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Abstract - pKa values of three biologically active non chelators: pyridoxal 2-pyndyl kydiaz-
one (PPH), 1-[¥-methylpynidoxylidemum|-2-12"-pyridy! Jhydrazneiodide (MPH), 1-[N-ethoxycar -
bonylmethylpyridexylidenmum|-2-[ 2-pynidylJhy<di azine bromide (EPH) have been delermined hy a
combinauon ot ab tmtie caleulations and pH-dependence of 3¢ nmr spectroscopy. In conto-
rmmuly wilh pyridoxal isonicolinoyl hydrazone (PIH), all hgands included m this study the pKa
values invanably merease m the erdering: pyrtdimum protonation < pyndoxylidemum proton-
atien < phenolale protonation < amine-hydrazene protonation < alkoxide protonation. lden-
tical videring was obtained byab intio calculations, based on STO-3G set. Mullihen population

dndlysis indicales that the conformer of the lowest energy of PPH, (1), contains an mternal 6-
membered-ring H-bond. Rotation about C3 - CB bond i (1), to yield conformer (1Y), requi-
res 8.8 keal / mol, whereas s internal H-bonding (I = 1) accounts for 5.8 heat fmual Pro-

tonatiot: of {13 fowers sigmficantly eneigies otk ol 1 — ¥ {65 heal), and 1 — V] {25 keal)

irdnsilions.

Dedicared 1o Professor Rolf Huisgen on the occasion of s 75th birthday in appreciation for
his excellence 1n Science and devotion to human values

Tn Parts ['¢ and 1'% we reported the synthesis, and the single-crystal X-ray analysis, of PPH and MPH,
representatives ol a new class of orally-active tron chelators capable ol removing efficiently toxic
accuinulation of 1ron surpluses from iron overloaded erythrocyles (pathological heamoglobms).2 and
inhibiting remarkably the growth m vitro of chloroquine-resistant species of  Plasmodium Lalciparum (FCR-
3),% the main causative agent of human mataria In analogy to pyridoxal?-> and PIH analogues,®7 the thiee
ligands: PPH, MPH, and EPH (Scheme I, arc presemed (0 cxtst in aquecus media as al least four distinctly
different torms: positively charged (H4L2*, H3L* ), neutral (H;L), and deprotonated {HL, HL?- ) species
(Scheme II). Each of these can react witl: tron ions difterently Lo yield iron-complexes which diller from each
other in composition, stability, passage through membranes, and redox potentials. These associale metal co-
ordinatton and biclogical properties with the acidity of the cell compartments 1in which it occurs. This
argument underlines the importance of determineng the pKa values of the foregoing biologically-active ¢helal-
ing agents. This aim could be attained by a varicly of methods, such as pH-dependence of carbon-13 nuclear
magnetic resonance spectroscopy ('3C nme),#12 and potentiometric fitrations. & The pH-dependence 13C
nror technigue proved highty uselul in wentfying chenucal shilts which fall m a narrow region of the
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spectrum, and in estimating the stabilily consfants, K, hence to assign the pKa values produced in another
study vsing glass clectrode potentiometry.!? However, the assignment of (hese values (o the various ionizable
sites 1n the ligands could not be made wilh confidence by comparison with its components: pyridoxal and
pyridylhydrazine,'4 nor with PIH.7 Caution is necessary since theoretical calculations, given in Lhe
sequence, indicate that PPH loses its pyridoxal ning nitrogen proton firsi, prior to its phenolic proton. To
avoid ambiguities. w adopted, in addition, a theorelical approach, using ab initio calculations [or estiimating
proton binding-energies. and the Mulliken population analysis'’ for computing disicibution of clectronic
charges at the various ionizable sites in PPH. The pH-dependence 13C nmr techmque was applied m spite of
difficultics due to low solubilitics of the ligands al pH > 9. In addition, the energies of conformational
transitions, implying obliteration of internal H-bonding (I — 1I,and T - FV), and protonation of the
pyridoxal ring-nitrogen, were computed {Scheme T,

Scheme I

PPH MPH

EXPERIMENTAL

Chelating Agents. - PPH (hydrochloride: mp 2980C:; free base: mp 288%C),!a MPH (1"1-ligand:McOH: mp
2469C; free ligand: mp 235-69C), 1P were prepared according 1o literature. | -fN-ethoxycarbonylmethylpyri -
doxylidenium]-2-[2"-pyridyl|hydrazine bromude (EPH), mp 2040C ({rom McOH),' was prepared (81%) by
the method of Sarel ef al. %17 Uy (MeOH, ¢ S.10FSM) X, 651 my { log & £.55), 407.7 (4.41), 2425
{4.13), 205.4 (4.20). Ms (El)m/z : 258 (M* - (BrCH,COOC,H;)), 108 {CgHgN,*, base-peak].

