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The stability constants of the complexes formed by 1,10-dimethyl-1,4,7,10,13,16-hexaazacyclooctddecane (
and 1,4,7-trimethyl-1,4,7,10,13,16,19-heptaazacyclohenicosdnenjth Ni2*, Ci#*, Zn?*, Ct, and PB*, as

well as that for the formation of RI22" (L2 = 1,4,7,13-tetramethyl-1,4,7,10,13,16-hexaazacyclooctadecane),
were determined by means of potentiometric (pH-metric) titrations in 0.15 mof 8aClO, at 298.1+ 0.1 K.

The enthalpy changes for the formation of 2€wcomplexes withL and L1 were measured by means of
microcalorimetry. These thermodynamic data were compared with those previously repoit@d fo4,7,10,-
13,16-hexaazacyclooctadecah8), and 1,4,7,10,13,16,19-heptaazacyclohenicodatlesfiidencing that nitrogen
methylation can produce lower or higher complex stability depending on the metal ion and the number of methylated
nitrogens. The equilibria of complexation of ATP ADP3~, AMP2~, P,O;*~, and [Co(CN}]®~ by L andL1

were studied by means of pH-metric titrations in 0.15 mol@iaClO, at 298.1+ 0.1 K. The catalytic reactions

of ATP dephosphorylation induced by these ligands in solution were followé®PYMR spectroscopy at different
temperature and pH values&. is the most appropriate receptor, amangL4, in the recognition of the nucleotide.

The catalytic efficiency of hexa- and heptaazaligands increases in theLordeB < L2 andL1 < L4, respectively,

L4 being the most efficient. Namely, di- and tetramethylatiorL8fproduces opposite effects on its catalytic

properties.

Introduction CIH3 CIHB

In a preceding papéwe described the synthesis of the two N CH N CH
new polyazamacrocycles 1,10-dimethyl-1,4,7,10,13,16-hexaaza- HNK\ /\I’\JH \"‘Nf\ /\\N/ 3
cyclooctadecane.() and 1,4,7-trimethyl-1,4,7,10,13,16,19-hep- [ j ( j
taazacyclohenicosand.X) and their basicity properties in mN N HN NH
agueous solution, focusing our attention on the ability presented K/ Nv} L )
by the polyprotonated forms of both ligands in the recognition N N
and binding of the anionic forms of ATP. CHs H\/H

There is intense current interest in the chemistry of polyamino
macrocyclic ligands because of their special ligational properties L u
which give rise to both cation and anion complexa#ion.
Furthermore, these ligands induce acceleration of the dephos- C;'Ha H
phorylation reaction of some nucleotides (ATP, ADP) in solution CH, (\N/ﬁ CH H K\N/\ H
and, therefore, have been used as models in ATPase and kinase N o8 N N
mimicry.3=> Moreover, the presence in such molecules of large ( j ( j
numbers of amino groups allows the modulation of their BN Np HN NH
coordinative characteristics through nitrogen functionalization. k/N N N'>

® Abstract published imqluance ACS Abstractd;:,e_bruary 1,1996. CH; HA\/ H
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We have recently shown that nitrogen methylation produces each) were performed for each system in the pH ranges1®5. In

significant changes in cation and anion binding features of
polyazamacrocycles®® In particular we found that 3d transi-

all experiments the ligand concentration [L] was about 102 mol
dm~3; metal ion concentration [M] was in the range>510~* mol

tion metal complexes of the tetramethylated hexaazamacrocycled™ ° = [M] = [L] for L and 5x 107 mol dnr® < [M] = 2[L] for

1,4,7,13-tetramethyl-1,4,7,10,13,16-hexaazacyclooctadecaje (

are less stable than those of the analogous unmethylated 1,4,7

10,13,16-hexaazacyclooctadecah8)(ligand® On the other
hand, considering their catalytic propertieg,is more effective
than L3 in enhancing the rate of ATP dephosphorylation in
acidic media&2 Moreover we observed that the dimethylated
receptorL is more efficient tharL1-L4 (L4 = 1,4,7,10,13,-

L1; for anion complexation, the concentration of the anionic species
[A] was varied in the range [Lk [A] < 2[L]. The computer program

'SUPERQUAD® was used to calculate equilibrium constants from emf

data.

Due to the long time required for the equilibrium reactions between
L and N?*, to be reached, a batchwise potentiometric procedure was
employed to determine the stability constants of the complexes formed.
Twenty solutions containing different amounts ofNiL, and OH,

16,19-heptaazacyclohenicosane) in ATP recognition in solution or H*, in 0.15 mol dm?® NaClO, aqueous media were prepared in

over a wide pH rangé.
Aiming at further knowledge on the 2-fold nature of the

separate bottles and maintained at 298.0.1 K. The value of-log-
[H*] for each solution was measured periodically until a constant value

coordination chemistry of polyazamacrocycles, we present hereWas reached. The computer program SUPERQUAIESs used to

the results of a thermodynamic study on the binding of metal

cations and anions, as well as the results on the kinetics of ATP-

catalyzed cleavage, dy andL1.

