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1. Introduction

1. 1. Haloperoxidases and Natural Organohalogen Com  pounds

Halogens are abundant constitutive elements of the biosphere pasticularbrine
environment. Ocean water is approximately 0.5 M in chloride, 1 mbtamide and

1uM in iodide. Thus it is not surprising that halogens are incorporatecainumber

of natural organic compounds. More than 3,800 natural organohalogen compounds
have been isolated and characterized to Hatehich range in structural intricacy
from the ubiquitous fungal and plant metabolite chloromethane to the cofifplex
saving antibiotic vancomyci[r]r. 2l The biological functions of most natural
organohalogens are important for many organisms, such as in ehegiense, in

food gathering or as regulatory hormones. In many cases these compouat of
pharmacological interest due to antifungal, antibacterial, antir&aplantiviral (e.g.,

anti-HIV), anti-inflammatory, and other actiéh?

The main enzymes responsible for the incorporation of halogen atomganic
compounds in nature are haloperoxidases (HPOs), which catalyzermhatiobn of
halogenated organic compounds at the expense of hydrogen peroxide accdedjing to
(1), where RH is organic substrate; X chloride, bromide or iodide ion; and RX is

the halogenated product.
RH + HO, + H + X —» RX + 2H,0 (1)

Without suitable organic substrate, the two-electron oxidation of dehaday turn to

produce singlet oxygen, s&e. (2) and(3) >
HoO; + H + X' — HOX + H,O )
HOX + H,0, — 0, + X + H" + H,O (3)

Since Hager's group purified the first chlorinating enzyme frGaddariomyces

fumago in 19611 more and more HPOs have been found in a broad range of



organisms, including mammals, molds, bacteria, algae, ferns, and pighes?®”

The historical nomenclature convention of HPO is based on the masbeégative
halide that the enzyme can oxidize (i.e., the chloroperoxidases) (€&Ooxidize
both CI and Br and bromoperoxidases (BPO) can oxidiz§.B#PO does not have
the driving force to oxidize the fluoride, however a fluorinating enzyftaerinase,

has recently been isolated and is proposed to act Byzamechanisnt %!

On the basis of their cofactor requirement HPOs are claksitie the following three
groups: heme-containing, vanadium-contailihg  and “metal-free”
haloperoxidase$? Among them, vanadium Haloperoxidase (V-HPO) appears to be

the most prevaleft! **!

The catalytic ability of HPOs attracts broad interest of itrgtifer biotransformations
and as bleaching enzymes for laundering. The use of heme-con&mziyrges in this
application has the disadvantage of unsatisfactory stabilityodragid oxidation and
cleavage of the prosthetic heme ligand and low substrate spyé]rﬁ]c'll'herefore, the
remarkably high stability of V-HPO against high concentratiomrgianic solvents
and elevated temperattire '® and their availability from large-scale process or

expression systems afford greater potential for industrial applid%ﬁ]ion.

1. 2. Vanadium Haloperoxidase

Evidence of the involvement of vanadium ions in the vanadium-dependent
haloperoxidase enzymes was first discovered by Vilter in #8848 The
bromoperoxidase isolated froAscophyllum nodosunvas inactivated by dialysis in

pH 3.8 citrate-phosphate buffer containing EDTA and was slowly veaeti by
vanadate in suitable bufféfd:*® V-HPO have now been isolated from a number of
marine algaé” and also from some lichéf® and fungi®® The vanadium iodo- and
bromoperoxidases (V-IPO and V-BPO) are predominantly found in marine
organismé?” while vanadium chloroperoxidases (V-CPO) originate mainly from

terrestrial fungf??



All the vanadium haloperoxidases isolated to date share some coreatare$™:

they are composed of one or more subunits of around 67 kDa; they canthatedc
by dialysis against EDTA at low pH; their activity is omlgstored by addition of
vanadium (as vanadate) and they seem to have similar coordinatiamaxfium in

the active site.

V-HPOs have been studied in great detail using a variety of bigjahyschniques
including v NMR,**! extended X-ray absorption fine structéte?® and electron
spin echo modulatioi” ?® Yet, only limited structural information had been obtained

from these experiments until the first X-ray structure was resolved.

1. 2. 1. X-ray Structures of V-HPOs

1. 2. 1. 1. Structure of V-CPO from Curvularia inaequalis

Concerning the V-HPO family, the vanadium chloroperoxidase fronpati@genic
fungus Curvularia inaequalishas been most thoroughly investigated. The X-ray
structure of its azide-substituted form was the first of thily to be solved®
Thereafter, the native form, the peroxide fdffisthe apo-form (metal-free form)
and the tungstate-substituted 6t also became available. Moreover, the
determination of the four active site mutants structures (H404A, H4D&82A and
R360A)*? shed light on the characteristics of the active site and thieamisen of the

enzyme?®3!

1.2.1.1. 1. Overall Structure of V-CPO

The protein contains 609 amino acids with a calculated molecular oh&3,488 Da,
and the gene has been cloned and sequé%b@datermination of the crystal structure
of this enzyme revealed a molecule with an overall cylindritaps measuring about
80 x 50 A. The secondary structure is maudyelical with two four-helix bundles as
main structural motifsKig. 1). The active site of the enzyme is located on top of the

second four-helix bund®2® It should be noted that the overall protein structure of



V-CPO is rather rigid and remains nearly unchanged in all ofdifierent forms
compared with the native V-CP&:?

Figure 1. The 2.03A crystal structure of V-CPO from Curvularia inaequalis (PDB ID:
11DQ).BY The figure was prepared with the program WebLab ViewerLite.

1. 2. 1. 1. 2. The Structure of Native Form of V-CP O

There are three positively charged groups at the active sibegwanidiniums from

Arg 490, Arg 360 and one ammonium from Lys 353, all of which bind the cofactor
hydrogen orthovanadate (HV® through electrostatic interactiofri§. 2). Since
charged groups of these residues are also good H-bond donors, they fatimertog
with several amide—NH groups, a hydrogen bond network to the oxygers atf
HVO,%. The nitrogen (MW2) of His 496 coordinates to vanadium and hence is the only
direct bond from the protein to the metal centgmerating a trigonal-bipyramidal
geometry for the cofactor HV: a hydroxide and His 496 in the axial positions and
three oxo moieties in the equatorial plane. The three equa¥e@abonds are about
1.65 A long, while the apical V-O bond length is 1.93 A and the V-N boad®B A

(Fig. 2).[30' 81 Accordingly Coulomb interactions, H-bonds and coordination generate

a highly organized receptor displaying a high affinity to H¥@ith Kq ~ 100 nMF®!



The active site forms a very rigid matrix designed for ctele oxyanion binding,
with relative affinities for HVG* >HPQ? >SQ?. The differences in the affinities
for these oxyanions could results primarily from their capalslittecoordinate with
the active site His 496, and further from the distribution of hydrdgend donors in
the protein in relation to the protonation state of the oxydffibRrom the ability to
bind tungstat&y one may predict it to bond molybdate, as was shown for the V-
BPO*®!

Lys353 Arg490

His496

Figure 2. The active site of V-CPO from Curvularia inaequalis in the native form (PDB ID:
11DQ).B” The figure was prepared with the program WebLab ViewerLite.

1. 2. 1. 1. 3. The Structure of Peroxide Form of th e V-CPO

The peroxide form was obtained by soaking the crystals in mothrlcontaining
20nM H,0,. In the resulting 2.24 A crystal structure (R = 17.7%), the perdside
bound to the V in am’fashion after the release of the apical oxygen ligand of the
native state, thus vanadium is coordinated by four non-protein oxyges atafrone
nitrogen (N2) from His 496. The coordination geometry around the vanadium is a
distorted tetragonal pyramid with the two peroxide oxygens O2 ar{t@wl lengths:
V-02 and V-O4 about 1.87 A; 02-04, 1.47 A), one oxygen O3 (bondlength V-O3
1.93 A) and the nitrogen (bond length V-N 2.19 A ) in the basal plane and orenoxyg
(V-0O1, bond length 1.60 A) in the apical positidfig;, 3).2% It has been shown

recently that the protein has a higher affinity to pervanadate than to vahiddate.



Figure 3. The active site of V-CPO from Curvularia inaequalis in the peroxide form (PDB ID:
11DU) .BY The figure was prepared with the program WebLab ViewerLite.

1. 2. 1. 2. Structural Comparison with other V-HPO  enzymes

The X-ray structures of V-BPO from brown algdescophyllum nodosui-V-
BPOY in the native form and V-BPO from red alg@erallina officinalis (C-V-
BPO) in the phosphate substituted f5mi® also became available recently. All the
structures share a four—helix bundle motif known from V-CPO. UnlikeéP® from
Curvularia inaequaliscrystallized as a monom@é? A-V-BPO shows a homo-dimeric
structuré*! and C-V-BPO exists as a dodecameric form in solid Sfa#lthough the
sequence alignment among them show only very low similarity (2k&&tence
identity between V-CPO fror@urvularia inaequalisand A-V-BPOM 33% sequence
identity between A-V-BPO and C-V-BFV@), the active sites are highly conserved in

all three structured~(g. 4), suggesting a common reaction mechanism.
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Figure 4. (A) The superposition of A-V-BPO and V-CPO structure near the active site. A-V-

BPO residues in atom colors, V-CPO in cyan;[“] (B) The superposition of the active sites of
the C-V-BPO enzyme (in red) and the V-CPO (in black).

1. 2. 2. The Proposed Mechanism of V-HPO

Since the vanadium (4+) or (3+) states have not been observedbgrERedge X-
ray studies in the presence of substrates or during turn over, aretittoed enzyme
is inactive, apparently the redox state of the metal remé&ifsajpd does not change
during the catalytic turnover. Hence it is believed that the vanmadin plays the role

of a strong Lewis acid with respect to the primary oxidap®Hf®

Mechanistic investigations have involved product analysis, kinetics, amd ha
included studies of both the enzyme and the model systems. A geonasansus
currently exists for the mechanism for both the V-BPO and WO-Gfatalyzed
reactions and is described 8theme 1*° The reaction proceeds initially by,&,
addition, which is followed by protonation of the bound peroxide and addition of the
halide, successively. Apart from direct evidence from the X-mycmre[,3°]
spectroscopic evidence for the enzymatic M@ intermediate was obtained using
"0 NMR spectroscopy” There is no evidence however for an intermediate in which

the halide binds to the vanadium atthThe rate-determining step in the catalytic



cycle is the nucleophilic attack of the halide on the protonatetkiprperoxide
complex, generating a ("X) species, which immediately reacts with organic
substrates and halogenates them. This step will generatet©rggen in the absence

of RH, and has been investigated in detail with B, and 1.

N(His 404)
H
o
O,
HOX ”'«\l,_OH H,0,
O/
N(His 496)
N(His
N(His 404) NS a0
H H
o O/H \o// OOH
E-_ / H O///,,'l
O\~ oV —OH
/\ O~y o
(His496)N OH N(His 496)
-
H*, H,0
% o - 2H,0
_ 0+ X
(His 496)N

Scheme 1. Proposed mechanism of V-HPO catalysis.

Site-directed mutagenesis experiments (alanine scanning) haidated the relative
importance of various active-site residues in catalytic agftd His 496 is the
primary chemical anchor for vanadium, and its replacement Aigh results in
complete loss of activity. Substitution of the positively chargeidues Lys 353, Arg
360, and Arg 490 revealed less severe effects, but of these mutentsrgest
decrease in activity is observed for K353A. In fact, Lys 353 i®tihe residue which
interacts with the peroxo-bound moiety directly. It has been sugigisteit plays a
role in polarizing the peroxo bond, making it more susceptible to nucleophil
attack®” The crystal structures indicate that Arg 490 is involved in tydrdgen
bonds with oxygen atoms of the cofactor, both in the native and the peroxs,
whereas Arg 360 donates only one hydrogen bBhahis difference agrees with a
smaller catalytic efficiency of K353A and R490A as compared to the R360A mutant.



1. 2. 3. The Reactivity and Selectivity of the Reac tions Catalyzed by V-HPO

Halogenation of monochlorodimedone (MCD) represents the standard assay f
HPO, which was first developed to analysis the activity of heoméaming HPJ*!
The reaction is followed spectrophotometrically at 290 nm, monitorindote of
MCD in the enol formg = 20,000 M'cm).*¥ |n addition, phenol red is also used as

a substrate to analyze the halogenation act[ﬂfilty.

¢ cl X
Q OH Haloperoxidase 0 0o
+X + Hy0, + Hf ————
X=Br-, CI
MCD

Scheme 2. Halogenation of MCD catalyzed by HPO.

However, the high reactivity of both substrates makes it imposgbtistinguish
whether the nature of the oxidized halogen intermediate is enzgp@ed, enzyme-
bound, or freely diffusible. Initial investigations into the reagivof V-BPOs with
various substrates, such as anisole or prochiral aromatic compourtets t@i
demonstrate any regio- or stereoselectivity upon bromin&fich. “ The apparent
lack of selectivity at that time was interpreted to melaat tV-BPO produces a
diffusible oxidized bromine intermediate such as hypobromite, bromitréomymide
which would then carry out a molecular bromination readfidnMore recently,
however, since more and more substrates have been tested, riiee, aegio- and
stereo-selectivity have been achieved to varying degrees asdléutivity seems to
depend on the nature of the organic substtite.

The competitive kinetic studies comparing the bromination of indoldrsidss by the

V-BPO/H,O,/Br~ system to bromination by aqueous bromine, (the equilibrium
mixture of HOBr= Br, = Brs") under identical reaction conditions, showed that V-

BPO-catalyzed reactions were not consistent with a freefystlife brominating

8. 41 A competition experiment revealed that vanadium

intermediaté™
bromoperoxidase catalyzed preferentially the bromination and oxidafiandole
derivatives over phenol red or MCD (equimolar mixtures). In contrhst,same
reactions performed with aqueous bromine showed the simultaneous&tiomiof

all substrates present in soluti#>"



The first regiospecific bromoperoxidative oxidation was reportedhieygroup of
Butler® Both V-BPO enzymes from the marine alg&scophyllum nodosurand
Corallina officinalis catalyze the regiospecific oxidation of 1,3-di-tert-butylindole in a
reaction requiring both ¥, and Br as substrates, producing 1,3-di-tert-butyl-2-
indolinone product nearly quantitatively. Although the product is unbrominated
regioselective brominated intermediate is certainly invohNgahéme 3. By contrast,
reactions with the controlled addition of agueous bromine solution (HOBr, =

Br3) produce three monobromo- and one dibromo-2-indolinone products, all of which
differ from the V-BPO catalyzed produ@dheme 3*® Bromination and cyclization

of terpenes is also reported by the same gflip.

N\ V-BrPO V-BrPO
—_— = O
N Hzoz, Br Hzo N

A

Br
Aqueous Bromine Z
@g e o, o
N N N
)V Br )T Br )T

[51]

Scheme 3. V-BPO catalyzed regiospecific bromination of 1,3-di-tert-butylindole

The only reported stereoselective reaction catalyzed by V-I3Rfe oxidation of
sulfides to sulfoxides in the absence of halid&¥®! Depending on the substrate, up to
91% ee could be achieved, and different enzymes may produce differetibmesas
from the same substrat&dgheme 3. However, the selectivity of sulfoxidation is
exclusive to the marine algal V-BPOs, since V-CPO catglythe formation of a
racemic mixture of the sulfoxide”>® The reactivity of V-BPOA. nodosunmandC.
pilulifera) to produce different enantiomers suggests that subtle differemabe

substrate channel near the vanadium-binding site of these en[ﬁ}mes.

10



V-BrPO (A. nodosum)

H:0,

@\ V-BrPO (C. pilulifera)
—_— -
H20:

V-BrPO (C. officinalis)

—_—

H20,

——

Hz0;

5
@i > V-BrPO (C. officinalis)
o

H202

D \
0
s 7
@a V-BrPO (C. officinalis) @;Sj
ke
S
o

-
| T s vewo (c offinaiis CCS:D
=

H202

Scheme 4. V-BPO catalyzed enantioselective sulfoxidation.

1. 3. From V-HPOs to Acid Phosphatases
1. 3. 1. Structural Similarity

Interestingly, the amino acid sequence of the active site of wvanaukloperoxidase
is conserved in a completely different group of enzymes, the amdpphtases.
Sequence motifs are shared between V-CPO and several lipid ptassshahe
mammalian glucose-6-phosphatase, bacterial nonspecific acid phosphatasthe
Drosophiladevelopment protein Wunéti:> The sequence alignment of several V-
HPOs and acid phosphatases are shoviaignS A, from which a dendrogram can be
drawn Fig. 5 B).P"!
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B. lich, S2TKNALMVIYAVIAFVVAE | LGKIMGS LHSNYQ TLPNVHKLIE -+ ccvunonn 86 berC
E coli TIKAAFVLFAI LAAAI LVEROGVKSW I[OKVQEP IWLEKTHHIPVD 127 pgpB
H. influerzae TOKOW I LGV IVMGISVIATOAAKTGAMA LFEEP TVY LAEQTHSTPEN 124 pgpR
Heanan 52 HLOEAVGIKLLWVAVIEIDW LNLVF | LFGQ WWVLDTDYYSNTS 95 G-6-Pase
Mouzse S2HLKETVGINLLWVAVVEIDWFNLVF | LFGQ WWVLDTDYYSNSS U8 G-6-Pase
Rat 52 HIQETVG INLLWVAVVEIDWFNLVF | LFGQ WVLDTDYYSNSS 98 G-6-Pase
M. merganii 109 DSPELYKL NMIEDARID LATRSARIEHY MR | AFYGTETCNTKDG - 155 ploC
P snaartii 109 DAPE | HK L NMIEDA LATRSARIEKY MR | BAFYGVATONTKDG - - 135 phoN
5 fleven 102 NTPI LYQL QVLODSHOYAVRANAQIEY YKRVEIEEY | YEOATCTPDKD - 148 Apyrase
Z mollis 108 AQLPHLANMIKRALRTEYDD | GRAQNNWNRKGERIVOTOOP ICTEKDR - - 154 pheC
Soyphimurion 99 DTPETWNMBKN LLTMGEY YATASAKY Y MATERIV LENHSTCRPEDE 145 phoN
A nodosum | IDHYFPFRAMIGXAELACRSSWYONWOVHRFARRHEEA LGGT LHLT IKGE LNADFOLS 55 V-BPO
D, biseprar I waaaawaosases sansy menasas EFWERALSGVROD- - -GRPDOHGDPFW LT 24 V.CPO
Cingequalis 329 ADFARLFAMVOVACTOAG IFSWKEMWEFEFWERALSGVROD - . - GAPDHGOPFW LT 380 V-CPO
ul. 325356 (I I

B lich. HEIDN 116 herC
E. colf KEMGF 172 pepB
H.influenzoe NE|NGY 169 pepB
Human CEImGP 128 G-6-Pase
Meuse CElmGP 128 G-6-Pase
Rar CE P 128 G-f-Pase
M. morgmii 136« sl ii i cc i s s e s s s KKLS G 177 phot”
P, snarnii L A T R T R e T T I R DKLSKNG 177 phoN

S Mexeri L e EKMAITG 170 Apyrase
Z medsilis e L TL LI T IR TR R R R EGLGKQG 176 phoC
Snplimurimn 146 =+« ¢ 2 s w e e e e i s NTLRENG 167 phal
Al nodosian 56 LLENAELLKRVAAINAXKNPNNEVTYLLPOVYQEGTPHHP 110 V-BPO
D biseprara 35 LEGAPATNTND ] - - v o eta v c i iy PFKPPFP 57 V-CPO
Coingequalis 381 LGAPATNTND |-« - -cvvemnenannanan. PFKFFFP 413 ¥-CPO

—

B. lich. 117 LIFLFH 122 berC
E. colf 173 LAVGLL 179 pgpB
H.influenzae 170 LAVGFT 186 pepB
Hunan 129 VIST 148 G-6-Pase
Mouse 129 VIST 148 G-6-Pase
Rar 129 VTST 148 G-6-Pase
M.morgenii 178 lILAEVN + 183 pitaC

P stuartii 176 MLSEIN- 183 pho
5 flexreri I70 T LAEIN- = 176 Apyrase
& molnlis 177 LLAELI 182 pha

5 nphimrnen 168 ILSEAR 173 phoi
AL hoclosen Il BLKAL] ----- - GLORGGDAIRPYYPODDGLE LID - cvevmmmoncacaass. 140 V-BPD
1, bisepranir 58 MYRRYY 112 V-CPO
C.imaequalis 414 MYRRYY 468 V-CPO

S——
aN_ |

B, lich. 123 - - - -KKTGW LWLV LAFAVGIH v [ L LAV LS 161 berC

E. colf 180 PRART LTIA I LLYWATGVMG GUlF ALYV AT | SWA L 222 popit

H. inflwercar 187 - - - - - LLVYGIAVWGLLMLI H |BLLVAT MLAW LI 224 pepk

e 49 RCLNV I LWLGFWAVOQLNYCL Al H I AV 19] G-6-Pase

Mouse 149 RCLNY | LWLGFWAVOQLNYC LS AQl HQ I AV 191 G-6-Pase

Rar 149 ARCLNVY LWLGYWAVQ LNV C LEE 4 i HO I AV 191 G-6-Pase

M. rivorganii 184 - - - -PANQDAI| LERGYQ LG CEE I 5 RIV A A 222 phoC

P sruartii 184 - - - -PENQDK I LKRGYE LGOEE - 5 RIVASGA 222 phoN

S, flexneri 177 -- - -PORKAE| LRAGYEF GE A i oF FOEEA SV 215 Apymse

Z. mobilis 183 - -« -PDHAANI LQRGQIFGT 3 ] | MASGE 221 phat

S nyphimurion 174 - - - -PERAQE LARRGWEF GO SR F 5 [t} TV VE 212 ploN

A nowdostn 141 AGSCLTFEGEIKKLAVNVAF G 1 @& F | LMLIE T | 183 V-BPO

D. bisepata 113 ATAIVAHFOSAWEMMFENA | g W ik A ROILIPT 155 V-CPO

C.intequalis 469 RTAIVAHFDSAWEMMFENA | kA F A ROILIPT 511 V-CPO

i ST N A T,
E. coli pgpB

H. influenzae pgpB

B. licheniformis berC

Mouse G-6-Pase

Rat G-6-Pase

Human G-6-Pase

M. meorganii phoC

P. stuartii phoN

S, typhimurium phoN

S. flexneri Apyrase

Z. mobilis phoC

A. nodosum V-BPO
ED, bisepta V-CPO

C. inaequalis V-CPO

Figure 5. (A) Alignment of V-CPO of C. inaequalis with the enzymes proposed to contain a
structurally similar active site. The residues contributing to the active site of V-CPO are given
underneath the alignment together with the secondary structure elements in which they are
present. m, Residue hydrogen-bonded to vanadate in V-CPO; ¢, histidine proposed to be the
acid-base group of -CPO. e, histidine coordinated to vanadate in V-CPO; %, residue shown to
be essential for glucose-6-phosphatase (G-6-Pase) activity; =—=,a-helix; =, B-sheet; —, loop.
(B) A dendrogram based on the alignment. The group of membrane-bound phosphatases is

marked with an M, and the group of soluble phosphatases is marked with an S.F
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The structural similarity of the active sites of V-HPOs anill phosphatases is also
reflected by the fact that phosphate inhibits or inactivates \AHB@ vanadate
inhibits the phosphatast&%? This similarity has been confirmed by structural
determination of an acid phosphatase frestherichia blatta€® and its structural
comparison with V-CPOFg. 6).°Y Striking similarities are also observed from the
X-ray structure of the rat prostatic acid phosphatase which hascoeerystallized

with a vanadate at its active sité 5
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Figure 6. Structure of the active site of (A) vanadium chloroperoxidase from C. inaequalis

(PDB ID: 1 IDQ) and (B) the acid phosphatase from E. blattae (PDB ID:1D2T). The

phosphatase cocrystallized with sulfate.®

1. 3. 2. Dual Functions

V-HPOs and phosphatases have different biological functions. The foatedyze

the oxidation of halide, whereas the later catalyze the hydsabygphosphoester and
phosphor anhydride bond. As previously described, since these two ditigresitof
enzymes share the same supramolecular environment at tinver sitgs, hence it is
reasonable to assume that both of them may exhibit the dualiestiitdeed, as
Weveret al showed that phosphatase activity can be observed using the apo-protein
of V-CPO isolated fronC. inaequalig®® °" %% ®"kinetic data, however, indicates that

the active site of this V-CPO is not optimized for phosphatasatgcihe possibility

that peroxidase activity could be observed for vanadate-incorporated plasgshads

been investigated for several systems. The first observation ofophloxidase
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activity was reported with phytase, added vanadate atd.ff Since then reports
have been made demonstrating that other phosphatases can be converted t
peroxidases in the presence of vanadate as@b.Bt %72 Thus, at this time the
analogy between these classes of enzymes includes both stractdraatalytic
aspects. However, the detailed structural requirement for tiveseeactions is still
slightly different. As shown by mutation study of V-CPO, theantuH404A can still

oxidize bromide but phosphatase activity is completely[??ﬂst.

A major issue at the present time (and in the future) is whétieedual activity of
these enzymes observedvitro extends to the function and role of these enzyimes

vivo.[™®!

1. 4. Vanadate as Phosphate Analogy

Phosphateesters and anhydrides dominate the living world. DNA and RNA are
phosphodiesters; most of the coenzymes are esters of phosphoric girgsytooric
acid; the principal reservoir of biochemical energy is adenospleosphate (ATP);
phosphorylation and de-phosphorylation is most important means of signal
transduction; many intermediary metabolites are phosphate estdrphosphates or
pyrophosphate are essential intermediates in biosynthesis anddatigrd”
Vanadate has long been recognized as a structural and elecarmadmgue of
phosphate, encompassing the tetrahedral ground state and the pentateabrdina
excited state, which is the chemical base of the wide rahgarmadate biological

activities!”®!

1. 4. 1. Comparison of Tetrahedral Form: the Gro  und State Analogy

Vanadate and phosphate analogy is most evident in the tetrahedr@nic forms
(VO,* and PQ*) as demonstrated by their similar protonation reactitis 4-6)..">
1 However, the similarities of theKp values for vanadate (3.5, 7.8, and 1275)

with those of phosphate (2.1, 7.2, and 12.7) document that the analogy also extends

from structural to the electronic properties of these sp&&ié%.”> 7®!
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H3VO,4+ H,O == H,VO, + H30+ pKa 3.5 (4)
H,VO, + H,0== HVO2 + H:O* pKa 7.8 )

HVO 2 + OH'== VO, + H,0 pKa 12.7 (6)

Given the central role of phosphate and phosphates in biology, a wideofaftgets
of two classes of V-compounds, vanadate anhydrides and vanadas estebe

envisioned.

1. 4. 1. 1. Vanadate Anhydrides as Structural An alogues of Condensed

Phosphates

In aqueous solution, vanadate undergoes a number of hydrolytic and self-
condensation reactions. The equilibria within the various vanadatesggggi 7) are

very sensitive to pH, concentration and ionic stren&i.(8). Around neutral pH,
H,VO, and HVQ? oligomerize to form dimeric, tetrameric, and pentameric
specieé?&go] These vanadate anhydrides are analogues of pyrophosphate, oligomeric,
and polymeric phosphate anhydride. They readily undergo exchangguaous
solution®" 82 whereas pyrophosphate and the corresponding oligomeric phosphate

derivatives are stable and kinetically inert.
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Figure 7. Agqueous structures for the major vanadate species.
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Figure 8. Phase diagram showing the distribution of vanadate species as a function of pH

and total Vanadium concentration.

