Inorg. Chem. 2006, 45, 9306—9314

Inorganic:Chemistry

* Article

Complexes of Greatly Enhanced Thermodynamic Stability and Metal lon
Size-Based Selectivity, Formed by the Highly Preorganized
Non-Macrocyclic Ligand 1,10-Phenanthroline-2,9-dicarboxylic Acid.

A Thermodynamic and Crystallographic Study

Darren L. Melton, T Donald G. VanDerveer, * and Robert D. Hancock* -f

Department of Chemistry and Biochemistry, wisity of North Carolina,
Wilmington, North Carolina 28403, and Department of Chemistry, Clemsonelksity,
Clemson, South Carolina 29634

Received June 7, 2006

The metal ion-complexing properties of 1,10-phenanthroline-2,9-dicarboxylic acid (PDA) are reported. The protonation
constants (pKy = 4.75, pK, = 2.53) and formation constants (log Ki) for PDA with Mg(ll) (3.53), Ca(ll) (7.3), Sr(1l)
(5.61), Ba(ll) (5.43), La(lll) (13.5), Gd(lll) (16.1), Zn(Il) (11.0), Cd(ll) (12.8), Pb(ll) (11.4), and Cu(ll) (12.8) were
determined by UV-vis spectroscopy in 0.1 M NaClO,4 at 25 °C. The log K; values for most of these metal ions
were high enough that they were not displaced from their PDA complexes even at pH 2. The log K; values were
determined using the UV spectra to monitor the competition with EDTA (or DTPA; EDTA = ethylendiamine tetraacetic
acid, DTPA = diethylenetriamine pentaacetic acid) as a function of pH according to the equilibrium: M(EDTA) +
PDA + nH* = M(PDA) + EDTAH,. The log K; values indicate that the rigid extended aromatic backbone of PDA
leads to high levels of ligand preorganization and selectivity toward large metal ions (e.g., Ca(ll), Cd(ll), Gd(lIl))
with an ionic radius of about 1.0 A and greatly enhanced thermodynamic stability as compared to similar ligands
without the reinforcing aromatic backbone. The structure of [Ca(PDA)(H,0),]-2H,0 (1) is reported: orthorhombic,
Fdd2, a = 44.007(9) A, b = 18.945(4) A, ¢ = 7.2446(14) A, V = 6040(2) A3, Z = 16, R = 0.0882. The Ca(ll)
ion has a coordination number of eight, lying in the plane of the tetradentate PDA, with Ca—N bonds averaging
2.55 A and Ca—0 bonds to the two acetate groups of PDA averaging 2.45 A. These are very close to the normal
Ca-L bonds of this type, supporting the idea that a metal ion the size of Ca(ll) (ionic radius &~ 1.0 A) will fit into
PDA in a low-strain manner. The remaining four coordination sites on Ca(ll) in 1 come from two coordinated water
molecules and a chelating carboxylate bridging from an adjacent [Ca(PDA)(H.0),]-2H,O complex. Potential
applications of PDA as a ligand in biomedical applications such as Gd(lll) contrast agents in MRI are discussed.

Introduction has been an important aspect. A ligand is more preorganized
The design of ligands for biomediéabiologica?, and when it is more constrained, as the free ligand, to be in the

environmentdl applications and for metal ion separatidns, conformation required for complexing the metal fon.
is of considerable interest, in which ligand preorganization EXa@mples of highly preorganized ligands are crown ethers,
cryptands, and aza-macrocyclésyhose macrocyclic struc-
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least steric strain, while for the six-membered chelate ring
of dipyridonaphthalene (DPN), a very small metal ion fits

best.
O =48A =0 —
PDA 7 N\ N/
Figure 1. Ligand PDA showing the ©-O separation in the MM-generated —N N
structure. \ /\
M ideal M-N ideal M-N
N ~25A ~15A
7 ) N, f N five-membered six-membered
NN N.~ chelate ring of 1,10-phen chelate ring of DPN
0“Y0H  HOYo Structures have been reported for the Co@INi(Il), 14
DPADA Mg(ll),* Cr(1l1),*® and Cu(ll}” complexes of PDA. These

support the idea that PDA is best suited to complex large
O‘ 0 0 metal ions, in that, for example, in the PDA complex of the
I\ VX small ¢* = 0.67 A) Ni(ll), one carboxylate is left uncoor-

1 NH HN N N_ N_ OH
ZN N /I\ l\ HO /]/i “°~( l\ dinated. A UV~vis study of the Dy(Ill) complex has been
0 0H HO"YNo 07 TOH 3 HO"~o reported'® as has the use of modified versions of PDA for

0 0HHO" Yo . .
docking the Dy(lll) complex in grooves of DNA.The Eu-

DPNDA EDDA DTPA (1l1) complex of a sulfophenyl-substituted PDA has also been

Figure 2. Some ligands discussed in this paper. used? as a fluorescence marker for protein labeling. A study