In order to produce an homogeneous set of equilibrium data

for metal ion binding, we have also determined the formation
constant of Pb22*,

Experimental Section

Materials. L, L1, L2, and L4 were synthesized according to
reported procedurés. L3 was purchased from Aldrich and used as
its hexahydrochloride salt. The sodium salts of ATP, ADP, and AMP
were purchased from Boehringer-Mannheim. All other chemicals were
Merck reagent grade and were used without further purification.

Potentiometric Measurements. All the pH-metric measurements
(pH = —log [H]) were carried out in 0.15 mol dm NaCIQ, at 298.1

+ 0.1 K, by using the equipment and the methodology that has been

already describetl. The reference electrode was an Ag/AgCl electrode

in saturated KCI solution. The glass electrode was calibrated as a

hydrogen concentration probe by titrating known amounts of HCI with
CO,-free NaOH solutions and determining the equivalent point by
Gran’s metho® which allows to determine the standard potenEal

and the ionic product of water Kp, = 13.73(1) at 298.15 K in 0.15
mol dnm 3 NaClQy). At least three measurements (about 100 data points
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Hosseini, M. W.; Lehn, J. MTetrahedron Lett.1987 28, 2779.
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calculate also the equilibrium constants from these batchwise measure-
ments.

The criterion for fitting e.m.f. data and the critical evaluation of
the least-squares results supplied by SUPERQUADogram was as
reported in ref 11, footnote 18. The protonation constants,df1,
ATP, ADP, AMP, and RO/~ employed in the calculations were
previously determined&#

Microcalorimetric Measurements. The enthalpies of protonation
of L andL1 have been determined in 0.15 mol dhiNaCIQ, by means
of a Thermometric AB thermal activity monitor (Model 2277) micro-
calorimeter equipped as previously reportédlypically 1.5 cn? of 5
x 1072 mol dn3 ligand acidic solution in 0.15 mol dm NaClQ,
were charged into the calorimetric ampule. After thermal equilibration,
0.015 cnd additions of 0.15 mol dir? NaOH standard solution were
delivered. Under the reaction conditions and with the determined
equilibrium constants and protonation enthalpy changes, the concentra-
tions of the species present in solution before and after addition were
calculated and the corresponding enthalpies of reaction were determined
from the calorimetric data by means of the KK95 progréniigand
protonation enthalpies used in calculation were previously determined.
At least three titration (about 30 points each) were performed for each
system. The titration curves for each system were treated either as a
single set or as separated entities without significant variation in the
values of the enthalpy changes. Due to the surprisingly high value
found for the enthalpic contribution to the formation of IC0, the
system Ce&"/L was subjected to extensive control using products
coming from different synthetic batches. All measurements were
consistent.

NMR Measurements. The 3P NMR spectra were recorded at
121.42 MHz on a Varian Unity 300-MHz instrument. 85%R®, was
used as an external reference. pH was adjusted by additions of HCI or
NaOH solutions. Kinetic studies were performed by following the time-
dependent change in the integrals of the resoffBd\MR signals of
P, Ps, and B of ATP and peaks for inorganic phosphate and ADP.
The kinetic parameters for the conversion of ATP into ADP were
calculated by following the disappearance with time of theNmMR
signal in the samples with molar ratio ATP/macrocysle or the signal
corresponding to the formation of inorganic phosphate in samples with
an excess of ATP. The initial concentrations of ATP and macrocycles
varied in the range TG to 2 x 1072 mol dnT3. An automatic array of
spectra was used. Plots of log[ATP] vs time were linear for several
half-lives. Calibration curves were employed when the integral ratios
were not equal because of variations inerelaxation times. Kinetic
thermodynamic parameters were calculated by means of the equation
E. = AH* + RT = —RT In(kh/Tk) and AG* = AH* — TAS, ky
being the Boltzman constanl, the Plank constant, ankl the rate
constant in st.
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Table 1. Logarithms of the Equilibrium Constants for the Formatior_Lo
NaClO, at 298.1+ 0.1 K

Bencini et al.

fL1, andL2 Metal Complexes Determined in 0.15 mol din

reactiort Ni2+ Cuw?r Zn?t C+ PE**

L+M=ML 21.42(4Y 22.49(1) 15.67(2) 16.91(2) 14.47(1)

L+M+H=MHL 24.75(7) 26.13(1) 20.28(4) 21.44(2)

HL + M = MHL 14.97(4) 16.35(1) 10.43(4) 11.66(2)

ML +H=MHL 3.33(7) 3.64(1) 5.01(5) 4.53(3)

L1+ M=ML1 11.83(2) 18.32(4) 10.69(1) 15.12(1) 10.47(3)

L1 +M+H=MHL1 19.33(1) 26.09(3) 17.71(1) 17.21(2)

L1+ M + 2H = MH.L1 24.63(2) 30.80(2)

L1 +M +H,O0=ML1OH+H 0.37(4) 3.65(4)

L1 +2M=M,L1 25.76(3)

L1 +2M + H,O=M,L10H+H 20.36(4)

ML1 + H=MHL1 7.50(3) 7.77(5) 7.02(2) 6.74(3)

MHL1 + H = MH,L1 5.30(3) 4.71(4)

ML1 + OH = ML1OH 2.27(5) 2.26(5)

ML1 +M = M,L1 7.44(6)

MoL1 + OH = M,L10H 8.33(5)

L2 + M = ML2 13.37(3)
aCharges have been omittédvalues in parentheses are standard deviations on the last significant figure.