The tetrameric and pentameric vanadates are cyclic in @oland fail to show a
structural analogy with the biologically interesting linear phowsgghaThe linear
trivanadate WO1o> has been observed in solution By NMR spectroscopy in the
pH window of 8.8 to 9.2 at high ionic strengﬁﬂ.However, importantly a linear
vanadate trimer was recently reported binding to phosphatase PhoBé#willus
stearothermophilu§? Prior to this report, the structural analogy of these
homovanadates were limited to the analogy between pyrophosphateearahadate
dimer in purely inorganic systerﬁ’§]. No information is currently available on

systems that support four-coordinate vanadium in a basi©®G; unit.

The most important anhydrides analogues are those of ADP, ATPotaed
nucleotides. Although a range of ADP and ATP analogues have beemegraépa
agueous solution and spectroscopically observed, the most useful analogues ar
AMPV and ADPV. Applications of both these analogues as probes haversten

with some success, particularly when the analogue is binding in allostesif®&e!
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1. 4. 1. 2. Vanadate Esters: Functional Analogue s of Phosphate Esters

Vanadate esters form readily in aqueous solution and are found to meenz
substrates for a range of phosphate-involving enzymes includingdmbgienases,
isomerases, and aldolases. One example of vanadate ester foratierreaction
between D-glucose and vanadat®-Glucose contains one primary and several
secondary hydroxyl groups that can form vanadate esters. Indaey,species form

in such solutions as indicated by and**C NMR spectroscopy (data not shown).
However, as was shown first by Gresser, the small amount aisgit&vanadate that
forms is recognized by glucose-6-phosphate dehydrog&iadein Scheme 5 the
proposed conversions are shown, explaining the rapid oxidatiorghfcose toD-
gluconate that does not take place at an appreciable rate in the absence @dagvan

unit.

OH OH
§ f
/\<\OH /\<\OH
o 0O-
HO GBPDH HO
H OH HO

HO
OH NADP NADPH 0
f

"\ "OH

& H

Q Q .
Ha * HO0 T HH * HVOu

HO HOYo

Scheme 5. Reaction of D-glucose with vanadate to form D-glucose-6-vanadate, a

substrate for glucose-6-phosphate dehydrogenase. The oxidation of D-glucose catalyzed by
glucose-6-phosphate dehydrogenase is shown next, followed by the hydrolysis of the
vanadate ester.

1. 4. 1. 3. Differences

One difference between vanadate and phosphate is that near pelutha@ vanadate
monomer exists primarily as a monoanion\(B,), while phosphate exists primarily
as a dianion (HP§). In contrast to the high stability ofsPIOs, the existence of
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HsVO,, although occasionally inferred, has not been docum&ft&presumably
reflecting the conversion to W) which is the major species of aqueous vanadate
solutions at pH 1. Thermodynamic evidence has now been provided suggesting
the high stability of V@' is due to the increased coordination number of the hydrated
form as compared toN O,

Another difference lies in the fact that, under physiological canditivanadates can
undergo redox chemist$! while phosphates do not. The most important difference,
however, is that penta-coordinated phosphate is thermodynamically enstabbre

only inferred as high-energy intermediates, whereas vanadat@aommodate a
higher stable coordination number, which accounts for the notion that penta-

coordinated vanadates are analogues of penta-coordinated phosphatgorira
state!™

1. 4. 2. Penta-Coordinated Vanadate:Transation St ate Analogy of Phosphate

A large variety of phosphate-metabolizing enzymes including phasg#gatmutases,
ATPases, kinases, lyases, synthases and some ribonucleaseze caltalgphoryl
transfer reactions, and share the same mechanism involvingrthation of penta-
coordinated phosphate as high-energy transition state. In gehess, énzymes are
potently inhibited by vanadate due to the chemical similafiegt®/een vanadate and

phosphate combined with the ability of vanadate to readily undergo ethang

coordination geometryF{g. 9).1"> 94 %!
O I
NU‘Q———!E’—-_(_‘_R Nu /V’ R
O/ ////O e) ///o
high-energy transition state stable state

Figure 9. Schematic representation of penta-coordinated phosphate transition state and its

vanadate analogy.

This unique feature of vanadate was first proposed more than 30age&f$ and has

been confirmed by structural determination of a broad varietyofrees which have
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been co-crystallized with a vanadate. 39 structures including pnaeadate
complexes are available from the Protein Data Bank till $apte 7, 2004. Twenty
one of them have been classified as representing transition Atabté the vanadate
complexes classified as transition state mimics exhilgiortial bipyramidal or
distorted trigonal bipyramidal geometry at vanadium, and at teasbond between
the vanadium atom and atoms of the enzyme or substrate molé€ulés incoming
“nucleophile” normally occupies one of the two apical positions of thyortal
bipyramidal vanadium complex. Based on the different electron dontbeiactive
site, these enzymes therefore will show some variation inittienaction with the V-
compoundsKig. 10). For example, the alkaline phosphatase has a nucleophitie seri
residue in the active site whereas some other protein phosphltasea cysteine
residue as nucleophile, and the acid phosphatases contain a histidine rasihe

active site which bond vanadate similarly as VHPOs, which wasided inpart 1.3.

o
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Figure 10. Schematic representation of different types of penta-coordinated vanadate as

transition state analogue of different phosphate metabolizing enzymes.

1. 5. Coordinating Bond or Covalent Bond: Implica  tion from X-ray Structures

The bond characteristic of the unique V-N linkage between the nitd@2) of His-
496 and vanadate at the active center of V-CPO was assigned\aent bondt* >
3032 3lthough the original X-ray data may not exclude a more liketBrpretation,
that this is a coordinating bond. Actually, due to its specittednic property,
histidine is often chosen by nature as a bio-ligand to bind negtaigrious enzyme
active sites, viaoordinating bond, such as that in the hemoglobih.*®! The only
confirmed covalent his-metal bond appeared in the biological systéhe icopper-

zinc superoxide dismutase (CuzZnSOD) enzyme, where a deprotonateddist
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bound to a zinc and a copper ions simultaneously. However, two closeionstas
essentially required to form such a covalent bridge as shofig.id 11°°*%%

Cu"\N/éj\N/Zn"

Figure 11. Schematic representation of “bridging imidazolate” of cupric form of CuznSOD.

The comparison of the V-N bond of V-CPOs with other enzyme-trapped-penta
coordinated vanadate should lead to a better understanding of the ofattis bond,
since they are all formed from tetrahedral vanadium(5+) bgpitg a fifth ligand
without changing the oxidation state. If this newly formed bond is cuatrdg, the
original V=0 double bond should remain at one of the equatorial positiamnoam

in Fig. 12 (Type 1); otherwise, all the five bonds are single bonds ihéwdy formed
fifth bond is covalent bond (séeg 12 Type 2). The bond order is visualized by the
bond lengths as listed ifiable 1 The length of the equatorial bonds of all available
structures belonging to V-HPOs family (all type ITiable 1) is significantly shorter
than that of type 2, reflecting there is one double bond existspgerltywhich may be
averagely delocalized within the 3 equatorial bonds. Therefore, westuggeV-N
bond of V-CPO is a coordinating bond.

Type 1 |
V. pn\te]

o— N,

d5 WO Coordinating Bong i

R
d{
o d3 V..|\\|“\
\ R
d‘{ NG
Nu

Type 2 |
» el

o—V.
e
Covalent Bond
Nu

Figure 12. The schematic view of two different type penta-coordinated vanadate

depending on the different nature of the fifth bond (marked in red).
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Nu

Name/Type PDB Resol. di1(A) | d2(A)| d3(A)| d4(A)| d5(A)| Ref.
VCPOs Native/1 | 1IDQ 2.03 A His 2,075 | 1,881 1,600 1,658 1,608°"
VCPOs

Recombinant/1 1VNI | 2.15A His 1,940 | 2,147 1,600 1,600 1,608%?
VCPOs

H404A/1 1VNG | 2.20 A His 1,956 | 2,002| 1,592 1,598 1,5901%?
VCPOs

R360A/1 1VNF | 2.35A His 2,006 | 1,774| 1,585 1,609 1,62pF2
VCPOs

D292A/1 1VNE | 2.15A His 1,974 | 2,196 1,590 1,604 1,601°7
VBPO-

Dimer-A/l 1019 2.05 A His 2,111 | 1,771 1,690 1,517 1,6044
VBPO-

Dimer-B/1 1Q110 | 2.05 A His 2,111 | 1,772| 1,543 1590 1,576%4
VCPO-N3/1 1VNC | 2.10A His 2,249 | 1,982| 1,535 1,641 1,667%%
Alkaline-

Phosphatase/2 1B8J 1.90 A Ser 1,721| 1,921 1,771 1,710 1,7211%
Estrogen- 5’-phosphate

Sul-transferase/2| 1BO6 | 2.10 A of PAP 2,079 | 1,990| 1,662 1,691 1,6761%
Phospho-

Glucomutase/2 1C4G| 2.70A Ser 1,880| 2,007 1,731 1,738  1,714'%
Yersinia

PTPase/2 @ 22A Cys 2.520| 1.940 1.61 1.69 1.7 (108l
BovineLow

MwPTPase/2 ®) 2.20 A Cys 2,160 | 1,720 1,600 1,620 1,62pM%"

Table 1. The statistic bond-length on the different 2 types penta-coordinated vanadate in
enzyme.(a) Data from personal communication with Prof. Mark A. Saper at University of
Michigan; ® Data of bond length from the original publication; structural data of both @ and ®

are not available at PDB.

1. 6. Synthetic Models of V-HPOs

Evidence of the involvement of vanadium ions in V-HPOs and its partiaatavity
have stimulated interest in synthesizing biomimetic structamadl functional
models®® 7 1981 A stryctural model allows deduction of site characteristics by
possessing sufficiently high adherence to the indicated featusespeictroscopic
comparison, which is especially valuable to reveal possible coohnati
characteristics at the active site before the high resolatigstal structure of the
enzyme is available. Aunctional model sustains a stoichiometric, or better, a
catalytic reaction which transforms substrate to product as does the enlbgitata

different rate and not necessarily with the natural substratsfispig. A functional
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model is not ineluctably a structural model, but, ideally, a highifydetructuraland
functional model will certainly leads to the ultimate goal of foganic research:

definition of function in terms of structuré? 3!

1. 6. 1. Structural Models of V-HPOs

Two general categories of complexes have been describedruasursi model
complexes for haloperoxidase enzymes. The first class is defimetbmpounds
containing V (5+) and even (4+) bound to ligands with O and N donors rarodtell

of them contain V-O-R covalent bonds as vanadate ester or mixed anadat
carboxylic anhydrate; some examples are showkign13 The largest group within
this class of compounds is the Schiff base complexes. More than £6@l cr
structures of V-containing Schiff bases can be found in a searchheof

crystallographic database and document the widespread interestsén tyjpes of

compound&® 114111
(N\ﬁ/o =(O\@ NO I—(b\@/
O N\, N\,
oo Q/Uj B_C/’{' OHyJl o | OHp=0
N N ;,_/
d H o d

Figure 13. The selected vanadium complexes with O and N donors supposed to be

structural models of V-HPOs.

The second class of model complexes includes peroxovanadium complexss. The
complexes are of interest because vanadium peroxide is involved as an intermediate
the catalytic cycle of the VHPO reaction, and the peroxide fufr-CPO has been
confirmed by crystal structure determinatidh.A wide range of peroxovanadium
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complexes have been reported, and several reviews are dedicdtediisctission of
the structure and chemistry of these systéfhd!® 1171

Combined methods using’v NMR spectroscopy, potentiometric data (glass
electrode), electro spray ionization-mass spectrometry (ESJ-MB8d ab initio
calculations have been found to be excellent tools for obtaining difecmation
about the structure and chemistry of peroxovanadates in sdidfiétt! The number

of peroxo groups and the auxiliary ligand that are coordinated to tlaelivam atoms
dictate the structures (and reactivity) of the peroxovanadanmplexes. The peroxo
group is bound side-on to the V(V) atom with V-O bond lengths on the ofde85

A and 0-O bond lengths of about 1.4 A. Complexes are known with one, twe, thre
and four peroxo groups, although only the two former classes of complexésund
under the conditions required of functional mimics. Coordination numbers atoeind t
vanadium are generally 6 or 7, and the elaborate dimeric structiiessfall apart
upon dissolution of the compounds. However, detailed speciation has been

characterized for a few simple systems, and this area has been recAaeWychzz]

It is worth to note that there is one example in which the intrecatdr hydrogen
bond was taken into the consideration for the design of structural Htdtidbwever,
the stability of the overall complex is still mainly contributeahfi the covalent bonds
between vanadate oxygen and ligands, as showigiri4

Figure 14. The ORTEP view of [VO(O,)(®*™"pyg,)]. Hydrogen bonds in dashed lines. All

protons have been omitted for clarity. !
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The structural information regarding the haloperoxidases agite® have now shown
that these complexes are poor structural model systeris.

1. 6. 2. Functional Models of V-HPOs

Initial studies on functional mimics of V-HPO were driven by tlaek of
spectroscopic techniques capable of observation of the vanadium siteeimzimee.
Nevertheless, effective modeling of the V-BPO activity was inbth for cis-
dioxovanadium (V@) in acidic aqueous solution by Butler and co-workgfs!?®!
Previously, oxidation of iodide under similar condition had been repdttewvith
this system, a detailed mechanism involvingklbinding to V, followed by bromide
oxidation was proposed, similar to V-HPOs. Two important differebeéseen this
system and V-HPO are that a dinuclear specie€,(0,)s;, was implicated as the
active catalyst and strongly acidic conditions are require@dbvity (pH < 2). The
identification of dimeric active species was based on theHat(1) the rate of halide
oxidation showed clear second order dependence on [V], and (2) a maratewvas
observed under pH and:@, concentrations where VO and VO(Q)” were equal,
and thus, the concentration of the dimerigO¥O,)s is maximized, Eq. 7-9 The

proposed mechanism for this reaction is outline8adheme 6.

VO," + H,0, — VO(O,)* + H,0 K (7)
VO(O,)* + H0, — VO(O,) + 2H K (8)
VO(O,)" + VO(O)) — V20,(02)3  Ks 9)
VO, — KL voo)y—=2_-  voy;,
N J
HOBr = Br, = Bry Ka
(VO)2(O2)3

Br

Scheme 6. Proposed mechanism of halide oxidation by V,0,(0,);.*"!

24



While the structure of M0,(0,)s is not known, Pecoraro proposed the structure of the
active \L0,(0,)3 to have an asymmetrically bridging peroxide of the form shawn i
Fig. 15 (B)?®based on the’V-NMR study in acetonitrilé®® and the crystal
structure of tetraperoxo dimmefig. 15 (A))[m]. In Fig. 15B, the second vanadium
could very well function as a “giant proton”, activating the diperoxogateacomplex
toward nucleophilic attack by the halide, comparable to the prottreimonomeric

complexes, as suggested for V-HPBY,

A B
(@) (@)
ol -~ 99 o
~0—0l/ ol _oq—y—0
|/V// \V \ ‘\V/O V. /
o) . © ~
VA

Figure 15. Drawing of (A) V,0,(0,),> and (B) proposed coordination of V,0,(05)s.

Conte and co-workers designed a two-phase sy$t&@-CHCEL or H,O-CH,Cly);
products analysis, ESI-MS and ab initio calculations wereechiwut to provide

evidence for the hypobromite-like V-compléx:*33!

These studies importantly demonstrated that not only do systesaghet mimic the
enzyme reaction, but if the simple ion can catalyze this maatbmplexing ligands
should be able to enhance and/or retard this reaction. Since theggaofaystems
have been reported competent to carry out this redttigh.18 114 115 117 134 hage
complexes include the first monomeric complexes LVO(OEt)(EtQHF= N-(2-
hydroxyphenyl)salicylideneamine or N-(2-carboxyphenyl)salicyledanine) Fig. 16
reported by Butler and co-workers, which showed that the bromination ofghaic
substrates proceeded exclusively via an electrophilic mechaaigminvolved no

; o |i 5 o |i
O\U/ND O\\'}/N
o’ |\o o’ |\o

HOEt HOEt ©O

radical intermediatds®®

Figure 16. Drawing of LVO(OEt)(EtOH)™*
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Pecoraro and co-workers designed a model system with ligands edntpleted the
coordination sphere of an oxoperoxovanadium {fit*¢**®These most completely
studied model compounds have been with tetradentate tertiary aonmgeges
containing different combinations of carboxylate, amine, alcohol, aroidpyridyl

donors Fig. 17). The most efficient complex of this class, [VQJBheida] , in the
presence of excess acid and peroxide, up to 10 turnovers were accamnpiisire 3

min, and thus increased the rate of reaction by at least anafrdexgnitude greater

than that observed for Butler's systems. The starting dioxovanadabtglexes
(VO,L, L'= tetradentate ligand) and oxoperoxovanadate complex (VAR(JO)Fig.

17) have been isolated and structurally characterized. In additiorkirteécs of
peroxide binding to the compl@??] and the Kkinetics of subsequent halide
oxidatiod®*” *® have been measured and a detailed mechanism proposed. These
systems also catalyze, @rmation in the absence of an organic substrate, similar to
enzymes. Studies with /O, showed persuasively that the oxidation of bromide
produced @ which was completely labeled witfO and thus indicated that peroxide

is oxidized without oxygen-oxygen bond cIeav&@@.One key point with the kinetic
studies of the VEL' complexes is that the reactions were run in acetonitrikés Tess

polar solvent was vital, since chloride, bromide and iodide oxidation wete
observed under any aqueous conditions. Both bromide and iodide can be oxidized in

acetonitrile, but chloride oxidation was not achieved in water or acetonitrile.

Q Q, Q, 7\

2w 21w 71 W 9l WO
NV NV, AR N—V L
4] O /L /O /0
QOH Q0 00 NO
Y i \ [1/
o} O NH, 00 o
(0]
heida ligand ada ligand nta ligand bpg ligand

Figure 17. Oxoperoxovanadate complex (VO(O),L") and the abbreviation (H,heida = N-(2-
hydroxyethyl)iminodiacetic acid; H,ada = N-(2-amidomethyl)iminodiacetic acid; Hsnta =

nitrilotriacetic acid; Hbpg = N,N-bis(2-pyridylmethyl)glycine.) of the ligand.

The kinetics of peroxide binding to the MO complexes to form the oxoperoxo
complex, VO(Q)L’, are first order in VQL'. In the absence of acid, Michaelis-
Menton behavior was observed upopOpl addition, indicating the formation of a
reversible VQL’ -H,O, intermediate. Upon addition of acid, the Michaelis-Menton

behavior is greatly diminished or disappears completely (depemdinggand and
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acid concentration), and a first order dependence &» Ebncentration is observed.
The proposed mechanism for peroxide binding is summarizedhieme 73¢

n H* o n+1
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Scheme 7. Proposed mechanism for peroxovanadium complex formation.™*®

The kinetics of halide (Brl") oxidation are first order in peroxovanadate complex and
halide. Based on kinetic, UV-vis and NMR analysis, there is no evideinbalide
binding to the complexes at any point during the reaction. One verytampdactor

for achieving halide oxidation in acetonitrile is the need for onevabarit of acid. In
the absence of acid, no reaction occurs. These results suggéise tbamnplexes must
be protonated (presumably at the peroxide) to become active. By sfutgirate
dependence on acid, estimated,pKor the protonated peroxovanadate complexes in
acetonitrile have been obtained and range from 5.5-6.0, depending on tice Fga
comparison, the p& of HI and HBr in acetonitrile are also in this range, @ltiie
pKa of HCl is ca.9. Thus, Pecoraro provided an explanation for the lacklafide
oxidation in acetonitrile is that the chloride buffers the reactipreventing the
formation of the active protonated peroxovanadate confiifeX®

Based on these studies, the mechanisnscheme 8 has been proposed for the
Pecoraro’s model complexes. This mechanism is also consisténtemzymatic
studies, where it was shown that the halide oxidation step procetztsatalower pH
where protonation of the peroxide is favdt8din addition, His-404 and Lys-353 are
both located near the vanadium binding site and may participatetivatang the
complex through hydrogen bonding interactfon®® With regard to the other model
studies, no evidence for complex protonation was provided, but the reacémnsliv
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run under acidic conditions because of the need for protons to drive the net

reaction*?*!

RX+H* o
| H-0,
L—V;
\O
O,+X +2H,0 H,O
RH
i i
@]
X4 LV L—v |
\O H202 + 20H" \O
H +
OH +
i
O
L—V< |
OH

Scheme 8. Proposed mechanism of Pecoraro’s model.

Although much progress has been made in recent years toward aclbewmigle
oxidation with model complexes, ‘Gixidation has remained relatively elusive. It has
been observed with X0,(0O,); in aqueous solution but no rates were reported,
presumably because the rates were too slow to mé&ti@hloride oxidation has
been achieved by using mixed water/acetonitrile solvent. By tagjusvater
concentration in acetonitrile, vanadate has been shown to cathlgriele oxidation,
with a mximum rate occurring in 6% ,8/94% CHCN.'?® 2%l presumably, this
water concentration represents conditions where the concentratitime odctive
protonated peroxovanadate species is at a maximum. UnfortutdteN\MR shows
that the equilibrium under these conditions is very complex, and thee act
peroxovanadate species has not yet been identified. Approximate ofuler
dependence of the rate of halide oxidation on [V] strongly supportereomeric
complex as the active species. The rate dependence oconCéntration has not been

determined because @lcts as both a substrate and an inhibitdr.

Although success was obtained to some extents with several functional meel@issys
the lack of the structural similarity, especially concernheyhydrogen bond net work
and positively charged donor sites of V-HPO active pocket, thafismnce for

mechanism comparison between models and enzyme, is limited.
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2. Aim of this Work

Vanadium haloperoxidase (V-HPO) are one of the few natural oeguemzymes
found that catalyze the halogenation of organic substrates. Accotdirray
structure analysis of vanadium chloroperoxidase (V-CPO), the ctorfaf the
enzyme is a monovanadate H¥CObound to the protein in a unique supramolecular
fashion,i.e. via H-bonding to the positively charged amino acids (Arg 360, Arg 490
and Lys 353) and via a single V-N bond to the nitroges2)f His 496.

The enzyme works at slightly low pH and employ®kand X (Br- and CI-) which
take part in the catalytic cycle. It is believed that thectrea mechanism passes
through a peroxovanadate [EnzymeXQ)]. which is then protonated, and
subsequently attacked by.XThis X is then oxidized to Xfor further electrophilic

reactions.

Many details of the reaction pathway are uncertain and no enmodel has been

prepared which contain the unique cofactor-binding —mode of the native enzyme.

Therefore, the aim of this work has been the preparation oéteptors that (1) bind
vanadate (and its structural analogue phosphate) in a enzymiadhken and (2)
catalyze the halogenation of organic substrates.
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3. Results and Discussions

3. 1. Tris(2-guanidinium-ethyl)amine (TGEA), the Fi rst Supramolecular

Receptor of Orthovanadate and a Spectroscopic Model of V-HPO
3. 1. 1. Design and Synthesis

Binding of anions through non-covalent interactions is a common struototd of
many enzymé§® inter alia of proteins such as phosphatase and V-HPO. The
development of supramolecular receptors for phosphate has been ektensive
studied*** while its structural analogues, such as vanadate, and otherioraaisit
metal anions, have been rarely investigated. From the conventional ofie
supramolecular chemistry or “host-guest” chemistry, thedate behaves like a dual
property “guest”: it accepts hydrogen bonds and Coulomb interactiartbevoxygen
atoms as a typical anionic “guest”, while vanadium center magmthe capability to
coordinate to ligands with lone pairs. In particular, this featacgires ligands to

selectively bind vanadate that are different from those designed for phosphate.

To obtain a supramolecular receptor that binds vanadate in an enkgniaskion,

we chose the tripodal ligand Tris(2-guanidinium-ethyl)aminstfuctureseeScheme

9), of which binding of phosphate has been already stiffédl contains three
guanidinium subunits flexibly connected to a central nitrogen.ithportant to note
that this central nitrogen could bind to vanadium, i.e. mimicking thilimetN of the
active site coordination in the enzyme. Further, the high yatue (pKa=13.5 for
guanidinium in wateB*” of the three guanidiniums, which replace two arginines and
one lysine in the active site of V-CPO, ensures protonation in al lrdawindow
providing positive charges and several hydrogen bond donor sites. The charge
repulsive effect adjusts a low pK value of the central nitrogen atom preventing
protonation down to pH 2.48% and hence providing a lone pair to coordinate with

vanadium at experimental conditiongje infra

It is worth to note that the guanidinium group is widely adopted for igndf anions
either in biological systerté¥ or in synthetic receptors because of its high yue
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and directional hydrogen bond donor abilif§j: **® For other guanidinium receptors

see referencé%4l, 142, 146, 150-169]
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Scheme 9. Synthesis of TGEA (1) and proposed structure after binding of vanadate.

1 was conveniently synthesized in one step frenand 3 in the presence of 3
equivalents of diisopropyl-ethyle-amine (DIEAhder ultrasonic condition&¢heme
9), and purified by crystallization from methanol/&H, as thetris-HCI salt which

co-crystallized with one molecule of methanol.

Figure 18. X-ray structure of 1. The cocrystallized methanol molecule, another two chloride
anions and the CH, hydrogen atoms are omitted for clarity. Hydrogen bonds are in dotted line
with figures of the distances marked (A). The figure was prepared with the program WebLab

ViewerLite.

The crystal structure df exhibits a basket shapig. 18), binding one chloride anion
inside the basket, by forming six hydrogen bonds with two NH hydrag@mns of

each of the three guanidinium groups, that are pointing towards thial@as of the
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basket. The two nitrogen atoms of N-§CHH,-N(G) adopt agaucheconformation and
the central nitrogen atom has ando- configuration, with its lonepair inside the
basket. This special arrangement seems to be suitable to bind tearfaddher,
molecular modeling indicates that the three arms have ancéemability and hence
the chloride shown in the crystal structurelafan be replaced by HVO to give a
complex ad (Scheme 9.

3. 1. 2. Binding of HVO ,* to TGEA, NMR Titration and ESI-MS

The formation of a complex betweé&rand4 causes the change of chemical shifts for
both'H and>'V nuclei, facilitating the binding study by NMR titratioy NMR has
been an indispensable technique in characterizing vanadium (5+) corffplexes
Although nuclei with spin 7/2 usually give broad peaks in NMR spectros¢bpy
unusually small absolute quadruple momem.037><1028| m?), the relatively large
magnetogyric ratioy(= 7.0453x107 rad 15%), and the high natural abundance make
the >V one of the most favored nuclei for NMR with a relative senstivi
approximately 2000 times greater tHa@e3 8¢: 129, 170.171]

To investigate the binding of vanadatéo ligandl the following important aspects
have to be considered. Depending on concentration and pH, vanadate forms
equilibrium mixtures of monomeric and oligomeric vanadates; thuscildgdte NMR
titration experiments conditions for the presence of only monovandetO,>)

should be used. The use of buffers can be abandoned since many of thie possi

bind to vanadatéf® '"® and/or to1. Further, according to earlier studféd the
chemical shift o’V is extremely pH dependent. For these reasons a stock solution of
HVO.* (BwN"* as counter cation) was prepared in water, pH 10.2, for which,AVO

is >90% the dominant species. This solution was titrated véthconstant pH 10.2.

The titration was followed by'V NMR and'H NMR (Fig. 19. The>!V resonance

shifts from —-536 ppm40[122] to -544 ppmYg) and protons at C adjacent to the central
nitrogen shift from 2.77 ppml) to 2.65 ppm §). Both NMR methods, using a
nonlinear least-squares fitting reveal that the 1:1 conmpleXormed and that binds
1withKa=1.1x 16 M™.
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Figure 19. 'H-NMR(A)- and *'V-NMR(B)-titration curves of binding 4 to 1 in aqueous

solution; pH was kept at 10.2 with (n-Bu,N"OH)/HCI, and total vanadate concentration is
constant at 2 mmol/l to avoid concentration dependent *'V chemical shift change. *'V

chemical shifts relative to VOCI; (0 ppm).

