheme 3.24

All the pro-nucleophileS6, 46, and101-103 were recovered after aqueous work up
of the reaction mixture, but as previously described the electropbdewas
completely consumed and could not be recovered (scheme 3.23). Only one

substratel7 was found to be effective for the double additiod@0 (scheme 3.25).
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Though completely specific to a single reactant, one should emplihaizéhis
reaction proceeded smoothly to the desired compdhdn 74% vyield. The
expected two doublets of the nucleophilic imidazole protorts @81 ppm and
6.93 ppm with a coupling constadt= 1.5 Hz were detected bjH NMR
spectroscopy along with the singlet of the electrophilic inolaproton shifted

upfield by 1.15 ppm ai 6.54 ppm.

N MeNOS  MOM on
[» 1) BuLi N, OH N\Pér( €
2) |, |
N MeO,C \_N

o}
I N
Me,NO,S N
eNO, 100 / »XCOZMG MeoNOS—N _\ N
47 N
MOM 97

Scheme 3.25

The synthesis could thus be completed by hydrolysis of the prajegtoups,
sulfamoyl and MOM, and the ester in 6N HCI to give after maifon by cation

exchange chromatography the mixed trig8dn 85% yield (scheme 3.26).

M ezNOZS MOM
H H
N OH N%( H30+CI' [N OH N%(OH
/> <\ o}
N N

MEZNOZS_
_ \—/
73

Scheme 3.26

As determined byH NMR, the compound displayed the expected three resonances
ato 7.17 ppm (4H)p 6.81 ppm (1H) and 1.55 ppm (6H). The white solid was

found to be soluble only in methanol and water most likely due to thenpeesé
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its zwiterionic form. Full characterization B§C NMR, IR spectroscopy and mass

spectrometry confirmed the structure/8f

3.6 Computational Studies
3.6.1 The influence of the protecting groups inmzrof electron

affinity

The successful addition of7 and only 47 to the diesterl00 was
investigated in greater depth as to better understand what tngrece
characteristics of an effective nucleophile were. We werecedlyeinterested in
understanding why compound36, 46, and 101-103 were not competent
nucleophiles. Computational chemistry was used to examine the froriiitals to
try to elucidate the reasons for such a narrow scope and to devpleplietive

model to identify which reaction partners would combine effectively.

The LUMOs 0of98 and 100 were calculated using the density functional
method (DFT) at the B3LYP 6-311+G(d,p)//6-31+G(d) level and dasplayed
below (figure 3.2). As expected, the strong electron withdrawing itgpafcthe
sulfonamide98 shows a more extensive delocalization of the LUMO (orbital
accepting an electron) on the aromatic ring (on the C2 carbon)ttiea MOM

protected imidazol@00; hence a greater ability to stabilize a radical anioB&y
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98 100

Figure 3.2: LUMOSs 088 and100, isocontour at 0.08 au

The vertical electron affinities were calculated at theeséawel of theory
from equations 3.1 AHweacior -EA)™’ and interestingly showed a slightly
exothermic process for the sulfonam@Bwhereas it is endothermic for the MOM

protected imidazol&00 (table 3.2).

98 + 1e — 98~ and 100 + 1€ — 100

Equations 3.1

98 100

AH= (-)vertical EA (eV) | -0.03 | 0.49

Table 3.2: (-)Vertical EA(eV)

The opposite signs for the enthalpy of reaction reinforced the notianthba
protecting group was at least partially responsible for the obseeastivity. As
organolithiums can be considered good reducing agents, the ease with wvghich t

electrophilic partner accepts a single electron might be reigp®rier promoting
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side reactions and their decomposition. This explanation was obviously not
complete and one needed to address the limited number of competenphilete

discovered for this transformation.

3.6.2 lonization of the nucleophil&8§, 46, 47, 101-103

If the model is consistent one should observe that stronger reducing
reactants are ill suited nucleophiles for the addition to the MDdfected
imidazole. This trend was verified by calculating the enefgh® HOMO of each
nucleophile engaged in the reaction, using the DFT method with th¥FB8-

31+G(d) level (table 3.3).

N N N
|\ ]\ /
Nucleophiles q)\Li q)\Li Li/q)\TBDMS
|
éozNMeg MOM SONMe,
Energy in eV (HOMO) -6.01 -5.74 -5.72
O gy
Nucleophiles Li— >\~ TiPr Li— >N~ ~Ph Li— >N Cl
|
éO2NM€2 éO2NM€2 SO,NMey
Energy in eV (HOMO) -5.57 -5.46 -5.83

Table 3.3: HOMO energies of selected nucleophiles

Satisfyingly, the only imidazole capable of addition 4f is also the weakest
reducing agent (lower energy of HOMO), as Koopman theoremassthat the
average orbital (HOMO) energy is equal to the ionization potehtaavever, these
calculations are not complete as many assumptions were madeedrtd gsmplify

the model. The first and probably the most important is the physiatd of the
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nucleophiles themselves as the aggregation state of the substsaissmmed to be
monomeric, which may not be accurate. Moreover calculations of emhadpi
reactions are notorious for their basis set dependence and a pwata
determination is usually achieved by a G2 or G3 calculation which med
available to us at the time. And last but not least the calontatire done in the gas
phase not representative of the true reaction conditions in solution.

To conclude the reaction is partially explained in terms of iooizadotential
and electron affinity. We can therefore speculate that a competelephile must
have its HOMO energy at least equal to or lower than thahef2tlithioiN-
sulfonamide imidazole obtained frofi7 (~ -6 eV). If correct in our interpretation,
the energy of the HOMO of the nucleophile can be used as a conditiessagy,

but not sufficient for a successful addition.

3.6.3 Conclusion

We developed an effective synthesis of a mixed tripod C2 and ®4awit
carboxylate tether in 8 steps (longest linear sequence) with aalloyeld of
~15% from hydroxy pivalate methyl ester, a cheap commerciallgilable
compound. Moreover we also provide a rational for the limited substcaige
observed in the addition reaction1@0. Our calculations should provide guidelines
in the choice of protecting groups and nucleophiles. The sulfamoyl protecting group
should not be used in the presence of strong reducing agent and M@ biQhe
lithiated compound should have its energy approximately equal to er kbvan 6

eVv.
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3.7 Coordination chemistry and metal ion complexation by 73
3.7.1 Addition of base and its effect

All complexation attempts witlv3 were carried out in either water or
methanol with the addition of an external inorganic base such as sodium
bicarbonate. The choice of these polar protic solvents was dictatbe kolubility
of tripod 73 and all reactions led to the formation of insoluble amorphous solids
which could not be redissolved. This behavior was observed with all tbeviia
metal salts: FeGBbH.,O, Fe(acag) Fe(NQ)39H,O, CuCN, Cu(acetateH-0,
Cu(CHCN)4PF;, Zn(OTf). As a general rule the precipitation of solid products
presumed to be oligomers with bridging imidazolates and carbesylaivays

appeared after addition of a base.

3.7.2 Synthesis of cobalt (11I) complex under nautonditions

The metal salts and protonated ligands are soluble and attempts to
characterize the coordination properties of the ligand was achidyed
complexation of cobalt (lll). For example, the reaction betw&and CoCl6H,0
in methanol open to the air led to the isolation of a dark red €affticomplex
(scheme 3.27), [C@B)(73-H)]Cl, 104, which was characterized spectroscopically
by *H NMR and its structure established by X-ray diffraction uffig 3.3). The
octahedral geometry about the cobalt atoriG4 is provided by two 2-imidazole-
1-carboxylate subunits of the ligands coordinated in a meridiortabfgswith the
third imidazole of each ligand free to engage in a short (2.68jazole-H-
imidazolium hydrogen bond (N23B-H-N23A). The methyl groups of the pgnda

arm are inequivalent and have a chemical shif6 df.55 ppm and 1.70 ppm.
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Moreover three signals are found for the imidazole protons: lydsmnances are
shifted upfield by the proximal aromatic systems &20 ppm (1H) and 6.77 ppm
(1H) with a coupling constant 0 2.1 Hz, 2) one broad singlet&6.90 ppm (2H)

and 3) a singlet ai 8.17. ppm (1H). Due to their coordination to cobalt (1) all
three imidazoles are inequivalent and this was reflected inthitee different
resonances detected for the imidazoles NHs. Finally the proton involved in the short
hydrogen bond was located at approximat&hyl3 ppm in the baseline (see

experimental).

2 [N/>j\—<\ N O . cocheH0 — MO [(Co3)(73-H)ICl,

HN™ SN
\__/ 104

73

Scheme 3.27

Figure 3.3: X-ray ORTEP diagram for the dicatiori0o4
Selected bond lengths (A): Co(1)-O(1B)= 1.888(5); Co(1)-N(8A)= 1.9981&(1)-
N(8B)= 1.908(5); Co(1)-N(14A)= 1.910(5). Selected angles (°): OQ®&)t)-

O(1A)= 91.21(17); O(1B)-Co(1)-N(8A)= 89.00(19).
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3.8 Conclusion

After careful analysis we determined that the ligand itsedfht not possess
the correct architecture for ang®coordination in an octahedral environment. The
ligand was initially conceived as a tripod plus a pendant armréi§.4 (a) and
(b)), but this was not an accurate indication of its coordinating prepeiThe
carboxylate functionality of the tether is the strongest coadtigdgdond in the
ligand and its strong electrostatic interaction with the posjtigkarged metal most
likely controls the coordination mode of the ligand. The crystal strecof the
cobalt complex seems to indicate a preference for a meridtooatiination with
one carboxylate and two imidazoles. The preferred coordination mode lmfahe
is therefore better described as a 2-imidazole-1-carbexylat plus one imidazole

(figure 3.4 (c)).

Q o)
0
0 o)
/}\/I~N4\NH {u\,\\ﬂ
PR = on i ) T e
HN L Nb\ tripod—M = S
OH \-NH a

imidazole

@ (b) (©)

Figure 3.4: Binding modes @83
In the particular case of the cobalt compl€M a greater gain in energy is achieved
by coordinating a second ligand, with little steric repulsiontrairg rather than
coordinating the third imidazole. As iron and nickel coordinations weradsryes
primary goals and the more technical problems encountered (oligonuerjzaiuld
also stem from poor coordination behavior, we turned our attention to dhesigni
new ligand with the appropriate feature to a tetradentg@-ddordination in an

octahedral environment.
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3.9 Experimental

Compoundgi6'®?, 831421°8 g7143 gg!>9 89l*> MOM-CI**° 36'% were prepared by

known procedures and matched all spectroscopic data available.

Oxidation attempts @83 were carried out according to the published procedtites.

