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IRON CHELATORS OF THE PYRlDOXAL 2-PYRIDYL HYDRAZONE 

CLASS. PART 111.' IONISATION AND CONFORMATIONAL 

CHARACTERISTICS OF THE LIGANDS 

Prayong ~ o u n g d e e * . ~ ,  Shalom ~ a r e l * * ,  Israel Ringel'. Dan Gibson" N ipon 

~ o n ~ v i s e t s t r i k u l ~ ,  and Shelly A v m r n u v ~ c i - G r i s a d  

In Parts 1'' and Illb we reported !he synthesis, and h e  single-crystal X-ray walysis, o l  PPH and MPH. 

represcnlalives o l  a new class o l  orally-active iron chelal~rs capable al rcnloving e l f i c i e~~ l l y  loxic 

accumulalion of iron surpluses from iron overloaded erylluocyles (pdt1a)logical hean~uglob~ns)? and 

inhibiting remarkably the growth ,,I virru u lcNornqu~~~e-rcs~s la~t  species of Plasmodium idciwsrutn (FCR~ 

3).' lhe mam causattve agenl o f  human malaria h malogy l o  pyridoxa14,5 and PIH ;u~;~logucs,~.~ the lhlee 

Ilgands: PPH. MPH, and EPH (Scheme I), arc presumed lo exist ~n aqueous inedla as a1 lcasl lour distinclly 

d~ffcrcnt toms: posilivcly charged (H4L2+. H3Lf ), neulral (HILL and depmamaled :HL-. HL2- ) species 

(Scheme 11). Each of Ihese can reacl wilh !roo ions d ~ l l c r c ~ ~ l l y  la yield inmctmlplexes which dill'er lrom each 

olher in  cuniposilion. stabilily, prssage ihrough inembrmes, and redox p~lenlisls. These associalc mclal co- 

ordmduon and biological properlies wi lh ihc actdily o l  [he cell comparlmena in which 11 occurs. T h s  

argu111c111 uodcrlincs lhc i m p o w ~ c c  o f  de lermi~~~ng h e  pKa value5 ol lhe li)regomg h~olog~c;~lly-acllvc chclal- 

tng agents. Thls aim cuuld be allatned by a variely olntethuds, suclt as pH-depende~rc olcarbun-13 nuclcar 

magnetic rewlrance speclroscopy ( I T  nmr),"-12 and plenliumelnc l i l ra~ ions.~  m e  pH-dcpendcncc "C 

nmr technique proved highly usclul in  idenlllying chern~cdl shills which k1I in a narrow regloo ot (he 
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speclrunl. and in eslimating the slahilily cnnslants. K, hence lo assign (he pKa values prnduccd in another 

study using glass clcclrndc polcntiomclry.l' However. Ihc assignment 01 lhcse values lo lhc various ionimblc 

sites 111 lhe ligands could not he inadc wilh conlirlcnce hy comparison wilh ils components: pyridoxal and 

p~r idylhydra7. ine. '~ nor will1 PlH.h.7 Caution is necessary sincc thcorclical calculalions, given in  (he 

sequence. indicate lhal PPH loses ils pyridoxal rtng nitrogen proton lirsl, prior l o  ils phenolic prolon. To 

avoid amhigu~l~es. ur rdoplcd, in add~lion. a lheorclical approach. using oh i,tirio calculations lor eslimatmg 

prolon hinding-energies. and [he Mulliken m,pulatinn analysis' lor computing d~slribulion o f  rlcctronic 

charges a1 lhe varilwr ionizahlc silcs in  PPH. Thc pH-dcpendencc I3C nmr lechn~quc was appllc<l in spilc o l  

dillicultics due In low soluhililies or the ligands a1 pH > 9. I n  addilion. the energies o l  conrnrmational 

Ilansilions, implyme. obliteraliorl o l  inlcrnal H-lnmdrng ( I  -t 11 . and I -t IV), and prolonalinn o f  the 
pyridoxal ring-nilrogcm wcrc compuled (Scl~cmc Il l). 