The binding ofl and4 is highly pH dependent. The titration performed at pH 12.01
showed a big difference on the tendency curve botfHef(not shown) andv-
chemical shifts ig 20). Job plof™* 1" displays a maximum at vanadate fraction
([ 4] total ([ totart [ L] 1ota)) OF 1/3, indicating the formation of 2:1 complex betwéeand

4, which can be explained by changing of protonation states at lpghé¢he positive
charge number ofl decrease and negative charge number afcrease due to

deprotonation of both species.

-534 —

Job-Plot
For 5V at pH12.05

—e—51-V Chem.Shift(PH10.21)

- 4 - 51-V Chem.Shift(PH12.05)

1=

0 02 04 06 08 1

Figure 20. Comparison of *1V-NMR titration curves of binding 4 to 1 at pH 10.2 and 12.01.
Inlet is the Job plot at pH 12.01.

'H-NMR titration was performed under identical condition to stuwdy linding ofl
to phosphate, and the resulting highly similar titration curve tsfldee structural
analogy of HP@ and4 (Fig. 21). However, the*!P chemical shift of phosphate is

not sensitive enough to facilitate accurate titration.
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Figure 21. Comparison of *"V-NMR titration curves of 1 binding vanadate and phosphate.

Further evidence for the formation 6fwas obtained by ESI-MS which showed a

prominent peak at 391.2 (391.17, calculated).

3. 1. 3. V-N bond characterization: UV and TD-DFT st udy

The coordination of the nitrogen £R) of His 496 of V-CPO o€Curvularia inaequalis
has been related to a particular UV absorbance at 31%ninis interesting to note

that the UV difference spectrum #fand>5 reveales the same characteristic displaying

Amax= 307nm Fig. 22.
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Figure 22. Difference spectrum of 5 and vanadate 4 in DMSO with total vanadate

concentration of 0.2 mmol/l.
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For in depth understanding of the relationship between the excitatiothe structure,

ab initio calculations were carried out with the GAUSSIAN98 suite of @nmgt®

In all calculations the total wavefunction was converged td Hb the 6-
31G**/B3LYP (for closed shell) or 6-31G**/UB3LYP (for open shell) Iévieéor the
electronic spectra time-dependent density functional theory (DFaE) weed. The
starting structure for the partial optimizations was the Ksgtaucture of vanadium
chloroperoxidase (V-CPOs, PDB code 11DQ) with the Lys 353, Arg 360, His 404 side
chains constrained to their respective positions in the cF%tSubsequently, the
structure of the HigeHVO,* system was optimizedFig. 23A). With time-
dependent DFT calculations the positions and intensities of theogliecatbsorption
bands were determined on this optimized structure. The continuous spe¢sim
derived from converting the stick spectrum with a Gaussian apestvith full width

at half maximum of 7.5 nm centered around the calculated frequenaoyidmgeak
intensity from the electronic structure calculation. For comparitiom electronic
spectrum of isolateHVO,* was also determined at its respective optimized structure
(Fig. 23B).

007 =

hOn H

A His404 al
1005 H
w AT
fa e % IE
db - IR
52 BN S E
9 o g
Lys353 1 jb_:-f Argddl 2 WHisHVO F
) - a .
el @
R i\ [THiss
E‘? L} = HisH Vo 2
@ His496 oot 2
LA
o {f} Hvo 2

il
2IMl 230 300 3500 EH (1
H

Figure 23. (A) Model system for the active site of 1IDQ. Position of H atoms were

optimized while heavy atoms of the protein fragments were kept at their X-ray positions. (B)
The calculated UV spectra of HVO,*trace 1 below) and after adding subunits of the enzyme-

like micro-environment. Abbreviations: W: H,O; protein: Lys 353, His 404, Arg 490.
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The calculated UV spectra of H®and HVQ*-His-protein, are shown in Figure 3.

In good agreement with experiments the main absorptions of isdtateén? are
below 300nm (trace 1 irig. 23B). Approaching N2-histidine to vanadium of
HVO,> changes the geometry of V-coordination and leads to a V-N distance
dependent absorption above 300nm. When the V-N distance is set at 2.00ngstr
the distance found in enzyme (see also Figure 3A) the bands Béwm almost
entirely disappeartrace 2 in Fig. 23B. Keeping the V-N distance constant the
binding of water to the apical OH of H® (trace 3 inFig. 23B), further H-bonding

by His 404 to the same oxygen and Arg 490 and Lys 353 interactions torejua
oxygen atoms of HV@ (trace 4 inFig. 23B) qualitatively give the same picture:
significant UV absorptions between 300 and 350 fihee UV absorptions between
300 and 350 nm remain though their intensities are modulated depending upon the
number of H-bonds. These results support the interpretation of thdiffévence
spectrum of V-CPO fron€urvularia inaequaligelating the observed absorbance to a

V-N interaction.

Similar calculations were also performed for the model sy&igScheme 9. The
proposed structure was partially minimized at the AM1 level. Tthenjnteratomic
distances were further optimized &ly initio calculations using the methods and basis
set described above. The flat potential energy surface alongdneéir@ation during
optimization accounts for the flexibility & Electronic absorption spectra were then
calculated at a series of V-N distances, namely 2.55, 2.35, 2.25 and 2.60ulyt its
influence on absorption. The resulting maxima of the absorption band 300vem
and the maximum intensities are showrrig. 20. Both of them increase significantly
as the V-N distance becomes shorter suggesting a strotigretép between V-N
distance and excitation.
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Figure 24. Change of intensity (solid line) and A, (dashed line) of the absorption band
above 300 nm as a function of the V—N distance in 5. For decreasing V-N bond length the
maximum shifts further to the red and the intensity increases. The absorption is strongly
dependent upon the V-N distance. Similar results were found for the model system for the

active site of 11DQ compound in Fig. 23A.

3. 1. 4. Binding of Peroxovanadate to TGEA 1

Whether peroxovanadate bindsltes of interest, because th@no-peroxide form is
proposed as the key intermediate in the catalytical cycle PQ®, which is
confirmed by X-ray structure determinatith(see chaptet. 2. 1. 1. 3.). Although

the vanadate readily forms adducts with hydrogen peroxide in sqlittisnalmost
impossible to prepare a stock solution in which the mono-peroxovanadaie is
predominant species to facilitate the NMR binding study, becausétéraction
between vanadate and hydrogen peroxide gives rise to a vafiefpecies and
equilibrium.[m] For example, in the neutral aqueous solution gHV/ at a ratio of
1/1, mono-peroxovanadate is only a minor component, while di- and non-
peroxovanadate are dominant species. Upon addition of one equivatent olis
solution, the® NMR peak of di-peroxovanadate shifted slightly to higher field
(from -694ppm to -697ppm) and became a little broader indicating cratige of 1

and diperoxovanadate may occur. However, the presengedaf not change the
vanadate equilibrium and no evidence could be obtained whether tee oaalyzes

the oxidation of Brto Br'.
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3. 1. 5. Tris(3-guanidinium-Propyl)amine (TGPA) and  Solvent Effect

In order to study the influence of the length and flexibilityhe linkers between the
central nitrogen and the three guanidinium units, tris(3-guanidiniupyBamine
(TGPA, 6) was synthesized in a same way asloHowever, the following NMR
titration and UV study failed to demonstrate that the binding of vanadétecurred,
presumably becausé is too flexible and the charge repulsive effect of the
guanidinium moieties favors a “dendrimeric” structure rather thdabasket”, and

hence disfavors binding.

The polar inter-molecular forces such as hydrogen bonding androstatt
interactions will be enhanced in less polar solvent. To improvediubility of 1 and

6 in organic solvents, the Ctounter anion of botld and 6 were exchanged to
tetraphenylborate (BRW, via precipitation in water with NaBRhThe resulting
TGEA.3-BPly (7) and TGPA.3-BPh (8) are both highly soluble in acetonitrile.
However, when7 or 8 was titrated with vanadate in acetonitrile, a cloudy solid
precipitated immediately and the solid could not be re dissolved in most of the organic
solvents, not even in DMSO¢B mixture. The IR spectrum (KBr) of the precipitate is
significantly different from that of6, the detailed assignment needs further

investigation.

3. 1. 6. Summary of part 3.1.

In summary, NMR and UV spectroscopywfevealed the structural similarity to the
active site of V-HPO. DFT calculations identify V-N transits as the origin of the
observed UV spectra for both the enzyme V-CPO and its nsod&hce it is obvious
that the central nitrogen i forms a coordinative bond to vanadium our results
indicate that the vanadiumeR4is 496 interaction in V-CPO is of the same nature.

Accordingly5 is a spectroscopic enzyme model of V-CPO.
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3. 2. Macrobicyclic Guanidinium-Cryptand: the Cage Shaped Receptor

3. 2. 1. Design and Retro-synthetic Analysis

Given the K of about X 10° M" betweenl and vanadate, the 1:1 ratio of free and
ligand bound vanadat®)(can be calculated for a solution containing 2M of ehch
and HVQ?. The ratio of free vanadate will even increase if the taiatentration
decrease, hence to facilitate the study of catalytic agtinew receptors with higher
affinity to vanadate are desired, such that most vanadateuinosols complexed and
the activity from free vanadate can be eliminated to an agepextend. Inspired by
the cryptand ligand, which was developed by Lehn over 30 years and aatpesed
success to tightly and selectively encapsulate c&tiBh%! and anion§®® 83 we

designed the new macrobicyclic guanidinium receptors as shown below.
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=<'LH HN‘ Hn1N ’LH HN‘CH%‘T’I\l
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Figure 25. Schematic representation of the designed guanidinium cryptands.

These new receptors inherit the key structural features fha@mfirst generation
receptorl which are needed to bind vanadate, namely, three guanidinium units linked
to a central nitrogen by alkyl chains. However, unlike their operedmrecursot,

the other N-terminals of the three guanidiniums are tethereddiiex tripodal link,
generating cage-shaped receptors. They should be conformatimoadyrigid tharl

and the cavity is expected to encapsulate vanadate with highetyath principle,

the size and geometry of the cavity can be tuned by varyinignigéh of alkyl chain

at one or both sides, and additional one more positive charge candoeiced at the

top central nitrogen, which should further expand the size of cavityadtle exo-

configuration of that nitrogen.

To the best of our knowledge, only one paper reported the synthesis odligeani

cryptand with a low overall yieIB?“] and the binding study to any guest molecule is
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not published. However, our synthetic strategy is expected to be dbplicaa
variety of different multicyclic cage-shaped guanidinium remepto meet the need
of our design. With this main aim in mind, the following retro-synthetrategy is

proposed $cheme 1

\
K/N$:\MCH r(Hzc)\/Némz nCH2>n
Scheme 10. The general retro-synthetic analysis of the guanidinium cryptands.

The thiourea analogue is chosen as a key intermediate belssusmdctional group is

a common synthetic precursor of guanidine compounds and various effi@ggmads

have been developed, even for solid phase transforrft&iomnother important
reason is that thiourea is also a relatively strong hydrogendmrat and structurally
similar to the guanidinium group except for the absence of chaBgdls. moieties
adopt a “Y” type planar conformation due to the mesomeraharacter of the system,
providing two hydrogen bond donor sites per unit. Indeed, thiourea has been

%! However,

extensively employed for the design of neutral anion recé
unlike guanidinium, thiourea is neutral, providing the chance to compare the influence
of positive charges on the binding of vanadate. The thiourea intermetdiat be
obtained from the addition of the tris-amine (2) to tris-isothiocyanate compounds
(26, 27. This is a very fast and efficient reaction facilitating thigh dilution reaction
which favors the cyclization over polymerization. Notably, theisaghiocyanate can

be obtained from the tris-amine compound. The benzyl is introduckd &ip central

nitrogen from the very beginning of synthesis, and should be altle temoved by
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reductive debenzylation at any step of the following reactiongefled. Therefore,
this synthetic strategy is flexible and allows us adjustiregsize and geometry of the
binding cavity of the target guanidinium cryptand without changing yim¢hetic
pathway.

3. 2. 2. Synthesis

Starting from commercial available N-4-bromobutyl-phthalimi® or N-5-
bromopentyl-phthalimidd 0, the tris-NH compounds with C41(¢) or C5 (8) alkyl
chain were prepared according to the known procedire®® respectively (stepa

— d, Scheme 1}, or through a slightly modified metho8:and10 were converted to
their iodide derivatives 10, 20) first, then reacted with benzyl amine to give
guaternary ammonium iodide saft or 22, and the following stepwise cleavage of
phthalimide and benzyl protecting group afforded the desired tris- INHand 18.
One advantage of the modification is the central-N-benzylated teesal3, 29
could be obtained via the same route without removal of the beraypb.grhe tris-
amine with shorter alkyl chains, s€eand 25 are both commercial available. For
practical purposes, only these two compounds were converted to theindgahate
derivatives26 and27 by reacting with Csand DCC, although in principle the tris-
NH, with longer arms can also be transform to isothiocyanates andctybbze with

the smaller tris-Nk counter partner, however is less convenient.
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Scheme 11. The overall synthetic pathways for guanidinium cryptands. Reagents and
conditions: (a) Benzyl amine, KF/Celite® 545, CH;CN; (b) H./Pd-C, EtOH; (c) 9 or 10,
KF/Celite® 545, CH5;CN; (d) hydrazine, EtOH, reflux; (e) Kl, acetone; (f) Benzyl amine,
KF/Celite® 545, CH5CN, reflux; (g) CS,, EtzN, DCC, THF; (h) high dilution, tris-amine or tris-
isothiocyanate, CHCIs; (i) high dilution, tris-isothiocyanate, CHCIs/DMF = 1 : 1; (j) Mel, then R-
NH,; (k) Muikaiyama reagent, R-NH,.

Tris-NH, compounds are readily cyclized with tris-isothiocyanate under dilgted
conditions to form the thiourea cryptands as key intermediates. Dageadithe
length of the arms, yields are different. In general, thdlenthe size, the higher the
yield. The smallest thiourea crypta@8 with three identical —(ChJ,- links at both

sides was prepared quantitatively, while 8% the largest one, only 24.4% vyield
could be obtained. DMF was chosen as solvent only when the solubility of the starting
material is lower, such as for the ammonium salts tris-N\28, 24), otherwise
chloroform is more favorable. Compoun@8 and 29 have been crystallized and
characterized by X-ray structure determinatidiig( 26). These two compounds

exhibits certain conformational differences in the solid ststieh as the thiourea

42



groups adoptZ,Z-conformation in28, but Z,E-conformation in29. Nevertheless, all
the central nitrogen atoms ardcoriented with the lone pair pointing into the cavity;
accordingly both could coordinate to vanadium atom of the encapsulatedhteana
The broad NMR signals of all the thiourea cryptands suggest ccetioral

equilibria existing in solution.

Figure 26. The ORTEP drawing of compound 28, top-left: viewing from side, top-right:
viewing from top; and compound 29, bottom-left: viewing from side, bottom-right: viewing from

top. All CH, hydrogen atoms are omitted for clarity.

Several methods had been tried to convert the different thiouesaurpors to
guanidinium cryptands. It has been found out that the feasibility omttbod is
depending on the structure. Mukaiyama reagent has been successkdlyto
synthesize the guanidiniun33 from the thiourea30, through a carbodiimide
intermediat&®” 28 following by condensation with benzyl amine in one pot (Method
A, Scheme 12 However, this method was failed for substrates with -J&Hnkers,
such as compound29 and 34, though the formation of their carbodiimide
intermediates had been determined by ESI-MS during the readtioally an

alternative method has been developed. These two compounds wereetbtwest
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methyl-isothiourea intermediates, without purification they rehcteth primary
amine by nucleophilic substitution finally to afford the guanidiniuncroeycles32
and35 (Method B,Scheme 12

Method A: _
z
j\ | o~ Q- ReNH2  Rany
R R = N N=C=N |
1‘r|\1 N 2 lil+ o > S > K, R, > Rl\N)\N/RZ
HoH r Rl\N/)\N/Rz Lol
Mukaiyama 4\|
Reagent H
Method B:
\S Rax
R /ﬁ\ R )\ R3-NH2
N 2 R = R —_» R R
II\‘ ,I\" + Mel —>» 1\,?“. I?I/ 2 | 1\,?l I?I/ 2
H H H H H H

Scheme 12. The two methods applied to synthesize guanidinium cryptands.

3. 2. 3. pK, of central nitrogen

An unprotonated central nitrogen atom is needed to form V-N coordinatienefore,

the pKsy value of the nitrogen needs to be determined. Since the protonation of the
central nitrogen is coupled with significant chemical shift cleang related CHhi
signals, 'H-NMR titration was used. For example, the protonation of the central
nitrogen of compoun@5 causes significant change of chemical shift not only for the
adjacent H-atoms, but also to most others located far akigy Z7), including the
benzyl and even phenyl protons which are at the other side of meelodhis
remote effect is presumably due to charge repulsian, ring enlargement is

accomplished by a change of the configuration of the central Nénaloto exa
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Figure 27. The partial *H-NMR spectra (left) of compound 35 indicating the chemical shift

of the labled H-atoms (right) changes according the pH. The break point occurs at pH around

to the pK, value of protonated 35.

The determined pKvalue of 3.2 for protonate8b is in good agreement with that of
compoundl, as well as those of polyamine cryptands, of which the charge repulsi
effect shifts the basicity of the bridgehead nitrogen to a lmwyvalue for tertiary

aminet?®

3. 2. 4. Binding of vanadate

No significant changes of chemical shifts were observed &itmer>'V or *H NMR
when compound3 (with C3 links at both sides) was titrated by vanadate itenwa
Molecular modeling suggests the cavity of this guanidinium cryptamtdoi small to
accommodate vanadate. For the biggest guanidinium cryptand eversgedh@s,
binding of vanadate leads to @m>*V shift to higher field, too small to be suitable
to determine the stoichiometry of the adduct. Further, the tendemmwe of *H
chemical shift changes of the liganBlig. 28 suggests a stepwise formation of
complexes of various compositions (similar phenomenon reported seenoefe”).
These observations lead to the conclusion 8%ais a weaker receptor of vanadate

than the open-armeyd and binding is likely to occur outside of the cavity.
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Figure 28. 'H-NMR titration curves of binding HVO,* to 35 in aqueous solution. The

tendency curve of G-CH,-CH,N chemical shift change indicates multi steps binding behavior.

3. 2. 5. Summary of part 3.2.

To improve vanadate binding a number of novel guanidinium cryptands containing
rigid cavities of different size and geometry were designedsanithesized according

to a general strategy via thiourea intermediates. Thgy pkalue of the central
bridgehead nitrogen was determined by NMR titration revealingwa basicity
sufficient for V-N bond formation. It was, however, not possible to ol#widence

that vanadate binds inside these cages. NMR studies suggest that in geriaralafix

vanadate: cage adducts of undefined stoichiometry are found.

From these experiences, it can be concluded that this mefeonformations of
cages such a8 and 29, see X-ray structures ifig 26, do not bind HV@", and
further, the activation energy to change these cages into sugablgors is too high.
Nevertheless the lesson from these experiments is that nearbility of potential
receptors is required to allow the binding site of the host tead@lit to a certain

extent for the best fit to the shape of the guest molecule.
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3. 3. Tris-(2- (N’-pyren-1yl-methyl-guanidinium)-et  hyl)- amine (TPGEA): From

vanadate sensor to functional model.
3. 3. 1. Design

Introducing three pyrene moieties at the N’-terminal of glianim of compoundl
leads to the modified receptd6 (Tris-(2-(N’-pyren-1yl-methyl-guanidinium)-ethyl)-

amine, TPGEA), as shown below:

This modification seemed attractive for the the following reasons:
(1) the pyrenes “close” the basketbyr stacking;

(2) this preorganization is comparatively weaker than thatygtand receptors, and
the binding of vanadate could be accomplished through a low activation barrier;

(3) the pyrenes are expected to increase solubility of theitn@stanic solvents in
which naturally hydrogen bonding and Coulomb interactions are moreskphessed

than in water;

(4) the photophysical feature of pyrenes in particular themnexcifluorescence
exhibited by adjacent pyrenes are expected to be useful fortigatesy vanadate
binding;

(5) the CH link between the guanidinium and pyrene is the most common spacer
facilitating the Photoinduced Electron TransfBET),*** which has been the most
extensively used and effective strategy for developing fluergssensors for cations
and anions. As the direct binding site, the anticipated complexatibrvaniadate will

change the redox potential of the guanidinium, which can be intramardigcul
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transmitted to the fluorophore via PET. Therefore, visualizing the bireliegts by

means of fluorescent signal changing becomes possible and reasonable.
3. 3. 2. Synthesis

The synthetic strategy is aimed not only for the preparati@®,djut also to allow for
the introduction of other functional groups at one arm, such as imidazaleg(s
compounds2, Scheme 183 which can potentially mimic either His 496 or His 404 of
the active site of V-CPO (sebapter 1. 2. 1. 1. 2.

O NH, HCl j\ N )
M—N=C=N— =
H Z
i 28% Pyr” N7 N7 Pyr/\N4C
4+ ROONCS I )\ (DIC)
H —_—
38:R=Ph R

O 37 39: R =EtO 40: R = Ph 43: R = EtO
41: R = EtO

=N
S
CL Y - e
H
e E—
NN HN_Py

H =
/Y\/N S HN\)\\\ CN Os R 1 H
HN, H cs NN
\=N NH 2.HCI 'y \LN‘<\/N ><_7 N \r )
2
;
)

N \r 5 (Histamine.2HCI 46: R = Ph
HNvar 48' R = Ph 47: R = EtO
50: R = Ph 49: R = EtO
51: R = EtO

Scheme 13. Attempts to synthesize TPGEA (36) and the histamine modified derivative

(52) (pathway in gray). Reagents and conditions: (a) CHCls;, NEts;, recrystallized from
CHCI5/Et,0; (b) DIC, CH,Cl,, and TAEA, reflux 30 h; (c) in one-pot of previous step, CS, and
second part DIC; (d) histamine, CH,Cl,.

According to previous experience, the number of positive charges arfdgin pk,
value render the poly guanidinium compounds very polar and hence diffiquitity.

Therefore, N-benzoyl or ethoxy-carbonyl protecting group werd,uskich greatly
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decrease the basicity of the guanidine and ease the purificatiorad@iteon of 1-
pyrene-methyl-amine3{) to benzoyl or ethyl-carbonyl isothiocyanat@8 (or 39)
guantitatively yields the protected thioure® ©r 41). The resultingd0 or 41 were
converted to carbodiimidé2 or 43 by DIC, which was reacted with TAEA in one pot
to afford N-protected tris-guanidind4 or 45). Varying the ratio between protected
thiourea and TAEA from 3:1 to 2:1, a bis-guanylatédor 47 was obtained as the
main product, of which the one remaining unreacted free amine couidnséotmed

to the isothiocyanate within one pot since both step use DIC asntgégjlowed by
addition of histamine to yield0 or 51. Benzoyl has been extensively used as a
protecting group for guanidine which can be removed by hydrolysis auidic
conditio?*??%l Unexpectedly, the desired prod&2/36 were not obtained under
routine or even harsher acidic deprotecting condition. Other debatinaytnethods
such as basic hydrolysis, hydrazine or DIBAf all failed to remove benzoyl
protecting group from compourd! or 50. Presumably, the conjugation of guanidine
C=N double bond with the carbonyl enhanced the strength of amidk Wwbich is
very difficult to be cleave under normal condition, while the harder tondtaused
the decomposition of the starting materials. The same problenmem@untered for
the removal of ethyl-carbamate protected guanid#eand51. Even MgSiBr, the
reagent which was reported to specifically cleave ethylaraate from protected

guanidine$?), also failed.

To avoid the problematic deprotecting step, a convenient strategyyentplan

alternative, flexible route was developed, Sebeme 14
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Scheme 14. Synthesis of TPGEA (36). Reagents and conditions: (a) CS,, Et;N, DCC,
THF; (b) DIPEA, CHCl5; (c) CH,CI/EtOH, ag. 55-58% HI; (d) Mel, 72 h, rt.; (€) in sealed tube
with J. Young valve, 7 N ammonia in MeOH, 55 °C, 12 h.

The starting material TAER was converted to tris-isothiocyan@@ as described in
Scheme 12 After the addition of pyrene-1-methyl amine 26, compound53 was
obtained in 83.2% vyield. As discussed in chamer2. 1. , this tris-thiourea
intermediate is a structure analogy3® It has hydrogen bond donor sites with the
similar geometry as36, but without positive charge, which provide a good
opportunity to study the influence of positive charges on anion binding. Td #nei
obvious electrophilic attack at central nitrogen, the smallestegiog group,
protonation, was used by formation of HI salt. The following reaatfdh methyl
iodide, therefore only happened at S-atoms, almost quantitativetingehe tris-S-
methyl-isothiourea derivative5 as thetetra-HI salt. Without purification, it reacted
directly with ammonia in methanol in a sealed tube. After séparand exchanging
the counter anion to Cby ion-exchange resin, the final target compo@6dwas
obtained within only five steps totally.

Notably, the synthetic strategy is also flexible and compatitiieywing the structural
modification at one arm or even two to facilitate the syntheswhar desired model
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compounds. For instance, varying the ratio between tris-isothiocy2éatel pyrene-
1-methy-amine87 from 1:3 to 1:2, bis-thiourea compoubd could be obtained as the
main product, which contains an unreacted isothiocyanate group for introducing
another desired functional moiety such as histamine. Followingathe pathway for

36, compoundb6 was obtained as another potencial vanadate receptor.

3. 3. 3. Pre-organization of 36: Fluorescent study

Receptor36 is well soluble in acetonitrile/water (1:1) mixture and onhgtsly
soluble in any of the solvent alone. However, to maximize the pakraction with
vanadate, the fluorescence and UV titrations were performedeioratrile. Upon
excitation at 343 nm, the acetonitrile solution3@f exhibits emission bands at 376
and 395 nm as typical fluorescence signals of pyrene monomer. veiQwbe
intensity of these monomer bands is rather low compared to anothel &nda

structureless band at 478nm, which is assigned to the pyrene exeigaad.1**®
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Figure 29. Emission spectrum of 36 (3.6 uM in acetonitrile, Asx = 343 nm).

Traditionally, an excimer can be defined as a complex formethteyaction of a
fluorophore in the excited state with a fluorophore of the samewteua the ground
state?®® An important aspect is that the emission spectrum of the exdinred-
shifted with respect to that of the monomer, and in many casegu#h@mission of
the monomer and the excimer is observed. In general, itusnasisthat flat highlyt-
delocalized systems show greater tendency to form excinuets,as anthracene and

pyrene. A crucial requirement for excimer formation is thed monomers are in
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close proximity in order to give stacking interactions and theoutdr excimer state.
Further, a long-lived excited fluorophore is required, since it hagpfwoach its
ground state partner within its lifetime. Pyrene has longlatinifetime and readily
form excimer. Therefore it has been extensively applied &soee$cence probe for

many purposes by means of the excimer signal form&tof>!