148

2-[2-(tert-Butyl-dimethyl-silanyloxy)-1,1-dimethyl-ethyl]-Hinidazole84

Compound83 (2.00 g, 14.3 mmol) and imidazole (1.94 g, 28.5 mmol, 2.0
eq.) were dissolved in dry GBI, (60 mL) and stirred at room temperature,
TBDMSCI (2.58 g, 17.1 mmol, 1.2 eq.) was then added and left at room
temperature overnight. The reaction mixture was diluted with EtQ80 mL) and
washed with saturated NaHGQ x 25 mL), brine (25 mL) and dried over MgsO
The organic solvents were partially removed by rotary evaporatidnaawhite
solid precipitated which was filtered to yield compo@4d(3.40 g, 94% vyield)'H
(300 MHz, CROD) § 6.98 (s, 2H), 3.64 (s, 2H), 1.36 (s, 6H), 0.93 (s, 9H), 0.09 (s,
6H); *C (75.5 MHz, CDGJ) § 154.9, 73.1, 39.7, 26.4, 24.2, 19.2, -5.4; MS (ESI +):

exact mass calculated fog4,/N,OSi [M + H]" 255.19. Found 255.19.
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STANDARD 1H OBSERVE

4
—— VARIAN

Archive directorys
/export/home/ksn/vomrsys/data
Sample directory:

1.360
0.086

FidFile: JVB291-CDCl3-pure H

Pulse Sequence: PROTON (s2pul)
Solvent: CDC13
Data collected on: May 13 2005

Operator: kmn
INOVA-500 “ounmrA"

Relax. delay 1.000 sec
Pulse 45.0 degrees

Beg. time 1.998 sec

Width 4803.1 Hz

Single scan

OBSERVE  H1, 300.0685724 MEz
DATA PROCESSING

FT size 32768

Total time 0 min 24 sec

L9758
3.644

7.260

13C DEIERVE

e e VARIAN

krchive directory:
fexport/nome/xon/vamrsys,/data
Sample dirsctorys

FiaFile: JVEZS1-CDCA3 €

80.008
79,674
‘—78.25L

21.559

Pulse Sequence: CARBOW (sZpull
Selvent: €DO13
Data collected on: May 14 2005

26.945

Operator: kmn
INOVA-500 “ounmra®

Relax. delay 1.000 ssc

Fulse 45.0 degreea 5
ACg. time 1.815 sec

Width 18867.5 Hz

28668 repeticlons
OBSERVE €13, 75.4521015 MHz
DECOUFLE E1, 300.0T01003 MHI
Power 37 aB

continuously on

WALTZ-16 modulated

DATA PROCESSING

Line broademing 1.0 Hz

FT size 131072

Total time O =in 24 sec

4.389
2.

40,403
20.859

186 .71

12%. 00

220 200 0 160 140 120 100 80 60 40 20 0 ppm
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2-[2-(tert-Butyl-dimethyl-silanyloxy)-1,1-dimethyl-ethyll-sulfamoyl-1H-

imidazole85

To a stirred solution a4 (1.01 g, 4.0 mmol) in dry THF (10 mL) cooled to
0 °C, NaH (0.64 g 60% dispersion in mineral oil, 16 mmol, 4 eq.) wasdadde
portion-wise over 30 min and left at room temperature for 30 min. N,N-
dimethylsulfamoyl! chloride was then added neat (0.51 mL, 4.8 mmol, 1.2ret).)
the solution was refluxed for 3 h. The reaction was quenched wi@hadd ethyl
acetate was added (50 mL). The organic phase was then wagheshturated
NaHCG; (2 x 25 mL), brine (25 mL) and dried over MgaQhe organic solvents
were removed under vacuum and the crude material purifiedalsih ftolumn
chromatography (7 AcOEt: 3 Hexanes) to yield the desired compouadvage
solid (1.03 g, 60% vyield)'H (300 MHz, CDC}) & 7.15 (d,J= 1.5 Hz, 1H), 6.91 (d,
J= 1.5 Hz, 1H), 3.89 (s, 3H), 2.94 (s, 6H), 1.46 (s, 6H), 0.83 (s, 9H), 0.00 (s, 6H);
3C (75.5 MHz, CDGJ) § 154.5, 126.3, 120.7, 69.8, 45.8, 41.2, 38.4, 25.9, 24.4,

18.2,-5.42;

u &
STANDARD iH OBSERVE -‘*ﬁf\

0.048

1.307

93



Widel % Ha rv"‘jﬁ/:{\ﬂlm'?‘— - ix
10800 repetitions - (N8 ~
OBSERVE 013, 75.4522896 Mmm | % F
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Bis-(3-sulfamoyl-3H-imidazol-4-yl)-methanor®8:

To a cooled solution of Dess-Martin periodinane (0.740 mg, 1.73 mmol) and
imidazole (0.120 g, 1.73 mmol) in G&l, (30 mL) 96 (0.700 1.15 mmol, 1 eq.)
was added in one portion. The reaction mixture was warmed to roopeztore
and left to stir for one h. The reaction was then quenched with teatiNaS,0s;,
NaHCG; (20 mL) and BO (30 mL) and stirred for 1 h. The solution was then
washed with saturated NaHE@@0 mL). The organic solvent was removed under
vacuum and the crude residue was purified by flash column chromatogi&phy
Hexanes: 2 AcOEt) to yield0 as a white solid (0.42 g, 60% vyield). IR (KBr) 2933,
2890, 2851, 1671, 1513, 1389, 1169, 9%16);(300 MHz, CDC}) 6 7.55 (s, 2H),
2.92 (s, 12H), 1.04 (s, 18H), 0.44 (s, 12HE (100.6 MHz, CDG)) § 171.0, 162.9,

140.4, 132.9, 38.4, 27.2, 18.6, -3.6.
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ESTANDARD 1H OBGERVE

Archive directory: Jesport/home/kmn/vosrays/data
Sample directory:
Fila: PROTOM

Pulse Sequence: slpul
Teamp. 20.0 € / 253.1 K

Rslax. delay 1.000
Pulss 45.0 degress
Aag. time 3.Tid gec - P
Width 6399.5 Hz B
16 repetitions

OBSERVE ~ H1, 399.9525858 miz

DATA PROCESSING

FT size 65536

Toral time L min

7,547
7.260

13C CBSERVE

Archive directory: /export/home/kmn/vnmrsys/dats
Sanple directory:
File: CARBON

Pulse Ssquence: s2pul

Relax. delay 2.000 mac
Pulse 45.0 degreas

Acg. time 1.159 sec

Width 25141.4 Hz

2736 repetitions

OBSERVE C13, 100.5681581 MHz
DECOUFLE M1, 399.9545873 Muz
Power 38 4B

continuously on

WALTE-16 modulated

DATA PROCESSING

Line broadening 1.0 Mz

FT size €553€

Total time 8911 hr, 43 min

162.924

171.034

o
=
"
o
"

132.858

2.923

13.21

77.325
77004
76.691

@
s
-
@
-

1.043

27.238

18.580

o
x
3
s

-3.553

220 200 180 160
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2-(1H-Imidazol-2-yl)-2-methyl-propionic acid methyl es@:

To a solution of hydroxypivalic methyl ester (10.00 g, 75.7 mmol) in
dichloromethane (150 mL), trichloroisocyanuric (19.38 g, 83.4 mmol, 1.10 eq.) of
acid was added. The suspension thus obtained was cooled to 0 °C befoge addin
TEMPO (150 mg, 0.96 mmol, 0.010 eq.). The reaction mixture was stir@d&
for 15 min before being warmed to room temperature and stirred.5oh. The
suspension was then filtered through celite and subsequently washeshturated
NaCO; (100 mL), 1N HCI and brine respectively. The organic layer wasdhed
over MgSQ and the solvent removed under vacuum. The crude mixture was
dissolved in methanol (60 mL) and cooled to 0 °C. Concentrated aqueous ammonia
(16 mL) was added at 0 °C and the solution was stirred for 30 tnmoan
temperature. A solution of agueous glyoxal (40 wt % #®HL0.98 g, 75.7 mmol, 1
eg.) in methanol (20 mL) was added drop-wise over 2.5 h. Theaeae#s left at
room temperature overnight. The methanol was then evaporated uddeede
pressure and the remaining solution was dissolved in warm ethgte¢200 mL).

The organic phase was washed with brinex(20 mL) and dried over MgSO

Upon evaporation of the solvent an off white solid precipitates which wasdiliere
yield the desired product (7.98 g, 63% yield). Melting point: 148-150 °*QKHR)

3439, 3115, 2956, 1887, 1729, 1555, 1453, 1374, 1262, 1196, 1162, 1104, 903,
768; 'H (300 MHz, CDC}) & 6.99 (s, 2H), 3.72 (s, 3H), 1.66 (s, 6Hjc (75.5

MHz, CDCk) 6 176.2, 149.6, 122.0, 52.8, 43.9, 25.9; HRMS (ESI +): exact mass

calculated for @H13N>O, [M + H]™ 169.0972. Found 169.0962.
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2-(1-Dimethylsulfamoyl-1H-imidazol-2-yl)-2-methyl-propionic idc methyl ester

94:

To a solution of 2-(1H-imidazol-2-yl)-2-methyl-propionic acid methgter
93 (5.00 g, 29.7 mmol) in dry THF (150 mL) cooled to 0 °C, NaH (1.80 g, 60%
dispersion in mineral oil, 45 mmol, 1.5 eq.) was added portion-wise ovelir80 m
and left stirring at room temperature for 30 nii)N-dimethylsulfamoyl chloride
was then added neat (3.8 mL, 35 mmol, 1.2 eq.) and the solution wagdefiux3
h. The reaction was quenched witlHand ethyl acetate was added (150 mL). The
organic layer was then washed with saturated NafHH@® 25 mL), brine (25 mL)
and dried over MgS£ The organic solvents were removed at reduced pressure and
the crude purified by flash column chromatography (75 AcOEt: 2%ah#s) to
yield the desired compound as a white solid (4.91 g, 60% yield).rngegbint: 83-
85 °C; IR (KBr) 3154, 2992, 1742, 1536, 1491, 1380, 1281, 1262, 10971981;
(300 MHz, CDC}) 6 7.11 (d,J= 1.5 Hz, 1H), 7.01 (dJ= 1.5 Hz, 1H), 3.70 (s, 3H),
2.90 (s, 6H), 1.71 (s, 6HY’C (75.5 MHz, CDGCJ) 6 175.6, 152.1, 127.8, 118.5,

52.4, 45.8, 38.4, 26.5; HRMS (ESI +): exact mass calculated;§bi 81304,S [M +

H]* 276.1013. Found 276.1006.
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3-N,N-Dimethylsulfamoyl-3H-imidazole-4-carboxylic acid dimethyla®b5

To a stirred solution 047 (1.00 g, 3.45 mmol, 1 eq.) in THF (120 mL) at -
78 °C under a positive pressure of Ar, BuLi in pentane (2.0 mL, 1.90 Meql)1
was added drop-wise. The solution was left 30 min at -78 °C befor& NMe,
(0.155 mL, 1.69 mmol, 0.5 eq.) was added neat. The reaction was warnoeato r
temperature and left stirring overnight. The mixture was then aipeeh with
saturated NaHC®and ethyl acetate (30 mL) was added. The organic phase was
washed with saturated NaHGQ x 25 mL), brine (25 mL) and dried over MgsO
The organic solvent was removed under vacuum and the crude product was
analyzed by'H NMR spectroscopy. In order to confirm the assignment 100 mg of
crude product was purified by preparative TLC (1 Hexanes: 1EAc vyield of
the desired product as a white solid (20 mg) along with thersjartateria47. H
(300 MHz, CDC}) § 7.28 (d,J= 1.5 Hz, 1H), 7.07 (d)= 1.8 Hz, 1H), 3.10 (s, 3H),
3.00 (s, 6H), 2.91 (s, 3H); MS (ESI +): exact mass calculate@;fbt;,N4,O3SSiNa

[M + Na]* 399.19. Found 399.20.
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STANDIRD 1H CBSERVE LL..[I\H‘ —
°

Tats Collected oot

marmrl . chom ou. edu-meseucyI06
Archive directery:

faxpart Shoma Sonr foemesye fdaka
sample directory:

- 2.988

3.100

File: FEOTON

Pulse Sequance: sipul
Aelzant 03013
uemp. 0.0 C .y 233.L K |

Ralax. delay 1.080 sec
Pulss 45.0 dagzuem
Acq. time 1,958 sec
Wideh 4803.1 E=
4 repatiticna
ODCEDVE @1, 100,0665723 e
DATA PROCESEING
3

FT sizs 32768
Total time 0 nin

T.280

12 10 8 & 4 2 -0 ppm

Bis-(3-N,N-dimethylsulfamoyl-3H-imidazol-4-yl)-methan8b:

To a stirred solution of sulfonamid® (1.807 g, 10.3 mmol) in anhydrous
THF (90 mL) at -78 °C under a positive pressure of Ar, BuLi in geat5.4 mL,
2.10M, 11 mmol, 1.1 eq.) was added drop-wise. The solution was left 30 Hii® at
°C before TBDMSCI (1.86 g, 12.4 mmol 1.2 eq.) dissolved in THF (2 mL) was
cannulated in the reaction mixture. The reaction mixture waswaemed to room
temperature and left to stir for 3 h. The reaction was cooled back tow8 °C
and ethylformate (415 pL, 5.20 mmol, 0.5 eq) was added neat. The reaaton
slowly warmed to room temperature overnight. The mixture was themclee
with saturated NaHC£and ethyl acetate (100 mL) is added. The organic layer was
washed with saturated NaH@Q x 50 mL), brine (50 mL) and dried over Mg&O
The organic solvent was removed under vacuum and the crude wasdpbxfi
flash column chromatography (9 @El,: 1 Acetone) to yield the desired product as

a white solid (1.60 g, 51% vyield). The compound matched the reported
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spectroscopic dataH (300 MHz, CDC}) & 7.07 (d, 2H,J= 0.6 Hz), 6.53 (d, 1H,
J= 3.6 Hz), 3.58 (d, 1H)= 3.6 Hz), 2.81 (s, 6H), 1.01 (s, 18H), 0.43 (s, 6H), 0.43
(s, 6H); MS (ESI +): exact mass calculated fegHG/NsOsS,Si> [M + H]* 607.3.

Found 607.2.

2-{4-[Bis-(1-N,N-dimethylsulfamoyl-1H-imidazol-2-y)-hydroxy-methyl]-1-

methoxymethyl-1H-imidazol-2-yl}-2-methyl-propionic acid methgter97:

1-N,N-dimethylsulfamoyl-imidazole47 (800 mg, 4.6 mmol, 1 eq.) was
dissolved in dry THF (45 mL) and stirred under a positive pressudr. The
temperature was lowered to -78 °C and a solutiomBdiLi in pentane (5.1 mmol,
2.8 mL of a 1.81 M solution, 1.1 eq.) was added drop-wise. After stifong0
min, a solution ofl00 (617 mg, 2.3 mmol, 0.5 eq.) in dry THF (5 mL) was added
via cannula. The reaction was then left overnight to slowly warntoupoom
temperature. EtOAc (50 ml) was added and the organic phase wasdwaish of
saturated NaHC£(2 x 30 mL), brine (30 mL) and dried over Mg&Qhe organic
solvents were removed under vacuum and the crude was purifiedshycthlumn
chromatography (95 CGi€l,: 5 MeOH) to yield produc®7 as a white solid (0.99 g,
74% vyield). Melting point: decomposes at 60-65 °C; IR (KBr) 3439, 3122, 2941,
1737, 1389, 1266, 1177, 1153, 988 (300 MHz, CDC}) § 7.30 (d,J= 1.5 Hz,
2H), 7.92 (dJ= 1.5 Hz, 2H), 6.54 (s, 1H), 5.76 (s, 1H), 5.06 (s, 2H), 3.66 (s, 3H),
3.19 (s, 3H), 2.95 (s, 6H), 1.68 (s, 6HJC (75.5 MHz, CDGJ) & 175.9, 150.4,
147.9, 139.3, 126.4, 121.9, 119.8, 77.7, 73.1, 56.2, 52.6, 44.1, 38.5, 25.9; HRMS
(ESI +): exact mass calculated fop;83,NgOsS;Na [M + NaJ 611.1677. Found

611.1663.
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3-N,N-Dimethylsulfamoyl-2-(1-methoxycarbonyl-1-methyl-ethy))-3tdidazole-4-

carboxylic acid methyl est®&8:

To a stirred solution 084 (4.00 g, 14.5 mmol) in of THF (120 mL) at -78
°C under a positive pressure of Ar, BuLi in pentane (16.0 mmol, 9.7 mL, 1.65M,
1.1 eq.) was added drop-wise. The solution was left 30 min at -78 6€&bwéthyl
chloroformate (2.3 mL, 30 mmol, 2.1 eq.) was added neat. The reaction was
warmed to room temperature and left stirring for 2 h. The urgxtwas then
guenched with saturated NaHg@nd ethyl acetate (100 mL) was added. The
organic phase was washed with saturated NaH@& 50 mL), brine (50 mL) and
dried over MgS@ The organic solvent was removed under vacuum and the crude
was purified by flash column chromatography (9,CH 1 AcOEt) to yield the
desired product as a white solid (4.65 g, 96% yield). Melting poin@32c; IR
(KBr) 3003, 2956, 1745, 1490, 1386, 1262, 1200, 1154, 8(800 MHz, CDC})
8 7.61 (s, 1H), 3.86 (s, 3H), 3.70 (s, 3H), 2.90 (s, 6H), 1.73 (s,'8E1)75.5 MHz,
CDCl3) 6 175.1, 158.8, 158.6, 136.8, 124.9, 118.5, 52.3, 52.3, 47.4, 38.3, 27.0;
HRMS (ESI +): exact mass calculated fosldioN3OsSNa [M + NaJ] 356.0892.

Found 356.0946.
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2-(1-Methoxycarbonyl-1-methyl-ethyl)-3H-imidazole-4-carboxyli@cid methyl

ester99:

To a cooled solution d®8 (4.55 g, 13.6 mmol) in dry methanol (120 mL),
concentrated SO, (1 mL) was added and the solution was refluxed for 20 h. The
solution was then cooled to room temperature and 1N NaOH (40 et )added.

The aqueous layer was extracted with,CH (3 x 100 mL) Removal of the
organic solvent yielded compousd in a pure form as a white solid (2.61 g, 85%
yield). Melting point: 148-149 °C; IR (KBr) 3003, 2956, 1741, 1725, 1528, 1443,
1347, 1262, 1200, 1169, 11084 (300 MHz, MeOD:TFA (4:1, v:v))s 8.07 (s,

1H), 3.94 (s, 3H), 3.75 (s, 3H), 1.77 (s, 6H (75.5 MHz, CDGJ) 5 173.4, 159.6,
152.7, 126.8, 125.3, 54.1, 53.4, 45.4, 24.5; HRMS (ESI +): exact mass calculated

for C1oH14N2O4sNa [M + NaT 249.0860. Found 249.0851.

STANDARD 1H OBSERVE

Data Collected on:r ounmri-mercury3og
Archive directory: /export/home/Xmn/vmErsys/data
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Pulse 45.0 degrees
Acg. time 1.938 sec
Width 4803.1 Hz
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2-(1-Methoxycarbonyl-1-methyl-ethyl)-1-methoxymethyl-1H-inid&e-4-

carboxylic acid methyl estd0:

To a stirred solution d® (1.00 g, 3.7 mmol) in THF (60 mL) at 0 °C, NaH
(60% mineral oil, 220 mg, 5.50 mmol. 1.5 eq.) was added portion-wise and @varme
to room temperature. MOM-CI (410 pL, 5.40 mmol, 1.5 eq.) was then added neat
and the reaction was left stirring overnight. After adding eticgtate (50 mL), the
organic phase was washed with saturated NaH@& 30 mL), brine (50 mL) and
dried over MgS@ The solvents were removed under vacuum and the crude residue
purified by flash column chromatography (6 AcOEt: 4 Hexanesyiétd the
desired compound00 as a white solid (1.08 g, 90% yield). Melting point: 45-46
°C; IR (KBr) 3138, 2991, 2953, 1737 1552 1509, 1443, 1351, 1270, 1235, 1200,
1157, 1123, 1092, 10131 (300 MHz, CDC}) § 7.69 (s, 1H), 5.11 (s, 2H), 3.87 (s,
3H), 3.66 (s, 3H), 3.28 (s, 3H), 1.69 (s, 6HE (75.5 MHz, CDGJ) § 175.5, 163.4,
150.8, 131.3, 128.0, 56.6, 52.7, 51.9, 44.2, 25.8; HRMS (ESI +): exact mass

calculated for GH1gN,Os [M + H]* 271.1288. Found 271.1258.
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2-{4-[Hydroxy-bis-(1H-imidazol-2-yl)-methyl]-1H-imidazol-2-yIR-methyl-

propionic acid/3:

A solution 0f97 (0.94 g, 1.60 mmol) in 6N HCI (40 mL) was refluxed for 6
h. The solvent was evaporated under reduced pressure. The crude mrasluct
loaded onto a column chromatography Dowex 50WX8-100 resin (10 mL) and
washed with water. The product was eluted with 6% aqueous ammong. Aft
removing almost all the solvent addition of acetone precipitated amhitéé solid
(0.43 g, 85% vyield). Melting point: decomposes at 130 °C; IR (KBr) 3458, 3207,
2983, 1660, 1617, 1567, 1532, 1447, 1404, 1355, 1115, 1077,1]:021%30 MHz,
CD30D) & 7.17 (s, 4H), 6.81 (s, 1H), 5.76 (s, 1H), 1.55 (s, 680; (75.5 MHz,
CD30D) 6 181.1, 155.6, 149.7, 138.7, 122.5, 117.8, 119.8, 71.0, 46.7, 38.5, 26.1;
HRMS (ESI +): exact mass calculated fondiNeOs [M + H]* 317.1357. Found

317.1296.
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Preparation of complek4:

To a solution of73 (100.8 mg, 0.32 mmol) in methanol (5 mL), Co6H,O

(38.0 mg, 0.16 mmol; 0.5 eq.) was added. The reaction mixture wasireftg at

room temperature for 2 h. The solution was then concentrated ard twly

evaporate open in the air, which yielded crystals suitabl&Xf@y analysis. The
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red crystals were washed with acetone and dried under vacuum. Mebtimg
decomposes at 195-200 °C; IR (KBr) 3425, 3146, 3003, 2933, 1591, 1477, 1405,
1378, 1351, 1119, 1088, 1061, 889, 7'#2;(300 MHz, DMSOds, 65 °C)5 13.86

(bs, 2H), 13.35 (bs, 2H), 8.27 (s, 2H), 8.17 (bs, 2H), 6.90 (bs, 4H), 6.371(@,

Hz, 2H), 5.20 (dJ= 2.1 Hz, 2H), 1.70 (s, 6H), 1.55(s, 6H); MS (ESI +): exact mass

calculated for GgH3oN120sC0 [M - H]* 689.17. Found 689.00.