Carbon-13 nuclear magnetic resonance spectra were faken on Varnian VXR 3008 -300) speclromeler
operating at 75.43 MH. in the Fourier Transfornin mode, using a deulerium lock. The specira were recorded
H;O + (10% D0} at concenirations between 02 and 0.5 M in 10 mm wbes The pH of the samples were
adjusted by adding conc. solulions of either HNO3 or NaOH. Chemical stufts (8) were recorded m parts per
million relative (o an external capillary of dioxane; these vatues were adjusied to the letramethylsilane (TMS)
scale by adding 67.3 ppm (0 the observed shuft. All measurements were carried oul at ambient temperature,
The results are presented in Tables L, 2, and 3.

SCF CALCULATIONS

Ab initio calculations were based on STO-3G set '® Ful optimization was performed for the ynprolonated
species, HL-, of PPH. For each computation of proton-binding, the oplimization was confincd o site
position of binding. The results of Mulliken population analysis'S and its protonated species, Hyl *+, were
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calculaled by CNDO /2,19 and validated by companison with dala put out by ab inito calculations. The
results presented in Table 4 were obiained from two different modes of calculation. Essentially, they are
identical. The results from Mulliken population analysis of neutral (H,L), and positivrly charged (H;L*)
forms are assembled in Table 5. Ali calculations were performed by use of IBM RISC / 6000 computer of
The Hebrew University of Jerusalem,

Scheme II
pH-Dependence Species of PPH
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RESULTS AND DISCUSSION

The '3C chemical shifis (8) in PPH, MPH, and EPH were derived from comparisons of spectia of
pyridoxal®? and pyridine !2 The identification and assignment of carbon resonances of the pyridoxal and
pyridine rings (which fall in a narrow region of the spectrum) was achieved by comparisons of corresponding
spectra over the pH range between 1.5 and 12.5, in spite of difficulties due to low solubilities of ihe neutral
forms of the ligands {H,L} at pH ~ 8. To avoid possible position interchanges in resonance assignments, the
additive theory of Harruff? and Rainer'® which will be claboraled in the followng, has been invoked.
Accordingly. if, for the sake of simplicity, we assume (hat each of the ligands exists in the aqueous medium

as (hree proloiropic species: Hy1?*, H3L*  and  H,L., the observed chemical shifis, §_ , can be viewed as

a sum of three ractional chermical shifls, sy, 55, and 54 following equation 1:

S, = X551+ X5y + Kgsy (equation 1)

Pyridoxal prototropic behaviour has been thoroughly analyzed, and this molecule is known 10 be present in
aqueous media under al least four pH-dcpendent structures.15 The theee ligands, PPH, MPH, and EPH
exist, therefore, in aqueous media as several pH-dependent species (see Scheme 11). Each of the ligands
would, therefore, correspond to a case described in equations 2 - 5.

Hyl?* = HiL* + Ht K, = [HiL*] [H] / [HL?") (equation 2)
HyLt - HoL + H¥ K, = [ H,L1[H¥] / [HL*) (equation 3)
H,L - HL- + Ht K3 = [ HL ] [HY] / [H;L] {equalion 4}
HL- — L + ut K, = [ LZ] [H*] / [HL] (equation §)

[H,L], | H3L*), and [H,,Lz’f]. are the respeclive concentrations of the neutral, the mono-, and the di-
protonated species of the Jigand; [HL-}, and [L2'], are the respective concenirations of the mono-, and Ihe di-
deprotonated specics; [H] is the proton concentration which could be estimated experimentally [rom the pH
measuremnents The equilibriom constants, K- Ky, could be estitnated correspondingly from equations 2 - 5.
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Mole fractions, X, X, and X_, can be replaced by equilibrium constant terms, K, and thus, equations 2 -

tar
5 become: 6, 7, and 8, respectively, as below :

X, = K [(H+]/ 1 +K 0] + KZ[H"]2 (equation 6) .
X, = KJHT2/0 + K [H¥] + KH*? (equation 7)
X,o= 1714 K [H] + K HY2 (equation 8)
Insertion appropriately equations 6 - 8, into equ. 1, yields cqu. 9:
Sob = [lel[H"‘] +52K2[H+]2 + 5310+ K|[H+] + Kz[H+]2] (equation 9)

Equation 9 could then be solved with the aid of pH-dependence 13C nmr technique, which, in turn, allows 10
produce both the desired stability constants, K, ,, and, (he chemical shit values, 8. Moreover, it made 1t
possible 1o assign with confidence the carbon resonances in PPH, MPH, and EPH, which fall in a narrow
range of (he spectra (sce Tables 1 - 3).