The involvement of three pyrene moieties 36 in excimer formation at low
concentration suggests they are intramolecularly close to eachithgace, which
confirms the original design with respect to preorganization. Acagrtbnearlier
reported, two different types of excimer formation can be distihgdisThe first type
refer to two pyrenes that are sufficiently far apart franheother before excitation;
only one is excited and then approaches its ground state partnefuisiodifvithin its
lifetime to form the excimer, which is termed as “dynanwcimer”. By contrast,
another type refers to the situation that (pre)association betwegoyrenes already
occurs in ground state, which absorbs the light as a ground-state alahethe
resulting excimer is termed as a “static excirfet” Obviously, the later case should
be favored in a preorganized system sucB@sThe existence of static excimer can
be visualized by steady-state excitation spectrum. In corityastonomer, the pre-
associated ground state dimer should exhibit red shift and broadenmegis. The
widths of the band can be related to the parametgr§oP monomer) and £(for
excimer), which refer to the ratio of the fluorescent interdithe most intense band
(I,, intensity of peak) to that of the adjacent minimum ifhitensity of valley) at
shorter wavelength. As shown iRig. 30 receptor 36 indeed exhibits the
characteristic of static excimer to a certain extemmlred shift AA) was observed
for excitation spectrum monitored for excimeg,{ = 476 nm) relative to that for
monomer Xem = 376 nm). Futher, the broadness parametgys>(P.) qualitatively
indicates that the excitation spectrum of the excimer is ftiat of monomer.
Potential surfaces of both pyrene ground-state dimer and exicaddyeen calculated
by Warshel and Huler in order to study the influence of distariveeba two pyrenes,
revealing a minimum at the 3.44 A distance between two ground staeep and
3.26 A for that of exciméf®® For receptor36, the close proximity of pyrenes
observed by fluorescent study is in good agreement with the sdédsstacture of its

structural precursdt (Fig. 18).
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Figure 30. Normalized excitation spectra of 36 (3 uM in acetonitrile), monitored at 376 nm

(monomer, red solid line) and at 476 nm (excimer, blue dashed line).

It is interesting to note that the thiourea analdgy also shows very similar

fluorescence spectra, which strongly indicates the conformationahstyntb 36.

3. 3. 4. UV-vis and Fluorescent Titration: Sensor o  f Vanadate

Using BuN" as a counter cation makes the vanadate soluble in organic solvents. The
5.4 mM stock solution in acetonitrile was prepared by dissolvingul38 0.2 M
vanadate aqueous solution in 5 ml acetonitrile. As already describbkdpter 3.1.2,

the 0.2 M aqueous solution can be prepared by reaction of vanadium ox@ig (V

with four equivalent BiN"OH' in water.

Significant change were observed wherul of receptor36 in acetonitrile was
titrated with the vanadate solutiolig. 31), indicating that complexation of vanadate
by 36 occurred. Upon stepwise addition of vanadate, almost all charactbasts of
pyrene shift to redi.e. the transition at 343 nm shows 6 nm red shift to 349 nm.
Meanwhile, bands become much broader, which is qualitatively repedskntthe
parameter B Similar as B shown inFig. 30, P, is defined as the ratio of absorption
intensity of a peak (Ap) to that of the adjacent valley (AlJat shorter wavelength
(Fig. 31. It is important to note that there is almost no change foovkeall integral

of the spectrum before and after adding vanadate. These observdtmmgys
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indicate that the pyrene moieties are getting more packed upontenaction with
vanadate. Hence it is reasonable to assume that vanadate is boundthwttiiree
arms of 36 and pulls all three pyrenes closer to each other by eletitostind

hydrogen bonds with the guanidinium units.

Notably, before two equivalents of vanadate (calculated for monorig¢re added,

the changing of intensity at a specific wavelength of U¥ctjums 0f36 is almost
proportional to the amount of vanadate used, while only very little chezaigee
observed > 2 equivalents, which indicates the formation of 1:2 compBgY)(
Additionally, the clear isosbestic points suggest only one compleyemngrated
between36 and vanadate. However, the background absorption from vanadate itself
interferes the accurate determination of association constamts WV titration,

especially at high total vanadate concentration and at wavelength < 300 nm.

AL =6 nm

Wavelength (nm)

Figure 31. UV titration of 36 (12 uM in acetonitrile) by vanadate. Bands became red

shifted (represented by AA) and broader (qualitatively indicated by peak to valley ratio of
intensity, P, = AU,/AU¢) upon the increasing ratio of vanadate.

Fluorescence titration was also performed at the lower contientthan that for UV.
The excitation wavelength of 345 nm was chosen from the isosbesttoop UV-vis
spectra. Quenching of fluorescence was observed for both monomexancere
emissions Kig. 32 upon the portionwise addition of vanadate. The titration curve

following the intensity at 474 nm against the ratio of vana8éte¢veals almost
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linear quenching < 2 equivalents of vanadate (counted as V1), anextimaer
emission is almost completely quenched at 2 equivalents dfFig138 A). The sharp
break point at VI36 = 2 and the nearly linear tendency before and after this break
point suggest thaB6 very tightly forms a complex with vanadate dimer (V2), not
monomer, which is compatible to the result from UV titration. Additignéhe Job

plot gives the maximum at the molar fractigr=[36]/([36]+[V])) of 1/3 if vanadate
monomer is counted for vanadate concentration. In contrast, maximlia en be
obtained if using [V2] instead of [V1F{g. 33 B).
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Figure 32. Fluorescent spectra of 36 (3 uM in acetonitrile) at diffirent ratio vanadate (Ae, =

345 nm). Both monomer and excimer bands were quenched upon the increasing ratio of
vanadate.
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Figure 33. (A) The titration curve monitoring the fluorescent intensity at 474 nm against the

ratio of V1/36. (B) Job plot according to vanadate monomer and dimmer (inlet).

However, an accurate binding constant can not be deduced from the data of
fluorescent titration because of two reasons. Firstly, all theadete species are
involved in elusive equilibrium in acetonitrile, so it is not possible@etermine the
concentration of the species of interest since the concentratitoo low to get
meaningful >V-NMR spectrum. Secondly, it is known that only when the
concentration of the analyte is in the range of (1/6)0K [analyte] < (10/K), the
systematic error for calculation of binding constaruésl@cceptablél.”] In this case,

the affinity of 36 to V2 is too high to be fitted, as one can see from the shark brea
point. Nevertheless, it is obvious to judge that the>kK 10/[analyte]. Namely, the
binding constant is much higher than 3 % ar.

The quenching observed with vanadate can be rationalized in terims cifiange in
redox properties of guanidiniunfig. 34). Due to occupancy of the lone pair by

protonation, the vanadate-free guanidinium has a relative lower H@WED below
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that of an excited pyrene (py).therefore its influence to fluorescent intensity is
negligible. However, the formation of complex with vanadate by hyardgond
weakens the N-H bonds of guanidinium; hence the HOMO level increases to be above
that of pyr. such that the electron transfer from the former to the higéiflater one
occurs, interrupting the fluorescence process of p@onsequently, the quenching of

fluorescence is observeig. 34).1°?"

U LUMO —— U LUMO ——
/BH— HOMO
HOMO —— HOMO ——
*l—F HOMO
Excited Excited _
Fluorophore Fluorophore €
N \ | / / \\\‘ A ‘\\\'
> o\ m— o\ ®
Strongly Fluorescent Weakly Fluorescent

Figure 34. Principle of fluorescence quenching induced by anion recognition of fluorescent

PET sensors.

3. 3. 5. *W-NMR Titration

Due to the low solubility of the complex formed betw@&éand vanadate, a mixture

of D,O/DMSOs (1:3) was finally chosen as solvent for té-NMR titration. The

0.5 mM vanadate stock solution alone shows three peaks at -546, -574 and -585 ppm,
which can be assigned to V1, V2 and V4 respectively (structueebige 35).[129]

Upon the proportional addition &6, the ratios of V1 and V4 peaks decreased while
that of V2 (suggested from the stoichiometry of UV and fluoresceitadion)
increased and the peak significantly became bro&dgr 35. The broadening of the

V2 peak evidently suggests that complexation occurs. When the ratio of
36/lvanadatgy reached 2:1, most of the V4 signal disappeared, and the V2 became
predominant speciesFig. 35. The remaining small portion of V1 is tentatively
assigned as V&3, which can not be dimerized due to not being protonated, since the

dimerization requires protons to eliminate one equivale@, lds shown ifeq. (10).
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2 x HVOZ — V,07* + H,0 (10)

The result of*V-NMR titration provides consistent evidence ti3 preferentially

binds V2, which drive the equilibriums towards the formation of V2 over V1 and V4.
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Figure 35. 36 preferentially binding V2 over V1 as indicated by >*V-NMR spectra of 0.5 mM
vanadate in DMSO-dg¢/D,0O (3:1) with different ratio of 36. The total concentration of vanadate

is counted according to V1.

'H-NMR spectra were also measured to follow the change of signalS&omon the
binding with V2. All the’H peaks became much broader with the increasing ratio of
vanadate. The broadening of signals observed both frbrand v NMR spectra

suggest a slow exchanging process between free and complexedstato tight
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binding. In principle, measurement in lower temperature can furtloey the
exchanging rate down to NMR time scale to get information déreint individual
state. However, the high melting point of DMSO excludes the passtioilbe cooled

down to a meaningfully low level.

3. 3. 6. Binding Inorganic Pyrophosphate (PPi) and Phosphate —Structural
Analogues of Vanadates V ,0;* and HVO ,/~

It is reasonable to assume tf&& should bind pyrophosphate (PPi), the structural
analogue of vanadate dimer in a similar fashion. In addition, unlike Wighws
involved in fast equilibrium with other vanadate species in solutionisRdtetically
inert. Therefore it should be easier to characterize the gimelry and binding
affinity betweer36 and pyrophosphate than those betwg@and V2.

Strikingly similar changes on UV spectra were observed v@dtewas titrated with
the solution of (nByN)sHP,O;* in acetonitrile Fig. 36) as that from the titration with
vanadate (selig. 32). Most of the bands are red shifted and became broader upon the
stepwise addition of PPi till one equivalent PPi was added. Job Ipintssa
maximum at 0.5, revealing 1:1 binding mode. This UV change clearlgatedi a

similar binding mode of PPi and V2, respectivelBé
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Figure 36. UV titration of 36 (3 uM in acetonitrile) by pyrophosphate and the related Job
plot (inlet).
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Similar fluorescence quenching was also obser¥gg. 37) both for excimer and
monomer emission whe86 was titrated with PPi. However, the quenching efficiency
of PPi is less than that of V2, consistent with 14% of the renmimtensity of
excimer emission even after adding of 10 equivalents of PPi, faniM2, quenching

is almost completed at 1 equivalent. In addition, the titration cafrA®i is less sharp
than that of vanadate, indica@sbinds V2 more tightly than PPi.
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Figure 37. Fluorescent titration of 36 (3 uM in acetonitrile) by tetra-n-butyl-ammonium
pyrophosphate.

The binding constant is determined by non-linear curve fitting. dt@afing general

equation Eq. 11)1*" is applied for both fluorescence and UV titration:

_ I - 1o
oos = by L800) ([ + Gl ([T + [0 + L)% 4G ) ()

In Eq. 11, | refers to the intensity of UV absorption or fluorescence gomsH is the

host molecule 36) and G is the guest moleculee( PPi or V2); HG is the 1:1
complex of host and guest; K refers to binding constant which needfitttelde This
equation describes the relationship of the observed spectroscopit.gipfaom the

host entity with total amount of guest molecule being added (Gprinciple,Eq. 11

can be applied to any supramolecular system for the formationlotdmplex
coupled with continuously observable spectroscopic change. Applying Eq.11 on
experimental data obtained from the UV titration (B&g 36) gave a very good fit

(Fig 38), from which the binding constant of 1.5 x’1fol* was calculated.
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Figure 38. UV titration data of 36 (3 uM in acetonitrile) by pyrophosphate monitoring at

343 nm, and the calculated binding curve (in red) with K, = 1.5 x 10" mol™.

The complex of36 and PPi also shows low solubility in most of the organic solvents
and water. Therefore, the NMR titration was performed in DMiaCsince the’lp
NMR chemical shift PPi is not sensitive in terms of formatwdrhydrogen bonds,
only *H-NMR spectra of36 were measured to follow the changes upon the binding
with PPi. As expected, broadening’éf resonances was observédg( 39, similar

as for the titration with vanadate.

Pyrene-H Pyr-CH,
1 PPi: 1.5 eq. 1
PPi: 1.2 eq.

PPi: 1.0 eq.

-JL PPi: 0.8 eq.
I
k PPi: 0.6 eq. N

A» PPi: 0.4 eq.
-’//\NM PPi: 0.2 eq. JL

PPi: 0 eq.

Figure 39. Part of the "H-NMR spectra of 0.5 mM 36 in DMSO-d; with different ratio of PPi.
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Using parameters from the X-ray structurelpthe molecular structure of complex
formed by36 and PPi was calculated with program Titaat the AM1 level. It is
important to note that although the size of PPi is much larger ¢chkmide, the
binding pocket o886 can still accommodate PPi by self-adjusting the geonoéttlye
binding site inside the basket.

Figure 40. The proposed structure of complex of 36 and PPi (right) based on the X-ray

structure of 1 (left). The molecular modeling is calculated at AM1 level with program Titan®.

For comparison, the binding of phosphat@&6avas investigated by UV, fluorescence
and NMR titration. Changes, similar to PPi-binding were observed, asicted
shifting and broadening of UV bands, quenching of fluorescent emissions
broadening of'H-NMR signals, however, the changes observed with all these
methods were less significant, indicating the lower affinity of phosph&@ teurther,

no clear stoichiometry can be deduced from the titration data, Sugpehe
formation of different complexes between host and guest mole¢éidegxample, the
'H-NMR titration curve following the chemical shift change of thezyé protons of

36 at different ratios of phosphate shows a very complicated tend&ngy41),
revealing equilibria between several multi-components complexes.réypa36 is

not an optimal receptor for phosphate.
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Figure 41. 'H-NMR titration curve of 36 in DMSO-ds by phosphate, monitoring the

chemical shift of proton at benzyl position of 36.

3. 3. 7. Comparison of 36 and the Thiourea-Analogue 53 as Anion Receptor

The thiourea precurs@3 is a close structural analogue of guanidinium receppr

but carries no positive charge for coulomb interaction with a guettcumle, the
capacity to bind any kind of vanadate or phosphate hence can only origimatthe
formation of hydrogen bonds. For direct comparison, the same solventiaadate
stock solution were used for the UV and fluorescent titration. Almosbfluence to

the UV spectrum was observed when vanadate was added portiotowise
acetonitrile solution 063, except for the background absorption caused by vanadate
itself. However, quenching of fluorescent emission was obtainedirtegesting to

note that the quenching is mainly observed for the excimer emisshite the
monomer fluorescence intensity decreased only to a small ecdempared to the
excimer Fig. 42). Clear stoichiometry has not been possible to be determined since
the Job plot from fluorescent profile gave two maxifaig.(42), indicating that more
than one complex was generated betwd8rand vanadate. If the main change of
fluorescence intensity is associated with the formation ofcariplex with V1, the
binding constant about 1.4 x Mol can be estamated. This assumption is based on
the non-linear fitting results with? = 0.984. Therefore, it is reasonable to conclude
that the binding constant 6B to vanadate is at least two orders magnitude lower than

that for36, due to the lack of positive charge for electrostatic interaction.

63



1.00E+06

Job Plot for V1

9.00E+05 -

8.00E+05
7.00E+05 -

6.00E+05

5.00E+05 -

4.00E+05 -

3.00E+05 -
2.00E+05 -
1.00E+05

Fluorescence Intensity (CPS)

0.00E+00 T T T T T T T T ; ; T T 7 F———
360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660

Wavelength (nm)

Figure 42. Fluorescent titration of 53 (3 uM in acetonitrile) by vanadate (the total

equivalent was counted as V1), and the related Job plot.

All the titration studies with phosphate and pyrophosphate showed tlatibions
influenced the UV-, fluorescence- aftd-NMR spectra 0653, however, none of the
experiment gave any clear stoichiometry between host andt goekecules.
Apparently,53is not an optimal receptor for these anions.

It is worth to note that during th#-NMR titration, significant change of chemical
shift to higher field was observed for the signals from the coumaton, nBuN",
which is normally believed to be innocent for binding due to its non-coorggnat
nature. The N-CHis the most shifted signal, with the maximum downfield shift of
about 1 ppm at the ratio 68: nBu;’"NH,PO, = 1:1 Fig. 43).

This observation can be associated with the ion-pair formation. \Wigemeutral
receptorb3 binds the anion by hydrogen bonds, the resulting conipiéx negatively
charged. Therefore, the counter cation is attracted closemoidorpairs such as8
(Scheme 1% Due to the shielding effect from the large conjugat@tectron system
of pyrenes, proton signals of nBii shift to higher field. Understandably the
positively charged6 displayed almost no change of chemical shift of Bupart
and has much higher affinity to anions. The possibility H#atlone may bind nBiN*
by n-cation interaction can be excluded, because no influence on thecahshiit
was observed wheb3 was titrated with nByN*BPhy, of which the anion BRhis

non-coordinative, and hence, does not form a complex58itly hydrogen bonding.
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Figure 43. Partial "H-NMR spectra of n-Buy,N'H,PO, with different ratio of 53. Signals
marked belong to N-CH, of n-BusN".

It is possible that the formation of the ion-pairs also has an ndtuen the UV and
fluorescence spectra, especially if Bl is embedded within the three pyrenes,
which will enlarge the distance between pyrenes and reduceatioeof excimer
formation. This may explain why the UV and fluorescence ittnadata did not fit the
simple 1:1 complex mode. More experiments are needed in order ifp ther
modified mode shown ifscheme 15 which taken the ion pair formation into the
account of the overall equilibriums. Nevertheless, the neutral receptopens the
possibility to probe the process of ion-pair formation, which is potgnhalpful to
interpret many phenomena in supramolecular chemistry especidibw dielectric

constant solvents, but only attracts little attention nowad&yé*
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Scheme 15. The equilibriums of anion binding of 53 coupled with ion-pair formation.

3. 3. 8. Summary of Part 3. 3.

Introducing pyrene-CH to the N-terminal of the all three guanidinium armslof
leads to a new class of vanadate and phosphate receptors distimdt 86 can be
synthesized from its thiourea anald®f The pyrene chromophores of b@®and53
couple the UV and fluorescence responds to anion bindimg.excimer formation
and the PET type fluorescence quenching can be observed. The pyrgdésldfthe
three arms together by-n interaction, preorganizing itself to bind vanadate. In
addition, compared t&, 36 is more soluble in organic solvent. Therefore, deduced
from the UV, fluorescence andvV-NMR titration, 36 exhibits an association constant
>> 3 x 10 mol™* with pyrovanadate (A0;") in acetonitrile, which is at least 4 orders
of magnitude higher than that bfto HVQ,*. The preference @6 binding V2 over

V1 was also confirmed by comparison with titration studies of pyrgpteate and
phosphate, the structural analogues of pyrovanadate and vanadat@euitrs
thiourea receptob3 shows much smaller binding constant and almost no preference
to any vanadate or phosphate species mentioned above, revealing thtariogof

positive charges on the affinity and selectivity for anion binding.
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3. 4. Catalytic Activity: Functional Model of V-HP O
3. 4. 1. Activity of Vanadate alone in Acetonitrile  : Solvent Effect

As already mentioned ichapter 1.6.2, Butler first reported that simple vanadate can
mimic the function of V-HPO in acidic aqueous solution; namely,ntcatalyze the
oxidation of Bf in the presence of 4, to Br' and the subsequent bromination
organic substratd®* %! The active species of the system was proposed as
V,0,(0,)3.% 1?1 The catalyst was later applied in a two-phase sygk&®-CHCk or
H,O-CH:Cl,) by other group*" 23 However, it has never been tried in homogenous
pure organic solvent in which the inorganic vanadate is not solubleledaibed
previously, using nBAN™ as counter cation, it has been able to prepare vanadate stock
solution in organic solvent. Therefore we first investigated thalytet activity of
vanadate alone in acetonitrile to compare the solvent influence onderaxidation

and bromination of organic substrate.

Since “Br” exists as the equilibrium mixturé.¢. HOBr =*Br,== Brs~ in water), the
oxidation of Bf to “Br™” can be followed by UV-vis, monitoring the increasing of
absorption at 268 nm, which is a characteristic band §f(Big. 44). It is worth to
note this absorption maximum in acetonitrile is slightly redtstiitompared to that
in water §max = 267 nm). The catalytic reaction is dramatically acctddreby
changing solvent from water to acetonitrile. However, the ekact over rate is
difficult to be obtained for this reaction, because the equilibrium aptssof “Bf” =

Bro= Br; have not been established in this solvent.

AU at 268 nm

0 100 200 400 500 600

300
Time (s)
Figure 44. Vvanadate catalyzed oxidation of Br  to “Br™ as followed by UV-vis spectroscopy

at 268 nm. Reaction conditions are 6 uM vanadate (counted as V1), 0.48 mM H,0,, 1.2 mM
n-Bu;NBr and 0.24 mM HCIO,. The reaction is initiated by addition of HCIO,.

67



Monochlorodimedone (MCD) and phenol red have been used as standard substrates
for the catalytic bromination of organic compounds since these apactian be
followed by UV-vis spectroscopgy 2" Phenol redg9) is tetra-brominated to give
bromophenol blue6Q). The significant difference of the absorption maxima between
59 (Amax = 429 nmie = 21.4 mM* cmi!) and60 (Amax = 598 nm:e = 70.4 mM* cmt)

in water buffer solution renders phenol red one of the most faviermination
substrates for catalytic analysis. As one can judge frmrcémpounds’ hames, the
distinct colors of educts and product make it possible to visualize#aéion process
even by the naked eyeSaheme 1B However, since phenol red can be tetra-
brominated, and every single step of bromination is coupled with diffese¢end of
color change, accurate quantification of the kinetic data fromnwBasurement is
very difficult. Surprisingly, this source of errors has been ighbsemost authord®”
2332381 |n addition, unlike the situation in water buffer soluti&8,and60 show only
small difference of UV in acetonitrile, because they mainly existerfarm of yellow
y-sultones 1 and62) in organic solventsScheme 1§%* 2*"! pecararo studied the
kinetics of catalytic bromination of phenol red in acetonitrilecep@hotometrically,
however, the reaction aliquot had to be diluted in water buffer solutioruYor
measurement from time to time. In our system, the reactionoisfast; hence a

guantitative analysis is not possible if following this way.

Vanadate,
H202, H+, Br-

HO OH
Vanadate,
H202, H+, Br-

Scheme 16. The catalytic bromination of phenol red to bromophenol blue and their

tautomerization equilibriums in acetonitrile.
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MCD has maximum absorption at 258 nm in acetonitrile with the ddimc
coefficient of 11.8 mM cm*, which is different from that in watek{a = 290 nmg
=20 mMemY)*Y. The bromination of MCD can be quantitatively followed at loss of
UV intensity at 258 nm3cheme 1). The overall reaction needs one equivalent of
both H and BF, which can derive from HClQand n-Bus,NBr separately or HBr
directly. No significant influence on reaction rate was obsenteshwdifferent H and

Br' sources were used. The latter is preferred for convenience andeowremic

especially in preparative scale.

Cl
O, O
% cly Br
OH Vanadate 0O
+Br + H0, + HY —— >
CH3CN
63 64

Scheme 17. The catalytic bromination of MCD in acetonitrile.

The bromination of MCD catalyzed by vanadate is rapid and stoictricno@ each
H,0,, H" and Bf consumption. About 10 turnovers were achieved within 7 minutes,
which is half-life of the reactiomAs shown inFig. 44, the increase of absorption at
258 nm at the beginning of reaction time is due to the formation0{)Brx = 268
nm), which disturbs the measurement of initial rate. Thereforeathecould only be
determined after ca. 120 seconds. Compared with the reported reaatgomn r
watet?4, similar value of (d[MCD]/dt) can be obtained at much lower comagoh

of both catalyst and reactants in acetonitiike, [vanadate] was 30 times lower than
that in water, while [HO;], [H'] and [Bf] were 20, 400 and 1000 times lower
respectively, indicating the over all rate constant in acetanisilseveral orders of

magnitude higher than that in water.
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Figure 44. Vanadate catalyzed bromination of MCD as followed by UV-vis spectroscopy at
258 nm. Reaction conditions are 6 pM vanadate (counted as V1), 0.12 mM MCD, 0.3 mM
H,0,, 0.12 mM HBr. The reaction is initiated by addition of HBr.

The rate of bromination depends on the reactivity of organic sulsstiate to the
electrophilic nature of the Brelectron rich substrates are brominated much faster, for
example, 100 turnovers were achieved within less than 10 minutes for the
bromination of 1,3,5-tri-methoxy-benzene (TM&,), which is about 50 times higher
than that reported in watef” The dramatic rate enhancement by simply changing
solvent can be reasoned to the mimicry of hydrophobic environmerdg attive site

of enzyme. It is becoming especially clear in the field of biganic chemistry that
the metallic enzyme normally has a less polar activargieiorly which is provided

by protein folding. More specifically, as Pecoraro proposed for fingtional
modelsi!?® 2% ysing acetonitrile as solvent might facilitate the protonation of
peroxovanadate by increasing the jp¥alue of its conjugated acid, since the

protonation is key step of the catalytic cycle.

If stoichiometric HBr or HO, was used, bromination of TMB quantitatively yields
mono-brominated produc66. If both reactants were added in excess, further
brominated product could be obtained. This bromination reaction can be readily
scaled up for preparative use. Several aromatic subswatesbrominated in gram
scale Gcheme 18 Notably, the first bromination step of activated aromatic
compounds is exclusivelpara selective (see8 and 70), indicating the active-
brominating species may be vanadate-bounded, rather than freelyitdéf“Br,

since the bromination by Brmlone leads to the mixture of regio-isonféfs With

excess of HBr or bD,, the second bromination happeneditho position (.e., 71).
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Chlorination of TMB was also achieved in a preparative scale, aarsskcond

chlorination is possible if an excess of reactants was used. Afthaxigation of

chloride catalyzed by simple vanadate was observed in water, nlovwetaeported

presumably because the reaction is too slow in aqueous sBfttigdowever, the

chlorination highly depends on substrate reactivitg., even in acetonitrile,

chlorination of MCD can not be observed. The reason of apparent ratenuhettion

by the reactivity of organic substrate is not obvious, which needefunthdepth

kinetic investigation.

A o
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CH4CN
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Scheme 18. The halogenations of organic substrates catalyzed by vanadate in acetonitrile.

It is interesting to note that a bromination coupled cyclizatiorbleas achieved for a

mono-protected phytyl-hydroquinon&4, yielding a brominatedy-tocopherol

derivative 75. The y-tocopherol belongs to vitamin E family which is of industrial

interest as important food and cosmetic additive, as well aapéic drug. The

acid-promoted cyclization of phytyl-hydroquinone is the key steihé biosynthesis
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of y-tocopherol. It has been discovered by Woggon's group that this enzyme-
catalyzed ring closure proceeds [8i protonation of the double bond and
concomittantRe attack of the phenolic oxygen atom via a carbon-cation transition
staté™® 2% Therefore, the cyclization 6f4 suggests a cationic nature of the active
brominating species. However, although the cyclized product is exalshe 6-
membered chromane, a side prodigfrom the oxidative cleavage of the protecting

group by HO, diminishes the yield of5to only 41%.

