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CO2 Hydration and Organophosphate Detoxification
using Structural Carbonic Anhydrase and Phosphatase
Models of Tripodal Ligand-based Zinc(II) Complexes
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The present study was aimed at (i) the design and synthesis of tripodal ligand-based zinc(Il)
complexes, which struciurally and functionally mimic the active site of zinc-containing enzymes such as
carbonic anhydrase and phosphatase and (ii) their activities towards the hydration of CO, and the hydrolysis
/ detoxification of organophosphate nerve agents of various agricultural insecticides such as parathion and
paraoxon. Consequently, these zinc(I) model complexes were used as bioinorganic catalysts to yield insight
in the mechanism of action of these enzymes. The present work consists of two parts: (I) CO, hydration and
calcification using zinc(Il) model complexes, which structurally and functionally mimic the active site of
carbonic anhydrase and nacrein protein;, (II) Organophosphate hydrolysis / detoxification using zinc(Il)
model complexes structurally and functionally mimic the active site of phosphohydrolases.

To mimic the zinc(IT)-coordination structure or the function of zinc(ll) ion at the active site, we
designed and investigated five different mononuclear zinc(II) model complexes 1, 2, 3, 4, and 5, derived
from tris(2-benzimidazolylmethyl)amine LI, N-{tris([2-methylbenzimidazole-2-yl)-ethyl Jmethyl Jamino)-2-
oxoethyl }iminodiacetic acid L2, tris(2-amino-ethyl)amine L3, N,N'N’-tris(2-benzylamino-ethyl)amine L4,
and NN N’-tris(im-benzyl-L-histidylethylamino-ethyl)amine L5, respectively. Among the ligands, L5
with three histidine side chains is featuring an environment analogous to the active center of the hydrolytic
enzymes. These ligands and their zinc(Il) model complexes were characterized by using various
spectroscopic techniques (FT-IR, pH-potentiometric titrations, 'H and ®C NMR spectroscopies, and X-ray
crystallographic studies). The activity of these zinc(II) model complexes towards the hydration of CO, and
the hydrolysis / detoxification of organophosphates has been investigated by using IR, 'H / ®C NMR and
UV-visible spectroscopies.

The results obtained during the course of study are highlighted as follows:

Part I: chapter 2 describes CO, hydration using structural zinc enzyme model complexes mimicking
the active site of carbonic anhydrase. The aqua zinc(II) complex [L1Zn(H,0)F* 1- (PF,),, derived from
tris(2-benzimidazolyl-methyl)amine LI has been designed, synthesized, and characterized. 1-(PFy), is the

— 129 —



structurally characterized monomeric aqua zinc(II) complex supported by imidazole functionalities and is
therefore an excellent structural model for the active site of carbonic anhydrase. The in vitro simulation of
CO, hydration has been investigated by using 1- (PFs),. The nucleophile [L1Zn(OH)]*, which was produced
by the deprotonation of 1 - (PFy), reacted with CO, gas to give a bicarbonate complex characterized by IR and
C NMR spectroscopies. The molecular structure of [L1Zn(NCS),[(Zn(NCS), 1", containing coordinated
NCS" anion as a model for carbonic anhydrase inhibitor has been also determined and adopted slightly
distorted tetrahedral ZnN, coordination geometry with the equatorial positions occupied by three
benzimidazole nitrogen atoms and the apical position by NCS™ anion; Chapter 3 describes a novel structural
zinc enzyme model for CO, hydration and calcification. A new ligand: N-{tris([2-[1-methylbenzimidazole-2-
yDethyljmethyl]Jamino)-2-oxoethyl}iminodiacetic acid has been synthesized. Ligand L2 was used to prepare
a new zinc(II) complex 2 as a promising model for the active site of the nacreous protein in mollusk shells.
The CO, hydration and calcification have been studied in the light of the influence of the pK, value of the
coordinated water molecule and the carboxylate groups. |