STANDARD 1H OBSERVE

Data Collected en: cunmr3-mercury30d
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@
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= 1 iz
i e
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We acknowledge and thank Dr. D. Powell for his expertise in determining the

crystal structure of04.
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Table 3.4: Crystal data and structure refinemen1®dr

Empirical formula Go Has Cl, Co Ni2 O

Formula weight 883.60

Crystal system Triclinic

Space group P1

Unit cell dimensions a= 12.381(12) Ap= 72.897(9)°

b= 12.735(12) Ap= 69.379(11)°
c= 15.117(14) Ay= 67.594(11)°

Volume 2027(3) i3

Z, 7 2,1

Density (calculated) 1.448 Mg/n¥

Wavelength 0.71073 A

Temperature 100(2) K

F(000) 920

Absorption coefficient 0.627 mml

Absorption correction Semi-empirical from equivalent
Max. and min. transmission 0.959 and 0.832

Theta range for data collection  2.02 to 26.00°

Reflections collected 19401

Independent reflections 7901 [R(int)= 0.1622]
Data / restraints / parameters 7901/1/524
WR(F2 all data) wRe= 0.2609

R(F obsd data) R1=0.0864
Goodness-of-fit o2 1.014

Observed data [| >H1)] 4537

Largest and mean shift / s.u. 0.000and 0.000
Largest diff. peak and hole 1.364 and -1.040 e

wrRe={ £ W(Fo? - Fc?)2] / £ [W(Fo 22 }1/2

R1=X |Fol - Fcll /Z |Fol
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Computational procedures:

The DFT calculations were performed using Becke’s threevgea hybrid
functional with the correlation of Lee, Yang and Parr (B3LXP¥> The
geometries were calculated with the 6-31+G(d) basis set aigke point was

performed or8 and100 with an augmented basis set 6-311+G(d,p).

Addition attempt oB5 to 87-89 (scheme 3.9)

The protected imidazolk&b (800 mg, 2.21 mmol, 1 eq.) was dissolved in dry
THF (45 mL) under a positive pressure of Ar. The temperataelowered to -78
°C and a solution ofi-BuLi in pentane (2.43 mmol, 1.4 mL of a 1.80 M solution,
1.1 eq.) was added drop-wise. After stirring for 30 min, a solutidv ¢#18 mg,
2.20 mmol, 1 eq.) in dry THF (5 mL) was addea cannula. The reaction was then
left overnight to slowly warm up to room temperature. EtOAc ($0was added
and the organic phase was washed with saturated NakB>X>30 mL), brine (30
mL) and dried over MgS© The organic solvents were removed under vacuum.
The crude mixture was analyzed by TLC alttl NMR spectroscopy and only
starting materiaB7 was detected with numerous by-products. Procedure88for

and89 were carried out in a similar way.

Addition attempt 084 to 90 (scheme 3.18)

The este®4 (502 mg, 1.82 mmol, 1 eq.) was dissolved in dry THF (50 mL)
under a positive pressure of Ar. The temperature was lowered8t6G and a

solution ofn-BuLi in pentane (2.00 mmol, 1.0 mL of a 1.92 M solution, 1.1 eq.)
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was added drop-wise. After stirring for 30 min, a solutiorP®@f(907 mg, 1.80
mmol, 1 eq.) in dry THF (5 mL) was adde cannula. The reaction was then left
overnight to slowly warm up to room temperature. EtOAc (100 ml)adaed and

the organic phase was washed with saturated NaHZ® 30 mL), brine (30 mL)
and dried over MgS® The organic solvents were removed under vacuum. The
crude mixture was analyzed by TLC ahidl NMR spectroscopy and only starting

materials94 and90 without any by-product.

Addition attempts ofi7 and46 to 98 (scheme 3.21)

1-N,N-dimethylsulfamoyl-imidazole47 (300 mg, 1.71 mmol, 1 eq.) was
dissolved in dry THF (45 mL) under a positive pressure of Ar. &mgpérature was
lowered to -78 °C and a solution efBuLi in pentane (1.71 mmol, 0.86 mL of a
1.98 M solution, 1.1 eq.) was added drop-wise. After stirring for 30 nsn|udion
of 98 (569 mg, 1.71 mmol, 1 eq.) in dry THF (3 mL) was addedcannula. The
reaction was then left overnight to slowly warm up to room temperature.cd5t{§DA
ml) was added and the organic phase was washed with saturdd€@DNE x 20
mL), brine (20 mL) and dried over MgQOThe organic solvents were removed
under vacuum. The crude mixture was analyzed by TLC'HMMR spectroscopy
and only starting materia#i7 was detected with numerous by-products. The

procedure for6 was carried out in a similar way.
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Addition attempts 086 and101-103 to 100 (scheme 3.23):

1-Methoxymethyl-1H-imidazole36 (83 mg, 0.74 mmol, 1 eq.) was
dissolved in dry THF (10 mL) under a positive pressure of Ar. &mgpérature was
lowered to -78 °C and a solution efBuLi in pentane (0.74 mmol, 0.42 mL of a
1.78 M solution, 1.1 eq.) was added drop-wise. After stirring for 30 nsn|udion
of 100 (100 mg, 0.37 mmol, 0.5 eq.) in dry THF (1 mL) was addadannula. The
reaction was then left overnight to slowly warm up to room temperature.cd5ttA
ml) was added and the organic phase was washed with saturdd€&@DNE x 10
mL), brine (10 mL) and dried over MgQOThe organic solvents were removed
under vacuum. The crude mixture was analyzed by TLCHddMR spectroscopy
and only starting materiaB6 was detected with numerous by-products. The
procedures fod6, 101-103 were carried out in a similar way and yielded the same

result: recovery of the pro-nucleophiles and consumption of the electr@p@ile

Complexation experiments @8:

The short side-chain tripofB (50 mg, 0.16 mmol, 1 eq.) was dissolved in
MeOH (3 mL) and 1 equivalent of metal salt is added. Afterirsgifor 15 min the
NaHCG; (15 mg,0.20 mmol , 1.2eq) was added and a precipitate formed. Attempts
to redisolve it in organic solvents failed. Metal salts usedl G0, Fe(acag)

Fe(NG;)39H,0, CuCN, Cu(acetateH,O, Cu(CHCN)4PF;, Zn(OTf),.
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Chapter 4

Synthesis of the Carboxylate-Functionalized Trig4-(N-M ethyl-2-

| sopropyl-I midazolyl]M ethane 105 and its Copper (I1) Complex

oo

105
4 NAQi Pr

e

4.1 Introduction: Ligand design and retrosynthesis

As concluded in the previous chapt&B behaved as a tridentate ligand
(meridional coordination) rather than the desired tetradent®eddnor and should
be considered, in terms of its coordination mode, as a 2-imidazolddxgtate
unit plus one (non-coordinating) imidazole. Careful analysis oRthmidazole-1-
carboxylate unit revealed important geometric details ofttinetsre (Scheme 4.1).
Chelate rings A and B, respectively 6 and 5 membered rings,ssofkse carbon
and two nitrogen atoms Spybridized, enforcing two nearly planar rings. In order
to bring the remaining imidazole in closer proximity to the ine¢ater, to enable

its coordination, two options were considered.
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Scheme 4.1
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The first was to extend the linker between the third imidazole thedcentral
carbon (scheme 4.2). Though very attractive this option was deemed imere t
consuming to achieve since a new methodology for the synthesis afyainel |

would have to be developed.

Scheme 4.2

The second plan considered a chain extension of the tether (sél®mehis type
of modification could enforce a facial coordination of the 2-imidaiele
carboxylate unit as an extra methylene group has to be accomnhatiaseforcing

the third imidazole closer to the metal center.

_M___N 7 NH

L Tm|dazob

106

Scheme 4.3

This analysis was supported by PM3 modeling of putative neutral litpmgtal
neutral complexes with two chloride ions and either ligaBdshort side chain,

figure 4.1) orl06 (extended side chain, figure 4.2).
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Figure 4.1: Side and top views of the PM3-minimized structurd-6eCh

Selected dihedral angle (°): C2-N1-C3-C5=-164.4; C1-N2-C3-C5=163.4

Figure 4.2: Side and top views of the PM3-minimized structul®®feCh

Selected dihedral angle (°): C2-N1-C3-C26=-177.6; C1-N2-C3-C26=177.0

After geometry minimization of the model complexes, the dihedrgleanof the
complexed ligands were analyzed. The short side chain liggedemed to display
considerable ruffling of the imidazole ring bearing the carboayhaith C5 being
almost 16° out of the plane of the imidazole ring. This rufflings wauch less
pronounced with the newly proposed ligalib, as C26 was only 3° out the plane
of the imidazole ring. This more acceptable dihedral angle slatleldate some of

the strain and allow for its {@-coordination in an octahedral environment.
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Moreover, this strategy has the advantage of capitalizing on ¢veopsly
successful synthesis used and, provided that the added methylene group is
sufficiently impervious to the basic conditions, minor changes isyhthetic plan
were expected. Analogous to the preceding route the followingsyetthetic path
from 106 was devised (scheme 4.4), with the critical step being the fiormat

107 by adding two equivalents d¥ to 108.
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Scheme 4.4

4.2 Synthesisof thetripod 81 with an extended side-chain

4.2.1 Synthesis df08 by analogy

The initial approach to the diestef08 was envisioned by simple

transposition of the previous route of the parent compound (scheme 4.5).

o
COMe 1)LDA 1) O
\( 2) /\><002Me 2) PPh HMCOZMe

B N 109 110

Scheme 4.5
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The preparation of the known aldehyde-e&fy was carried out in two steps from
methyl isobutyrate. Deprotonation by one equivalent of LDA follolwgdddition
of allyl bromide gave the alken#09 in good yields (80%). The product was
submitted to ozonolysis and followed by a reduction with triphenylphosghine
give 110 in 60% yield'®®

The condensation of the aldehyde with glyoxal and ammonium carbonate on
gram scale produced the expected imidd26t€® 111 which was purified by
recrystallization (scheme 4.6.1) in 64 % yield. The structure @fymt 111 was
confirmed by"H NMR spectroscopy which displayed all the expected singleis a
6.92 ppm (2H), 3.66 ppm (3H), 2.96 ppm (2H), 1.20 ppm (6H), and was further
characterized by*C NMR. Ester111 was then protected withN,N-dimethyl
sufamoyl chloride under the usual conditions and purified by flash oolum
chromatography vyieldingl1l2 in 93% vyield (scheme 4.6.2). The side-chain
extension facilitated the protection step by decreasing the stewding from the
geminal dimethyl unit and the protected imidazole was charaeteby'H NMR
spectroscopy. The diagnostic appearance of two aromatic doubtefs. 2 ppm
and 6.87 ppm with a coupling constdrt1.5 Hz indicated the successful addition
of the protecting group. This was further confirmed by the @asoa of dimethyl

sulfamoyl group and thEC NMR spectrum.

+ NH C + _ =
HJ\><COZMe (NHZ)2COg o; N COMe
85 111
Scheme 4.6.1
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Scheme 4.6.2

Unfortunately, as feared, the lithiation of the protected imidibRedid not
occur with the desired selectivity (scheme 4.7). When treatedon#ghequivalent
of BuLi and methyl chloroformate, the starting material wevered along with
numerous by-products after aqueous workup. In order to prevent the presumed
deprotonation of the added methylene group we turned our attentiBultp a

base sterically more hindered than BuLi (scheme 4.8).