Scheme I 

E X P E R I M E N T A I ,  

Chrlating Agents. - PPH (hydrnchloridc: mp 298°C; free base: mp 28RoC).18 MPH ( I  .I-ligand:McOH: mp 

2 4 6 V  free ligand: rnp 235-6"C).1h wcrc prepared according l o  litera1ure.l-IN-elhoxycarlx~nyln~clliylpyri - 

doxylideniurnl-2~12'-pyridyllbydralinc hrnmde (EPH), rnp 2W°C (from McOH),Ih was prepared (81%) by 

Ihe mclhod o l  Sarcl rl 01. 1h.17 Uv (McOR. c 5.1W6M) 651 m p  ( log E 1.55). 407.7 (4.41). 242.5 

(4.13). 205.4 (4.20). Ms (El) mlr. : 258 I M +  - (BrCH2COOC2Hs)I. 108 [C,H8N,+, bace-peak). 

Carbon-13 nuclear magnetic resonance speclra wcrc takcn on Varnn VXR 3ofJS - 3 N  spcclromclcr 

operating a1 75.43 MH6 i n  thc Fourier Translnnn mnlc, using a dculerium Irxk. Thc speclra werc rccardcd in 

H 2 0  + (10% D 2 0 )  a1 conccnlralinns helwccn 0 2 ;u>d 0.5 M in  10 m m  luhcs The p H  01 lhc samples wcre 

adjusted by adding conc. snlulions n l  eilhcr HNO, or NaOH. Chcrnical sh~fts (6) were recorded in parls per 

millinn relalivc lo an exlcrnal capillary $11 d~oxanc: Ihcsc valucs were atljuslcd lo lhc letmncthylsilanc (TMS) 

scale by adding 67.1 ppm lo the ohserved s h f .  A l l  ~mcasuremc~~ls werc carried oul at ambienl tcmperaturc. 

The resulls arc prcscnlcd in Tahlcs 1. 2, and 3. 

SCF CAI,CUI.ATIONS 

Ah inilin calculations were based on STO-3G sel IR Full oplimizalion was la &- 
&. HL-, o f  PPH. For each cornpulalion o l  proloo-binding. lhe oplimizalion was confined lo site 

ps i t ins  nr hindinp. Thc results n l  Mullikcn pnpulalinn analysis" and ils prolonalcd spccies. 11,l *. werc 
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calculaled hy CNDO / 2.19 and validaled hy comparison wilh dala put oul hy oh irtirrn calculalions. The 

results prcscnled in  Tahle 4 were ohlained lrom two differenl modes o f  calculalion. Essenlially. they are 
  den tical. The results from Mull ikcn populalion analysis o f  neulral (H2L), and posilivrly charged (Il3L+) 

lorms are assembled in  Tahle 5. A l l  calculalions werc performed by use o l  I B M  RlSC 16000 compulcr o f  

The Hehrew Univcrsily o f  Jerusalem. 

Scheme I1 
pH-Dependence Species of PPH 

RESULTS A N D  D I S C U S S I O N  

The "C chemical shills (6)  i n  PPH. MPH. and EPH were derived l rom colnparisons o f  spectra o l  

p y r i d n ~ a l ~ . ~  and pyridine l2 The idenlilicalion and assignmcnl o f  carbon resonances o f  the pyridnxal and 

pyridine rings (which fall in  a narrow region o l  !he spectrum) was achieved by  comparisons o f  corresponding 

speclra over lhe pH range belwcen 1.5 and 12.5, in spile o f  difficulties due lo low soluhililies o l  lhc neutral 

forms o f  lhc ligands (H2LJ  a1 p H  - 8. To avoid pssihle ps i l ion  interchanges in  resonance asslgnnlenls. he 

addilive lheory o f  HarrufP and Raincrio which wi l l  be claboralcd in the lollowmg, has been invoked. 