3. 4. 2. Catalytic Activity of Vanadate- 36 Complex

To investigate the vanadate catalyzed bromination by the vanbdand
supramolecular receptor which mimics the protein part of V-HPBedinal goal of
this study. As already mentioned in the introduction, coordination ofolgdr
peroxide to vanadate to form peroxovanadate is the common first stapabftical
cycle for both the V-HPO and some of the reported functional modeleefdle the
affinity of the supramolecular recept® to peroxovanadate was first studied in order
to confirm that vanadate keeps being bounded during the whole proceskndinin
that peroxoxvanadates apparently do not oligomerize beyond the formftioners,
but their solution chemistry is easily as complex as simpledeaedecause of their
ability to bind between 1-4 peroxidd§. The equilibria of peroxoxvanadates in
acetonitrile and acetonitrile/water mixture have been studied\B\WNMR at mM
concentration by Pecoraro.,¥0s(0.).*, which is a dimer of diperoxovanadate
VO(Oy),, becomes the predominate species at low water concentratecdigite

solution at the presence of excess gD

The binding of peroxoxvanadates36 was studied by UV and fluorescence titration
as the way described previously. Peroxovanadate was prepared hgnad@litO
equivalent excess of 8, to the 5.4 mM vanadate solution in acetonitrile. Addition of
this peroxovanadate to the acetonitrile solutiorB®fcaused the broadening of UV
bands, indicating that complexation occurred. The change becdurated after the

addition of 2.5 equivalents of peroxovanadate (counted as V1). It is imptortaote
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that the final state of the UV spectrum of B&peroxovanadate complex is different
to that of the36-vanadate mixturer{g. 45), reflecting their structural difference. The
same final UV spectrum can also be obtained by forfBthganadate complex first,

then adding excess o8, later.

0.4 - —36
- - .36 + Vanadate

36+Peroxovanadate

240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 45. Comparison of UV spectra of 36 alone (blue solid line) and at the presence of

vanadate (violet dash line) or peroxovanadate (red dotted line).

Similar as that observed with vanadate or pyrophosphate binding6,tahe
peroxovanadate induced UV change was also accompanied by fluorescence
guenching. After addition of 1.5 equivalents of peroxovanadate (counted as36]) t
the quenching of both the excimer and monomer emissions were alomptete.

(Fig. 46). The elusive break points of UV and fluorescent titration areonsistent

to each other, which suggest that more than one peroxovanadate spagide
involved in complexation witt36 simultaneously. As reported by Pecoraro, two
minor species of unknown structures are detectable P th&IMR spectrum of
peroxovanadate in acetonitrile solution together with the main speégM,03(0,)4*.

(129 1t is possible that these unknown species may be involved in thplexation

with 36. Details are not clear yet because no suitable solvent isableailvhich can

well dissolve bot36 and vanadate while is innocent to peroxide. Nevertheless, the
sharp binding curve clearly indicates that the major peroxovanguates is tightly
bound to36.
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Figure 46. Fluorescent spectra of 36 (3 uM in acetonitrile) at the presence of the different

equivalents of peroxovanadate (counted as V1) and the related titration curve (inlet).

Since the peroxovanadate complex with recefécould be prepared, the catalytic
activity for bromination of organic substrate was subsequently igagst. MCD
was the first organic substrate being tested. As shovgind7, the bromination of
MCD was followed by UV spectrum at loss of intensity at 258 nhmchvreveals that
the presence 6 accelerated the bromination almost twice, as the slope oiitire c
in the presence A6 is sharper than that at the absenc@®fThe half lifetime of

MCD bromination (1) is almost doubled withol®6 compared that witB6.

e \\\/ [thOUL 36
— \Nith 36
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Figure 47. Comparison of catalytic bromination of MCD with or without 3 uM 36. Reaction
is followed by UV-vis spectroscopy at 258 nm. Reaction conditions are 6 pM vanadate
(counted as V1), 0.12 mM MCD, 0.3 mM H,O,, 0.12 mM HBr. The reaction is initiated by
addition of HBr.
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Whether this enhancement of catalytic activity is also appbctdsl the bromination

of other organic substrates is of interests, particularly fartrele rich aromatics.
However, since little UV change is coupled with the brominationnfost of the
aromatics substrates, a kinetic study is difficult. To overcomg obstacle, a
competitive bromination experiment was designed using both TMB anD &
substrates in one reaction at the same time. Since TMB iB moce reactive than
MCD due to its electron rich characteristic, the former shouldptaderentially
brominated over the latter. Little change of UV at 258 nm should bevelosduring

the bromination of TMB. However, as soon as the bromination of TMB ipleted,
MCD will start to be brominated which will initiate the demsang of UV intensity at
258 nm. Hence, the period of UV-insensitive time is corresponding toothe t
reaction time of TMB brominatiorfig. 48 shows that in the absence 38 the UV
absorption at 258 nm is almost constant during 480 seconds, in the colnisdiofa

gap TMB is totally consumed. The following increase of UV absorpteders to a
small amount of free Brbeing generated. After ca. 580 seconds, the absorption at
258 nm decreases steadily within about 1000 seconds due to the bromination of MCD.
The overall reaction is 100% complete for both substrates and stoethomith the
consumption of HBr. All of the individual steps discussed above wengisantly
accelerated when recept®® was added into the reaction system. The reaction time
for TMB is shorten to about 150 seconds, indicating that TMB brominatien3s
times faster than withow86. In addition, the following steps including generation of
Brz and bromination of MCD also become faster, which is seen fromhémpes

slope of the curve.
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Figure 48. Comparison of competitive catalytic bromination of TMB/ MCD with or without 3

uM 36. Reaction is followed by UV-vis spectroscopy at 258 nm. Reaction conditions are 6 uM
vanadate (counted as V1), 0.12 mM MCD, 0.12 mM TMB, 0.5 mM H,O,, 0.24 mM HBr. The

reaction is initiated by addition of HBr.

Two possible reasons are proposed here to explain the catalgtt a&f36. Firstly,
the formation of hydrogen bonds with positively charged guanidinium ntagase
the Lewis acidity of vanadate, as has been proposed for the emﬁWhé:PdZS].
Indeed replacement of these positively charged residues (Arg 368y@d®0, Lys
353) to alanine significantly decreases the activityof V-E®CSecondly,36 may
facilitate the protonation of peroxovanadate as a nearby acica@bgst. As already
described in the introduction, peroxovanadate must be protonated prior to halide
oxidation both for V-HPO enzyme and the reported functional models. faPQ®,
the amino acid residue Lys 353 is proposed to play such a rol&-fdestructure of
the peroxide-form of V-CPO reveals that Lys 353 is the onlyluesihat forms direct
hydrogen bond with the peroxo-oxygen atom via the ammonium B‘?]oup
Additionally and more importantly, site directed mutagenesieplfacement of Lys
353 by alanine leads to more drastic loss of activity as compared to theneg@hdof
Arg 360, and Arg 490. For the model systems, thgvattue of the conjugated acid of
ligand bounded peroxovanadate was estimated in the range of 55e6.0 by

studying the rate dependence on &&.

o K Q @
L—U/ 0 + H* ‘—a_ L—U/ — " (12)
d \d
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The guanidinium groups d6 are not adequate to have efficient proton exchange
with peroxovanadate due to the too higher, ik acetonitrile (pK of tetramethyl-
guanidinium is 23.3 in acetonitrile and 13.2 in vv[éfé]), however the central
nitrogen atom is a reasonable candidate as one can expect basediooammonly

low pKgy value of central nitrogen of its structural analdgg water (pk; = 2.58).

3. 4. 3. Summary of Part 3. 4.

Using n-BusN*™ as counter cation makes vanadate soluble in organic solvents.
Preliminary studies reveals that simple vanadate in acetenigrih more efficient
functional model than in water. The rate acceleration of aceteruan be compared

to an enzyme-like hydrophobic environment in vanadate catalytic center oOVi€P
addition, solvents also influence the gpKvalue for peroxovanadate, facilitating the
proton transfer from the acid to it. UV and fluorescent titratidtows that
supramolecular receptoB6 exhibits a high affinity to the peroxovanadate. A
competitive catalytic bromination experiment was designed andessitlly
demonstrated the kinetic process for the catalytic bromination &WI@D mixtures.
The addition of 36 to the reaction system significantly enhances the catalytic
efficiency. The rate enhancement 3ywas discussed and reasoned to the increasing
of Lewis acidity of vanadate by forming hydrogen bonds with tpety charged
guanidiniums of36. In addition, the central nitrogen atom38 may play as an acid
base catalyst, facilitating the protonation of peroxovanadatetogéther,36 is an
effective functional model for V-HPO due to the structural figlelto the

supramolecular binding fashion of the enzyme.
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4. Summary and Conclusions

V-HPOs are enzymes catalyzing the halogenation of a yasfebrganic substrates
using hydrogen peroxide and halide ions at slightly acidic confftiéh>” The X-

ray structure of V-HPO fronCurvularia inaequali&® 3" reveals that the positively
charged residues at the active site bind orthovanadate fJ\trough electrostatic
interaction and hydrogen bonds, together with one coordinating bond from the
nitrogen (N:2) of His496 to vanadium, which is the only direct bond from protein to
metal center. Accordingly the coordination sphere at vanadium igenal-
bipyramidal, resembling the transition state 8k2-type reactions involving
phosphatégﬂ. Apart from that, vanadate and phosphate are also very similar in the
tetrahedral ground state. Thus, it is no surprise that vanadaténtsilaitor of various
phosphate metabolizing enzyf{ds Since the structural assignment and reaction
mechanism of V-HPOs are still under debate, and no structural megateted so far
shows high fidelity concerning the non-covalent binding fashion, wedel@cio
prepare supramolecular models structurally related to the binding ofi¢t¢O,* in

the enzyme, and study the influence of the binding sphere of vanadatedtalytic
activity.

The vanadate receptor tris-(2-guanidinium-ethyl)aniineas rationally designed and
conveniently synthesized from tris-(2-aminoethyl)amine via singd@. slts three
guanidinium-arms can provide not only positive charges but also sdwehalgen
bond donor sites. The central nitrogen with, K48 for its conjugated acid, allows
the V-N coordination to occur within a broad pH window. The X-ray sirecof 1
reveals that it is already preorganized in a basket shapeebafuding vanadate,

which verifies our design.

NH, NH,
ﬂj\ + HoNEZNH,
HoN N/\ HN” “NH, oH ¥
H OH NH
N 1 3q TN NH: | HaN{ NH;
+ Py Ka=10°M Y o—veo [T+
-0 —_— NH 10"/ NH
A I\/NU
PN 4
HoN”™ “NH,
1 5

Scheme 19. Binding of vanadate to supramolecular receptor 1 and the proposed structure

of complex 5.
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NMR titration data fron™V of vanadate andH of the ligand give complementary
results. The ligand binds vanadate as 1/1 complgéXScheme 19 at pH 10.21 in
water solution, with K= 10° Mol ™. The comple was also detected by ESI-MS.

The absorption at 306 nm observed in UV difference spectrum is an iodioag V-
N bond formation in agreement with coordination in V-HPO. The time roakgpé
DFT calculation both for enzyme and model systepnovided in-depth evidence that

V-N coordination is responsible for this UV band.

5 is the first supramolecular structural model V-HPO. These hstddies provided
for the first time evidence that the V-N bond of V-HPO is coordieabnd not

covalent as original proposétf’.

A series of more rigid novel guanidinium-cryptands containing the &afyosd of 1
were synthesizedSCheme 2} the preorganization was expected to provide higher
affinity to vanadate. A general flexible synthetic strategg developed which allows
the preparation of the guanidinium cryptands with different size auinetry.
However, spectroscopic studies failed to demonstrate any enhancefrantling
constant for encapsulating vanadate. The association of vanadatiketpstccurres

not interior but outside of the cavity even for the largest cage re@ptor

)
ne " Yewlm o R
HN 7@\, o
RHN7< %NHR%NHR
NH N
)
N

HN®

1, R =Me 35
2,R=B

Scheme 20. Guanidinium cryptands: cage shaped receptors for vanadate.

Three pyrene moieties introduced to the terminal-N atonisnoft only improved the
solubility of the receptor in unpolar solvent, but also served as UVlamgk$cence
sensor for vanadate recognition (s8éeheme 2} In addition, then-n stacking
interaction within pyrenes holds three arms together to fupheorganize itself
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favoring the binding of vanadate. This preorganization was demouistiate
observing the pyrene excimer emission, which can be also observdte foeutral

analogueés3.

Scheme 21. More preorganized receptor and fluorescent sensor 36 and its structure

analogy and synthetic precursor 53.

The binding of vanadate t86 and 53 is coupled with the significant UV and
fluorescence response in acetonitrile. Upon the addition of vanadatdy thends of
36 became broader and red shifted, together with a PET-type fleacesquenching.
Therefore, deduced from the UV, fluorescence titration and addiidh&dIMR data,
36 exhibits an association constant >> 3 % @®I* with pyrovanadate (A0;*, V2)
(Scheme 22in acetonitrile, which is at least 4 times magnitude highan that ofL
to vanadate (HVG, V1). The preference 086 to bind V2 over V1 was also
confirmed in titration studies with the pyrophosphate and phosphatefrtcéuse

analogue of V2 and V1 respectively.

Scheme 22. The proposed complex of 36 and pyrovanadate.
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The neutral thiourea receptbB8 shows much lower binding constant and almost no
preference to any vanadate or phosphate species mentioned above, rewealing

importance of positive charge on the affinity and selectivity for anion binding.

Kinetic studies reveal that simple vanadate in acetonitrile& isore efficient
functional model than in water. The rate acceleration in acetengrthought to be
originated from an enzyme-like hydrophobic environment for the datadpecies.
UV and fluorescence titration shows that the supramoleculept@®d6 exhibits high
affinity to the peroxovanadate as well, which verifies that vanadom keeps being
bounded in the catalytical cycle. A competitive catalytic br@tion experiment was
designed and successfully demonstrated the Kkinetic process for athbtic
bromination of 1,3,5-tri-methoxy-benzene (TMB) and monochlorodimedone (MCD)
mixture substrates. The addition 6 to the reaction system significantly enhances
the catalytic efficiency. The rate enhancement 38y may be reasoned to the
increasing of Lewis acidity of vanadate by forming hydrogends with positively
charged guanidiniums @6. In addition, the central nitrogen atom3@may act as an
acid base catalyst, facilitating the protonation of peroxovanaddt¢éogdther,36 is

an effective functional model for V-HPO based on the structudality to the

supramolecular binding fashion of the enzyme.
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5. Experimental Part

5. 1. General Remarks
5. 1. 1. Solvents and Reagents

Reagents were used as received frieluka AG (Buchs, Switzerland)Merck AG
(Darmstadt, Germany) andldrich (Buchs, Switzerland) unless otherwise stated.
Chemicals of the qualitpurum purum p. a. or >98% were used without further

purification.

Solvents for chromatography and extractions were distilled prios¢o As solvent of
reaction, dry dichloromethane (@El,) was distilled from Calb] ELO and THF from
Na/benzophenondll freshly dried solvents were used immediately. Further sadvent
used for reactions corresponded to the quplityss p. a., abs., over Molecular Sieves
from Fluka AG Degassed solvents for reactions under oxygen-free condtigrn
the glove box) were obtained by at least four freeze-pump-thale@scydano-pure

water was used if necessary.

For an inert atmospherérgon 56 (< 4 ppm other gases) fror@arbagas AG

(Lenzburg, Switzerland) was used.

5. 1. 2. Materials & Instruments

Solvents were removed withBiichi (Switzerland) rotary evaporator (Waterbath B-
480, Rotavapor R 114 and Vacuum Controller 168) and a MZ 2C membrane pump
(Vacuubrangl. For cooling a mixture of EtOH and water was kept at 4° aithkW

300 thermostatacuubrangl.

For weighing compounds and reageMitsttler (Switzerland) balances P1200 (> 1 g),
AE163 (< 1 g), and AX205 (< 100 mg) were used.

A high-vacuum pump D5E fromrivac (KoIn, Germany) or Edwards frofdwards
High Vacuum Internationawest Sussex, England) was used for drying compounds

and reagents.
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Lyophilization was performed with Lyolab B fronLSL Secfroid (Aclens,
Switzerland).

Magnetic stirrers were MR3001K with thermo-controller EKT 30@imiHeidolph
(Schwabach, Germany) and IKA-Combimag RCT fréemke & Kunkel Gmbh & Co.
KG (Staufen, Germany).

For all non-aqueous reactions glassware were flame dried eitder vacuum or
argon overpressure, and the atmosphere was exchanged by thre@fcgebsuating

and flushing with argon.
5. 1. 3. Chromatographic Methods

Analytical thin layer chromatography (TLC) was performed on 0.25 mm precoated
glass plates ¢8L0 cm, silica gel 60 &4, Merck AG, Darmstadt, Germany) or on 0.2
mm precoated plastic plates x@ cm, AUGRAM® aluminum oxide N/UVs,,
Macherey-NagelGermany). Reverse phase TLC was performed on precoated glass
plates (%10 cm, RP-18 fs45 Merck AG, Darmstadt, Germany). Compounds were
detected at 254 nm (UV) or at 366 nm (fluorescence), or visualizextiing vapor or

spray reagents, i.e. Ninhydrin spray reagent. Descripfib@ (solvent):R:.

Preparative thin layer chromatography was conducted on 0.25 mm precoated glass

plates (2820 cm, silica gel 60 %4, Merck AG, Darmstadt, Germany).

For normal phaseolumn chromatography silica gel 60 fromMerck (0.043-0.06
mm, 230-400 mesh) or aluminum oxide 90 frbfarck (standardized (activity II-111),
0.063-0.2 mm, 70-230 mesh) were used and for eluting the compounds pressure (0.3—

0.5 bar N) was applied (flash chromatography).
5. 1. 4. Spectroscopic and Characterization Methods

Ultra violet — visible absorption spectra (UV/Vis)were recorded on Hewlett-
Packard 8452A Diode Array spectrophotometer andAgilent 8453 Diode Array
spectrophotometer using optical 110-Gi8lima cuvettes (10 mm light path). For
kinetic UV measurement, internal software was used to fit detion rate.

Description UV/Vis (solvent): wavelength of maximau,) in nm.
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Fluorescence spectra were recorded on &BA Jobin Yvon-SpexluoroMax-2
spectrometer which was fitted with a magnetic stirrer andnbstatic cell housing
controlled by external water bath, and using 10 mm path length quaréttes
(Hellm@ which were fitted with an appropriate magnetic stir bamdt otherwise
stated all spectra were recorded at°€3 For kinetic measurement, the software

OriginPro was used to fit the reaction rate.

Infrared spectra (IR) were measured on ®&erkin-Elmer 1600 series FTIR
spectrometer in KBr (1% w/w) or neat between NaCl-platesscbption IR
(medium): wavenumbers of transmission maxima iftcimtensity = strong,m =

middle,w = weak,br = broad).

'H-Nuclear magnetic resonance spectroscopy'H-NMR) was performed using
either aBrukerav250 (250 MHz)Varian Gemini 300 (300 MHz)Bruker DPX-NMR
(400 MHz), Bruker DRX-500 (500 MHz) or aBruker DRX-600 (600 MHZz)
spectrometer. Solvents for NMR were obtained fr@@n Glaser AG (Basel,
Switzerland) andCambridge Isotope Laboratoriddndover, MA, USA). CD( was
filtered through basic alumina prior to use. If not otherwisgest all spectra were
recorded at room temperature. If necessary for the interpretetirrelated spectra
like COSY, TOCSY, NOESY and ROESY were recorded also. Omsnm *H-NMR
(frequency, solvent)oy in ppm relative to residual solvent peaks or internal TMS
peak (peak multiplicitys = singlet,d = doublett = triplet,q = quartetin = multiplet,

b = broad; coupling constanisn Hertz).

3C-Nuclear magnetic resonance spectra’{c-NMR) were *H-decoupled and

recorded on &ruker DPX-NMR (100 MHz), Bruker DRX-500 (125 MHz) and

Varian Gemini 300 (75 MHz) spectrometer. For the assignment of carb®ds A
DEPT, HETCOR, HMQC and HMBC experiments were carried outsgential.

Description **C-NMR (frequency, solvent)dc in ppm relative to residual solvent
peaks.

>l\/-Nuclear magnetic resonance spectra®{V-NMR) were recorded on Bruker
DPX-600 (157.8 MHz), chemical shift is given in ppm, with VOGI3%£ 0.0 ppm) as
external reference; line broadening = 0-100 Hz, sweep width ~ 100 00®aHz

relaxation delay.
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¥p_.Nuclear magnetic resonance spectraP-NMR) were recorded on Bruker
DPX-600 (242.94 MHz) andruker DPX-NMR (161.97 MHz); chemical shift is
given in ppm relative to inorganic phosphate=< 0.0 ppm).

Electron impact mass spectra (EI-MS)yandfast atom bombardment mass spectra
(FAB-MS) were measured byr. H. Nadigon aVarian double focusing VG-70-250
spectrometer in the mass spectrometry laboratory of theutestAs matrix for FAB-
MS nitrobenzyl alcohol was used and, if necessary KCl| adB&xttron spray
ionization mass spectra (ESI-MS)wvere recorded on Rinnigan Mat LCQ-700 or a
Bruker Esquire 3008 Description MS (solvent): mass peaks m/z (relative

intensity in %). Peaks with an intensity of less than 5% were not considered.

Single crystal X-ray structureswere determined bpr. Markus NeuburgeandDr.
Silvia Schaffner Data collection was carried out on a Nonius KappaCCD
diffractometer using the COLLECT software suite. The usuaftectons were
applied. No absorption correction was determined. The structuressaied by
direct methods using the program SIR92. Anisotropic least-squefieement was
carried out on all non-hydrogen atoms using the program CRYSTAy8rogen

atoms are in calculated positions.
Melting points (mp) were determined onBiichi510 apparatus and are uncorrected.

Elemental analysis (EA)was carried out by MrH. Kirsch at the institute with a
PerkinElmer 240 Analyzer. DescriptiorEA calculated (calc.) for (chemical formula,
molecular weight): abundance of C, H, O in %; found abundance of C, H, O in %.

5. 1. 5. Non-linear data fit

Non-linear data fit used the program proFit 5.1 (pfoEitantumSoft) performed on
Mac or Origin 7.0 SRO (Origin® OriginLab Corporation) performed R@. The
following general equation was applied for NMR, UV and fluorescenratitn
titration of 1:1 binding mode:

+ (IHG_ IHo) ([

2[H]

lobs = Hal + [Gl +A/([HJ] + [Gdl + = )* 4H G )
“1” refers to the chemical shift or UV/fluorescent intensity of specie H.
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5. 2. Syntheses

5. 2. 1. The serial of first generation Tris- opena rmed-guanidiniums

Tris(2-guanidinoethyl)amine trinydochloridé€l)

+/[\II\HQ /ﬁl\ﬂf 300 pl tris-(2-aminoethyl)amine, 2 mmol) and 1.03 ml
HoN H/ﬁ HN™ “NH, N,N-di-isopropyl-ethylamine (DIEA, 6 mmol) were
" dissolved in 6 ml DMF to get a clear solution. White solid
N? 3.cr precipitated when the solution of 903 mg (6.16 mmol) of
HN™“NH; 1H-pyrazole-1-carboxamidine monohydrochlorid® i 6

ml DMF was added in. This white solid is the hydrochloride sBR. The reaction
was stirred by ultrasound bath for 3 hours under argon atmosphérasa9eC and
most of the solid was dissolved. The reaction was continued at rogreregore with
normal magnetic stirrer over night. The reaction system itetéd and washed with
8 ml 1:1 solution of DMF/t-butyl-methylether (TBME), and. 14 ml TBMis added
to precipitate the white solid. The solution and stirred slowlpatrtemperature for
2 hours, then filtrated. The solid was washed with TBME to yield 768.299.8%)
crudel as pale yellow solid. Yield of the recrystallization (MeOHACH) was 72%.

'H-NMR (400 MHz, DMSOQd6): 2.57 (t, 6H,J = 5.55 Hz, 3xChN); 3.25 (td, 6H,
= 5.31, 5.55 Hz, 3x8B,-NH); 7.25 & 7.54 (br, 12H, 3x N,-C- NH,); 7.64 (t, 3H,J
=5.18, 3xNH).

3C-NMR (100 MHz, DMSOd6): 39.07 (3C, 3xChNH); 52.06 (3C, 3xChN);
157.99 (3C, 3xC=NH).

ESI-MS (MeOH): Positive ion mode: 273.3 (M+H

IR (KBr cm™): 3331 §); 3158 §); 1656 §).

EA: calc. for GH,7ClsNyo: C 28.32, H 7.13, Cl 27.86, N 36.69; found: C 28.30, H
7.10, N 36.58, Cl 27.84.

X-ray structure : The single crystal for X-ray structure determination was obtained
by vapor diffusion of CKCl, into the solution ofl in methanoll was cocrystallized
with one molar MeOH. The structural details shapter 5.5
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Tris(2-guanidinopropyl)amine trihydochlorid€6)

+
NH, (\

NH N/j _ precipitated as solid by adding TBME to the final reaction
3.Cl
HN

/ltz Compound6 was synthesized via the similar manneras

NH;  from tris-(3-aminopropyl)amine. Howeve, can not be

solution. Instead, the crude product was precipitated as
yellow oil under this condition. Decant the up layer

solution and the oil was soaked by 1:1 mixture of

DMF/TBME, then by pure TBME and diethyl ether subsequentbcubate yield was

not able to be obtained due to the high hydroscopic natuie of

'H-NMR (400 MHz, DMSO#€6); 1.63 (tt, 6H,J = 6.57, 6.82 Hz, 3xN-C}CH,CH,-
NH); 2.44 (t, 6H,J = 6.82 Hz, 3xChHN); 3.16 (t, 6H,J = 6.56 Hz, 3xCHNH); 6.8-
8.9 (br m, 15 H, 3xgunidinium-H).

3C-NMR (100 MHz, DMSOd6): 26.71 (3C, 3xN-ChCH,CH,-NH);39.79 (3C,
3xCH-NH); 50.96 (3C, 3xChtN);157.96 (3C, 3xC=NH).

ESI-MS (MeOH): Positive ion mode: 315.2 (M+)H Negative ion mode: 349.8
(M+CI").

Tris(2-guanidinoethyl)amine tri-tetraphenylboraté?)

/ﬁ\ /J\@ 38.17 mg compount (0.1 mmol) was dissolved
HzN NH, © in 2 ml water and this clear solution was heated
E\) @_ _@ up to 45°C by oil bath. The 3 ml aqueous
solution of 131.51 mg NaBRI{0.38 mmol) was
H:N NH; added in and white solid started to precipitate.

The system continued to be stirred at 45G@or 30 minutes and at rt for overnight.
After filtration and washing with water, the solid was dried underuum to afford
113.09 mgr as white powder (91.7%).

'H-NMR (400 MHz, CQCN): 2.62 (t, 6H,) = 6.32 Hz, 3xCHN); 3.10 (t, 6HJ =
6.32 Hz, 3xCH-NH); 6.01 (br m, 15H, 3x5-gunidinium-H); 6.87 (t, 12H+ 7.07 Hz,
12xAr-CH); 7.02 (t, 24HJ = 7.33 Hz, 24xAr-CH); 7.30 (m, 24H, 24xAr-CH.
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3C.NMR (100 MHz, CRCN): 39.50 (3C, 3xCHNH); 51.85 (3C, 3xChN):;
122.24 (12C, 12xAr-CH; 126.02, 126.05, 126.08, 126.(d, coupling with B, 24C,
24xAr-CH’); 136.15 (24C, 24xAr-CPH); 157.99 (3C, 3xC=NH);_163.48, 163.96,
164.46, 164.96q, coupling with B, 12C, 12xAr-C-B).

Tris(2-guanidinopropyl)amine tri-tetraphenylboratés)

NH2
C way as for 7, albeit directly from the

/j O_ _Q final reaction mixture for preparation of

6 with overall yield of 87.0% according

@ Compound 8 was prepared in a same

HoN" @ NH2 to tris-(2-aminopropyl)amine.