N N
]\ 1) BuLi |\
C\l)\)< CO,Me 2) C|cozmﬁ MeOzC/g\,)\><COZMe
éOQNMeZ SO,NMe,

Scheme 4.7

However the added bulk was not sufficient to prevent side reactions and only partial
conversion ofLl12 was achieved to yielll3 along with numerous unidentified by-
products which rendered its purification difficult (scheme 4.8). Enoughsetsed

to be hydrolyzed and without purification to be protected by ethoxymnetioride
(EOM-CI) in a 15% overall yield. The protected diest@8 was carefully purified

by chromatography and characterized byttsNMR spectrum which displayed the
ethyl resonances of the EOM protecting group and by massapetty [(M+H)=

299.18].
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4.2.2 Modified and improved synthesisloB

Given the difficulty in introducing the second carboxyl group on the C5
position, we considered the possibility of introducing it further upstrieefore the
condensation of the imidazole nucleus. The tri-carbonyl compiid® (scheme
4.9), which contains formyl, a keto and a carboxyl group on three adjzarbioins,
has been reportéd and its interesting reactivity properties exploited. We theeefor

decided to investigate its viability within our synthetic plan for produti&y

0 0 g@ 0
Cl)kmoa CHoN, NOB Hhoa
o} N, O O O
114 115 116
Scheme 4.9

The addition of diazomethane to ethyl chlorooxoacetafeled in moderate yield
(=40%) to the diazo compound15'’® Its oxidation by a solution of

dimethyldioxirane in acetone gave the vicinal tricarbonyl product with acetone and
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nitrogen gas as the only by-products. This feature allowed usrto the tri-
carbonyl compound16 in situ and without further purification used it directly in
the subsequent condensation step with ammonium carbtrtand the aldehyde

110 (scheme 4.10).
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Scheme 4.10

The imidazolel17 was thus obtained in 56% yield and characterized+bNMR
spectroscopy and mass spectrometry. Interestingly in deuteratfohh two
isomers were detected in an approximate ratio of 6:1, with éiaf resonances
(scheme 4.11). Two aromatic protons were observéd’&3 ppm with a coupling
constant ofl= 2.7 Hz and aé 7.57 ppm, with a coupling constantXf 1.8 Hz; the

C5 isomer is most likely stabilized by an internal hydrogen bond.

Q 'ﬂjCOZMe .
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N
O

Scheme 4.11
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4.2.3 Addition of47 to 108 and synthesis of the desired tartjed

With our new starting materials in hand, the addition reactionrohtied47
to 108 was carried out and successfully produced the desired tripod with an
extended chaid07, though its complete purification on silica gel was not possible

in our hands (scheme 4.12).

N MeaNO,S COMe
[ ) 1) BuLi N OH No
N 2) [/ \__N—
, MeO,C N N—EOM
SO,NMe N
Oefive: BW% N7 N—SO,NMe;
N CO,Me —
|
47 EOM 107
Scheme 4.12

The crude producl07 was therefore used without purification and successfully
deprotected by acidic hydrolysis, in refluxing 6N HCI for 6houcs1@6. The
compound was obtained in its neutral form after purification bywratxchange
chromatography with NFDH in 27% vyield from47 (scheme 4.13). The product

was fully characterized byH and**C NMR spectroscopy.

Me NS COMe y COH
N OH Ne H50*CI" (6N) N OH Ns
[N/ \_N—EOM [N/ \NH
N\/:/N—SOZNMeZ N\/:/NH
107 106
Scheme 4.13
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4.2.4 Conclusion

We successfully developed a second synthesis of a 3-imidazole-1-
carboxylate tetrad in six linear steps with an extended side.chiais new ligand
106 was specifically designed to serve as agOfdonor in an octahedral

environment and its coordinating properties were tested.

4.3 Complexation studies and lessons learned

In order to probe the binding capabilities 6 different metal salts were
used. However, very disappointingly all experiments carried out with
Fe(OTfL(CHsCN),' "%, Ni(acac)-2H,O and CoGt6H,0 failed to provide tractable
mononuclear complexes (scheme 4.14). As previously observed the adtigion
type of base N,N-diisopropylethylamine with iron (Il), acac with Ni (ll) and
NaHCG; with the cobalt (Il)) led to the formation of intractable and inbtd

products, presumed to be oligomeric.

COH
H
N OH No .
[ / \ M insoluble products

N NH base (see text)

N” "NH

\—/

106 M = Fe(OTf)(CH3CN),, Ni(acacy2H,0, CoCh6H,0

Scheme 4.14

Similar behaviors observed with the short or the extended chain pomntater
problems imbedded within the ligands themselves. It clearly app#aaednore

dramatic changes of the ligands would be necessary if anyactbarable
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mononuclear complexes were to be produced. We therefore identifigtdeal
common features o3 (short side arm) and06 (long side-arm) potentially
responsible for the formation of intractable solids and decided to inedepiorour
last attempt all preemptive measures possible. Afterfudacensideration of the
previous results, three specific points were targeted. Firstngwdubility of the
ligands in polar aprotic organic solvents greatly limited theiramseour ability to
easily purify them. Secondly, the presence of the N-Hs in ifnds was
potentially detrimental to the discrete nature of the desired piodupon binding
to metal ions a depressed pKa of the imidazole“Rigould potentially lead to
bridging imidazolate ligand& and therefore oligomerization. Third, we also were
aware of the potential unwanted coordination to metal ions by thexgdroup of
the carbinol; as its coordination for example with copper (llI) milar ligands is

well documented’3174

4.4  Synthess of the carboxylate-functionalized trig[4-(N-methyl-
2-isopropyl-imidazolylmethane
4.4.1 Design and retrosynthesis of an optimal g&or a structural

model of the 3-His-1-carboxylate motif

In order to prevent side reactions which could derive from the igshtif
shortcomings of the ligands, an optimal design was proposed (figure)4aBda
(b)). Protection of all N-Hs was envisioned with an alkyl group, Wwrshould
prevent oligomerization and also improve the solubility of the ligaktiseover
introduction of steric bulk with an isopropyl unit at the C2 position shawdrfthe

formation of discrete 1:1 complexes and also further improvediubikty of the
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tripods. Last, the deoxygenation of the hydroxy group, result fromadlaion
reaction, would leave our ligands with only the required hetero-atomshe
coordination chemistry. We believed that these pre-emptive measwekl

provide us with a well behaved system and the desig€dtéiradentate ligands.

- N\ S N
N NO and N y ~
ZN /N

Figure 4.3: New design of the;8-donor ligand

This new design (scheme 4.15.1) was not without challenges as the

chemistry used until now had to be extended to new building blocks. A recent

report’ on the synthesis of a new sterically hindered tris(imidazaytinol led

us to consider a modified version of our synthetic approach by thetitihizof (4)-

iodo-imidazole97 and98 as pro-nucleophiles (scheme 4.15.2). Given the changes

proposed, we decided to focus first on the short side chain parent compdbed as

syntheses of the required precursors were easier.

\%COZH iPrYIL OH IL%(OMG
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3HCI N
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105 118

Scheme 4.15.1
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Scheme 4.15.2

The target could again be obtained by two paths already welbrexiplRoute A
would use the addition of (4)-iodo-imidazol20 to the symmetrical ketone of
imidazoles119. Route B would utilize the successful disconnect previously used in

the synthesis af06 and, as such, we decided it to be our best option.

4.4.2 Synthesis of the optimal ligah@5

4.4.2.1) Synthesis of 4-iodo-N-methylimidazal

As organomagnesium reagents are known to be less reducing than
organolithiums, they should also be less prone to single electron trafisie is
indeed partially verified as they were used by of Colftffaand Fuijit”>. The pro-
nucleophile necessary for our purpose must incorporate the iodine atbm 4

position in order to produce a chelating trip@65. Its preparatioH>*"

was
achieved by a known procedure (scheme 4.16) starting from imidiE2®Mhich
was initially per-iodinated 124) and subsequently reduced back to the mono-

iodoimidazole125 by sodium sulfite in aqueous ethanol, in approximately 50%

overall yield.
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Scheme 4.16

The protection of iodo imidazolel25 by Mel gave two regioisomers in
approximately equal amount (scheme 4.17) in an 82% vyield. Fortunately, the
undesired regioisomet26 can be isomerizé® to the desired 4-iodo-N-methyl

imidazolel121 in DMF with a small amount of iodomethane at 70 °C.

| |
N
Z/"?l 1) NaH /[ \ . Zf':‘
N)\( 2) Mel TN N)\(
H | |
125 126 121
Mel

DMF, 70°C

Scheme 4.17

4.4.2.2 Synthesis of the imidazole diest2?

The synthesis 0122 was achieved from a common intermedi&®, from
the previous method (scheme 3.22) using sodium hydride and iodomethane (scheme
4.18). The reaction proceeded as expected producing a fully chaedterdute
solid. The five expectedH NMR resonances were detected as singlets and the
structure was confirmed bYC NMR. The regioselectivity of the protection was

determined by a NOESY experiment and supported the C4 substitution. The
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germinal dimethyl unit and the aromatic proton resonance were @thamen the

methyl group was irradiated (figure 4.4).

MeO,C MeO,C

N N
T\ COMe NaH/Mel Z/’\ COMe
H)7< llv)><
99 122

Scheme 4.18

Figure 4.4: NOESY experiment d22

4.4.2.3 Addition ofl21 to 122

With our two building blocks readily synthesized, we probed the addition of
Grignard reagents to the diest&@® and122. Initial attempts to use trityl-protected
intermediated4 were not successful when metallated with butylmagnesium chloride
(scheme 4.19). The de-iodinated imidazole trityl-proted®@nd its electrophilic
partner were both recovered and the desired product was not detectedNMR

analysis of the crude mixture.
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Scheme 4.19

However, since the chloride derivative is not the commonly used
nucleophile, we therefore used ethyl magnesium bromide to perfeermetal
halogen exchange. The formation of the Grignard occurred smoothly at room
temperature but the addition of the electrophilic parthi?2 to the Grignard
solution led to a complex mixture of products as determinetHdyMR (scheme

4.20).

AN OH N
N N\ Q%COzMe
Z 1) EtMBgr
/N»\( ) ? 'P/\\N \NH
| MeOZC : //N

118
7\— N—4
)7<002Me 7 Npr

complex mixture of tripods

Scheme 4.20

After a great amount of time spent on purification the imidazofgaining

products, they were tentatively assigned as atropoisomets KR spectroscopy
which showed three sets of resonances all consistent with strdd®i@cheme
4.20). Unfortunately, they could not be separated from each other ancheugh t

the compound was not homogeneous, complexation of the mixture with tetrakis
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(acetonitrile) copper hexafluorophosphate confirmed one of our conaimsme

4.21).

COMe
\% 02 "tri "
i 2\

127

Scheme 4.21

Crystals obtained from a concentrated solution in methanol (figureado®jed us
to isolate the copper complé®7. The unrefined crystal structure clearly indicated
the anticipated coordination of the alkoxy group of the tripod bridtyumgcopper
centers. Moreover, the syn relation of the three nitrogen-donor atontket
hydroxy group in the crystallized atroposiomer was evidence ofutitesired

geometry of the ligand.

Figure 4.5: X-ray ORTEP diagram ©27 (unrefined)
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The protection of the hydroxy by a methoxy group, a common tasid to
prevent its coordination, seemed to be a poor option as the mixture of
atropoisomers could remain and most likely give low yields of theirete
atropoisomer. The reduction of the carbinol to the hydrocarbon on thehather

appeared to be a better option.