Spectrophotometric Measurements. The electronic spectra were i;t 251"{)
recorded on a Perkin-Elmer Lambda 9 spectrophotometer equipped with 257 o zn(l
1-cm cell thermostated at 29841 0.1 K. \ —m— Cd(ll)

X—

Results and Discussion

Metal Cations Complexation. Speciation of the complexes
formed byL andL1 with Ni2", Ci?*, Zn?", Cd", and PB"
and ofL2 with P?*, in 0.15 mol dnt3 NaClOy at 298.1+ 0.1
K, was performed by computer analysis of the pH-metric data
using the SUPERQUAB program. The calculated equilibrium
constants are listed in Table 1.

The hexaaza ligantd forms stable NL?" complexes with

—O— Pb(ll)

204

log K

10

L3 L2

all the metal ions here considered. These complexes are theFigure 1. Logarithms of the equilibrium constants for €4(x), Niz*

predominant species in a wide pH range, while in acidic
solutions, with the exception of PB" and Ph22*, they
undergo protonation producing the monoprotonated LNH
species.

In a previous papémwe reported that tetramethylation o3
to giveL2 causes a general lowering in complex stability, more
marked for Nf, Cw¢*, and Zri+ than for Cd" and PB*.
Otherwise, we observe that the insertion of only two methyl
groups producesdepending on the metal cations, different
modifications of the ligational ability oE3. In fact, whileL
complexes of C#i, Zn?*, and Cd" are less stable than those
formed byL3, NiL2", and Plp2* are a little more stable than
NiL32" (log Kniz> = 21.1F and Ph3%" (log Kppaz =
14.13)!4 respectively. Nevertheless, all complexesLofare
more stable than those witt? (Figure 1).

It has been reported that nitrogen methylation in polyazamac-
rocycles produces some enlargement of the macrocyclic cRvity.
On the other hand, Hancock and co-workérave shown that
from the several conformations a determined polyazamacrocycle
can adopt, a metal ion binds to a particular one depending,
among other factors, on metal ion size. As a consequence, thes

authors have shown that often larger metal ions coordinate more

strongly to small macrocycles than to large ones. These effects
could be involved in the particular stability trends presented by
Cc?* and PB* (Figure 1). For instance,3 complexes with
Zn?t and Cd* have equal stability (lod<zn 32+ = 18.70, log
Kcazzt = 18.80)1718 but the larger C#" ion is less affected

(14) Andres, A.; Bencini, A.; Carachalios, A.; Bianchi, A.; Dapporto, P.;
Garcia-Espaa, E.; Paoletti, P.; Paoli, B. Chem. Soc., Dalton Trans.
1993 3507.

(15) Golub, G.; Cohen, H.; Mayerstein, D.Chem. Soc., Chem. Commun.
1992 397.

(16) Tham, V. J.; Hosken, G. D.; Hancock, R. Inorg. Chem 1985 24,
3378, and references therein.

(+), C?* (m), Zn?* (O) and PB* (&) complexation withL, L2, and
L3, showing the effect of increasing nitrogen methylation.

than Zrf™ by nitrogen methylation (lod<zn 22+ = 13.29, log
Kca o2+ = 16.758 log Kzn 2+ = 15.67, logKca 2+ = 16.91 (Table
1)). A similar insensivity to nitrogen methylation is observed
for P?+ (Figure 1).

In the case of Ni" the influence of ligand stiffening seems
to be more evident. The full octahedral coordination of the
ligand to N?* in NiL32?* has been extensively documentédf!
thus, the similarity of the stability constants of INi" and
NiL32" suggests an analogous coordination behavior for the
dimethylated ligandl. Accordingly, NL2" and NL32" present,
in aqueous solution, three similar bands in the electronic spectra
(NiL2*, Amax880 (19.6), 550 (8.7), 355 (12.8) nma@m® mol~2
cm™1); N1L32",20 144 835 (19), 530 (11), 345 (11) nna (Im®
mol~1 cm™1)) typical for high-spin octahedral R chro-
mophores. It is worth noting that the molar absorbancy for the
near-infrared band of the Rii complexes is considerably higher
than the other ones, which is considered as diagnostic for cis

goordination in octahedral complexes of 2N#? Such a

coordination mode could be facilitated inlNi* by the binding

(17) Bencini, A.; Bianchi, A.; Dapporto, P.; Garcia-ESpa&.; Micheloni,
M.; Paoletti P.Inorg. Chem.1989, 28, 1188.

(18) Bencini, A.; Bianchi, A.; Cast€lldvl.; Di Vaira, M.; Faus, J.; Garcia-
Espdia, E.; Micheloni, M.; Paoletti, Pinorg. Chem.1989 28, 347.