'H-NMR (400 MHz, C3CN): 1.62 (tt, 6H,J = 6.82, 7.07 Hz, 3xN-CHH,CH,-
NH); 2.42 (t, 6HJ = 7.07 Hz, 3XChKN); 3.03 (t, 6H,J = 6.82 Hz, 3XxChKtNH); 6.87
(t, 12H,J = 7.16 Hz, 12xAr-CB); 7.02 (t, 24HJ = 7.41 Hz, 24xAr-CH); 7.30 (m,
24H, 24xAr-CH).

3C-NMR (100 MHz, CRCN): 25.09 (3C, 3xN-ChCH,CH,-NH); 40.28 (3C,
3xCH,-NH); 49.76 (3C, 3xChkiN); 122.25 (12C, 12xAr-CH; 126.03, 126.06,
126.09, 126.1Xq, coupling with B, 24C, 24xAr-Chi, 136.15 ((24C, 12xAr-CH;
157.14 (3C, 3xC=NH); 163.47, 163.96, 164.45, 16404.2C, 12xAr-C-B).

5. 2. 2. Guanidinium cryptands
N,N-bis(4-phthalimidobutyl)benzylamingl1)

Q
@ 4.55 g N-(4-bromobutyl)-phthalimide9) (16.1
N
o N \ mmol), 0.88 ml benzylamine (8.05 mmol) and
3
% i 2.80 g KF-545-Celite* were mixed in 27 ml
(0] K@

acetonitrile. The reaction was carried under argon

atmosphere at rt over night. The KF-545-Celite
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was removed by filtration and washed with fresh acetonitrile. fillriate was
concentrated by evaporatand subsequently purified by flash chromatography (silica
gel, toluene/acetone = 20:1) to afford 1.99 g (48.0%) prddas white solid.

*) The catalyst KF-545-Celite was prepared by mixib25 ml aqueous solution of 5 g potassium
fluoride with 5 g of Celite 353. Water was removemtt the resulting solid was washed with 25 ml
acetonitrile then dried under vacuum.

TLC (toluene/acetone = 7: 1); R0.35.

mp: 105-7°C.

'H-NMR (400 MHz, CDC}): 1.49 (tt, 4HJ = 7.2, 7.3 Hz, 2xCH2); 1.66 (tt, 4H.

= 7.4, 7.5 Hz, 2xCHh3); 2.43 (t, 4H, 2xCht1); 3.51 (s, 2H, PhCH}t 3.63 (t, 4HJ =
7.2 Hz, 2xCH-4); 7.16-7.29 (m, 5H, Ph-CH); 7.70 (m, 4H, 4xPh-CH); 7.80 (m, 4H,
4xPh-CH).

13C-NMR (100 MHz, CDC}): 24.8 (2C, 2xCH3); 26.8 (2C, 2xCht2); 38.3 (2C,
2xCH,-4); 53.6 (2C, 2xCht1); 59.1 (PICH,), 123.5, 127.1, 128.5, 129.2, 132.6,
134.2, 140.3 (18C, Ph-C, CH); 168.8 (4C, 4xC=0).

MS (ESI, m/z): 510.6 (M+H), 532.4 (M+Na4).

EA: calc. for G;H31N304: C 73.06, H 6.13, N 8.25, O 12.56; found: C 72.85, H 6.05,
N 8.21, O 12.90.

IR (KBr, cmit): 3062 {v), 2933 (n), 2788 (), 1708 §).

N,N-bis(5-phthalimidopentyl)benzylamin@ 2)

12 was prepared in similar way 44 from N-(5-

c N . bromopentyl)-phthalimidelQ).
3 4
o > TLC (CHCly/MeOH = 20:1.5): R=0.45.
C};E t 'H-NMR (400 MHz, CDCY): 1.30 (m, 4H,

SN
O \—O 2xCH,-3); 1.48 (t, 4H,J = 6.52 Hz, 2xCH2);

1.63 (tt, 4H,J = 7.45, 7.54 Hz, 2xC}4); 2.36 (t,
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4H, J = 6.37 Hz, 2xCht1); 3.50 (s, 2H, PhCht 3.65 (t, 4H,J = 7.25 Hz, 2xCht5);
7.16-7.26 (m, 5H, Ph-CH); 7.69 (AA’ of AA'BB’, 4H] = 3.04, 5.44 Hz, 4xPh-CH);
7.82 (BB’ of AA'BB’, 4H, J= 3.03, 5.46 Hz, 4xPh-CH).

13C-NMR (100 MHz, CDCY): 25.05, 26.97, 28.88 (6C, 2xC-2, 2xC-3, 2xC-4); 38.38
(2C, 2xC-5); 53.89 (2C, 2xC-1); 58.96 (Ph{H.23.55, 127.01, 128.48, 128.63,
129.15, 132.58, 134.23 (18C, 3xPh-C, CH); 168.83 (4C, 4xC=0).

MS (ESI, m/z): 538.1 (M+H).

N,N-Bis-(4-phthalimidobutyl)aming13)

1.81 g compoundl (3.6 mmol) was dissolved in 10

o ml acetic acid and 100 mg 10% Pd/C was added in.
The inner atmosphere of the reaction system was
exchanged three times with argon and another three

N/\/i, times with H. The reaction was performed at °1®
3 NH

Y 1 under B balloon overnight then cooled down to rt.
The catalyst was removed by filtration over Celite. Thetiaacid was removed
under vacuum, and then 20 ml CH@hd 20 ml 4N ammonia aqueous solution were
added in together. The organic phase was washed with brine adddeieNaSO,;.
Solvent was removed and dried under vacuum to get 1665(§1.0%) which was

enough pure for next step.

TLC (CH,Cl,/MeOH/NE% = 20:1:0.1): R= 0.23
'H-NMR (400 MHz, CDC}): 1.55 — 1.78 (m, 8H, 2xG#R2 + 2xCH-3); 2.71 (t, 4H,
J=7.2 Hz, 2xCH1); 3.70 (t, 4H,J = 7.2 Hz, 2xChH4); 7.69 (AA’ of AA'BB’, 4H,
J=3.0, 5.5 Hz, 4xPh-CH); 7.82 (BB’ of AA'BB’, 4H),= 3.0, 5.5 Hz, 4xPh-CH).
13C-NMR (100 MHz, CDC}): 25.3, 26.8, (4C, 2xC-2, 2xC-3); 38.0 (2C, 2xC-4);
49.1 (2C, 2xC-1); 123.6, 132.5, 134.3 (12C, Ph-C and -CH); 168.8 (4C, 4xC=0).
ESI-MS (m/z): 420.5 (M+H).
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Tris-(4-phthalimidobutyl)amineg(15)

1.20 g KF-545-Celite was added into the 5.0
ml acetonitrile solution of N-(4-bromobutyl)-
0 phthalimide 9, 422 mg, 1.49 mmol) and 482
mg compoundl3 (1.15 mmol). The mixture
4\ was stirred under argon atmosphere over night;
ONj//: \’\/\ o then the catalyst was removed by flirtation and
m 1 washed with fresh acetonitrile. The filtrate was
O concentratedn vacuo and purified by flash

chromatography (silica gel, toluene/acetone =
20:1) to afford 196 mg (27.0%)p as white solid.

TLC (toluene/acetone = 5:1);R0.12.

mp: 122.5-123.5C.

'H-NMR (400 MHz, CRCN): 1.39 (tt, 6H,J = 7.3 Hz,J = 7.3 Hz, 3xCH-2); 1.61 (tt,
6H,J = 7.3 Hz,J = 7.3 Hz, 3xCH3); 2.33 (t, 6HJ = 6.9 Hz, 3xCH1); 3.56 (t, 6H,
J=7.1Hz, 3xCH4); 7.72 - 7.74 (m, 12xPh-CH).

3C-NMR (100 MHz, CRCN): 24.7, 26.5 (6C, 2xC-2, 2xC-3); 38.0 (3C, 2xC-4);
53.4 (3C, 2xC-1); 123.1, 132.7, 134.3 (18C, Ph-C and -CH); 168.7 (6C, 6xC=0).
ESI-MS (m/z): 621.7 (M+H);

EA: calc. for GeH3zeN4Os: C 69.66, H 5.85, N 9.03, O 15.47; found: C 69.42, H 5.92,
N 8.42, O 15.76.

Tris-(4-aminobutyl)amine tetrahydrochloridél7)
0.17 ml hydrazine monohydrate (3.56 mmol) was added to

NH,
/l)/ the solution of 245 mg Tris-(4-phthalimidobutyl)amid&)
HaN A~

in 4.6 ml ethanol. The reaction was stirred at room
4 Hcl temperature for two hours and white solid precipitated
during this procedure. All the volatile was removied
NH vacuoand 5.0 ml 2 M HCI aqueous solution was added in.
The mixture was filtrated and the solution was dried under vacubenré&sidue was

dissolved in 1 ml water and loaded to ion exchange resin (Ambétit0, H form,
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6.56 g, pre-wash with 3M HCI and then water to pH neutral). 3 M HGlwsad as
eluent and the Ninhydrin positive fragments were collected and hzgahito afford
77.3 mg compound7 (52.0%) as white solid.

'H-NMR (400 MHz, DO): 1.60 — 1.80 (12H, 3xG#2 + 2xCH-3); 2.96 (t, 6H,
2xCH,-1); 3.15 (br, 6H, 2xCH4).

3C-NMR (100 MHz, BO): 21.1 (3C, 3xC-2); 24.4 (3C, 3xC-3); 39.3 (3C, 3xC-4);
52.8 (3C, 3xC-1).

ESI-MS (m/z): 231.3 (M+H)

N-(4-iodobutyl)-phthalimide(19)

o 5.64 g N-(4-bromobutyl)-phthalimide9) (20 mmol)
4
N/\/iﬁ and 7.20 g fine powdered sodium iodide (48 mmol)
3 1 | were mixed with 40 ml acetone and refluxed under
@)

argon atmosphere for 24 hours. Another 7.20 g fine
powdered sodium iodide was added in and continue to reflux for 24 hours more. The
volatiles were removeth vacuq then 100 ml CKCIl, and 100 ml water were added
to the residue and the two phases were separated. The watevdsyextracted again
with 2x100 ml CHCI,. All the organic layers were combined and wash with 10%
NaS0O; aqueous solution, water and brine, then dried oveB®aanhydrite. After
filtration, the solvent was removed and resulting solid was dried wrateum to

afford 6.22 d19 (94.5%) which is already pure enough for next step reaction.

TLC (toluene/acetone = 20:3); R0.58; (hexane/ethyl acetate = 4:1)=R.35;
(CH.Cl,): Rr= 0.41.

mp: 88-89°C

'H-NMR (400 MHz, CDC}): 1.83 (m, 4H, Ch2 + CH-3); 3.21 (t, 2H,) = 6.53 Hz,
CH,-1); 3.70 (t, 2HJ = 6.59 Hz, CH4); 7.71 (AA’ of AA'BB’, 2H, J = 3.06, 5.42
Hz, 2xPh-CH); 7.83 (BB’ of AA'BB’, 2HJ=3.03, 5.46 Hz, 2xPh-CH).

13C-NMR (100 MHz, CDC}): 5.99 (C-3); 29.93 (C-2); 30.94 (C-1); 37.13 (C-4);
123.68, 132.43, 134.41 (6C, Ph-C, CH); 168.77 (2C, 2xC=0).

IR (CHCl, cmi%): 1765, 1703
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N-(5-iodopentyl)-phthalimidg20)

Compound20 was prepared in a same way B

N\/‘l\/z\/| from N-(5-bromopentyl)-phthalimide 10) with a
5 3 1 yield of 96.5%.

TLC (hexane/ethyl acetate = 4:1)=R0.29, (toluene/acetone = 20:3)=R0.60

mp: 73-75°C

'H-NMR (400 MHz, CDC}): 1.45 (tt, 2H,J = 7.33, 8.08 Hz, CH3); 1.70 (tt, 2H,J =
7.33, 7.58 Hz, Ch#2); 1.87 (t, 2H,J = 7.08, 7.33 Hz, CH4); 3.17 (t, 2HJ = 6.95
Hz, CH-1); 3.68 (t, 2HJ = 7.21 Hz, CH5); 7.71 (AA’ of AA'BB’, 2H, J = 3.03,
5.56 Hz, 2xPh-CH); 7.83 (BB’ of AA’'BB’, 2HJ=3.03, 5.56 Hz, 2xPh-CH).
13C-NMR (100 MHz, CDC}): 6.82 (C-3); 27.91, 28.11 (C-2, C-4); 33.30 (C-1); 38.05
(C-5); 123.64, 132.51, 134.34 (6C, Ph-C, CH); 168.81 (2C, 2xC=0).

EI-MS (70 ev, m/z): 343 (3.8 ), 261.1 (49.2), 160 (100ESI-MS (m/z): 365.9
(M+Na).

EA: calc. for GsH14INO,: C 45.50, H 4.11, N 4.08, O 9.32; found: C 45.92, H 4.27,
N 4.03;

Benzyl-tris-(4-phthalimidobutyl)-ammonium iodidé1)
% 1.50 g KF-545-Celite was added into the 15.0
@ ml solution of 1.645 g N-(4-iodobutyl)-
J/r phthalimide 19) (5 mmol) and 110l
benzylamine (1.0 mmol) in acetonitrile. The
@N\/\/\ l\@ mixture was refluxed under argon atmosphere
for 48 hours; then the KF-545-Celite was
removed by flirtation and washed with fresh acetonitrile. The filirate concentrated
in vacuoand the residue was soaked in benzene. The reaction flask stodidai
sonic bath for 30 minutes and was cooled down in ice bath for one hourththen
benzene up-layer was decanted. The residue was repeated thiggvpmehbedure by

benzene once more to remove the exced® ahd the bis- alkylated side product. 10

ml CH,Cl, was added to the residue, and the mixture was filtrated to resmoak
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amount of white inorganic salts. The solution was dried under vacuuivetd16 mg
(60.8%)21 as yellow solid which can be used directly for next step wadtiowever,

all the NMR signals o1 shows more than two group of signals which did not
improve after flash chromatography (silica gel,,CH/MeOH gradient from 100:1 to
10:1), and the reason is not clear yet. Only the main signal is listed bellow.

TLC (CH,Cl/MeOH = 40:3): R= 0.26,

'H-NMR (400 MHz, CDCY): 1.78 — 1.91 (m, 12H, G#2 CH,-3); 3.47 — 3.50 (m,
6H, Hz, CH-1); 3.69 — 3.71 (m, 2H] = 6.95 Hz, CH+-4); 4.87 (s, 2H, PhCH 7.26 —
7.81 (m, 17H, Ph-H).

13C-NMR (100 MHz, CDCY): 20.05, 25.70 (6C, 3xC-2, 3xC-3); 32.26 (3C, 3xC-1);
59.01 (3C, 3xC-4); 63.87 (PhGH123.39, 127.00, 129.56, 130.95, 131.89, 132.50,
134.19 (24C, 4xPh-C, CH); 168.51 (6C, 6xC=0).

ESI-MS (m/z): 711.2 (M).

Benzyl-tris-(5-phthalimidopentyl)-ammonium iodid@2)
Compound25 was obtained from

o. N-(5-iodopentyl)-phthalimide20)
5 Y via the same way &, Yield:
4 66.0%.
2 o Q

TLC (CH.Cly/MeOH = 40:3): R=

\/\/\/N
0O 0.53;
'H-NMR (400 MHz, CDC}): 1.43

(tt, 6H,J = 7.43 Hz, 3xCk3); 1.83 (it, 6H,J = 6.87 Hz, 3xCk2); 1.97 (m, 6H,
3xCH,-4); 3.32 (t, 6H,J = 8.31 Hz, 3xChH1); 3.73 (t, 6H,J = 6.59 Hz, 3xCH5);
4.86 (s, 2H, PhB)); 7.44-7.56 (m, 5H, Ph-CH); 7.71 (AA’ of AA'BB’, 6H] = 3.03,
5.47 Hz, 6xPh-CH); 7.82 (BB’ of AA’'BB’, 6HJ = 3.03, 5.49 Hz, 6xPh-CH).

13C-NMR (100 MHz, CDC}): 22.23, 23.65, 28.28 (9C, 3xC-2, 3xC-3, 3xC-4); 32.26
(3C, 3xC-1); 37.17 (3C, 3xC-5); 59.27 (Ph{iH123.72, 128.74, 132.39, 132.94,
134.47 (24C, 4xPh-C, CH); 168.92 (6C, 6xC=0).

ESI-MS (m/z): 753.2 (M).
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Benzyl-tris-(4-aminobutyl)-ammonium iodid&3)

NH,
167.7 mg  Benzyl-tris-(4-phthalimidobutyl)-
I@ ammonium iodide 41) (0.2 mmol) and 15l
@ .
/4\/2\/ ~ " NH, hydrazine monohydrate were added to 2 mi
HoN- 3 g ethanol. The reaction mixture was refluxed under

argon atmosphere for two hours and white solid

precipitated. Subsequently the system was cooled
down and stirred at room temperature for over night, then store@dfridige for two
hours. Keep the system cool and the white solid was removed dagidiit All the
volatiles were removed under high vacuum to afford the crude pr@@uad yellow
gum which contain small amount of N,N’-phthaloyl hydrazine. Though nt loa
further purified by reverse phase chromatography (RP18CEQHH,0), the crude
product was used directly for next step.

'H-NMR (400 MHz, CROD): 1.64 (tt, 6HJ = 7.40 Hz,J = 7. 64 Hz, 3xCK2);
1.93 (tt, 6H,J = 5.30 Hz,J = 10.59 Hz, 3xCht2); 2.99 (t, 6HJ = 7.27 Hz, CH-4);
3.14 (t, 6H,J = 8.32 Hz, Ch-1); 7.50 (m, 5xPh-H).

ESI-MS (m/z): 321.3 (M)

Benzyl-tris-(5-aminopentyl)-ammonium iodid@4)
NH, :
Compound24 was prepared fron22 in a
same way ag3.

I@

HZN\/“\/Z\/N@\/\/\/NH2 TLC (RPyg, HyO/acetonitrile = 3:1): R=
5 3 1 0.85;

IH-NMR (400 MHz, CDCY): 1.42 (m, 6H,
3xCH,-3); 1.61 (tt, 6H,] = 7.42 Hz, 3xChH2); 1.87 (M, 6H, 3x Chi4): 2.73 (t, 6H,]
= 7.16 Hz, 3xCH5); 3.21 (t, 6H,) = 7.37 Hz, 3xChH1): 4.59 (s, 2H, Ph-C}; 7.53
(m, 5H, Ph-CH).
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3C-NMR (100 MHz, CDC}): 22.20, 23.68, 31.25 (12C, 3xC-1, 3xC-2, 3xC-3, 3xC-
4); 40.94 (3C, 3xC-5); 58.60 (Ph-QH 126.05, 127.89, 129.59, 130.93, 131.85,
132.75 (6C, Ph-C, CH).

ESI-MS (m/z): 363.3 (M)

Tris-(2-isothiocyanate-ethyl)aming26)

(2-Aminoethyl) amine2 (0.29g, 2.00mmol) dissolved in 8.0

NCS
ml of THF was added dropwise to a solution of DCC (1.65g,
AN 8mmol) and 3.2ml of CSlarge excess) in 8.0 ml of THF at -
SCN :
I 10°C. The reaction was warm up to room temperature slowly
NCS

and stirred overnight. 5ml of ether was added in to precipitate
the solid of N,N’-dicyclohexyl-thiourea, then filtrate and wasithwbml ether. The
filtrate was evaporated and the resulting solid was washédhekane. Purification

by chromatography on silica gel (chloroform) gave 0.42g (76%) titedpound as
yellow solid.

TLC (CH.Cl,) Rf = 0.68;

mp: 48-49°C;

'H NMR (400 MHz, CDC}): 2.97 (t,J = 6.2 Hz, 6H, N-Ch)); 3.60 (t,J = 6.2 Hz, 6H,
CH»-NCS).

13C NMR (100 MHz, CDCJ): 44.7 (N-CH); 54.9 (CH-NCS); 133.5 (NCS).

FAB-MS (m/2): 273 (M, 25.8); 200 (100).

EA. calc. for GH1oN4Ss: C 39.68, H 4.44, N 20.57; found: C 39.88, H 4.41, N 20.66.
IR (KBr): 2201, 2120 cr.

Tris-(3-isothiocyanate-propyl)aminé7)

NCS
27 was prepared similarly a6 from (3-aminopropyl)
amine @5). Yield: 74.1%.

TLC (CH,Clp) R = 0.28;
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mp: 43-44°C;

'H-NMR (400 MHz, CDC}): 1.84 (tt, 6H,J = 6.31, 6.57 Hz, 3xC¥CH,CH,); 2.52 (t,
6H,J = 6.57 Hz, 3xChN); 3.61 (t, 6HJ = 6.31 Hz, 3xCRN=C=S).

3C.NMR (100 MHz, CDC}): 27.96 (3C, 3xChCH,CH,); 43.23 (3C, 3xCht
N=C=S); 50.56 (3C, 3xCHN); 130.90 (3C, 3xN=C=S).

ESI-MS (m/z): 315.5 (M+H)

EA: calc. for GoH1gN4Ss: C 45.83, H 5.77, N 17.81; found: C 46.03, H 5.78, N 17.89.
IR (KBr): 2200, 2123 cm.

1,4,6,9,12,14,19,21 —Octaaza —bicyclo[7,7,7]tricosane-5,13,20 —trith@®)e

" A A solution of Tris-(2-isothiocyanate-ethyl)amine26)
S )ts < (272.4 mg, 1.0mmol) in 200 ml of CHLANd a solution of
NH HN  HN 2 (1461 mg, 1.0 mmol) were added dropwise
K/,\Q\) simultaneously to 100ml of CHEht 60 °C. The mixture
was refluxed for 30 min and stirred at room temperature
overnight. The solvent was removed to dryness to give 4221fi0%) as white

solid.

mp: >300C (decomposed).

IH NMR (400 MHz, CDCY): 2.441 (br., 6H, CkN); 2.803 (br., 6H, ChN): 3.019
(br., 6H, NH-CH); 4.621 (br., 6H, NH-Ch); 6.685 (br., 6H, NH).

'H NMR (400 MHz, DMSO-g): 7.068 (broad s, 6H, NH); 3.448 (broad s, 12H, NH-
CHy); 2.530 (t, 12H,) = 5.32 Hz, CHN).

3C-NMR (100 MHz, DMSO-g): 42.15 (6C, 6 x CbNH,); 51.26 (6C, 6 x ChN):
182.70 (3C, 3 x C=S).

FAB-MS (m/2: 419 (M+T, 100), 129 (48.3)ESI-MS positive ion moder(/2: 419.3
(M+H™), negative ion mode{/2: 417.1 (M-1, 100), 383.1 (70.8).

IR (KBr): 3304, 3250, 1570, 1361 ¢m

EA calc. for GsH3zoNgSs: C 43.03, H 7.22, N 26.77, S 22.98; Found: C 42.87, H 7.03,
N 25.81.
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X-ray structure: The single crystal suitable for X-ray structure detertionawas
obtained by slow evaporation of solvent of the solution28fin CH,Cl,. The

structural detailehapter 5.4

3-2H"-bis-picrate

16.7 mg (0.04mmol) o8B and 33.6mg (0.09mmol) of picric acid (containing 40%
water) were dissolved in 40 ml acetone. The solution was opened &g toeallow
the slow evaporation of solvent. Yellow crystals grew and wereatetieby filtration
one week later. The structure was characterizeX-bgy crystallography and one
acetone molecule was observed as cocrystallized solvent. Firubeiral details see

chapter 5.5
1,4,6,10,14,16,21,23 —Octaaza —bicyclo[8,8,8]hexacosane-5,15,22 —trit(dOhe

1
7/\'\‘ Compound29 was prepared similarly &8. However29
NH HN HN is almost insoluble in CHg,| therefore it can be obtained

- S
)‘Sr by filtration  without removing solvent. This
HN HN

~
NH . . .
5 unsymmetrical thiourea cryptand was able to be obtained
2 N
1!

— from different starting materials. Both the condensation
of Tris-(2-isothiocyanate-ethyl)amin@) with Tris-(3-
aminopropyl)amine25) (yield = 93%) , or Tris-(3-isothiocyanate-propyl)amir2&)(

with Tris-(2-aminoethyl)amine?] (yield = 84%) gave the identical product.

mp: >300C (decomposed);

'H-NMR (400 MHz, DMSO#): 1.65 (m, 6H, 3xCh2"); 2.28 (m, 6H, 3xCht1");

2.60 (m, 6H, 3xCht1); 3.03 (bs, 6H, 3xCH3’); 3.49 (bs, 6H, 3xCH2); 6.35 (bs,

3H, 3xNH-C-2); 7.55 (bs, 3H, 3xN-C-3’).

3C-NMR (100 MHz, DMSO): 23.60 (3C, 3xC-2"); 39.33 (3C, 3xC-3'); 42.00 (3C,
3xC-2); 48.40 (3C, 3xC-1"); 51.47 (3C, 3xC-1); 181.96 (3C, 3xC=S).

ESI-MS positive ion moderq/2: 461.3 (M+H); negative ion moden{/2): 459.5 (M-

1, 100), 495.5 & 497.4 (M+CI81.5 & 39.6).
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X-ray structure: The single crystal suitable for X-ray structure detertionawas
obtained by vapor diffusion of water into the solutior28fin DMSO. The structural

detailschapter 5.4

1,5,7,11,15,17,24,26 —Octaaza —bicyclo[9,9,9]nonacosane-6,16,25 —trit(ii@ne

N Compound30 was prepared fror25 and27 in a same
way as for29 (87%).

NH HN HN s
. =< \SF
W il TLC (CHCL/MeOH/NES = 20:2:1) R= 0.33;

) mp: >300C (decomposed);
Ne—u 'H-NMR (400 MHz, DMSOs€g): 1.61 (bs, 12H, 6xN-

CH,CH,CHx-NH): 2.38 (bs, 12H, 6xCpN); 3.35 (bs,
12H, 6xCH-NH); 7.62 (bs, 6H, 6xNH).
3C-NMR (100 MHz, DMSO€k): 26.79 (6C, 6xN-ChCH,CH,-NH); 40.41 (6C,
6xCH,-NH): 52.66 (6C, 6xCHN): 181.48 (3C, 3xC=S).
ESI-MS positive ion modert/2: 503.6 (M+H), 525.6 (M+N4); negative ion mode
(m/2: 501.7 (M-1), 537.6 (M+C).
IR (KBr): 3222, 1222 cm.

1,5,7,12,17,19,28,28 —Octaaza —bicyclo[10,10,10]dotriacontane-6,18,27 —trithione
(31)

Similar as30, compound31 was prepared fror7

2 N
, and 27(60.1%). Its '"H-NMR spectrum was too
" HNCHNC broad to be assigned at room temperature, therefore,
=S
s=< )’ the 'H chemical shifts and all the 2D spectra were
HN

INH N obtained at 340 K. ThEC-NMR chemical shift can
4'&_/ not be obtained due to the broadness.
3 "~
21

TLC (CH,Cl/MeOH/NE% = 20:4:1) Rf = 0.77.
mp: >300C (decomposed).
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'H-NMR (400 MHz, DMSQds, 340K): 1.34 (bs, 6H, 3xCk2"):; 1.47 (bs, 6H,
3xCH,-3"); 1.64 (bs, 6H, 3xCHK?2); 2.24 (bs, 6H, 3xCHL1'); 2.40 (bs, 6H, 3xCH1);
3.26 (bs, 6H, 3xCh4’); 3.39 (bs, 6H, 3xCKH3); 7.44 (bs, 3H, 3xN-C-4"); 7.55 (bs,
3H, 3xNH-C-3).

ESI-MS (MeOH+CHCOOH) positive ion mode nf/: 545.5 (M+H), 567.5
(M+Na"); negative ion moden{/2): 543.7 (M-1), 603.4 (M+CHCOO).