Part I: Chapter 5 describes phosphoester hydrolysis using structural phosphatase models of tren
based zinc(ll) complexes and X-ray crystal structures of [Zn(tren)(H,0)])(ClO.,),, [Zn(tren)(Cl1)](BPh,),and
[Zn(tren)(BNPP)(C10,) (tren = tris(2-aminoethyl)-amine, BNPP" = bis(p-nitrophenyl)phosphate). New
tris(2-aminoethyl)amine L3 - based ligands, namely N,N’,N”-tris(2-benzylamino-ethyl)amine L4 and
N,N’,N’-tris(im-benzyl-L-histidylethyl-amino-ethyl)amine L5 have been synthesized and characterized.
Complexation studies on Zn** complexes 3, 4, and 5 derived from L3, L4, and L5 showed that the presence
of benzyl and benzyl-histidyl moieties attached to the tripodal ligand L3 side arms decrease the pK, of the
Zn-bound water molecule: 10.72 for 3, 9.61 for 4, and 7.43 for 5, respectively. The zinc complex of 5 was a
more active catalyst for the hydrolysis of BNPP", O,0-diethyl-p-nitrophenyl thiophosphate (parathion), and
tris(p-nitrophenyl)phosphate (TNPP) compared to 3 and 4. In the case of 3 and 4, the pH-dependence of their
observed pseudo-first-order rate constants k., showed sigmoidal pH-rate profile, while 5 gave bell-shape
curve with a maximum rate constant of around 1.05X 107 s in the case of BNPP and 1.36X 10" s™ in the
case of parathion at pH 9.0. The pH dependence of k., indicated that the Zn—bound hydroxo species is
responsible for the hydrolytic activity. The crystal structures of [1.3Zn(H,0))(ClO,), 3, [L3Zn(Cl)]-(BPh,) 3',
and [L3Zn(BNPP)]C10, 3" have been determined and showed trigonal-bipyramidal configurations around
the central Zn. The zinc complexes of 3 and 3' served as structural models for the binding mode of
coordinated water as well as coordinated substrates in the active site of zinc enzyme; chapter 6 describes
solution-solid state structural studies of carbonic anhydrase inspired phosphatase model: the catalyzed
hydrolysis of parathion. The tripodal ligand tris(2-benzimidazolyl-methyl)amine L] was used for the
preparation of three novel zinc(Il) complexes, [L1Zn(OH)]* 1'-ClO,, [L1Zn(H,0)] * 1-(BNPP),, and
[L1Zn(DETP)]CIO, 1" (DETP = O,0-diethyl thiophosphate). The molecular structures of 1-(BNPP), and
1" adopt slightly distorted tetrahedral ZnN,O coordination geometries with the equatorial positions
occupied by three benzimidazole nitrogen atoms and the apical position by oxygen atom from H,O molecule
in complex 1-(BNPP), and from DETP anion in complex 1"'. In complex 1-(BNPP), , BNPP is not
coordinated to the zinc(II) ion. Instead, the oxygen atoms of BNPP" anions participate in two hydrogen bonds
to the coordinated water. Apparently, these hydrogen bonds prevented the BNPP- from approaching the zinc
1on, therby inhibiting the hydrolytic reaction. Solution studies (pH and 'H NMR titrations) of the ligand LI
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with Zn(Il) ions gave detailed information about the structure of the resulting zinc complexes and the
evidence for the existence of the zinc-bound hydroxo species. In parallel with the solid state structures of 1-
(BNPP), and 1'", the hydrolytic activity by using L1Zn* as potential catalyst towards the hydrolysis of

parathion and BNPP" was also examined.
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CO, Hydration and Organophosphate Detoxification
using Structural Carbonic Anhydrase and Phosphatase
Models of Tripodal Ligand-based Zinc(II) Complexes

(ANVK=Zy 77 e FI—ERFAT 7 ¥ —EREET IV,
M ARy MRIRNL T 5 % S SMEEW = H iz
CERRALRFEKNB L UHRY VR ILEMEREL)

H®WIX, (1)carbonic anhydrase(CA)®® phosphatase(PH)D{EE P L DOHEE - B
BROAEKBRICE> T, —HERMNTFI»SARIEHBREETIVILEHDOL TR
SFEAR, QBILREFAKMPLERY DBRLEW, BREA O paraoxon ¥
parathion DK, BBELORETHS. HFEMB/III2 DO (CA
HERLEEBRLAESETIVILEMERAVZE —BAERKZOKMPANPH O TN
EEMULEARBY) CBRREEVOMKLSE - EELLSKRDIL>TNVDS.

HHEBERETTINVIEAEY 1,2,3,4,5 13 FNENEN T, tris(2-benzimidazolylmethyl)
amine L1, N-{tris([2-methylbenzimidazole-2-yl)-ethyl]lmethyl]amino)-2-oxoethyl}

Wl

iminodiacetic acid L2, tris(2-amino-ethyl)amine L3, N,N’,N”-tris(2-benzylamino-
ethyl)amine L4, N,N’,N’-tris(im-benzyl-L-histidylethylamino-ethyl)amine L5 2 5
BRI NT.