Accordmgly. ,I. lor the sake oTs~mplicnty, we assume lhal each o f  lhe ligands exnsls in lhe aqueous medium 

as lhree prololrnpic species: H,L2+. H3L+ . and H2L. the observed chemical shills. Soh, can be viewed as 

a sum o f  lhree fraclional chcmlcal shills, sI. s2. and s3 fvl low~ng equalion I: 

Pyridoxal prololropic behaviour has been lhoroughly analyxd, and this molecule is known lo k prescnl in  

aqueous media under a1 leas1 four pH-dcpendcnl s l r u c ~ u r e s . ~ . ~ ~  The three ligands. PPH, MPH. and EPH 

exist. (herelore. in  aqueous media as several pHdependent species (see Scheme 11). Each of the ligands 

would. Ihcrelore, corrcspnd In a case described in  equalions 2 - 5. 

H4L2+ + H3Lt + Hi K, = [ H3Lt l  [H*] 1 [HqL2+ I (equation 2) 

H3Lf + H2L + H+ K, = I HZL1 lH+1 I IH3L+I (equalion3) 

H2L + HL-  + H+ K, = I HL- I  [H+l 1 IHxLI (equalion 4) 

HL- + L2- + H+ K, = I L2-I [Ht l  / [HL-I  (equalion 5 )  

[H2L],  I H3L+], and [H4L2+]. are lhe respeclive concentralions o f  the neutral. the mono-, and the di-  

prolonaled species o f  lhe ligand: IHL-I. and IL2-I. are the respective concenlralions o f  the mono-. and [lie di- 

deprolonaled species: [H+] is lhc p r o m  concenlration which could k estimaled enp2rimcnlally lrom he pH 

measurements 7he equilibrium conslanls. K I -  K4, could hC cslimated correspondingly from equations 2 - 5. 
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Mole Iraclions, X,. x,, and X,, can he replaced by equilibrium conslant lcnns. K,.,, and lhus, equalinns 2 - 
5 hccome: 6. 7. and 8, respectively, as below : 

XI = KI IH+I I  I +KIIH+I + K2[H+Iz (equalinn 6) 

X2 = K2[H+I  '1 I + KIIH+I + K21H+12 (equalion 7) 

X, = I I I + K~ [H+ ]  + K ~ [ H + ] ~  (equalion 8) 

Insertion approprialcly equalio~~s 6 - 8, inlo equ. I, yields cqu. 9: 

So, = IslKl [H+l  +s2K,IH+]2 + s, 1 / ( I  + K l [ H + l  + K2[H+121 (equalton 9) 

Equation 9 could lhcn hc solved wilh the a d  o f  pH-dcpendcncc 13C M l r  lechniquc, which, in  lurn, allows lo 

produce h t h  lhc dcstrcd slahilily comslants. Kt.*,  and. Ihe chemical shrff values, S. Morcovcr, i t  made 11 

possihle l o  assign wilh confidence lhc c n r b n  resonances in  PPH. MPH. and EPH, which fall in  a narrow 
range o f  lhc spcclra (sce Tahlcs I - 3). 

Sludy oispccics dislribulion over p H  range 1.5-I2 5 has shown91hal a1 p H  1.70, both acylhydrazoncs (PIH 
and ils analogues). and aryl-hydramncs (PPH. MPH. and EPH) enirl in the dl-prolonatcd lonn. HdVt .  The 
dep&,lonaled rnrrns. H3L+, H,L. HI:, and L2-. emerge successively on p H  mcreasc, lhc 

preponderance o r  which was ohservcd l o  he slruclurc-dependent.. Thus, a1 pH 3.7. PPH exists 

predominanlly ill the H3L+ fonn . and in lhc H,L form. a1 p H  5.70.9 Thc pyridoral-belaine analogues, MPH 

and EPH, by conlresl. wcrc inund lo exist predont~nanlly in  lhc nculral lnml. H2L, by 0.7 p H  unils lower 

than PIH, or PPH (pH 5.0). Moreover. MPH. and EPH, exisl as 35%:65%-HZL:HL- mixture, at lhc 

physrrrlogical pH (7.2). hul PPH-PIH prcscnl a1 samc pH as a 65%:35%-HZL:HL- mixture. T h n  vartalion is 

alu~hulcd In a 10% rcduclion in clcclron~c dcnslly a1 pyr~doxal ring-nilrogcn (see Table 5) 