(19) Kodama, M.; Kimura, E.; Yamaguchi, $.Chem. Soc., Dalton Trans.
198Q 2536.

(20) Bencini, A.; Fabbrizzi, L.; Poggi, Ainorg. Chem.1981, 20, 2544.

(21) Bencini, A.; Bianchi, A.; CastelldVl.; Dapporto, P.; Faus, J.; Garcia-
Espdim, E.; Micheloni, M.; Paoletti, P.; Paoli, fhorg. Chem.1989
28, 3175.

(22) Jergensen, C. KActa Chem. Scarl959 13, 2009. Vitiello, J. D.;
Billo, E. J.Inorg. Chem198Q 19, 3477. Ciampolini, M.; Micheloni.
M.; Paoletti, P.; Dapporto, P.; Zanobini,J.Chem. Soc. Dalton Trans.
1984 1357.
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e N~ o determined by a reduced enthalpy change. Itis noteworthy that
2 )r\jf‘— N ® the value of the enthalpy change for the protonation of the
(/ Ni W /) complex ClL2* is significantly exothermic{AH® = 28.5(8)
N kJ mol1), in comparison with the protonation enthalpy of the
N free amine £AH°® = 35.6 kJ mot? for L + H* = LH* 1),

_ N indicating that H binds Cu.2* through an uncoordinated, or
Figure 2. Proposed structure of NF™. weakly interacting, nitrogen donor. Hence, at most five donors
Table 2. Thermodynamic Parameters for the Formation of'Cu of L should be involved in the coordination to €u Similar
Complexes ol —L4 determined in 0.15 mol dri NaCIO, at coordination modes were deduced for the?Caomplexes of
298.1+ 0.1 K L2 andL3 in solution24

—AH® TAS The enthalpy change for the formation of ICT (—AH® =
reactiort (kJ mol%) (kJ molt) 120.5(8) kJ motl) is surprisingly large, in comparison with

L + Cu=CuL 120.5(8Y 8.0(8) the corresponding values determined i@ andL3 (Table 2);

L +Cu+H=CuHL 149.0(8) 0.0(8) for this reason its determination was subjected to extensive

CuL + H=CuHL 28.5(8) 0.0(4) verification (see Experimental Section). The value well com-

L1+ Cu=CuLl 71.1(8) 33(1) pares with the enthalpic contribution-AH® = 135(1) kJ

:j i gﬂi |2_|H_=CCLZJUHII:|21L1 igé:%gg; [31?(%8) mol~1)25 determined for the formation of the €ucomplex with

L1+ 2Cu= Cwl1 88.7(8) 58.2(8) the tetraazaligand cyclam (cyclam1,4,8,11-tetraazacyclotet-

L1+ 2Cu+ H0=Cwl1OH+H 55.2(8) 61.1(8) radecane), which encircles the metal ion in a planar ligand

CuLl +H=CuHL1 31.0(8) 13.4(8) disposition. At first glance, a similar coordination seems to be

CuHL1 + H=CuH,L1 36.4(8) —9.6(8) suitable also fot_, which could achieve a similar arrangement

CuLl + Cu=Cull 17.6(8) 25(1) if the two weaker donors, the methylated nitrogens, were not

CwlL1 + OH= CwlL10OH 23.4(8) 24(1) : . - ;

Cu+ L2 = CuL2¢ 72.4 44.4 involved in the binding to the metal ion. However, the

Cu+ L3 = CuL3¢ 100 39 electronic spectrum of Cu(cyclafi)(Amax = 503 nm¥°is quite

Cu+ L4 = CuL4¢ 82.4 29 different from that of ClL2", showing a main band at 651 nm

-1 eyl iti i

2 Charges have been omittédvalues in parentheses are standard (¢ 51 dn? mol™ cm ) and an flldd't'_olnal very brozid absorption
deviations on the last significant figureFrom ref 6.4 From ref 24. at about 1200 nme(13 dn? mol™* cm™). This CuL?*spectrum,

which is typical of distorted octahedral coordination environ-

of the two tertiary nitrogen atoms icis positions, hence, the ment;of Cé"* is similar to the spectra Obse[YEd j?rﬁthe
ligand should be arranged imer disposition (Figure 2). It  CuL2%" (Amax642 (90), 946 broad (19) nra (im® mol~* cm™4)

seems reasonable that similar coordination features ahd ~ @nd CW3*" (Anax 658 (85) nm ¢ dm® mol™* cm™%)>*

L3 produce comparable binding properties towardNiAs a complexes where the ligands are pentacqordmated. Therefore,
matter of fact, a lower ligand field interactiofyx 1074 (8.3),  as already discussed for INi*, tetracoordination of. seems

587 (5.4), 368 (10.3) nme(dm? mol~ cm1)) was observed 1O be highly improbable also in the €ucomplex.

for the less stable complex, N2+ in which important From these results it is evident that increasing nitrogen
alteration of the ligand characteristics are expected as amethylation of the ligand.3 does not produce a monotonous
consequence of tetramethylation. alteration of its coordinative properties. The number and the