4.4.2.4 Reduction of carbinold8 and synthesis df05

Different conditions for the reduction of the carbinol were testedaaed
summarized below (scheme 4.22). Activation of the alcohol by trifleetea
anhydride proved to be unproductive, but addition of trifluoroacetic caigerted
all atropoisomers to a single one. This result was determinéd B§MR analysis
of the crude mixture. Prior to the addition of trifluoroacetic 4@iBA), three sets
of two resonances (s, 1H and 2H) in the aromatic region werectdet
corresponding to the imidazole protons. These three imidazole-contpnohgcts,
after 20 hours at room temperature in CH with 3 equivalents of TFA, converged
to a single one as indicated by detection of only two sindlgtsH NMR
spectroscopy. This result suggested the clean and reversibletiéornod the
carbocation. Its reduction was attempted with sodium borohydride but ¢did no
proceed cleanly producing numerous productsHyNMR analysis of the crude
mixture. However, complete and clean conversion was achievedristthylsilane

and TFA in refluxing dichloroethane.
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Scheme 4.22
The purification of128 was rather difficult, but could be achieved with an alumina
column (activity grade Il) to giv&28 in a good purity, in 53% vyield over two steps.
The orange oil displayed all the required signal$SHhiNMR spectroscopy with two
resonances at6.55 ppm (s, 1H), 6.51 ppm (s, 1H) for the aromatic protons and the
reduction was indicated by a new proton resonance for the megtwop at 5.27
(s, 1H). The tripod was also characterized ¥y NMR. With ester128 in hand, its
guantitative hydrolysis in refluxing 6N HCI led to the pure carlioxacid as a tri-
hydrochloride sali05 (scheme 4.23). The compound was fully characterizétiby
NMR spectroscopy which confirmed the hydrolysis of the estee grotonated
state was evidenced by the deshielded signals of the imidezuitens até 7.61
ppm (s, 1H), 7.45 ppm (s, 2H), and the methine prét@00 ppm (s, 1H). The
structure of the acid was further established 'y NMR, mass spectrometry
(ESI+) and the carboxylic acid group was detected by IR sysecipy with a broad

band at:3100-2300 crit and a carbonyl absorption at 1™
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Scheme 4.23

45 Synthesisof a structural model complex of Cu-dependent 2,3-

quer cetin dioxygenase

The newly formed tripodl05, even though a tri-hydrochloride carboxylic
acid salt, seemed to be stable in air and no particular precautiere taken to
protect it from moisture. Moreover, the compound proved to be soluble in
methylene chloride in the presence of an organic base suckthglamine. These
observations led us to believe that our analysis of the potential pr®blgh our
previous ligands were at least partially correct. Atdb was used in different
complexation reactions. As we believed that the mono-anionic sigarcisain
ligand 105 would have a better chance to form 1:1 complexes with a moiusicat
metal to access to tetrahedral coordination environment, we chas&istet
(acetonitrile) copper (I) hexafluorophosphate as a metal ion sourben \WWhe
ligand was mixed in methanol with two equivalents of potassium caxo@mal
copper (1), no insoluble compounds were formed (scheme 4.24). The solatson w
exposed to air and turned green. After removing methanol under reducedr@res
and redisolving the crude products in methylene chloride, the dlsskition was
left overnight in the freezer to vyield green crystals suitafile X-ray

crystallography (figure 4.6).
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Scheme 4.24

This dimer of copper (Il) presented a distorted square pyramatahetry
around the copper center, with twogPEounter ions (not shown). The complex
displays an expected five coordinate copper (lI) center and canthyditee
compared to the active site of 2,3-quercetin dioxygenAspefgillus japonicus
with coordinated quercetin (figure 4.8 and table 4.1 and 4.2). The distamces a
similar with the exception of longer Cu-E73 and apical H68 in thgneestructure
than in complex129. The angles around the copper center are different, especially
the angles N-Cu-N, as it is probably due to the tripod of imidazbkdter suited

for a facial coordination in an octahedral environment.

Figure 4.6: X-ray ORTEP diagram 29
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Selected bond lengths and angles of (2,3-quercetin dioxygenase—qlerceti

complex (2,3-QBQUE) and of129

Distances (A) 2,3-QEUFE”’ | Complex129
Cu-H66/Cu-N15 (trans to O31) _ 2.11 (0.03) 2.0409(15)
Cu-H68/Cu-N1 (apical) 2.12 (0.05) 2.2873(16
Cu-E73/Cu-031 2.28 (0.09) 2.0278(13
Cu-H112/Cu-N24 2.05 (0.03) 1.9490(15
Cu-quercetin/Cu-030 2.29 (0.06) 1.9534(13)

Table 4.1: Selected distances of 2,3-QDE and129

Angles (°) 2,3-QDQUE | Complex107
HE6-CU-H68 104(3) 86.40(6)
H66-CuE73 169(3) 156.62(6)
H66-Cu-H112 100(2) 86.40(6)
H68-Cu-E73 86(1) 110.87(5)
E73-Cu-H112 77(2) 83.91(6)

Table 4.2: Selected angles of 2,3-QDE and129

However, since each monomer is formally positively charged, weveelihat
displacement of the bridging carboxylate is possible and would prasgidéath an
excellent monomeric structural model for the 3-His-1-carboxytatead with
copper (I1). Preliminary experiments showed a color change upon additiaro of
equivalents of flavonol, a quercetin model, to a solutionl2d in methylene
chloride. Further investigations are underway in our laboratoryeabeleve that

complex129 will also provide us with a functional model.
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Figure 4. Views 2,3-QDQUE (left) and129 (right)

Conclusion

We have developed an effective synthesis of a dranttripod chelator i
nine steps, containing theTIC motif, and proved its coordinating propertieghy
copper (II). To the best of our knowledge this connpd is the first tetradents
tripodal ligandincorporating three imidazoles and a carboxylatection. Furthe!
studies are underway in order to determine the eoym®ordination, if any, betwee
flavanol and comple129. The reactivity and catalytic activity of our coleyp will
also be examined the difference of ligand environment with the poasly
reported complexes will surely have a dramatic o Finally this is the mos

29-38

accurate structural moc of copper-dependent quercetin -gljdxygenase as it

incorporates all the desired ligands of the ficgtrdination spher
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4.6 Final conclusons and futuredirections

During the course of this project we have used, improved and developed
new chemical transformations on imidazoles. First, we have dedetopefficient
and high yielding synthesis of 4-TIC in a “three pot procedure*5&% vyield),
which allowed us to synthesize gram quantities of 4-TIC, a 3-lidein The ease
of synthesis resulted in the study and characterization of a &'22(F4-TIC))
complex by X-ray crystallography. This crystal structuréhes first one using the
more biomimetic tripod of imidazole. Moreover, we have explored the
functionalization of 4-TIC and were able to selectively deprotsc® position
leading the way to its potential functionalization. We also wbte @ protect the
potentially coordinating hydroxy by a methoxy group relying on aviye
discovered reactivity of 4-TIC58). It was shown to be prone to substitution under
acidic contitions and became of great importance in the syntloésimore

complicated targets such #35 (scheme 4.25).

OH N \O
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Scheme 4.25
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Moreover we have explored the functionalization of the 2 position on
imidazole utilizing Itoh’s chemistry and discovered a mechanibticateresting
rearrangement of activated imidazolines. The imidazolines symidesbearing
electron withdrawing groups on the nitrogen atoms, underwent a ringicoon to

give 3-substituted pyrroles such@s(scheme 4.26).

CO,'Bu

/\

N
H

71

Scheme 4.26

The synthesis of two carboxylate-functionalized tripods of imidezalso
brought some new and interesting discoveries. First, we have shown by
computational studies and confirmed experimental reports that themswylf
protecting group modifies dramatically the imidazole reactivitydekd, the
addition of one electron to the sulfamoyl protected imidazole waslated to be
thermodynamically favorable contrary to more electron rich Mi@azole.
Moreover, this computational study was further extended to the diffacdlition
reaction of lithio-imidazoles to the ester of imidazt0@. The rationalization of the
observed narrow scope in competent nucleophiles was based on tretiooni
potential of the lithio-imidazoles.

Second, we have been able to synthesize a mixed tris(imidazdyhala
with a short side-chai3 and analyze its coordinating properties with cobalt (lII).

However, the ligand only formed intractable solids under basic conslitand
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formed a 2:1 adduct78)(73-H):Cd", under neutral conditions. The cobalt complex
104 displayed a preferred meridional coordination which led us to develop and
synthesize a longer side-chain carbih@b. The synthetic route capitalized on the
former approach and underwent only slight modifications and optimizations.
Regrettably, the two ligand& and106 (scheme 4.27) displayed similar behavior

in their coordination chemistries (i.e. formation of intractabledsolinder basic

conditions).
N OH N
N OH N E\
[\ \\ COH | N N\_NH COH
N NH H N7 NH
HN” NH \—/
\—/ 73
106

Scheme 4.27

Since, the geometric concerns had been addressed by the longghrasige
we considered the common features which could be responsible for theidorm
of intractable solids and three potential problems were identifjeitite presence of
potentially acidic imidazole N-H, especially in the presesfametals, could lead to
bridging imidazolates 2) the lack of solubility of the ligand ingpaprotic solvents
and 3) the presence of a hydroxyl group known to coordinate metal iorse The
three specific points were addressed by first providing ayhptotecting group on
the imidazole removing completely the imidazole N-H and presumabtgasing
the solubility. Addition of steric bulk with an isopropy! unit wasrieat out in order

to promote 1:1 complexes and also increase solubility. Last but reit tee
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hydroxyl group was reduced and thgONmethanelO5 derivative thus obtained

proved to be a good ligand (scheme 4.28).

Scheme 4.28

This was demonstrated by the formation and characterizatioreoffitst 3-
imidazole-1-carboxylate copper (Il) complex, a structural mirafc copper-
dependent 2,3-quercetine dioxygenases. This excellent structurat mithibe
spectroscopically studied and its catalytically activity probEde synthesis of
ligand 105 is a first step in the generalization of structurally aatiligands for the
3-His-1-carboxylate binding motif. The short side-chain likely tanfdour or five

coordinate biorelevant complexes just establishes the synshegps. The extension
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of the chemistry to long side-chain will allow for a larger semetal ions in an
octahedral environment to be coordinated in particular Mn, Fe, Co and MeAs
discussed, the dioxygenases are only a subset of the entire populatitaywies
utilizing the 3-His-1-carboxylate tetrad, the cupin superfanahyeikample, and the
study of their biomimetic complexes and in particular theirctreidy should
provide us with a better understanding of the mechanism consideredo\nr
these new complexes should provide us with interesting new catahtherefore

new synthetically useful chemistries.
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4.7 Experimental

Compoundd10'®, 116™° and121"> were prepared by the reported procedures.