Table I. pH-Dependcncc o f  "C Nmr- Spectrum o f  PPIX 

chemical shift helwccn p H  1.5 and 12;  A' is the dlffercnce in  I3C chemical shin betwecn pH 1.5 

and 11.4: A4 is the d~llcrencc in carbn-11 chcmical shirt hclwecn p H  1.5 and 12.1 
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CR 118 0 l l R 4  - 0 4  

C9 149.2 151.5 -1 0 

<:I0 113.5 111.1 2.4 

C I I  136.4 135.4 1 .I1 

C I Z  135.9 135.0 0 9 

A '  i.; l l lc dillcrcncc in cark11113 chemical sh f l  hclwccn p t l  I 2 and 2.: 

C 1  1437 

C 2  130.5 

C 3  137.8 

C4 154.0 
C5 147.9 

C 6  13.7 

C7 50.5 

C R  118.1 

CY 1494 

C l f l  113.6 

C I I  1371 

C I Z  1361 

C13 146.X 

- - - - -- - - --- 

A '  is lhc ilcllcrcncc III carlmrl-13 c l l c~ r tm l  shill hc lwcc~~ p l l  I 2 nnrl 2 7: A2 is lltc dificrcncc in I 3C  

cllcmical shill l r l w c c ~ l  [,I1 1 2 and 7.7: A' IS llle dlllcrcncc in "C c l~~ l l i ca l  sllill l r lwecl l  p l l  1 . i  
and RO; A' is l l~cd~ i ic rcncc  10 carlx~n-13 chrmcnl I1111 hclwccn p l l  1 2  and 12.5. 
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From Tahles 1, 2, and 3, il can be seen lhat I3C nmr resonances of ligands included in  this sludy exhibit 

high sensitivity lo pH. Thus. the pyridinic C9 resonance shifts hy 2 ppm units on pH increase 

from 1.5 lo 3.. whereas lhc pyrtdoxal C I  resonance experience 2 ppm shift in the same pH 

range.This allows to assign with confidence the signal at 143 ppm in  the spectrum, lo CI, and lhal a1 149 

ppm, lo C9 atom. Moreover, wilh the aid of  equalion 9 il was possible lo cstimale #he pKa values of 

pyridinium prolonalion (equation 2) for all ligands. PPH (2.62). MPH (2.391, and EPH (2.31). By [he same 

loken it was p s ~ i h l e  lo assign. lhc 1.53 ppm signal i n  the I3C nmr spectra, lo pyridoxal-ring C4, which 

experience downlield shift ( I0  ppm mils) over lhe pH r'mge 9.0-9.2. due lo ils proximity to the phenolate 

anion. The respective pKa values for the phenolale prolonalions (equalion 4) were: 7.96 (PPH), 7.30 (MPH). 

and 7.43 (EPH). Around pH I I, all ligands exist essenlially as di-anmn species (L2-).9 The I3C nmr signal a1 

156 ppm was assigned lo pyridinicC9, since at lhis pH rangc, il experiences downfield shift hy 7 ppm 
unils.The calculaled pKa values: 9.84 (PPH). 9.76 (MPH), and 9.70 (EPH), were assigned lo amine- 

hydrazone protonalion. Among the ligands, only PPH had an additional pKa = 4.63, assigned lo  

pyridoxylidenium protonalion. I1  is  noteworthy that !he pHdependen1 "C nmr technique was unable lo dclect 

the prototaut~meric l o r ~ n s ' ~ ~ ~ ~  of corresponding neutral species. H2L. 