It is well known that many Nit complexes are present in location of methyl groups determine not only the donating
solution as a mixture of octahedral high-spin and diamagnetic Properties of the amine groups but also the preorganization of
square-planar complexes. This “blue to yellow” equilibrium the ligands toward different metal ions. In the case of the
is particularly evident in Nit complexes of tetraazamacrocyles, dimethylated hexaazaligarid the high enthalpic and the low
which produce, depending on their molecular characteristics, €ntropic contribution to the formation of the C#" complex
different amounts of the yellow diamagnetic species antsf seems to be attributable to a special ligand conformation
and/ortrans-diaquo octahedral blue complex#®s.Formation imposed by the two methyl groups, much more than to
of the yellow species is promoted by increasing temperature methylation itself, since a similar behavior is not observed for
and ionic strength. Electronic spectra ofRi obtained from  the tetramethylatedl2 macrocycle.
solutions containing up to 7 mol dri NaClQ; in the 298- Metal ions complexation by the heptaazaligands, (L4) is
323 K range of temperature did not show substantial changesalso affected by nitrogen methylation (Table 1). With the only
with respect to the spectra obtained at room temperature inexception of PB™ (log Kpp 12+ = 10.47(3) vs logKpy 42+ =
absence of added salt, confirming the tendencly td involve 10.024), all the metal ions here considered form weaker
a high number of donor atoms in the coordination t8"Ni mononuclear complexes with the trimethylated macrocltle

In the case of C# we measured the enthalpy changes for As we have already commented for some enlargement of
its complexation reactions with; the relevant thermodynamic  the macrocyclic cavity, brought about by nitrogen methylation,
parameters are listed in Table 2 together with those previously could be responsible for the small increase in stability of the
determined fol.2 andL3.624 As can be seen, the decrease in complex Ph12* with respect to Pb4%*. The stability loss is
stability observed for Q2" with respect to Cu32* is entirely much more marked for Rt (log KniLiz+ = 11.83(2) vs log
due to a large reduction of the entropic term, while the enthalpic Kniaz+ = 16.56") than for Zr#* (log Kznii2+ = 10.69(1) vs
contribution is more favorable for the formation of IGii than log Kznia2+ = 13.337), and Cd* (log Kca12+ = 15.12(1) vs
for the more stable QB2 (log Kcy 32+ = 24.40, ref 24). On  log Kca 42+ = 18.109), while it is rather modest for Gt (log
the contrary, the lower stability of the CB2* complex is Keuwizr = 18.32(4) vs logKcu a2+ = 19.484).

(23) Sacconi, L.; Mani, F.; Bencini, A. I€omprehensie Coordination (25) Anichini, A.; Fabbrizzi, L.; Paoletti, P.; Clay, R. Chem. Soc., Chem.

Chemistry Wilkinson, E., Ed.; Pergamon Press: Oxford, England, Communl1977, 244.
1987; Vol. 5, pp +347. (26) Hathaway, B. J.; Billing, D. E. Coord. Chem. Red97Q 5, 143.
(24) Bencini, A.; Bianchi, A.; Micheloni, M.; Paoletti, P.; Garcia-ESpan Sakurai, T.; Suzuki, S.; Nakahara, Bull. Chem. Soc. Jpri981, 54,

E.; Nifio, M. A. J. Chem. Soc., Dalton Tran$991, 1171. 2313.



1118 Inorganic Chemistry, Vol. 35, No. 5, 1996 Bencini et al.

Table 3. Logarithms of the Equilibrium Constants for the FormatiorLofndL1 Anion Complexes Determined in 0.15 mol dfiNaClQO; at
298.1+ 0.1 K

reactiort ATPA-b ADP3~ AMPZ- P,OA~ [Co(CN)]3~
A-+2H+L =HLA 21.87(5) 21.72(4) 21.88(4)
A+3H+L =HsLA 30.45(3) 30.23(3) 29.96(4) 29.9(1)
A+4H+L =HLA 37.86(3) 37.11(3) 36.62(3) 38.31(3) 34.28(4)
A+5H+L =HsLA 42.71(3) 41.53(3) 40.99(3) 44.81(4) 37.63(3)
A+6H+L =HgLA 46.22(3) 44.68(4) 43.70(6) 49.19(4) 40.72(4)
Hal +A = HLA 3.00(6) 2.85(5) 3.01(5)
HiL + A = HsLA 3.82(4) 3.60(3) 3.33(5) 3.2(1)
Hal + A = H,LA 7.39(4) 6.64(4) 6.15(4) 7.84(4) 3.81(5)
A+3H+ L1 =Hgl1A 29.76(5) 29.67(4) 29.1(1)
A+ 4H+ L1 =H,L1A 36.30(1) 36.94(4) 36.52(5) 37.2(1) 35.76(6)
A+5H+ L1 =HsL1A 42.10(1) 42.82(4) 42.19(4) 44.17(6) 39.19(7)
A+6H+ L1 =HdL1A 46.38(2) 47.46(5) 46.55(4) 49.97(6)
A+ 7H+ L1 =H.L1A 50.47(1) 50.89(5) 49.54(9) 54.33(6)
A+ 8H+ L1 =HgL1A 54.13(4) 52.76(7) 57.33(8)
HaLl + A = HiL1A 3.57(6) 3.48(5) 2.9(1)
Hall + A = H,L1A 4.69(2) 5.33(5) 4.91 5.6(1) 4.15(7)
HsL1 + A = HsL1A 7.51(2) 8.23(5) 7.59(5) 9.58(7) 4.60(8)
HeL1 + A = HeL1A 10.01(3) 11.09(6) 10.18(5) 13.60(7)