Study of species distribution over pH range §.5-12 5 has shown? that at plf 1.70, both acylhydrazones (PIH
and s analogues), and aryl-hydrazones (PPH, MPH, and EPH) exist in the di-protonated form, HyL2+. The
depfnlunatcd forms, HiL*, H,l, HL-, and L2, emerge successively on pH mcrease, the

preponderance  of which was observed to be structure-dependent.. Thus, at pH 3.7, PPH cxists
predominanily in the HyL* Tormt . and in the H,L form, al pH 5.70.9 The pyridoxal-betaine analogues, MPH
and EPH, by contrast, were found to exist predominantly in the neutral foon, H,L, by 0.7 pH units lower
than PIH. or PPH (pH 5.0). Moreover, MPH, and EPH, exist as 35%:65%-H,L:HL" mixture, at (he
physiological pH (7.2). but PPH-PIH present at same pH as a 65%:35%-H,L:HL- mixture. Thus vanation is
altributed to a 10% reduction in clectronic densily at pyridoxal ring-nitrogen (sec Table 5}

Table 1. pH-Dependence of '*C Nmr Spectrum of PPH

pH 1.5 25 Al 32 A? 114 Al 123 A?
Cl1 143.4 141.4 20 142.0 1.4 140 2 32 1407 2.7
C2 1297 1293 04 1288 09 1272 25 1274 23
C3 1373 1398 -25 138.0 - 0.7 140L0 -27 1400 -2.7
C4 1528 1530 -02 1531 - 03 1620  -92 1621 -93
Cs 1463 144 8 1.5 143 ¢ 24 152.2 -59 1523 -6.0
C6 14.9 14.8 01 147 0.0 10.7 4.8 198 -49
C7 59.0 59.0 0 58.9 0.1 62.2 -32 623 -33
C8 117.6 1877 -0.1 g0 -04 116.8 0.8 [16.5 1.1
CY 1492 1501 -09 1515 -2.3 156.4 -7.2 156 4 72
C10 131 119 12 1499 32 108.2 49 1083 48
Cl1 1368 1361 07 135.0 L8 1325 43 1325 43
c1z | 1302 1296 06 1291 1.1 1314 -12 1316 -14
C13 | 1450 1445 05 1437 13 1479 .29 1478 -28

Alis the difference in carbon-13 chemical shuft between pH 1.5 and 2.5: A? is the difference in 13C
chemical shift between pH 1.5and 32, A® is the difference in 13C chemical shift between ptl 1.5
and 11.4; A% is the difference m carbon-13 chemical shift between pH 1.5 and 12.3
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Table 2. pli-Dependence of 1%C Nmr Spectium of MPIH

pll 1.5 2.5 Al L5 2.5 Al

C1 143.6 1430 0.6 8 1Ig 0 1184 -04
C2 128.5 128.6 -E0

C3 137.7 139.4 -7 C9 149.2 151.5 -19
C4 153.5 154 1 - 06 C10 F13.5 1111 24
Cs 1473 146.8 1.2 Ctl 136.4 1354 1.0
C6 137 136 0.1 Ci2 1359 135.0 09
7 59.3 5913 -0 c13 146.6 143.4 32

A''is the dilference i earbon-13 chemical shift between pti12and 2.5
Table 3. pH-Dependence of ¢ Nmr Spectrum of EPH

pll L5 25  A' 32 AT 114 A 3 oA
Cl 1437 142.8 09 1412 1.9 140 3 34 0.0 --
C2 13015 129.5 1.0 129.5 1.0 1278 27 126.9 3.0
C3 1378 1389  -1I.1 137.2 0.6 1379 - 01 139.9 21
C4 1540 1538 02 1541 - 0l 1641 101 1640 -10.0
Ccs 147.9 146.7 12 145 5 24 0o 0.0
Co 13.7 136 0.1 137 00 176 -39 7.0 -39
C7 59.5 59.3 0.2 59.4 0.1 618 -23 617 -112
C8 118.1 1182 -0 1182 -0t 117.4 0.7 1169 12
cY 149 4 tsl.e -22 1526 -32 0.0 --- 1559 -0.5
cl 3.6 t08 28 1163 33 108.9 47 108 .4 5.2
Cri 137 1 135.6 1.5 1350 21 00 --- 132.5 46
Ci2 | 1361 1337 24 1129 3.2 0.0 0.0

CI13 1460.8 143.5 33 141 8 50 [4R8 ) -12 147.6 -0R

Alis the difference i carbon-13 chemical shift between phii2and 27, A? is the dilference in 13C
chemical shift between pH E 2and 3.7, AY 15 he diffecence n 13C chmical shift between plf 1.2

and §O;