5,15,22,-Tris-methylimino-1,4,6,10,14,16,21,23 —octaaza —bicyclo[8,8,8]hexacosane

(32)
1 23.0 mg 1,4,6,10,14,16,21,23 -Octaaza -
2/\ Nﬁ\ bicyclo[8,8,8]hexacosane-5,15,22 —trithion29)(
He N1 HN HN@H (0.05 mmol) was suspended in 7.5 ml fresh
N=< HENG - .
/ =N distilled THF. 25ul Mel was injected in and the
NH HN HN
. system was slightly warmed up to 38 and
, Ne_ stirred for 24 hours, then another gbMel was
1 added. The reaction was continued for 24 hours

more till the starting material was no more detectable Si¥NES. All the volatiles
were evaporated and the residue was dmeslacuoto afford 37.13 mg crude S-
methyl-isothiourea derivative &9 as dark yellow solid. Without purification, 9.80
mg of this intermediate was suspended in 2 ml 8 mol/l solution dfHiZ2ein ethanol.
The reaction was stirred 7€ for 72 hours and followed by ESI-MS. The mixture
was filtrated and washed with ethanol to remove the insoluble impuitythe
volatiles were removed and the remaining solid was dried undervaiglum to

afford 11.07 mg product, presumably as tris-iodide salt.

'H-NMR (500 MHz, CROD): 1.90 (t, 6H,) = 4.95 Hz, 3xCk2"); 2.50 (m, 6H,
3xCH,-1"); 2.87 (t, 6H,J = 5.09 Hz, 3xCht1); 2.91 (s, 9H, 3xC}h); 3.30 (t, 6HJ =
6.25 Hz, 3xCH-3); 3.37 (bs, 6H, 3xCHKH?2).

ESI-MS (CDs;OD): positive ion mode n/2: 452.4 (M+H), 226.6 (M+2H)/2;
negative ion modent/?: 450.4 (M-1), 486.3 (M+ Cl).
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6,16,25-Tris-benzylimino-1,5,7,11,15,17,24,26 —octaaza —bicyclo[9,9,9]nonacosane-

(33)
N The pre-dried thiourea cryptan80
(209.2 mg, 0.417 mmol) and 375.6 mg
HN
N H“)'L-BH\ENH/\Q 2-Chloro-1-methylpyridinium  iodide

=
H® \H HN% (Mukaiyama reagent) (1.47 mmol)
.

\) were mixed with 40Qul triethylamine
N,

and 32 ml acetonitrile. The system was
refluxed under argon atmosphere for 5 hours and most solid got soluble thaing
refluxing; the solution became more deeply colored. ESI indicated that #iidkieea
groups converted to carbodiimide (Caution: this intermediate isliadib moisture.).
157 ul benzylamine was injected in and the color quickly changed to ardige
reaction continued to reflux for 36 hours more, then cool down to room teomgerat
and stirred for another 12 hours. The liquid part was carefully detamnid the sticky
solid was washed 3 times by fresh acetonitrile. 10 ml methaaslagded to this
crude mixture and then the insoluble impurity was removed by ifiliraThe solution
was concentrateth vacuoand the remaining 267 mg yellow solid was purified by
fresh chromatography (silica gel, @E,/MeOH = 1:1) to give 162.6 mg yellow solid
(35.3%).

'H-NMR (400 MHz, MeOD): 1.68 (bs, 12H, 6xN-GEH,CH,-NH); 2.44 (bs, 12H,
6xCH,-N); 3.30 (bs, 12H, 6xCHNH); 4.49 (s, 6H, 3xPhig,); 7.26-7.39 (m, 15H,
3xPh-CH).

¥C.NMR (100 MHz, MeOD): 26.66 (6C, 6xN-GBH,CH,-NH); 40.32 (6C,
6xCH,-NH); 44.79 (3C, 3xP@H,); 51.15 (6C, 6xChkiN); 127.57, 128.04, 128.95,
137.08 (6C, 6xPh-C, CH); 155.31 (3C, 3xC=N).

ESI-MS (MeOH): positive ion modent/?: 722.47 (M+H), 361.81 (M+2H)/2;
negative ion modent/2: 720.74 (M-1), 756.73 (M+ C).
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12-Benzyl -1,4,6,12,18,20,25,27 —octaaza —bicyclo[10,10,10]dotriacorbab@,26,-

trithione (34)
NH

N

2

=~ g

H
HN

1
N
H
5
4
3
' D
1 N
I@

J

NH

H

=

N

s)&s

N,

A super diluted condition is required for synthesi84f
due to the relatively long and flexible chain of the
starting materiaR4. A six liter three necked flask was
installed with two dropping funnels. One liter DMF and
one liter chloroform were mixed in the flask and heated
up to reflux. The solution of 462 nitft (0.846 mmol) in
one liter DMF and another solution of 243.6 r2§
(0.894 mmol) in one liter chloroform were dropped into
the refluxing system from dropping funnels slowly and
simultaneously at same speed. The adding was finished
within 5 hours. After stirring under reflux for another

1.5 hours, the reaction was cooled down to room temperature and cteredight.

The solution was concentratéd vacuothen 20 ml DMF was re-added in. The first

part white solid was collected by filtration and washed by nmeth&0 ml methanol

was added to the filtrate and the mixture stood in fridge for overnight. The second par

solid was again collected by filtration and wash with methanolghwisi of almost the

same purity as the first part. The two parts white solid dvesl under high vacuum
to give the totally 157.34 mg product (24.4%). SimilaBasthe 1H-NMR signals of

34 are very broad and overlapped at room temperature'HNMR chemical shifts

and 2D spectra were collected at 325 K.

TLC (CH.CIly/MeOH/NEg = 20:2:0.5) Rf = 0.56.

mp: >300C (decomposed).

'H-NMR (600 MHz, DMSOds, 325 K): 1.53 (bs, 6H, 3xG#B’); 1.58 (bs, 6H,
3xCH,-4’); 1.87 (bs, 6H, 3xCHKH2’); 2.51 (bs, 6H, 3xCH1); 3.41 (bs, 6H, 3xCH

1); 3.50 (bs, 6H, 3xCHK5’); 3.55 (bs, 6H, 3xCHK?2); 4.48 (s, 2H, PhCht 7.49-7.51
(m, 5H, Ph-CH); 7.77 (bs, 3H, 3xNH); 7.86 (bs, 3H, 3xNH’);

ESI-MS (MeOH): positive ion modent/2: 635.3 (M); negative ion moden{/2):

633.4 (M-2H), 669.3 (M-H + Cl).
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12-Benzyl-5,19,26-tris-methylimino-1,4,6,12,18,20,25,27—octaaza—bicyclo[10,10,10]
dotriacontane(35)
50.69 mg compound4 (0.066 mmol) was suspended in

1
N
2(\ ﬂ\ 6 ml acetonitrile, and 60Ql Mel was added in. The
NH HN,
=

;ﬁgﬂ\ reaction was heated up to reflux and the solid was
7\ HN J%H\ dissolved. The reaction was followed by ESI-MS, and
after 6 hours, all the thiourea groups were converted to
- S-methyl-isothiourea. The system was cooled down to
Z N room temperature. Then all the volatiles were removed
and the residue was dried under high vacuum. 6.0 ml 8
mol/l MeNH, ethanol solution was added in and the
mixture was stirred under reflux for 60 hours. The
insoluble impurity was removed by filtration and the filtratesvemncentrated then
dried in vacuoto give 89.6 mg crude product as colorless gum which was then
purified by flash chromatography (silica gel, MeOH). The iodid# ef 35 was
converted to free base by passing through strong basic ion erchesig (Dowex
1x2, OH form) to afford 39.50 mg base form &5 (95%) as colorless gum after dried
under high vacuum. After being loaded to acidic ion exchange resibgiite CG-
50, H" form), the compound was washed down by HCI aqueous solution (gradient
from 1 mM to 50 mM). The positive fragments of iodine vapor test were collected and
driedin vacuq the hydrochloride salt &5 was finally obtained as white powder after

lyophilization.

TLC (H,O/MeOH/HCOOH = 16:8:1) R= 0.22.
'H-NMR of free base form (600 MHz,,D): 1.28 (t, 6H,J = 6.67 Hz, 3xCH3");
1.49 (t, 6H,J = 6.44 Hz, 3xCht4’); 1.62 (m, 6H, 3xCH2'); 2.60 (s, 9H, 3xCH);
2.66 (t, 6HJ = 5.90 Hz, 3xCh1); 3.00 (t, 6H, = 7.50 Hz, 3xClkt1’); 3.03 (t, 6H,
= 6.55 Hz, 3xCk5'); 3.15 (m, 6H, 3xCk2): 4.31 (s, 2H, PhCht 7.30-7.39 (m, 5H,
Ph-CH).

3C-NMR of free base form (150 MHz, ,D): 20.87 (3C, 3xCH?2’); 22.46 (3C,
3xCH,-3"); 26.79 (3C, 3xCht4'); 27.52 (3C, 3xCHh); 40.08 (3C, 3xCh5’); 48.77
(3C, 3xCH-2); 51.72 (3C, 3xCh1); 58.39 (3C, 3xChil’); 63.40 (1C, PBH,):;
126.63, 129.24, 130.80, 132.52 (6C, Ph-C, CH); 155.61 (3C, 3xC=NH).
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'H-NMR of HCI salt form (500 MHz, MeOD): 1.54 (bs, 6H, 3x£81); 1.81 (bs, 6H,
3xCH-4'); 1.97 (bs, 6H, 3xCH2); 2.88 (s, 9H, 3xCh); 3.01-3.44 (m, 12H,
3xCH,-5', 3xCH,-1"); 3.63 (bs, 6H, 3xCH1); 3.87 (bs, 6H, 3xCH2); 4.52 (s, 2H,
PhCH); 7.50-7.54 (m, 5H, Ph-CH).

3C-NMR of HCI salt form (125 MHz, MeOD): 21.45 (3C, 3xgH); 22.99 (3C,
3xCH,-3'); 27.49 (6C, 3xCht4’, 3xCHg); 36.73 (3C, 3xChi2); 41.14 (3C, 3xCHi
5'); 54.16 (3C, 3xChH1); 59.20 (3C, 3xCh1'’); 63.77 (1C, PBH,); 127.64, 129.01,
129.19, 130.38, 132.34, 132.64 (6C, Ph-C, CH); 155.16 (3C, 3xC=NH).

ESI-MS (MeOH): positive ion modent/2: 626.5 (M), 313.8 (M+H")/2; negative
ion mode (n/2: 624.5 (M-2H).

5. 2. 3 The Pyrene Modified Receptors

Tris-(2- (N’-pyren-1yl-methyl-thiourea)-ethyl)- aminé3)

Q@ Tris-(2-isothiocyanate-ethyl)amin€) (210 mg,
OO‘ Q‘ “ 0.77 mmol), 1-pyrenemethylamine hydrochloride
O OO (606.3 mg 2.27 mmol) and 3340 triethylamine
S%NH HN\(S

were mixed in 30 ml CkCl, and stirred under
argon atmosphere for one week. All the volatiles
K/N |||| . were removedin vacuo then the residue was
purified by flash chromatography (silica gel,
CH.Cl,/MeOH gradient from 100:0 to 100:2) to afford 619.5 mg product (83.2%) as
yellow solid.

TLC (CH.CIly/MeOH = 20:0.5) R= 0.40.

'H-NMR (600MHz, CDCl,): 2.65 (m, 6H, 3xCHN); 3.67 (bs, 6H, 3xCHNH):;

5.05 (bs, 6H, 3xCHPyrene); 7.68-8.11 (m, 27H, 27xPyrene-CH).

ESI-MS (MeOH): positive ion moden(/2): 966.2 (M+H); negative ion moden{/2):

964.2 (M-H), 1000.2 (M+Cl).

UV (3 uM in CH3CN): 242 nm (0.4517), 266 nm (0.178047), 277 nm (0.244112), 315
nm (sh, 0.088458), 328 nm (0.196298), 344 nm (0.251476).

Fluorescence(3 uM in CH3CN, Aex = 344 nm): 377 nm (77510), 397 nm (109970),
477 nm (846610).
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Tris-(2- (N'-pyren-1yl-methyl-guanidinium)-ethyl)- amine tichloride (36)

Compound 53 (477.4 mg, 0.494 mmol) was

o ompoun
O‘ Q‘ “ dissolved in 5 ml CkCl, and 128ul HI aqueous

O OO solution (56%) was added in. The mixture was

HN ik, stirred at room temperature for 30 minutes then 10

o NH \(HN , .

H2N§( HN ?\IH ml ethanol was added in. The system stood in
2

t/ )HN ultrasonic bath for another 30 minutes and then

was filtrated, washed with fresh Bx The
resulting hydroiodide salt &3 (530.6 mg) was dried under high vacuum, and then
was suspended in 20 ml @El,/MeOH (3:1) mixture. 85Ql Mel was added in and
the reaction was stirred under sealed condition at room tempeaatif®llowed by
ESI-MS. After 70 hours, all the thiourea groups were converted caghpliet S-
methyl isothiourea. All the volatiles were removed/acuothen the resulting residue
was dried under high vacuum. 622 mg out of 645.44 mg of the S-methyl-isothiourea
intermediate was transferred into a grass tube equipped witftoany valve, 10 ml
ammonia solution (7N in MeOH) was added in and the tube was seaaletha
reaction was stirred at 5& over night. Most of the solid became soluble during the
reaction procedure. The system was concentiatgdcuothen the residue (670 mg)
was purified by flash chromatography (silica gel, ,CH/MeOH gradient from
490:10 to 300:200) to afford 290 mg pale yellow solid (47% for three stps)
triiodide salt. The counter anion was able to be exchanged to chloridenby
exchange resin (Dowex 1x2,”@rm, eluent: MeOH/CECN = 4:1).

TLC (CH.CIly/MeOH = 2:1) R=0.29.

'H-NMR (400MHz, CDC}): 2.69 (t, 6H,J = 5.33 Hz, 3xCkN); 3.37 (t, 6H,J =

5.50 Hz, 3xCH-NH); 4.79 (bs, 6H, 3xCHPyrene); 7.71-7.91 (m, 27H, 27xPyrene-
CH).

3C-.NMR (500MHz, CDCH): 39.07 (3C, 3xChHN); 43.52 (3C, 3xChtPyrene);
52.39 (3C, 3xCkNH); 121.87, 124.23, 124.62, 124.67, 125.35, 125.47, 126.06,
127.08, 127.54, 127.75, 128.25, 130.37, 131.00, 131.18 (48C, 48xPyrene-C, CH);
155.88 (3C, 3xC=NH).

ESI-MS (MeOH): positive ion moden(/2: 915.3 (M+H), 458.2 (M+2H)/2, 1043.2
(M+2H"+1"); negative ion moden{/2: 913.3 (M-H), 949.3 (M+Cl) 1041.2 (M+1).
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UV (3uM in CH3CN): 242 nm (0.416618), 265 nm (0.160328), 276 nm (0.266125),
314 nm (sh, 0.079722), 327 nm (0.17845), 343 nm (0.231993).

Fluorescence(3 uM in CH3CN, Aex = 343 nm): 376 nm (335250), 396 nm (316140),
474 nm (1896021).

5. 2. 4 The Catalytic Bromination in Preparative Sc  ale

The preparation of vanadate catalyst stock solution
The 0.2 M (-BusN),HVO, aqueous solution was prepared according to the following
equation:

V205 + 4% n-BuyN-OH— 2 x(n-BugN)2-HVO, + H,O
A 5 ml volumetric flask was added with 90.94 mgO¢ (0.5 mmol) and 1.5999 i
BusN-OH.30H0 (2 mmol), then 1 ml nano-pure water was added in. The flask stood
in ultra sonic bath for 30 minutes till the solid was soluble andsthgion became
clear and colorless. The whole volume was adjusted to 5 ml by additey. The
solution is ready to use and can be diluted to the concentration wargeetonitrile
or water for binding titration or catalytic reaction. This soluttan be store in dark at
room temperature under argon for one mofthution: since this solution is readily
frozen € 4 °C), proper flask is needed if the sample would like to be storeigef

in order to avoid the grass container being destroyed due to swell of volume

The general procedure for preparative catalytic bromination:

The reaction flask equipped with two dropping funnels was added witmiorga
substrate (2 mmol), 80 ml acetonitrile and 100.2 M vanadate stock solution (0.02
mmol). The solution of 22&l 48% HBRy* (2 mmol) ** in 30 ml acetonitrile and the
solution of 217ul 30% HO, (2 mmol)** in 30 ml acetonitrile were dropped in
separately and simultaneously within one hour. The reaction was contongédat
room temperature and followed by TLC till all the starting enat disappeared. 20
ml sodium hydrogen sulfite solution (38-40%) was added in and stirredCo
minutes. The most of organic solvent was remawedacuothen CHCI, was used to
extract the product. The organic layer was washed with watebrame] dried over
NaSOy then purified with flash chromatography.
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*) Equal amount oh-BuyN-Br and HCIQ combination can be used instead. In case of ctdtian,
HCI aqueous solution was used.

**) Excess amount of HBr (or HCI) and,8, were needed for bis- halogenations.

Physical properties of the brominated products
The flowing data were compared with literature value or authentic samples.

2,4,6-(Trimethoxy)bromobenzené6)
TLC (hexane/EtOAc = 20:7)R 0.39.
Br 'H-NMR (400 MHz, CDCJ): 3.77 (s, 3H, OCKtC-4); 3.86 (s, 6H,
OCHs-C-2, OCH-C-6); 6.13 (s, 2H, CH-3, CH-5).
3C-NMR (100 MHz, CDC}): 55.97 (O®5-C-4); 56.78 (2C,
< OCH3;-C-2, OMH3-C-6); 92.06 (2C, C-3, C-5); 92.26 (C-1); 157.83,
160.91 (3C, C-2, C-4, C-6).

4-bromoanisolg68)
~ TLC (hexane/EtOAc = 20:1)R 0.41.
'H-NMR (400 MHz, CDCY): 3.77 (s, 3H, OCH); 6.78 (d, 2HJ = 9.10 Hz,
CH-3, CH-5); 7.37 (d, 2H] = 9.10 Hz, CH-2, CH-6).
L 13C-NMR (100 MHz, CDC}): 55.83 (OCH); 113.20 (C-1); 116.15 (2C, C-2,
C-6); 132.64 (2C, C-3, C-5); 159.11 (C-4).

4-bromo-N,N-dimethylaniling(70)
N~ TLC (hexane/EtOAc = 20:4){R 0.46.
'H-NMR (400 MHz, CDCY); 2.92 (s, 6H, 2xCh); 6.69 (d, 2H,J = 9.09 Hz,
CH-2, CH-6); 7.30 (d, 2H] = 8.84 Hz, CH-3, CH-5).
Br  ®C-NMR (100 MHz, CDCJ): 40.98 (2C, 2x€l5): 108.91 (C-4); 114.50 (2C,
C-2, C-6); 132.08 (2C, C-3, C-5); 149.92 (C-1).
ESI-MS (MeOH): (m/2): 199.9 & 201.9 (relative intensity1:1 M+H").
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2,4-Dibromo-N,N-dimethylaniling71)
~7 TLC (hexane/EtOAc = 20:1){R 0.53.
Br H-NMR (400 MHz, CDC}): 2.78 (s, 6H, 2xCH; 6.94 (d, 1H,J = 8.6
Hz, CH-6); 7.36 (dd, 1H) = 2.0, 8.6 Hz, CH-5); 7.68 (d, 1d,= 2.0 Hz,
Br CH-3).
13C-NMR (100 MHz, CDC}): 44.49 (2C, 2x@5); 115.75 (C-2); 120.08 (C-4);
122.03, 131.40, 136.44 (C-3, C-5, C-6); 151.55 (C-1).
ESI-MS (MeOH): m/2: 277.8, 279.8 & 281.8 (relative intensityl:2:1 M+H").

2-Chloro-1,3,5-trimethoxybenzen@?2)
[ TLC (hexane/EtOAc = 20:7)R 0.36.
O\ H-NMR (400 MHz, CDCJ): 3.80 (s, 3H, OCKC-5); 3.87 (s, 6H,
OCH,-C-1, OCH-C-3); 6.17 (s, 2H, CH-4, CH-6).

A 13C-NMR (100 MHz, CDC}): 55.93 (OCH-C-5); 56.69 (2C,
OCH5-C-1, OCH5-C-3); 91.95 (2C, C-4, C-6); 103.00 (C-2); 156.93 (C-5); 159.82
(2C, C-1, C-3).
EI-MS (70 ev, m/z): 202.0 (100 K), 204.0 (32.28'CI-M ), 159.0 (26.85), 161.0
(8.23).

_O

2,4-Dichloro-1,3,5-trimethoxybenzen@3)

Cl TLC (hexane/EtOAc = 20:7)R 0.31.
A O\ 'H-NMR (400 MHz, CDC}): 3.88 (s, 3H, OCKC-3); 3.90 (s, 6H,
cf OCHg-C-1, OCH-C-5); 6.35 (s, 1H, CH-6).
O 13C-NMR (100 MHz, CDC}): 56.93 (OCH-C-3); 61.01 (2C,

OCH5-C-1, OCH3-C-5); 93.63 (C-6); 110.19 (2C, C-2, C-4); 154.30 (2C, C-1, C-5);
155.22 (C-3).

EI-MS (70 ev, m/z): 236.0 (100 K), 238.0 (63.56 ClyisM *), 240.0 (10.37"Clmnons

M ).
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(1S, 2RS, 4R, 4R, 8R)-4,7,7-Trimethyl-3-0x0-2-0xa-bicyclo-[2.2.1]heptane-1-
carboxylate  8-bromo-2,5,7,8-tetramethyl-2-(4,8,12-trimethyl-tridecyl)-chrortan
yl-ester(75)

18.5 ul vanadate

stock solution (5.4

22

mM in acetonitrile)

(0.1 umol) was
added into the solution of 5 mg compouf#l(8.38 umol) in 5 ml acetonitrile. Then
200ul 54 mM HBr and 10Qul 108 mM H202 were added in. The solution became
yellow colored and the reaction was followed by TLC. Afterrisiiy at room
temperature overnight and the starting material disappeared ¢elpmeTLC, 2 ml
NaHSQ (38-40%) was added in and stirred for 30 minutes. The most of organic
solvent was removet vacuothen CHCI, was used to extract the product. The
organic layer was washed with water and brine, dried ovg8®lahen purified with
preparative TLC. It's important to note that the final product contginiwo
diastereomers (s€8€C signal of CH at position 9) which is very well separate by
HPLC.

TLC (hexane/EtOAc = 20:8)R 0.38; (toluene/acetone = 20:0.7%40.46.

'H-NMR (400 MHz, CDC}): 0.836, 0.854, 0.871 (3s, 12H, ¢H®3, 17, 22, 22),
1.00-1.55 (m, 19H, alky-H), 1.12, 1,16, 1.17 (3s, 9H, 3%ClEn7 29 29, 1.346/1.350
(s, 3H, CH-9), 1.71-1.87 (m, 3H, 1H26 and GH0), 1.95-2.01 (m, 1H, H26), 2.05 (s,
3H, CHs-3), 2.11 (s, 3H, CH?2), 2.15-2.24 (m, 1H, H25), 2.52-2.59 (ddd, 1H, = 14.15
Hz, 10.10 Hz, 4.22 Hz, H25), 3.20-3.36 (m, 2H-7), 4.29 (dd,J1#H8.97 Hz, 5.93 Hz
1H-8), 6.55 (s, 1H, Ar-H).

ESI-MS (MeOH): 697.1/699.1 (1:1, M+Nja

UV (detected during HPLC run): 206 nigngy, 225 nm (sh), 287 nm (w).
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5. 3. Determination of Binding Mode and Binding Con  stants

5. 3. 1. NMR Titration

General procedure
The stock solutiomf 2 mM (-BusN).HVO, in D,O was prepared according to the

procedure previously describedahapter 5.2.4.and the pD was adjusted to 10.21 by
n-Bu;N.OH. The stock solution shows a single peak at — 536.5 ppHVihMR
spectrum. Thdirst point solutionwas obtained by adding 38.17 mg of receft¢tO

eq.) to 5 ml of vanadatock solutiorand the pD was carefully adjusted to about 10.2
by n-BusN.OH/HCI. The ratio of ligandl and vanadate (V1) was 10:1 in tHisst
point solution Different ratio ofl/vanadate from 0 to 10 were systemically obtained
by mixing the different volumes @tock solutiorandfirst point solution Importantly,

the total concentration of vanadate was kept constantly at 2 mMI thiese points
and pD was controlled within 10.2+0.1. Both/ and *H-NMR were measured at

differentl/vanadate ratio.

For binding study with phosphate and pyrophosphate, the commercial avaHabl
BusN.H,PO, and (-BusN)3HP,O; were used.

Determination of the Binding Mode

The stoichiometry of complex formed between of host and guest nedeotds
determined by Job plot, which was made by plotting moleculandragt([host}oa/
([host}oart[guest]oa) ) against the relative chemical shift changex ((6obsOhos) )-
The position of maximum value of relative chemical shift chasgmiresponding for
the stoichiometry of the complex formation. For example, maximup=d.5 means
1:1 complex, since at that point, [hag{]= [guest],a; ON contrast, for 2:1 mode, the
maximum should appear at 1/3 when 2x [hastF [guest}w. FOr sharp binding
curve, the stoichiometry can also be judged from the position of break point.

Binding Constants

The chemical shift values were plotted against the valugvahadate ratio and the
data were fitted to the appropriate function using proFit 5.1 (SréRiantumSoft) or
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Origin 7.0 SRO (Origin® OriginLab Corporation). The binding constant eidsined
from the fitting if the systemic error was acceptable.

5. 3. 2. UV-vis and Fluorescent Titration

General procedure

The titration experiments were performed on a 3.6 ml scale im pa&th quartz
fluorescence cuvettes. The stock solution of 1.08 mM (A) and 5.4 mMaiidate
were prepared by dilution of 0.2 M-BusN),-HVO, water solution in acetonitrile.
The proportional addition of the stock solution by syringe to 3.6 pNM3olution of
receptor36 or 53 in a fluorescent cuvette gave rise to different ratio of vanadate
receptor at 0:1, 0.25:1, 0.5:1, 1:1, 1.5:1, 2:1, 3:1, 5:1, 8:1, 13:1, 23:1, and 43:1. The
solution stirred for 5 minutes to be equilibrated for every steporBefeached the
ratio of 3:1, solution (A) was used, and solution (B) was used aftepdimt in order
to minimize the total volume of vanadate solution added. Thereforeptioentration
of receptor can be approximately treated as constant by #imsen Both UV-vis and
fluorescence spectra were recorded for every singte 8t@em slid was adopted for

both excitation and emission for fluorescence spectra.
For binding study with phosphate and pyrophosphate were performed iitea siay,
and the commercial availableBusN.H,PO, and -BusN)sHP,O; were used for

making stock solution.

The stoichiometryandbinding constantsvere determined similarly as for NMR

titration.
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5. 4. Kinetic Study of Catalytic Bromination

The kinetic of catalytic experiments were performed on a 3.6caik in 1-cm path
guartz cuvettes. Spectra were collected primarily orAgirent 8453 Diode Array
spectrophotometer under “kinetic mode” and cycle time was 2 secaondallf
measurements. Tribromide @rformation was measured at 268 nm; the bromination
of phenol red was followed at 391, 395 and 415 nm and the bromination of MCD was
monitored at decreasing of intensity at 258 mxn € 11.8 mM' cm®). The stock
solution of the reagents in acetonitrile were 54 mM HBm{@&u,N.Br and HCIQ),

H,0,, MCD, TMB, 5.4 mM Phenol red and 5.4 mM vanadate.