aCharges have been omittédrrom ref 1.¢ Values in parentheses are standard deviations on the last significant figure.

The NiL12" complex shows a considerable tendency to form Cuw?* ions. Therefore, the reduced stability of £LU4" with
protonated species. It is to be noted that the equilibrium respect to CeL44t may be ascribed to the different electronic
constants for the addition of Ho NiHL13" (log K = 5.30(3), properties of the amine groups in both ligands. The binding of
Table 1) is almost equal to the equilibrium constant for the the second Cir by L1 would imply the coordination of the

protonation of the equally charged, uncomplexed ligagldl&* remaining two tertiary amine nitrogens to produce a structure
(log K = 5.42) suggesting the involvement of only five, out of where the copper(ll) atoms will be most likely coordinated by
seven, nitrogen donors &fl in the formation of the Ni12* three and four nitrogen atoms, respectively. Although for the
complex. Otherwise, hexacoordinationlaf to Ni2+ in NiL42" CwL44" similar coordination environments are to be expected,
was observed in the crystalline complexLM{CIO,4), and in this case, all the donor atoms are secondary nitrogens.

deduced in solutio”! The different number of nitrogen donors Anions Complexation. Polyazamacrocycles produce, in
involved in the coordination to Rt by L1 (five nitrogens) and  aqueous solution, highly charged protonated cations which can
L4 (six nitrogens) is, most likely, the principal source of loss interact with anionic species. Electrostatic attraction and
in stability for NiL12*. Accordingly, the electronic spectrum  hydrogen bonding are the main contributions to the stability of
of NiL12" in solution @max 952 (8.0), 568 (5.8), 355 (12) nm  anion complexes. The formation of such species is strictly pH-
(e dm® mol~t cm?)) reveals a weaker ligand field interaction dependent and, therefore the relevant equilibria can be studied
than NL42" (Amax 940 (15.7), 552 (11.2), 363 (14.3) nmdn? by pH-metric titrations. Table 3 collects the equilibrium
mol~tcm1))2tand it is almost identical to the electronic spectra constants determined for the species formed. andL1 with
of NiHL13* and NiHL14*. ADP3-, AMP2-, P,O/*~, and [Co(CNg]3~ together with those

As indicated above, the formation of the mononucleaf'Cu  previously reported for ATP.1 As can be seen from this table,
complex with the heptaazaligands is not much affected by the phosphate anions form complexes of higher stability than
nitrogen methylation, the reduced stability observed far Ca [Co(CN)]3; this applies also for AD¥, and AMP~, which
with respect to CL42* being produced by a lowering of both  present equal or smaller charge than the hexacyanocobaltate-
enthalpic (-AH®) and entropic TAS’) contributions (Table 2).  (Ill) anion, accounting for the greater tendency of phosphate

The reaction of successive binding of kbns to Cu12, to groups to form hydrogen bonds with ammonium groups. In
produce Cul13* and CuHL14*, are considerably exothermic,  addition the elongated structures of ATPADP3~, and RO/~
the AH° changes associated with these processas{® = 31.0- allow the formation of multiple electrostatic and hydrogen bond

(8), 36.4(8) kJ motl, Table 2) being very similar to the enthalpy  interactions with the polyammonium macrocycles. In this sense
changes determined for protonation of the uncomplexed ligand we expect that the disposition as well as the electronic properties
(—AH° ranges from 32.6 to 43.0 kJ md),! revealing that the  of the amino groups in the macrocycle determine the binding

two amine groups being protonated inlCld* are not bound  characteristics of the polyammonium receptors. It has been

to the metal ion. Pentacoordination of the ligand t¢ Cwas shown by'3C NMR studies at different pH values that there is
also proposed for the unmethylated ligalndl. Furthermore, no observable charge localization in protonated]dBeN
also the almost identical electronic spectra of C# (Amax 640 ligands, due to the equivalence of secondary amino gréups.