Fwm Tahle 4 11 can be seen thal prtllonalion energies increase in the ordering : pyrtdintum < 
pyndoxylidenium < phenolale < m i n e  nitrogen-N3 < alkoride The highest binding energy (BE) (71 3.5 

kcal I mol) is belween hydrogen and alcoholrc oxygen ( o f )  (pKa = 13.35i0.214, whereas the BE hctwcen 

H and phenolic oxygen ( 0 " )  is  140.61 kcal l  mol smaller (pKa = 7 :96f0.07Ic). Thc lowest BE (491.3 kcal l  

mol ) i s  between H and lhc pyridinic ring-N4 (pKa = 2.62f0.09'~) which i s  11.04 kcal / rnol lower lhan 

pyridoxylidenium H-Nt-bond (pK = 4.63M.OSIC ), and 120.1 kcal I mol lower than H-N3-bond (pKa = 
9.84f0.071C), i n  conformity with ionizalion characleristics olpyridnral and i l s  anat~gues.~~ 

Table 4. The Told ond the Rplotivr Enerpcs of Binding of Protorts IR 01 Various S m s  of 

Pyridornl Pytidyl Hydrazone (PPH) 

Binding Sites Total Energy 

( In alomic units ) 

H L  - - 854.33597 

02 - 855.47231 

N3 - 855.35986 

o1 - 855 24823 

NI - 855 I6845 

N4 - 855.1 1898 

Binding Energya 

(in kcalhol ) 
... 

713.1 

642.5 

572.4 

522.4 

491.3 

a) The binding energy relalive to the mono-deprolonated species, H L  

Scheme 111 delineales slruclures of four neulral conformalional species of PPH, [H2L1,d, and in addilion two 

prolonaled species. IH3L+Ih and [R,L+ld, which arise from relations about respective C4 - O1. C3 - Cx, 

and N3 - C9 bnnds. Conformation [H2LIa appears lo he the lowest in energy, whereas that of structure 

[H2L]d is the highesl in energy (loss of internal H-hnding). Protonalion at pyridoxal ring-N' lowers the 

conformalional [H2LIa + [H,L+]d inlerconversion by a quanlity o f  2.3 kcal / mol. This i s  also 

evidenl from the dala aqsembled in Tahlc 5, clearly indicating that N1-prolonation implys decrease in  the 

electron densily on the ammelhinic nilrogcn. N2, horn 0.1399 lo 0.0163 eleclrons and hence weakening the 

inlernal H-bonding. 
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Table 5 .  Mull ihn Populorion Anmlysis '*.'9ofNeund and ProronmedPyn'dorol Pyridyl Hydrazone 

Atom &L H,Lf A m  HA. HILf 

NI -0.2643 4.1511 Q 0.0481 4.0797 
N2 -0.1399 4.0163 C4 4.0884 4.0797 
N3 4.2536 -0.2205 CS 0.2174 0.1515 
N4 4.2409 4.2000 C7 4.0364 4.W 
01 -0.31 19 - 0.2607 C8 0.1463 0.1269 
02 4.3192 4.2578 (39 0.0928 0.1551 
C1 -0.M55 4.1462 CIO 0.M)M) -0.0608 
C2 -0.0867 6.1866 C11 4.0051 -0.0013 

Scheme 111 

6.5 kcal - "" Ho* -H 

CH3 I CH3 
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Conclusion 
The data presented here permits lo a s s i a  with c ~ ~ d e n c e  the pKa values of ionizable protons in PPH, MPH, 

aud EPH, which follow the ordering: 

pyridinium protonation < pyridoxylidenium prolonation < phenolate protonation < mine hydrazone 

protonallon < alkoxide protonation, in remarkable conformity with the ~ i l e r a h u e . ~ . ~ . ~ ~ ~ ~  
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