3-{4-[Hydroxy-bis-(1H-imidazol-2-y)-methyl]-1H-imidazol-2-yIR.2-dimethyl-

propionic acidl06

To a solution of sulfonamidé7 (0.655 mg, 3.74 mmol, 1 eq.) in THF (40
mL) at -78 °C under a positive pressure of Ar, BuLi in pentane (119522 M,
4.13 mmol, 1.1 eq.) was added drop-wise. The solution was left 30 min at -78 °C
before a solution of08 (0.560 g, 1.88 mmol, 0.5 eq.) in dry THF (5 mL) was
transferredvia cannula. The reaction was warmed to room temperature and left
stirring overnight. The mixture was then quenched with saturatedCRatdnd
ethyl acetate (50 mL) was added. The organic layer wahedawith saturated
NaHCQ; (2 x 50 mL), brine (50 mL) and dried over MgSOhe organic solvent
was removed under vacuum and the crude was purified by flash column
chromatography (95 Ci€l,: 5 MeOH) without success. The crude product was
therefore dissolved in 6N HCI (40 mL) and refluxed for 6 h. The cpudduct was
loaded onto an ion exchange column chromatography (Dowex 50WX8-100 resin,
10 mL) and washed with water. The product was then eluted with 6%owEjue
ammonia. After removing almost all the solvent addition of acetorepsded an
off-white solid (0.167 g, yield: 27% overalfH (300 MHz, CROD) § 7.10 (s, 4H),
6.82 (s, 1H), 3.70 (s, 3H), 2.91 (s, 2H), 1.15 (s, 6f0; (75.5 MHz, CROD) 5

181.9, 148.4, 147.1, 138.3, 121.3, 116.3, 69.6, 43.1, 37.7, 24.8;
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STANDARD 15 OBSERVE

Data Collected om:
ounmr4-mercuryloo
Archive dQirectory:
fexport/home/ken/vinrsys/data
Sample directory:

Fil

extendedtripod-NE-CO2H H

1.151

Pulse Sequence: szpul
Solvent: CDIOD

7.087

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.998 sec

Widtn 4803.1 Hz

& repetitions
OBSERVE  Hi, 300.0697546 MEz
DATA PROCESSING
FT size 32768
Total time © min

.017

5. 824

7.18 44.26

130 ORSERVE

caforda
Data Collected om: b R
ouner4-mercurylod =g ====
Archive directory: ) k )/))
FeXport/home/ KEn/vonreys/dazta //
Samie dlreclucy: -

43.085

M 11720
h 24,77

Pila: axtandasctTipod-NE-00IH_0

-
Pulse Seguence: sipul //

Solwvent: CD30D

Relax. delay 3.000 sec
Pulse 45.0 degrees

Acg. time 1.815 sec

W.ath 18867.9 Hz

113 TEpetitions

OBJERVE C13, 73.4325338 MEz
DECOUPLE 1, 100.071202F Mis
Power 17 AR

contineously oo

WALTZ-16 modulated

DATA PROCESSING

Line broadenirg 1.0 Hz

FT size 131072

1o

—148.270

L !

Tulal Lome 108¢7 Lr, 5% mlu E : 'l‘-‘;
L e B e e B B B L L L L L R R R
220 200 180 160 140 120 100 €0 €0 40 20 0 ppm
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3-(4-Acetoxy-1-ethoxymethyl-1H-imidazol-2-yl)-2,2-dimethyl-propionic  acid

methyl ested08

To a solution ofl12 (4.60 g, 15.9 mmol, 1 eq.) in THF (150 mL) at -78 °C under a
positive pressure of AlBuLi in pentane (17.4 mmol, 11.2 mL, 1.55M, 1.1 eq.) was
added drop-wise. The solution was left 1 h at -78 °C before inetlgroformate
(2.5 mL, 32.4 mmol, 1.9 eq.) was added neat. The reaction was warmaahto
temperature and left stirring for 2 h. The organic solvent waved under
reduced pressure and the crude was purified by flash column chgpaptyg (3
Hexanes: 7 AcOEt) to yield 1.44 g of an impure product. The crude prodisc
then submitted to methanolysis by refluxing overnight in methanoh(B0with
concentrated 80O, (0.3 mL). The mixture was then quenched with saturated
NaHCQ; and ethyl acetate (100 mL) was added. The organic layer wstsedva
with of saturated NaHC£O(2 x 50 mL), brine (50 mL) and dried over Mg&O
Once again the crude product (0.97 g) was used and dissolved in driidU L)
cooled to 0 °C. NaH (0.320 g, 8 mmol, 60% dispersion in mineral oil)addsd
portion-wise over 30 min and left at room temperature for 30 min. EOMaS
then added neat (0.45 mL, 4.8 mmol, 1.2 eq.) and left at room temperature
overnight. The reaction was quenched witOHand ethyl acetate was added (50
mL). The organic phase was washed with saturated NgHE® 25 mL), brine

(25 mL) and dried over MgSQOThe organic solvents were removed under reduced
pressure and the crude product purified by flash column chromatograplo@&t:

3 Hexanes) to yield the desired compound as a white solid (0.72Id; ¥6%
overall).’H (300 MHz, CDC}) & 7.62 (s, 1H,J= 2.7 Hz), 5.30 (s, 2H), 3.86 (s, 3H),
3.66 (s, 3H), 3.43 (g)= 6.9 Hz, 2H), 1.32 (s, 6H), 1.17 (= 6.9 Hz, 3H); MS

+): exact mass calculated forsE823N>05 + . . Foun . .
(ESI +) lculated forsB8,3N,0s [M + H]* 299.16. Found 299.18
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d on: cunmr3-mercary300
Archi: tory: /export/homs/Kmn/vomrsys/data

Solvent: €DC13
Temp. 20.0 C / 293.1 K

~—3.662

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 1.998 sec

Width 4803.1 Hz

single sean

OBSERVE H1, 300.0685718 MHz
DATA PROCESSING

1.174

12 10 8 6 4 2 -0 PpPm

3-(1H-Imidazol-2-yl)-2,2-dimethyl-propionic acid methyl estéd:

To a solution of 2,2-dimethyl-4-oxo-butyric acid methyl ester 6.90799
mmol, 1 eq.) in methanol (40 mL), ammonium carbonate (4.6 g, 47.9 mmol, 1 eq.)
was added and the solution was stirred for 30 min at room tetupera solution
of aqueous glyoxal (40 wt % in.B, 6.95 g, 47.9 mmol, 1 eq.) in methanol (10
mL) was added. The reaction was left stirring at room teryoeravernight. The
methanol was then removed under reduced pressure and the remauriog schs
dissolved in warm ethyl acetate (200 mL). The organic phasewaaked with
brine (3% 20 mL) and dried over MgSOUpon evaporation of the solvent an off
white solid precipitated which was filtered to yield the despeoduct (5.60 g 64%
yield). *H (300 MHz, CDC}) 8 6.92 (s, 2H), 3.66 (s, 3H), 2.96 (s, 2H), 1.20 (s, 6H);

13C (75.5 MHz, CDGJ) § 179.0, 145.4, 121.7 (bs), 52.2, 43.1, 38.4, 25.4;
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STANDARD 1H CBSERVE

Data Collected om:
ounmr4-mercury300

Archive directory:
/export/home/ken/vomrsys/data

Sample A1rectory:

Fller extended-NH-In-COZMe B

Pulse Sequence: szpul
Solvent: CDC13

Relax. delay 1.000 sec
Pulse 45.0 degrees
Acg. time 1.998 sec
Width £803.1 Hz
& repetitions
OBSERVE ~H1, 300.068572¢ MHz
DATA FROCESSING
FT size 32768
Total time 0 min

917

3.663

2.955

13C OBSERVE

Data Collected on
ouner4-mercury3o0

Archive directory
/export/home/xmn/vnnrsys/data

Sample directory

Flle: extended-NH-Im-COZMe C©

Pulse Seguence: s2pul
Solvent: CDC13

Relax. delay 1.000 sec
Fulse 45.0 degrses
Aog. time 1.815 sec
Width 18867.3 Hz
768 repetitions
OBSERVE (13, 75.4523025 MHz
DECOUPLE H1, 300.0701003 MHz
Power 17 4B
continuously on
WALTZ-16 modulated
DATA FROCESSING
Line broadsning 1.0 HE
FT size 131072
Total time 8 hr, 5 mim

968

178

220 200 180

160

145.383

140

121.649

120

148

100

20

60

2.215

3.138

38,406

20

Ppm



3-(1-Dimethylsulfamoyl-1H-imidazol-2-yl)-2,2-dimethyl-propionic cid methyl

esterll12:

To a stirred solution of imidazolel1 (4.60 g, 25.2 mmol, 1 eq.) in dry THF
(130 mL) cooled to 0 °C, NaH (1.60 g, 40 mmol, 1.6 eq., 60% dispersion in mineral
oil) was added portion-wise over 30 min and left at room temperature for 30 min. 1-
N,N-dimethylsulfamoyl chloride was then added neat (3.3 mL, 30.7 mmolgl.2 e
and left at room temperature overnight. The reaction was quenchedHydtand
ethyl acetate was added (200 mL). The organic phase was #sredvwith of
saturated NaHC{(2 x 50 mL), brine (50 mL) and dried over MgS@he organic
solvents were removed under reduced pressure and the resultingpocoddet
purified by flash column chromatography (6 AcOEt: 4 Hexanes)dl yf the
desired compound as a white solid (6.80 g, 93% yiél)(300 MHz, CDC}) &
7.12 (d,J= 1.5 Hz, 1H), 6.87 (dJ= 1.5 Hz, 1H), 3.62 (s, 3H), 2.82 (s, 6H), 1.27 (s,
6H); *C (75.5 MHz, CDGJ) & 177.7, 146.4, 127.5, 119.1, 51.9, 42.1, 38.2, 37.9,

25.6.
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SUANUAKL 1H UESEHAVE

nara follacted an:
ounEr4-Eercury3og

irchive directory:
fexport/nome,mn/ vanrsys/data

sample dirsctory:

T1

1 ealeuded-N-IM5-COZM=_H

Prlse Sequence: s2pul
Solvent: CDC13

Relax. delay 1.000 Sac
Pulse 45.0 degraas

icg. time L.598 secC

Width 4803.1 Hz

¢ repetitione

OBSERVE HL, 300.0685724 MH:I
DATA FROCES3IFG

FT ulze 32758

Total time 3 min

7.12

—6.870

ENIRG

3.150

2.819

1.267

13C OBSERVE

Dela Colleuled uur
ounErd meroury’Iod

Arrhive AirantaTy:
fexport/home/ken /vonrsys fdata

SzEple directaory:

extende-N-IMS-In-002Me C

equence: SipulL
ooz

KEl3K. QEL3Y 1.UNU sec
Pulss 43.0 deycees

Acg. time 1.015 oce

Width 1RART 9 W=z

576 repetitions

OBEERVE . 75.4523025 MHZ
DECOUFLE H1, 300.0701003 MHZ
Power :7 dB

continuously on

WRLTZ-16 mudulaled

DATA PROCESSING

Line broademing 1.0 Hr

7T slze 131072

Total time € hr, 5 min

177.E63

146.421

c.o7

1dT.504

129.13%

77.871

a7

'

LAy

70

4z.0

EERTIT]

AT 8TE

i

TTTT I [T T[T oI T T
220 200 180

160

140

120

100

150

a0

€0

40

20

0 ppm



2-(2-Methoxycarbonyl-2-methyl-propyl)-3H-imidazole-4-carboxyliacid  ethyl

esterlly’:

A solution of dimethyldioxirane in acetone (0.1 M, 60 mL) was added to
115 (0.600 g, 4.22 mmol, 1 eq.), after 30 min the solvent was removed under
reduced pressure and the crude product redissolved in MeOH (25 mL). 2,2-
dimethyl-4-oxo-butyric acid methyl est& (0.608 mg, 4.23 mmol, 1 eq.) and
ammonium carbonate (0.405 mg, 4.23 mmol, 1 eq.) were added. The solution was
stirred overnight at room temperature. The methanol was theaveeimunder
reduced pressure and the resulting crude product purified by flasimrc
chromatography (8 AcOEt: 2 Hexanes) to yield of the desimatbound as a white
solid (0.60 g, 56% vyield). Major isomelt4 (300 MHz, CDC}) & 7.63 (d,J= 1.5
Hz, 1H), 7.01 (dJ= 1.5 Hz, 1H), 4.36 (q, J= 7.5 Hz, 2H), 3.73 (s, 3H), 3.03 (s, 2H),
1.37 (t, J= 6.9 Hz, 3H), 1.23 (s, 6H);MS (ESI +): exact mass cébculir

C.oH1gN>,OsNa [M + Na]+ 277.12. Found 27.10.