(223) nm € dm® mol~* cm™1)) and Cu4 2t (Amax 636 (193) This means that, on the NMR time scale, the overall positive
nm ( dm® mol~! cm1))?# in solution suggest quite similar  charge has a mediate homogeneous distribution over all the
coordination environments of €tiin both complexes. Hence, nitrogen atoms. Otherwise, nitrogen methylation reduces the
only one of the methylated nitrogenslaf should be bound to  basicity and the hydrogen bonding ability of the amino groups,

Cw* in CuL12*. in solution, orienting protonation on secondary nitrogehas
Potentiometric measurements revealed tlfatis also able illustrated in Figure 3 for the tetraprotonated formsLofL1,

to form dicopper(ll) complexes. Although a similar behavior andL2.

was also observed fdr, the tendency of 1 to bind the second The different basicity between tertiary and secondary amino

Cw?* ion is much lower (logK = 7.44(6) for L= L1, log K = groups opposes the redistribution of the positive charges on the

11.01 for L= L42%in CulL2" 4+ Cl#" = CwL*"). The absence

of protonated binuclear species suggests that alsd Toall (27) Aragq J.; Bencini, A.; Bianchi, A.; Garcia-EspanE.; Micheloni,

the donor atoms are involved in the coordination of the two M.; Paoletti P.; Rarmez, J. A.; Paoli, Plnorg. Chem1991, 30, 1843.



Coordination by Hexa- and Heptaazamacrocycles Inorganic Chemistry, Vol. 35, No. 5, 1994119

Table 4. Rate Constants#{10%) and Activation Parameters for the Hydrolysis of ATP (0.01 mot¥rim the Presence df andL1 (0.01
mol dnm3)

T°C pH 10k Ea AH* AG* AS*
L 25 4.0 0.0026 1222 119+ 2 115.2+ 0.3 13+ 7
45 3.0 11
65 3.0 1.3
80 3.0 5.6
60 4.0 0.44
70 4.0 17
80 4.0 5.0
L1 25 2.0 62
25 3.0 14
25 4.0 7.4 94.1 0.5 91.7£ 0.5 955+ 3 —13+2
30 25 51
30 4.0 13
45 4.0 80
60 4.0 220
60 4.5 121
60 5.0 35
60 6.5 2.2

aRate constants are in mih E,, AH* and AG* are in kJ mof?, AS*is in J mol® K1,

CH, ?Hs largest rate enhancement with respect to free ATP in neutral
l and acidic solutions. Although, under similar conditions,
h N/\\ CHy R /CH3 another macrocyclic receptor, the ditopic hexaazadioxa bisdien,
HN';1 ';'NH ( j presents comparable catalytic abifffy.It was also observed
[ + + j ____________ NH there is not a parallelism between the increasing stability of
HNH HNH N 3H+ ATP complexes and the rate enhancement of ATP dephospho-
K/ff\// N------ N/) rylation reactions, and it was suggested that the dimensions of
CH, HN_"H the macrocycle are critical in determining the efficiency of the
catalyst. From this point of view it seems thak presents well
HgL4* HqL14+ suited structural characteristits.
Conversion of ATP into ADP and inorganic phosphate
CH promoted by andL1 was followed monitoring the ATP loss
' s by means of!P NMR at different temperature and pH values.
CH, ,/\N/\\ CH, First order reactions with respect to ATP complexes were found
\N!;i le/ (Table 4). Plots of logk versus 1T, for the measurements
[ j performed at pH 4 in presence &f or L1, furnished the
ANG ANG activation energy, from which the thermodynamic activation
K/N\/I guantitiesAG*, AH* and AS* were obtained (Table 4).
ClH As already observed for similar macrocyclic polyammonium
3 receptors; > the rate of ATP dephosphorylation in presence of
HqlL24+ L andL1 increases in more acidic solutions (Table 4). For
example, folL1 at 60°C, a pH change from 6.5 to 4 produces
Figure 3. Localization of H ions in the tetraprotonated forms bf a 1@¢-fold rate enhancement.

L1, andL2 deduced byH and**C NMR It has been proposétf that cleavage of ATP by cyclic

polyammonium cations proceeds, at least in not very acidic
solutions, via a nucleophilic attack on tiephosphorus of the
- . R ; L . nucleotide by an unprotonated nitrogen of the catalyst, forming
ligands offer only a size criterion in anion binding their 5" c4\aient phosphoramidate intermediate which is readily
polymethylat_ed (_jerlv_atlves |r_1troduce a_fl_thher topologlcal fa_u;tor, hydrolyzed. For example a small amount of such a phospho-
charge localization, increasing selectivity in anion recognition. 2 .i1: intermediate was observed in #e NMR spectrum

Indeed, the equilibrium constant for the interaction of the species of L4/ATP mixture at pH 4. General acid catalysis could play
o i I . '
(Hn[3KlaneN)™ with ATP*" decreases with increasing k5 maior role in more acidic solutions, where the macrocyclic

numb_er O.f nitrogen atoms in the macrocycle_, a_c_cording toa catalyst, existing in highly protonated form, facilitates the
lowering in charge density, while a large variability of equi- dephosphorylation process by proton transfer from an am-
librium constants is observed for similar reactions involving the /. o group to the PO—P oxygen. Similar mechanisms
analogous methylated ligands. Analysis of the equilibrium data 5 ¢onsistent with the present kinetic results, but no phospho-
for L—L4, according to a suggested metHad revealed that, ramidate intermediates were observed lfofL3

amang these ligand, is the most appropriate receptor for ATP A principal aim of this kinetic study is to investigate how

recognition in solution over a wide pH range. the catalytic properties df3 andL4 are modified by altering