General procedure

A typical procedure for bromination of MCD is given bellow:

The blank UV spectrum of 3.6 ml acetonitrile in a 1-cm path quartztteuwes
measured prior to the addition of reagents. The stock solutions odlatangipl),
MCD (8 pl), H2O, (20 ul) were added in subsequently by syringe. The kinetic UV
measurement monitoring the intensity at 258 and 268 nm started as phHi3r
stock solution was injected in. The measurement lasted for 10 miantesJV
intensity of the targeted wavelength was plotted against tifife rate was

determined by the internal software of instrument.

113



5. 5. Detailed Parameters of X-ray Structures

Crystallographic data for compounds 1, 28, 28-bis picrate and 29.

Compound 1 28 28.2H-2Picrate | 29
Molecular C10H31CisN 1001 CisH30NsSs CsoH42N14015S5 CooH42NgO1S4
formula
Formula 413.78 418.66 934.95 538.87
weight
Color colorless colorless paleyellow colourless
Temperature | 173 173 173 173
(K)
Cr;r/rs];[al size 0.16x0.20x0.26 0.10x0.16x0.34  0.30x0.36x0.37  0.10x0.20x(@
(mn)
Crystal system| Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P 21/c Pc2ln P 21/n P 21/n
a(A) 8.82200(10) 7.5935(2) 10.6325(2) 11.5701(3)
b (A) 20.7240(4) 10.8892(3) 23.0332(3) 13.6077(4)
c(A) 11.77740(10) 24.1172(5) 16.7530(5) 17.5134(5)
a () 90 90 90 90
B() 105.1454(9) 90 108.0013(18) 91.961(2)
7 () 90 90 90 90
Volume (&) | 2078.44(5) 1994.2 3902.0 2755.7
Z 4 4 4 4
Density (calc.)| 1.322 1.394 1.591 1.299
(g cni®)
u (Mo Ka) 0.461 0.390 0.280 0.374
(mm'™)
Scan type ¢ andw scans ® scans ¢ andw scans | ¢ ando scans
F(000) 880 897.661 1954.425 1162.247
6 range for 1.965-27.486 4.11-32.49 4.08 - 29.20 4.14 - 30.81
data collection
()
Completeness| 1.000 1.00 0.999 1.000
to maxé
Reflection 16065 37873 79708 69442
measured
Independent | 4772 7214 10558 8647
reflections
Reflection 2952 3959 6110 4867
used
Number of 281 259 560 323
parameters
R 0.0337 0.0386 0.0384 0.0652

(I > 35(1)) (I > 25(1)) (I > 25(1)) (I > 4s(1))
wR 0.0380 0.0423 0.0243 0.0530
Goodness of | 1.0760 1.0462 1.0585 0.9633
fiton F
Recidual -0.23 0.74 -0.94 0.83 -0.44 0.35 -0.55 0.93
density (€A®)
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Structure(ORTEP view) and atoms coordination for compouhd

Atom

N1
N4
N6
N7
N10
N12
N13
N16
N18
N19
Cc2
C3
C5
C8
C9
Cl1
C14
C15
C17
Cc21
020
ci1
CI2
CI3
H41
H61
H62
H71
H72
H101
H121
H122
H131
H132
H161
H181

X

0.48181(19)
0.2400(2)
0.0985(2)
0.0954(3)
0.5809(2)
0.7038(3)
0.4857(3)
0.2788(2)
0.1381(2)
0.0646(2)
0.3858(3)
0.3111(3)
0.1437(2)
0.6227(3)
0.6914(3)
0.5917(3)
0.5283(3)
0.3929(3)
0.1603(2)
0.7300(4)
0.6652(2)
0.23919(6)
0.16744(7)
0.88935(7)
0.265(3)
0.118(3)
0.036(2)
0.127(3)
0.035(3)
0.497(2)
0.706(3)
0.762(3)
0.485(3)
0.407(2)
0.288(3)
0.180(3)

Y

0.15815(8)
0.20862(9)
0.28904(9)
0.18575(10)
0.11133(10)
0.15811(10)
0.09465(12)
0.05661(9)
0.00263(10)
-0.00473(10)
0.21199(11)
0.25118(11)
0.22793(10)
0.18154(12)
0.13166(12)
0.12246(11)
0.11512(12)
0.08318(11)
0.01887(10)
0.42188(13)
0.35947(8)
0.04583(3)
0.41232(3)
0.27660(3)
0.1683(6)
0.3170(10)
0.2971(12)
0.1465(6)
0.1991(13)
0.0915(12)
0.1590(13)
0.1832(12)
0.1060(14)
0.0737(13)
0.0667(12)
0.0253(12)
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0.91931(14)
1.00742(17)
1.06926(17)
1.13805(19)
1.16422(16)
1.34363(17)
1.32478(19)
0.80558(15)
0.64022(16)
0.81261(17)
0.8587(2)
0.9371(2)
1.07004(18)
1.0078(2)
1.09900(19)
1.27690(19)
0.8359(2)
0.74817(19)
0.75254(18)
1.1072(2)
1.07648(14)
1.07739(5)
0.91486(5)
1.26261(5)
1.013(2)
1.0206(19)
1.1130(19)
1.137(2)
1.179(2)
1.125(2)
1.4173(10)
1.315(2)
1.3953(13)
1.281(2)
0.8775(11)
0.594(2)

Uiso

0.0242
0.0321
0.0329
0.0393
0.0368
0.0392
0.0430
0.0316
0.0354
0.0367
0.0379
0.0340
0.0291
0.0377
0.0365
0.0317
0.0376
0.0330
0.0288
0.0486
0.0409
0.0333
0.0364
0.0395

0.037(7)
0.039(7)
0.037(7)

0.043(7)

0.042(7)
0.044(7)
0.037(7)
0.050(8)
0.049(8)
0.053(9)
0.036(7)
0.045(7)



H182
H191
H192
H201
H211
H212
H213
H21
H22
H31
H32
H81
H82
HI1
H92
H141
H142
H151
H152

0.067(3)
-0.019(2)
0.078(3)
0.715(3)
0.7514
0.8299
0.6602
0.4515
0.3039
0.3899
0.2316
0.5941
0.7007
0.7826
0.7212
0.5940
0.5871
0.4329
0.3417

-0.0259(11)
-0.0256(11)
0.0072(12)
0.3315(12)
0.4319
0.4257
0.4546
0.2399
0.1948
0.2773
0.2785
0.2186
0.1936
0.1494
0.0947
0.0819
0.1398
0.0489
0.1146

0.610(2)
0.776(2)
0.8844(11)
1.127(2)
1.1901
1.0853
1.0644
0.8273
0.7955
0.9885
0.8896
1.0464
0.9681
1.1531
1.0606
0.8798
0.7930
0.7093
0.6911

0.048(8)
0.037(7)
0.038(7)
0.056(9)
0.0603
0.0609
0.0610
0.0469
0.0469
0.0423
0.0423
0.0457
0.0457
0.0440
0.0440
0.0472
0.0472
0.0411
0.0411

Structure (ORTEP view)and atoms coordination for compou2@l

Atom X

S1 0.81134(7)
S2 0.30610(8)
S3 0.13781(9)
N1 0.3239(3)
N2 0.3450(3)
N3 0.5954(4)
N4 0.6091(4)
N6 0.1000(3)
N5 0.0914(4)
N7 0.2925(4)
N8 0.2998(4)
C1 0.4845(4)
Cc2 0.6362(4)

-0.27261(9)
-0.25049(8)
-0.28450(9)
-0.54274(19)
0.0090(2)
-0.3657(2)
-0.1579(2)
-0.1536(2)
-0.3599(2)
-0.3807(2)
-0.1740(2)
-0.5755(2)
-0.4910(2)
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0.08290(2)
0.25523(2)
-0.04675(3)
0.12832(9)
0.11356(9)
0.16002(11)
0.1571(1)
0.1766(1)
0.1824(1)
0.0424(1)
0.0372(1)
0.15825(12)
0.14424(12)

Uiso

0.0224
0.0216
0.0309
0.0197
0.0185

0.0238
0.0208
0.0220
0.0229
0.0248
0.0257

0.0222
0.0230



C3
C4
C5
C10
C9
C8
Cc7
C6
C1
C12
C13
Ci4
C15
H3
H4
H6
H5
H7
H8
H11
H12
H21
H22
H41
H42
H51
H52
H61
H62
H71
H72
HI1
H92
H101
H102
H111
H112
H121
H122
H141
H142
H151
H152

0.6654(3)
0.6562(4)
0.5027(4)
0.1819(4)
0.1395(4)
0.1580(3)
0.1229(4)
0.1633(4)
0.3216(4)
0.2202(4)
0.2467(3)
0.2392(4)
0.3471(4)
0.513(4)

0.538(4)

0.029(4)

0.007(4)

0.317(5)

0.354(4)

0.5166(4)
0.4620(4)
0.7395(4)
0.6577(4)
0.7547(4)
0.6878(4)
0.4762(4)
0.5364(4)
0.2575(4)
0.0682(4)
0.2210(4)
0.0197(4)
0.2388(4)
0.0391(4)
0.2799(4)
0.0880(4)
0.2663(4)
0.4404(4)
0.2336(4)
0.0976(4)
0.2551(4)
0.1168(4)
0.4664(4)
0.2988(4)

-0.2643(3)
-0.0368(3)
0.0516(2)
0.0485(2)
-0.0272(2)
-0.2545(3)
-0.4817(2)
-0.5725(2)
-0.5894(2)
-0.5018(3)
-0.2791(3)
-0.0534(3)
0.0388(2)
-0.347(3)
-0.160(3)
-0.168(3)
-0.355(3)
-0.368(3)
-0.183(3)
-0.6581(2)
-0.5705(2)
-0.5177(2)
-0.4943(2)
-0.0060(3)
-0.0431(3)
0.0609(2)
0.1297(2)
-0.6304(2)
-0.6108(2)
-0.4788(2)
-0.5085(2)
-0.0257(2)
0.0079(2)
0.1041(2)
0.0839(2)
-0.6687(2)
-0.5966(2)
-0.5257(3)
-0.5026(3)
-0.0408(3)
-0.0447(3)
0.0371(2)
0.1194(2)

117

0.13605(8)
0.13627(14)
0.14211(12)
0.14035(11)
0.19107(11)
0.20216(9)
0.20416(11)
0.15849(12)
0.07124(11)
0.03380(11)
0.01404(8)
0.02181(11)
0.05413(11)
0.1874(12)
0.1880(11)
0.146(1)
0.1548(11)
0.0801(8)
0.0720(9)
0.14872(12)
0.19735(12)
0.16378(12)
0.10504(12)
0.15699(14)
0.09783(14)
0.18080(12)
0.12692(12)
0.16310(12)
0.13873(12)
0.22922(11)
0.22376(11)
0.21572(11)
0.20934(11)
0.14114(11)
0.11902(11)
0.07063(11)
0.05797(11)
-0.00428(11)
0.04348(11)
-0.01727(11)
0.03097(11)
0.04097(11)
0.04870(11)

0.0170
0.0250
0.0222
0.0209
0.0209
0.0178
0.0219
0.0223
0.0237
0.0258
0.0205
0.0260
0.0247

0.028(7)

0.029(7)

0.017(6)

0.023(7)

0.029(7)

0.018(6)
0.0270
0.0270
0.0276
0.0276
0.0300
0.0300
0.0270
0.0270
0.0269
0.0269
0.0262
0.0262
0.0250
0.0250
0.0251
0.0251
0.0284
0.0284
0.0310
0.0310
0.0312
0.0312
0.0299
0.0299



Structure (ORTEP) and atoms coordination for compou@8-bis picrates

(a) The view from the top of cryptand

Atom X

N1 0.95841(16)
N2 1.28070(16)
N3 1.13482(16)
N4 1.27864(17)
N5 0.82455(16)
N6 0.97232(16)
N7 1.18277(18)
N8 1.33979(18)
C1 0.9948(2)
Cc2 1.0101(2)
C3 1.1553(2)
C4 1.3221(2)

Y

0.17649(7)
0.20045(7)
0.05983(7)
0.06991(7)
0.21203(7)
0.22062(7)
0.27623(8)
0.28644(8)
0.12200(9)
0.06650(9)
0.07674(8)
0.08985(9)
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0.9156(1)
0.7534(1)
0.9059(1)
0.8314(1)
0.7187(1)
0.6466(1)
0.98766(11)
0.92258(11)
0.96810(12)
0.92247(13)
0.83471(12)
0.76222(13)

Uiso

0.0178
0.0186
0.0179
0.0199
0.0191
0.0195
0.0258
0.0261
0.0214
0.0202
0.0171
0.0228



c5
C6
c7
cs
C9
C10
c11
c12
C13
c14
C15
s1
S2
S3
C16
c17
C18
C19
C20
c21
N9
N10
N11
o1
02
03
04
05
06
o7
c22
c23
C24
C25
C26
c27
N12
N13
N14
08
09
010
011
012
013
014
c28
C29
C30
015
H1
H2
H3
H4
H5
H6
H7
H8
H11
H12

1.3788(2)
0.81955(19)
0.7758(2)
0.93576(19)
1.0896(2)
1.2090(2)
0.9651(2)
1.1018(2)
1.2705(2)
1.4226(2)
1.3514(2)
1.03346(5)
1.02408(6)
1.29277(6)
0.7617(2)
0.6468(2)
0.6191(2)
0.7110(2)
0.8306(2)
0.8529(2)
0.55221(18)
0.6815(2)
0.97916(18)
0.78006(14)
0.58581(17)
0.44120(16)
0.5683(2)
0.7705(2)
1.07368(16)
0.98629(16)
0.97193(19)
1.0938(2)
1.17907(19)
1.1479(2)
1.0334(2)
0.94898(19)
1.12897(17)
1.23364(18)
0.83021(17)
0.89551(14)
1.08064(16)
1.20559(19)
1.34320(16)
1.19286(17)
0.83245(16)
0.73148(16)
0.9263(3)
0.9680(3)
0.7836(3)
1.0056(2)
1.01903(16)
1.21821(16)
1.20693(16)
1.34183(17)
0.77406(16)
0.91683(16)
1.17279(18)
1.33421(18)
1.0774(2)
0.9270(2)

0.15106(9)
0.17064(9)
0.21814(9)
0.23678(8)
0.24130(9)
0.2017(1)
0.22807(9)
0.2455(1)
0.25102(9)
0.26694(9)
0.25760(9)
0.10583(2)
0.28434(2)
0.17864(2)
0.07346(9)
0.04637(9)
-0.01204(9)
-0.04819(9)
-0.02739(9)
0.03104(9)
0.08187(8)
-0.10949(9)
0.05074(8)
0.12697(6)
0.12981(7)
0.06184(8)
-0.12578(7)
-0.14272(8)
0.01772(7)
0.09889(7)
0.44681(8)
0.41448(9)
0.40367(8)
0.42494(9)
0.45550(8)
0.46587(9)
0.38842(8)
0.41218(8)
0.49813(8)
0.45761(6)
0.40703(7)
0.34679(8)
0.39147(7)
0.42057(8)
0.53163(7)
0.49003(9)
-0.1198(1)
-0.05902(11)
-0.12989(12)
-0.15903(9)
0.18201(7)
0.19479(7)
0.04226(7)
0.05070(7)
0.18873(7)
0.19363(7)
0.31760(8)
0.32744(8)
0.12913(9)
0.11530(9)
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0.77286(13)
0.85597(13)
0.78974(13)
0.71334(12)
0.62981(13)
0.65991(13)
0.97263(13)
1.02906(13)
0.95630(13)
0.87385(13)
0.78025(13)
0.75513(3)
0.78576(4)
0.95876(4)
0.58809(11)
0.60090(12)
0.58969(12)
0.57365(13)
0.56789(13)
0.57430(12)
0.62482(11)
0.56139(13)
0.56732(11)
0.58903(9)
0.65650(11)
0.6149(1)
0.55359(12)
0.55885(16)
0.59188(11)
0.5376(1)
0.56856(12)
0.58538(12)
0.66434(12)
0.73330(12)
0.72475(12)
0.64560(12)
0.51626(11)
0.81659(11)
0.64072(11)
0.49793(8)
0.44497(9)
0.53192(11)
0.8237(1)
0.8764(1)
0.6982(1)
0.5809(1)
0.80196(14)
0.7925(2)
0.78951(19)
0.82147(15)
0.8840(1)
0.7836(1)
0.9485(1)
0.8774(1)
0.6724(1)
0.6077(1)
0.98235(11)
0.93128(11)
1.01080(12)
0.99386(12)

0.0227
0.0208
0.0221
0.0181
0.0245
0.0241
0.0252
0.0276
0.0223
0.0270
0.0251
0.0218
0.0275
0.0255
0.0181
0.0204
0.0243
0.0265
0.0256
0.0205
0.0238
0.0370
0.0244
0.0200
0.0348
0.0332
0.0458
0.0629
0.0341
0.0307
0.0170
0.0187
0.0191
0.0204
0.0194
0.0181
0.0238
0.0245
0.0250
0.0217
0.0312
0.0449
0.0309
0.0372
0.0341
0.0412
0.0317
0.0472
0.0477
0.0576
0.0217
0.0223
0.0204
0.0233
0.0216
0.0223
0.0289
0.0292
0.0258
0.0258



H21
H22
H41
H42
H51
H52
H61
H62
H71
H72
HI1
H92
H101
H102
H111
H112
H121
H122
H141
H142
H151
H152
H181
H201
H241
H261
H291
H292
H293
H301
H302
H303

0.9999(2)
0.9410(2)
1.3891(2)
1.2477(2)
1.4330(2)
1.4327(2)
0.75967(19)
0.81366(19)
0.8062(2)
0.6809(2)
1.1128(2)
1.0693(2)
1.2715(2)
1.1797(2)
0.9120(2)
0.9282(2)
1.0906(2)
1.1479(2)
1.4905(2)
1.4622(2)
1.4163(2)
1.2868(2)
0.5368(2)
0.8959(2)
1.25867(19)
1.0128(2)
0.8917(3)
1.0284(3)
1.0108(3)
0.7690(3)
0.7564(3)
0.7331(3)

0.03416(9)
0.06575(9)
0.06374(9)
0.08892(9)
0.15519(9)
0.15486(9)
0.17069(9)
0.13414(9)
0.25471(9)
0.21808(9)
0.27823(9)
0.24605(9)
0.2136(1)
0.1629(1)
0.21925(9)
0.26082(9)
0.2700(1)
0.2108(1)
0.29545(9)
0.23077(9)
0.26137(9)
0.28790(9)
-0.02723(9)
-0.05347(9)
0.38179(8)
0.46936(8)
-0.03421(11)
-0.04599(11)
-0.05775(11)
-0.17035(12)
-0.10743(12)
-0.11839(12)

0.95606(13)
0.86963(13)
0.75637(13)
0.71206(13)
0.83018(13)
0.73654(13)
0.88869(13)
0.82739(13)
0.81618(13)
0.76922(13)
0.65693(13)
0.57024(13)
0.63230(13)
0.64303(13)
1.00810(13)
0.93784(13)
1.07271(13)
1.05342(13)
0.87904(13)
0.89704(13)
0.75146(13)
0.76235(13)
0.59306(12)
0.55961(13)
0.67155(12)
0.77331(12)
0.7768(2)

0.8447(2)

0.7497(2)

0.79719(19)
0.82957(19)
0.73372(19)

0.0238
0.0238
0.0283
0.0283
0.0275
0.0275
0.0250
0.0250
0.0259
0.0259
0.0286
0.0286
0.0294
0.0294
0.0300
0.0300
0.0319
0.0319
0.0298
0.0298
0.0295
0.0295
0.0295
0.0306
0.0229
0.0235
0.0587
0.0587
0.0587
0.0542
0.0542
0.0542

Structure (ORTEP view) and atoms coordination for compouz@l

(a) The view from side of cryptand
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(b) The view from top of cryptand, hydrogen atoms were omitted for clarity

Atom X

S1 1.16867(5)
S2 0.69811(5)
S3 0.94006(9)
N1 0.73271(16)
N2 0.80883(16)
N3 0.94515(17)
N4 1.05493(16)
N5 0.58781(17)
N6 0.65685(17)
N7 0.7369(2)
N8 0.8357(2)
C1 0.7996(2)
Cc2 0.9275(2)
C3 1.04863(18)
C4 0.95694(19)
C5 1.0000(2)
C6 0.9012(2)
C7 0.61019(19)
Cs8 0.56194(19)
C9 0.64366(18)
C10 0.6206(2)
C11 0.64523(19)
C12 0.70125(19)
C13 0.7683(2)
C14 0.7159(3)
C15 0.8316(2)
C16 0.7396(2)
C17 0.7658(2)
C18 0.84524(19)
S4 0.42338(6)
o1 0.52371(16)
C19 0.3037(3)
Cc20 0.3802(4)
H1 0.8862(16)
H2 1.1185(17)
H3 0.570(2)

H4 0.7003(18)
H5 0.684(2)

32

0.10687(4)
-0.07548(5)
0.47959(8)
0.20452(14)
0.23366(14)
0.13451(17)
0.13340(16)
0.09710(14)
0.03874(14)
0.39222(15)
0.42910(17)
0.12455(19)
0.1284(2)
0.12613(16)
0.14816(19)
0.16500(19)
0.16493(18)
0.18797(17)
0.09728(17)
0.02640(16)
0.12412(17)
0.11506(17)
0.20715(17)
0.29901(19)
0.38882(18)
0.42997(19)
0.40095(18)
0.41297(18)
0.33402(17)
0.37060(4)
0.30288(14)
0.3129(3)
0.3540(3)
0.150(2)
0.118(2)
0.1499(13)
-0.0036(14)
0.368(2)
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01

0.64481(3)
0.57669(3)
0.61644(4)
0.6801(1)
0.3381(1)
0.61949(11)
0.5139(1)
0.56790(11)
0.45656(11)
0.59186(12)
0.48551(12)
0.71527(13)
0.70105(13)
0.58916(12)
0.46038(12)
0.38083(12)
0.32100(12)
0.68937(12)
0.64825(13)
0.53166(12)
0.41396(14)
0.32917(13)
0.29718(12)
0.71291(13)
0.67303(15)
0.56186(15)
0.43511(14)
0.35178(14)
0.32132(12)
0.51817(4)
0.53266(11)
0.5587(2)
0.42099(19)
0.5913(14)
0.4936(18)
0.5438(14)
0.4360(13)
0.5623(16)

Uiso

0.0240
0.0287
0.0593
0.0221
0.0215
0.0282
0.0254
0.0230
0.0237
0.0301
0.0337
0.0267
0.0308
0.0213
0.0253
0.0264
0.0248
0.0240
0.0244
0.0215
0.0272
0.0245
0.0229
0.0328
0.0338
0.0331
0.0278
0.0295
0.0236
0.0307
0.0346
0.0570
0.0600
0.024(6)
0.036(6)
0.020(6)
0.012(5)
0.036(6)



H6
H11
H12
H21
H22
H41
H42
H51
H52
H61
H62
H71
H72
H81
H82
H101
H102
H111
H112
H121
H122
H131
H132
H141
H142
H161
H162
H171
H172
H181
H182
H191
H192
H193
H120
H121
H122

0.8947(19)
0.7894
0.7698
0.9607
0.9643
0.9133
0.9083
1.0386
1.0537
0.9318
0.8693
0.5969
0.5689
0.5961
0.4799
0.6605
0.5386
0.6963
0.5736
0.6482
0.7176
0.7468
0.8511
0.7480
0.6334
0.6743
0.7211
0.8023
0.6942
0.9212
0.8474
0.2362
0.3187
0.2901
0.3155
0.4432
0.3580

0.457(2)
0.1264
0.0635
0.1853
0.0703
0.2043
0.0909
0.2276
0.1140
0.1822
0.0999
0.1811
0.2446
0.0399
0.0957
0.1804
0.1325
0.0602
0.1033
0.2609
0.1959
0.3000
0.3038
0.4470
0.3881
0.4417
0.3336
0.4757
0.4113
0.3436
0.3410
0.3539
0.3040
0.2506
0.3959
0.3699
0.2866
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0.4671(18)
0.7693
0.6950
0.7259
0.7213
0.4760
0.4603
0.3795
0.3689
0.2726
0.3183
0.7429
0.6699
0.6717
0.6532
0.4343
0.4192
0.3224
0.3013
0.3011
0.2447
0.7654
0.7107
0.6965
0.6798
0.4463
0.4445
0.3452
0.3225
0.3435
0.2668
0.5512
0.6126
0.5349
0.4086
0.3892
0.4128

0.039(7)
0.0321
0.0321
0.0373
0.0373
0.0306
0.0306
0.0328
0.0328
0.0298
0.0298
0.0290
0.0290
0.0296
0.0296
0.0325
0.0325
0.0295
0.0295
0.0275
0.0275
0.0398
0.0398
0.0412
0.0412
0.0334
0.0334
0.0354
0.0354
0.0283
0.0283
0.0684
0.0684
0.0684
0.0715
0.0715
0.0715
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Slow Down the Proton Exchange Rate: A New Approach To

Measure Absolute Acidity.

The main difficulty for directly measuring proton concentratiorsolution is due to

the high speed of proton exchange between different specidgidAhydrophobic
microenvironment and formation of hydrogen bond (HB) can slow down this
procedure, in certain cases dramatically, such as the situatioeadbr part of a
folded protein. We found such a phenomenon can also be achieved in a véry smal
synthetic molecule and the proton exchange rate can reach theoé&doel NMR
timescale. Therefore, it can be utilized to determine the akgataton concentration,

and further the pKof acid by NMR spectrum.

A novel thiourea-cryptand has been synthesized. The protonation behavior was
studied by solution NMRHRigure 1) and X-ray crystallographyF{gure 2), both
indicate a rigid conformation of the cavity and the involvement ocamoblecular HB

for the central-ammonium-protons and S-atoms. The proton exchange saives
down to the NMR time scale, even within short distance of intrami@leexchange
between two central nitrogen atoms MP-1. Intramolecular HB also leads an
unusual negatively cooperative protonation effect, namely>pKKai, in contrast
most of other polyamine compounds for which the second protonation is usoadly
difficult than the first.
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Since the low proton exchange rate allows to distinguish all fferetit protonated
states ofl in the 'H-NMR spectrum Figure 1), the absolute concentration of the
individual species can be obtained from the integral. Therefof¢afitl pK; of the
acid used can then be deduced from the population of each species bynépllow
equations €g.1-9, although certain error exists due to the ion pair formation
(Samples of pKmeasurement sé@able 1).

[HIAT]

Ka: ........................................ 1
[HA]

_ IMPA . 2
Ka= g

BRI e 3

27 [HYMP-1]
[HAJ + [AT=Ca e 4
[AT=[MP-1] + [H*] + 2[BP-1] ceeevererrerrimrirninens 5

* C,is total concentration of acid used

Table 1: The pK, of selected acids determined by our new method and the literature values.

Acid MeSQH | CRSO:H | TsOH | MeS@H | CRCOOH | HCI
Solvent |DMSO | DMSO | DMSO | 5%HO/ | 5%H,0/ | 5%H0/
(all-d) DMSO | DMSO DMSO

Ka 0.0885 | 2.7118 0.0332] 0.3130 | 0.0467 0.4296
pK+Exp | 1.053 -0.433 1.479 | 0.504 1.331 0.367
litomso | 1.6 0.3 1.6 3.45 1.8

lit 20 26 -14 2.6 0.23(-0.26) -8.0

Accordingly it is possible to measure the acidity using thengimenon of slow
proton exchange. The modification of structeshould decrease the error and
broaden the scope of pkneasurement, which sheds light on its potential role as bio-

Sensor.
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