2-(2-Methoxycarbonyl-2-methyl-propyl)-1-methoxymethyl-1H-indd&e-4-

carboxylic acid ethyl estdi22

To a solution 009 (1.70 g, 7.51 mmol) in dry THF (75 mL) cooled to 0 °C,
NaH (0.45 g, 11.4 mmol, 1.5 eq., 60% dispersion in mineral oil) was added portion-
wise over 30 min and left at room temperature for 30 min and cooléd°@
lodomethane was added neat (0.58 mL, 9.0 mmol, 1.2 eq.) and the solution was
warmed to room temperature overnight. The reaction was quenched )tartd
ethyl acetate was added (50 mL). The organic phase was thdredvasth
saturated NaHC£X2 x 25 mL), brine (25 mL) and dried over Mg&S@he organic

solvents were removed under vacuum and the resulting crude produiedphyif
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flash column chromatography (6 AcOEt: 4 Hexanes) to yigRlas a white solid
(1.48 g 82% yield). Melting point: 82-84 °C; IR (KBr) 3129, 3084, 2993, 2956,
1737, 1704, 1556, 1440, 1346, 1251, 1226, 16&11300 MHz, CDC}) 8 7.55 (s,

1H), 3.87 (s, 3H), 3.71 (s, 3H), 3.53 (s, 3H), 1.69(s, 6%);(75.5 MHz, CDCJ) 5
175.5, 163.3, 150.6, 130.9, 121.1, 52.7, 51.7, 43.7, 34.1, 25.3; HRMS (ESI +):

exact mass calculated fog€16N-04Na [M + NaJ 263.1002. Found 263.0943.

STANDARD 1H OBSERVE

Data Collected om:
u:

1.672

Ctory:
fexport /home/ken/vomreys /data
Sample QlTectory:

File: 2-CDC13_E

—3.854
—3.700

—3.517

ACg. time 1.598 sec
Width £203.1 Hz

g repetitions

OBSERVE  H1, 300.0§3572¢ MEz
DATA PROCESSING

FT size 12768

Total time 0 min

7.534

l 1 A A

12 10 2 3 4 2 -0 PPm
W iy o
5.54 18.17 38.50
19.688.11
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77.471
L 77.048
k)
75524

~—51.731

§2.721

]
Acg. time 1.815 sec

W.ath 18867.9 Hz

1180 repetiticos

OBSERVE (13, 75.452302f MAz
DECOUPLE H1, 300.0701203 MAz
POWEr 17 4

14.137

150,610

210 200 180 160 140 120 100 20 &0 40 20 0 ppm

2-{4-[Bis-(2-isopropyl-1-methyl-1H-imidazol-4-yl)-methyl]-1dinidazol-2-yl}-2-

methyl-propionic acid methyl est&P8

To a solution of121 (1.09 g, 4.35 mmol) in Cil, (20 mL) at room
temperature under a positive pressure of Ar, EtMgBr in diethyt ¢h# mmol, 1.5
mL, 3.05 M, 1.1 eq.) was added drop-wise. The solution was left 1 h at room
temperature beford22 (0.500 g, 2.18 mmol, 0.5 eq.) was added in methylene
chloride (2 mL). The reaction was left stirring for 40 h and tgeanched with
saturated NaHC® The organic phase was washed with of saturated NgHZ®©
50 mL), brine (50 mL) and dried over MgaO'he organic solvent was removed
under vacuum and to the crude product, redissolved in dichloroethane (20 mL),
triethylsilane (0.69 mL, 5.36 mmol, 2 eq.) and trifluoroacetic acid (0.486154
mmol, 3 eq.) were added. The reaction was refluxed for 20 h. The selasnt
removed under reduced pressure and redissolved in EtOAc (50 mL). gdracor

phase was then washed with saturated Nag@O< 50 mL), brine (50 mL) and
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dried over MgS@ The crude product was purified by alumina chromatography
activity grade (ll) in three phases: 1) (acetone 3,@H7) 2) CHCI, and 3)
(MeOH 1: 9 CHCI,) to yield 0.33 g of an orange oil (yield 53%j (300 MHz,
CDCly) § 6.55 (s, 1H), 6.51 (s, 1H), 5.27 (s, 1H), 3.69 (s, 3H) 3.49 (s, 6H), 3.36 (s,
3H), 2.97 (sepJ= 6.9 Hz, 3H), 1.62 (s, 6H), 1.30 (d= 7.2 Hz, 12H):**C (75.5
MHz, CDCk) 6 176.6, 151.8, 147.8, 141.5, 141.4, 120.6, 118.3, 52.4, 43.5, 39.0,

33.2, 26.0, 25.7, 21.5.

STINDARD 1H OBSERVE

un
ounErl merouryloo

Arrhive AirantaTy:
fexport/home/ken /vonrsys fdata

SzEple directory:

Fille: JVF207-CDC13 H

689
487

scan
OBEERVE H1, 300.0685724 MEZ
DATA PROCESSING

7T size 32763

'OTEL TIme U min

7.260

—5.201

M5 . 266
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13C OBSERVE

Brg. time 1R
wWidth 18867.9 Bz
11712 repetitions
OBEERVE Cl3, 75.4523025 MHZ
DECOUFLE H1, 300.0701003 MHZ

21.545

Power :7 dB
suullovously ug

N &
Line broadening 1.0 Hz L
7T slze 131072 -
Total time 19867 hr, 54 min |

176.637
o
S—
et — 2 5. 6 81
N 21.415

2-{4-[Bis-(2-isopropyl-1-methyl-1H-imidazol-4-yl)-methyl]-1dinidazol-2-yl}-2-

methyl-propionic acid05

Ester128 was dissolved in 6N HCI (20 mL) and the solution refluxed for 2
h. The solvent was removed under reduced pressure to yield quantitdtigely
desired product05. Melting point: 82-84 °C; IR (KBr) 3052, 2800, 1741, 1704,
1654, 1519, 1222, 11814 (300 MHz, CROD) § 7.61 (s, 1H), 7.45 (s, 2H) 6.00
(s, 1H), 3.85 (s, 6H), 3.82 (s, 3H), 3.49 (sp6.6 Hz, 3H), 1.79 (s, 6H), 1.44 (dd,
Ji= 6.9 Hz,J,= 1.5 Hz, 12H);13C (75.5 MHz, CROD) ¢ 172.8, 153.6, 149.7,
128.2, 127.8, 125.0, 122.9, 43.7, 35.8, 33.8, 29.8, 25.4, 23.1, 18.3; HRMS (ESI +):

exact mass calculated fop3sNsO, [M + H]" 427.2816. Found 427.2783.
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STANDARD 1H OBSERVE

Data Collected om:
ounET4-mercury300

Archive directory:
fexport/home/ken/vnnrsys,/data

Sample Q1rectory

File: 4-MeOD H

Pulse Sequence: s2pul
Solvent: CD3IOD

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acg. time 1.998 sec

Widtn 4203.1 Hz

& repetitions

OBSERVE  HL, 300.0637546 MEz
DATA PROCESSING

FT size 32768

Total time 0 min

3.853
3.818
—13.115
3.304

1.794
1.453
1.447

1.420
1.425

3.203

5.998

13C OBSERVE

Data Collected om:
ounmrs-mercury200

Archive directory:
fexport/home/XEn/VImrsys/data

Sample directory:

Fil

: 4-MeQD C

Pulse Sequence: szpul
Solvent: CDIOD

Relax. delay 2.000 sec
Fulse 45.0 degrees

Acg. time 1.815 sec

Width 1B367.5 Hz

6400 Tepetitions

OBSERVE 013, 75.4525898 MHz
DECOUPLE Hi, 200.0712825 MHz
Fower 37 4B

continucusly om

WALTZ-16 modulated
DATA PROCESSING

Line broadening 1.0 Ez
FT size 131072
Total time 10867 hr, 54 min

48,434
48,152
17.870
47.301
47.015
46.732

72

43,5
35.472

153,640
128.216
127.777
M 125.041
“~—122.920

172.752
r

149.675

P
-
GEa-da
-
Mmoo

mooaop O

220 200 180

20 0 ppm



Synthesis 0fi29

To a solution ofl05 (49.6 mg, 0.10 mmol, 1 eq.) in MeOH (4 mL), tetrakis
(acetonitrile) copper hexafluorophosphate (34.5 mg, 0.01 mmol, 1 eq.) and
potassium carbonate (28.4 mg, 0.21 mmol, 2.3 eq.) were added. The solution was
exposed to air and turned green. After removing methanol under reducedr@res
and redisolving the compound in methylene chloride, the filtered solw@snleft
overnight in the freezer to yield green crystals suitable foayKerystallography;
after vacuum drying the crystals a powder formed yielding toelyzt (25 mg,

26% vyield).
We acknowledge and thank Dr. D. Powell for his expertise in determining the

crystal structure 0129.
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Table 4.3: Crystal data and structure refinemen1®@r

Empirical formula

Cs3 Hgo Clia Clp F12 N12 Og P

Formula weight 1862.61
Crystal system Triclinic
Space group P1

Unit cell dimensions

a=12.312(2) Ap= 72.775(6)°
b= 12.845(2) Ap= 85.473(6)°
c= 12.909(2) Ay=80.076(6)°

Volume 1919.9(5) B
ZZ 1,1/2
Density (calculated) 1.611 Mg/n$
Wavelength 0.71073 A
Temperature 100(2) K
F(000) 948
Absorption coefficient 1.162 mmt

Absorption correction

Semi-empirical from equivalent

U)

Max. and min. transmission

0.747 and 0.638

Theta range for data collectio

1.65 to 28.30°

Reflections collected 26936
Independent reflections 9526 [R(int)= 0.0338]
Data / restraints / parameter 9526 /47 /543
WR(F2 all data) wR2=0.0913
R(F obsd data) R1=0.0366
Goodness-of-fit orfr2 1.008
Observed data [| >H]1)] 7984

Largest and mean shift / s.u

0.002and 0.000

Largest diff. peak and hole

0.601 and -0.378 e

wWR2={X [W(F02 - FCZ)Z] 1 Z [W(Fq 2)2] }1/2’ R1=% |Fol - Fcll /Z [Fol

159



Addition attempt o#4 to 100:

To a solution o#4 (0.872 g, 2.00 mmol, 1 eq.) in GEl, (40 mL) at room
temperature under a positive pressure of Ar, BuMgCl in diettindre2.2 mmol,
1.4 mL, 1.6 M, 1.1 eq.) was added drop-wise. The solution was left 1dormat r
temperature beford00 (0.271 g, 1.00 mmol, 0.5 eq.) was added in methylene
chloride (2 mL). The reaction was left stirring for 40 h and tgeanched with
saturated NaHC#® The organic phase was washed with saturated NgHZ® 50
mL), of brine (50 mL) and dried over Mg@OThe organic solvent was removed
under vacuum and tHél NMR spectrum of the crude mixture showed only starting

materials.

Complexation experiments @06:

The extended side-chain tripod 106 (50 mg, 0.15 mmol, 1 eq.) was dissolved
in MeOH (3 mL) and 1 equivalent of metal salt was added. Afiteing for 15 min
the NaHCQ (15 mg, 0.20 mmol , 1.2eq) was added and a precipite formed.
Attempts to redisolve it in organic solvents failed. Metal saitsed:

Fe(OTf(CHsCN),* "%, Ni(acac)-2H,O and CoGH6H,0.
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