Dephosphorylation Reactions. In recent papers we have the electronic : :
. . . properties of the amino groups through meth-
analyzed the ability of2, L3, andL4 in enhancing the rate of ylation. In this respect it is worth noting that, although the

i 5 1 - . . . .
ATP'dephosphoryIatloﬁ. Ithwas fou(r;d éhat_4 s the po(liyam h trimethylated receptotl remains one of the most efficient
monium receptor, among those studied up to now, inducing t epolyammonium catalysts for ATP cleavage in solution, it

(28) Bencini, A.; Bianchi, A.; Burguette, M. |.; Domenech, A.; Garcia- presents recfjuce(_j catalytic ab”."y:(: (7.4£0.7) x 1072 min~?
Espam, E.; Luis, S. V.; Rafmez, J. A.Proc. 1st Natl. Congr. at pH 4, 25°C) with respect to its unmethylated analogauds

Supramolecular Chend.992 (k= (54 £ 5) x 103 min~! at pH 4, 25°C). Of particular

macrocycle expected when the anion is approaching the
polyammonium receptor. In this sense while th&]§BeN




1120 Inorganic Chemistry, Vol. 35, No. 5, 1996 Bencini et al.

interest are the hexaaza ligands; while tetramethylation3of From these results it is evident that nitrogen methylation as
produces a large rate enhancement, dimethylation gives rise toa way to increase nucleophilic character of polyazamacrocycles
a significant slowing. For instance, the dephosphorylation rate can not be considered a general method to improve the catalytic
in presence of.3 at 80°C and pH 3 isk = (134+ 1) x 1073 properties of these molecules toward ATP dephosphorylation.

min~1, 4 while under the same conditioks= (434 4) x 1073 The higher preorganization of polyammonium receptors imposed
min~! andk = (5.6 £ 0.5) x 1073 min~! for L2% and L, by the presence of tertiary amine groups can enhance or reduce
respectively. Itis to be noted that from a thermodynamic point their catalytic ability. Topological factors are, therefore, of great
of view L was recognized to be more effective tHghandL3 importance in determining the efficiency of the catalyst. Indeed

in ATP recognition and binding in solution over a wide pH it was observed that for unmethylated polyazamacrocycles there
range! The stability of the ATP-macrocycle complexes, whose is a close relation between the dimension of the macrocyclic
formation is required as a first step in the catalytic pathway, is rings, observed in the crystal structures, and the rate of catalytic
mainly controlled by the charges on the interacting partners. In dephosphorylation. Hence, a further aspect of nitrogen meth-
particular the preorganization of the polyammonium groups in ylation is the modification of ring size which can furnish
the receptor can furnish appropriate complementary structuresopposite effects in determining the rate of catalyzed ATP
to the nucleotide. In this respect, the presence of tertiary aminodephosphorylation.
groups in the macrocycle orientates protonation on secondary Further study is being developed to achieve more information
nitrogens, hence producing well-defined, more localized charge on this aspect.
distributions. For instance, in the case of the specigs*H
IH and 13C NMR experiments in solution, as well as X-ray Conclusions
analysis in the solid state, demonstrdtegtat the tertiary
nitrogens ofL do not participate in the binding of the fourH From the presented results we can conclude that increasing
ions (Figure 3). The particular stability of the ATP complexes Nitrogen methylation in polyazamacrocycles does not produce
of L could derive from a similar preorganization. On the other Monotonous changes in the properties of such ligands toward
hand these rather fixed structures of the receptor could preventcation and anion coordination. Nitrogen methylation alters the
a good match with ATP in the complex where th@hosphorus ~ electronic properties of the amino groups and the ligand
of the nucleotide could be kept away, or hindered, from the Cor!formaﬂ(.)ns determ|n|ng SpECIfIC matCh|ng with the coordi-
nucleophilic amine groups. In such conditions the stability of Native requirements of metal ions. Furthermore, methyl groups
the complex could represent a negative contribution to rate orientate protonation on secondary nitrogens giving rise to the
enhancement in dephosphorylation reactions. Similar consid-formation of preferential conformations of the protonated
erations can also be invoked to explain the higher efficiency of SPecies, increasing selectivity in anion binding. However, a
L2. larger stability of anion complexes does not necessarily provide,
It was observed that dephosphorylation reactions of ATP in in the case of ATP, higher rates of the dephosphorylation
presence of this ligand are accompanied by a largely negativePrOCESSeS.
activation entropy, suggesting a bimolecular reaction involving
an addition process as the rate-limiting step in the addition
elimination mechanism proposed for the catalyzed ATP cleav-
age® In contrast with this behavidr andL1, similarly toL3,
produce small activation entropies, positive = 13+ 7 J
mol~1 K1) for the first ligand and negativeAG* = —13 + 2
J molt K1) for the second one, which seems more indicative
of a mononuclear elimination reaction as the rate-limiting step. 1C9506926
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