A* is the difference i carbon-13 chemical shift between pll 12 and 12.5.
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From Tables 1, 2, and 3, it can be secn that 13C nmr resonances of ligands included in (his study exhibit
high sensitivity to pH. Thus, the pyridinic C9 resonance shifts downfieid by 2 ppm units on pH increase
from 1.5 to 3., whereas the pyndoxal Cl resonance experience 2 ppm upfield shift in the same pH
range. This allows 10 assign with confidence the signal at 143 ppm in the specirum, to C1, and that at 149
ppm, to C9 atom. Moreover, with the aid of equation 9 it was possible to cstimate the pKa values of
pytidinium protonation {equation 2) for all ligands, PPH (2.62), MPH (2.39), and EPH (2.31). By the same
token it was possible to assign, the 153 ppm signal in the 13C nmr spectra, to pyridoxal-ring C4, which
experience downficld shift (10 ppm units) over the pH range 9.0-9.2, due to ils proximity to the phenolate
anion, The respective pKa values for the phenolate protonations (cquation 4) were: 7.96 (PPH), 7.30 (MPH),
and 7.43 (EPH), Around pH 11, all ligands exist essentially as di-anton species (L?-).% The }3C nmr signal at
156 ppm was assigned (o pyridinic-C9, since af this pH range, il experiences downfield shift by 7 ppm
units.The calculated pKa values: 9.84 (PPH), 9.76 (MPH), and 9.70 (EPH), were assigned 1o amine-
hydrazone protonation, Among the ligands, only PPH had an additional pKa = 4.63, assigned o
pyridoxylidenium protonation. It is noteworthy thai the pH-dependent 13C nmr technique was unable (o detect
the prototautomeric forms'6.47 of corresponding neutral species, HyL.

From Table 4 1l can be seen that protonation cnergies increase in the ordering : pyndintum <
pyndoxylidenium < phenolale < amine nitrogen-A3 < alkoxide The highest binding energy (BE) (713.5
keal / mol) is between hydrogen and alcoholic oxygen (02' ) {pKa = 13.3540.21¢), whereas the BE between
H and phenolic oxygen (01 ) is 140,61 keal / mol smaller (pKa = 7 9640.07'¢). The Jowest BE (491.3 kcal /
mol ) is between H and the pyridinic ring-N* (pKa = 2.6240.091¢) which is 31.04 kcal / mol lower than
pyridoxylidenium H-N'-bond (pK = 4.63£0.057¢ ), and 120.1 kcal / mol lower than H-N3-bond (pKa =
9.8440.071%), in conformity with ionizalion characleristics of pyridoxal and its analogues.1P

Table 4,  The Toial and the Relative Enerpies of Binding of Protons '8 at Various Sues of
Pyridoxal Pytidyl Hydrazone (PPH)

Binding Sites Total Energy Binding Energy®
{ in alomic units ) (in keal/mol )

HL- -854.33597

o2 -855.47231 713.1
N3 - 855.35086 642.5
ol - 85524823 5724
Nl - 855 16845 5224
N4 -855.11898 491.3

a) The binding encrgy relative 1o the mono-deprotlonated species, HL -

Scheme HI delineates structures of four neutral conformational species of PPH, [H,L]5_g. and in addition two
protonated specics, [HyL ¥}, and [H3L*]4, which arise from rotations about respective C*- 01, C3-C8,

and N?.C¥ bonds. Conformation [H,L], appears to be the lowest in cnergy, whereas that of structure

[H,L]4 is the highest in energy (loss of internal H-bonding). Protonation at pyridoxal ring-N' lowers the
conformational [H,L]; — [HaL*]q interconversion by a quantity of 2.3 kcal/ mol. This is also
evident from the data assembled in Table 5, clearly indicating that N)-protonation implys decrease in the
electron density on the azomethinic nitrogen, N2, from 0.1399 to 0.0163 electrons and hence weakening the
intemal H-bonding.
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Table 5. Muiliken Population Ananlysis 1519f Newrral and Protonated Pyridoxal Pyridyl Hydrazone

Atom H.L Hil* Atom H,L H.L*

N1 -0.2643 0.1511 o) 0.0481 £.0797
N2 0.1399 0.0163 c4 -0.0884 0.0797
N3 0.2536 -0.2205 s 02174 0.1515
N4 0.2409 -0.2000 c7 0.0364 0.0008
01 03119 -0.2607 o 0.1463 0.1269
02 03192 -0.2578 o] 0.0928 0.1551
cl -0.0455 0.1462 C10 0.0060 0.0608
‘o) 00867 0.1866 clt 0.0051 -0.0013

Scheme I
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Conelusion

The data presented here permits to assign with confidence the pKa values of ionizable protons in PPH, MPH,
and EPH, which follow the ordering:

pyridinium protonation < pyridoxylidenium protonation < phenolate protonation < amine hydrazone
protonation < alkoxide protonation, in remarkable conformity with the literature, 57 20-23
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