INSOILAMDOMEE - #EDN, 'H - °C NMR, JTEHH, pHRE, Eé
WE, FTIRBLUV X BERMITICL-oTHLEMN I Nz, YHEKILENZH
WhEKREBERMAKS MBI '"H - *C NMR KW UV-visible BRIXNA XY
FVRIEMN GBI N

ARXIBZT7TENSRYD, BI1ETR CACENRNBRETIINILEMERAVWET
BMILRFBKRKIMRIBIZOWTHESE - Skl B2ETIE CAOELEDLZEB
LI-HEABEETTVIAEEMHLIZnH,01>* 1 ZHWVWT CO, KMEHHLZ. £
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DO, L1 OBREAM TH S benzimidazolyl DERBNZ X > THRER - BEN X
NS CAICEUMLEETIVEAYMER>R. CARXZBERIBICIHTIE
1F > HEHEFTIE L TILIZn(NCS)LI(Zn(NCS), DX FHEEZHERBH S
B S MIZL 7. ZndDiE benzimidazolyl D% FE R F 3 @l A equatorial D LA T,
NCS % apical DN BIZCEM L C4HADIAEBZRL TWSAZ L2HS N
Wl BiZ, B3IEBETIICO,KMEARILD 2 DORIENREEINDINE,
¥ B 7z B AL T N-{tris([2-[1-methylbenzimidazole-2-yl)ethylJmethyl}amino)-2-
oxoethyl}iminodiacetic acid & /- F & i - B Z2fTo /2. BRPTOHEM TP,
BHLEYMDO pK, BLXUSEERERZ pHREMSRE L. RLEEANS, K
MR ARAEDOKINIZET AP, TOERILLEYNBRT S5BENZ < T
DhLizho Iz,

BABEBNSET7TEETIE PH OEBETIINIELEEY & L T[L3Zn(H,0)]"* 3,
[L4Zn(H,0)]** 4, [L5Zn(H,0)]"* 5§ ZHWT, XREHEELLTOERY > RILEY
bis(p-nitrophenyl)phosphate(BNPP) % ° O,O-diethyl-p-nitrophenyl thiophosphate
(parathion) D AN MRIBCBE L TR N TWwaS. LD IBERORMT &
HELXDOHEBETINVLEYMD 33%AY ) — )V (vIVIKEBEBRZENRICpHEE LT D
HBOBRICK S TEREMNTFLPHARKEML TWE K FORBRE N pK, B
FUOBMETFTNLEYOREEFER kK, D pHEEEEZRE L. EIZ 'THNMR 3
FWREX-oTHRABEZITY, BHEEMLTFLS 111 ORKELEHOI T 2N E
BMPACHFEETAIEBINMEEMERMNTFEOMOILERBOESIZDONVWTE
BRLTW3., EEELTO BNPPOBHE, B —KREEE K k,,=1x10°~1x107 s,
parathion @A k,,,=1x10°~1.5x107% s' @ pH KFHEZ R L T2, M, kg, 00K
D IRA Y @ p-nitrophenolate @ WU E — 7 (~400nm)5R E O R EKFEENL S5 R
£ XN 7/=. BNPP X parathion DHHF I LT, 3 & 4 DB A k,, D pH KEFH
% sigmoidal #L T 5§ ®HBAE DEFNIT bell-shape DR LEZ. WITINOHBOR
A ERETNAAESYORMAD pK, THBELTWVWE. 5 OB KD KWL
pPK.ETHTHBZEBKXK-OHR OH, WHHMITEM L TS 2FED 5 Ak
FLTWBRZLEDAHIZ, D 3, 4 LHERTMAKSBREEZIDRESEZ L
ZZ6N35. 3 QDRIB/NMNOEZRLULEHIIT, BNPPAESKICEMNT S I &K
Ko TMALMRIENEFTLIZKLRBEILE2TORMNBEE DR BB S
5Mmicl 7.

L, ZAHFETESNEZARIR, EH8Y CREEVORBFMKIHRIIKD
EHELDOESHZ2E5ZX2b0T, BREREOVEDIKEMT S LTI ND.

REZBE-FARINSORREZFML, KRERBERCBITIIWMEGEEMIED
HETHFENEL RIRBERE) OFMNERITICRIBERERETSD
DEHEL .
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