- , ) of the stability of the Eu(lll) complex has also been
The r|g|d_|ty of extensively delocalized systems suggests reportec? The high stability of the UG complexes of
that a cyclic structure should not be necessary to obtain PDA, and their recognition by monoclonal antibodies has

highly preorganized ligands. PDA (Figure 1) is based on ;¢4 heen discuss@2We report here the formation constants
1,10-phenanthroline, which is extremely rigid, and molecular (log K1) of PDA with a variety of metal ions in 0.1 M

mechanics (MM) calculations using the MM2 force figld NaClO, at 25.0°C. Ca(ll) is of about the right size to
suggest that the tW.O carquylates at the 2 a_nd_ 9 pOSitionScoordinate in a low-strain manner with PDA, unlike the
on PDA are constrained quite strongly to remain in the plane previously reported structurés:1” which are all too small

of the aromatic part of the ligand. PDA thus has a fairly to complex effectively with PDA. The structure of [Ca-
fixed distance between the two potentially coordinating (PDA)(H,0);]-2H,0 is thus reported here

O-donors of the carboxXlates. This-@ distance, which A particular challenge in ligand design is to design a ligand
from MM should be 4.8 A, requires a fairly Ialge metal ion 4+ will complex Gd(lll) strongly enough to prevent its
such ES Ca(ll) or Gd(ll), of an ionic raditiy(r™) of about o505 into the body but to do so with as few donor atoms
1.00 A, to fit into this gap. PDA should thus show strong ;¢ ossible to leave as many sites on the Gd(lll) as possible
selectivity for large metal iong{ ~ 1.0 A) relative to small to be occupied by water molecul&s?’ The effect of Gd-
i +

metal ions (* < 0.8 A). . i (1l1) upon the MRI signal is transmitted through coordinated

The structure of PDA should give its complexes high aer molecules, and the more of these there are the more
thermodynamic stability as compared to its less preorganizedegtative will the contrast agent be, all else being equal.
analogu_e EDDA (ethylen_ed|§lm|rN=N'-d|_acet|c acid, F|gur_e Currently employed ligands, such as DTPA, occupy eight
2). Admittedly, EDDA with its sp-hybridzed N-donors is - ination sites, leaving only a single site for water. The
not an ideal analogue for PDA, with its®spybridized pyridyl G qj1)/PDA complex might, by contrast, be expected to have
N-donors. However, the saturated N-donors of EDDA are
stronger bases than the pyridyl N-donors of PDA, so that, if (13) Moghimi, A.; Alizadeh, R.; Shokrallaki, A.; Aghabozorg, H.; Sham-
anything, the comparison should understate the effect of the _Sipur, M.; Shockravi, Alnorg. Chem 2003 42, 1616.

: N = 'T(14) Xie, Y.-B.; Li, J.-R.; B, X.-H.J. Mol. Struct. 2005 741, 249.
high levels of preorganization of PDA on complex stability. (15) park, K. M.; Yoon, I Seo, J.; Lee, Y. H.. Lee, SA&ta Crystallogr.,

A rule of ligand desigh-'? suggests that five-membered ( )Sect.hE, Structl. Rc?pH Onlin2001, 57, m154. | -
: : ; 16) Moghimi, A.; Alizideh, R.; Aragoni, M. C.; Lippolis, V.; Aghabozorg,
chelate rngs, as formed by PDA, will for steric reasons H.; Norouzi, P.; Isaia, F.; Sheshmani,S.Anorg. Allg. Chem2005

complex with less strain with large metal ions; this effect 631, 1941.

iidi iq i (17) Moghimi, A.; Alizideh, R.; Aghabozorg, H.; Shockravi, A.; Aragoni,
should .be enhanqed by the rlgldlty of PDA. .ThIS IS M. C.; Demartin, F.; Isaia, F.; Lippolis, V.; Harrison, A.; Shokrollahi,
summarized for pyridyl-type N-donors in the graphic, where A.; Shamsipur, MJ. Mol. Struct 2005 750, 166.

it is seen that for the five-membered chelate ring of the 1,10- (18) Dyson, R. M.; Lawrance, G. A.; Macke, H.; Maeder, Rblyhedron

X ) : 1999 18, 3243.
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2,1996,7, 1275.
(9) Hyperchemversion 7.5; Hypercube, Inc.: Waterloo, Ontario, Canada. (20) Diamandis, E. P.; Morton, R. Q. Immunol. Method$988 112 43.

(10) Shannon, R. DActa Crystallogr., Sect. A976 32, 751. (21) Templeton, E. F. G.; Pollak, Al. Lumin.1989 43, 195.
(11) Hancock, R. DAcc. Chem. Red.99Q 26, 875. (22) Blake, R. C.; Pavlov, A. R.; Khosraviani, M.; Emsley, H. E.; Kiefer,
(12) Hancock, R. D.; Martell, A. EChem. Re. 1989 89 1875. G. E.; Yu, H.; Li, X, Blake, D. A.Bioconjugate Chen2004 151125.

Inorganic Chemistry, Vol. 45, No. 23, 2006 9307



five coordinated water molecules, which should greatly
improve the contrast ability of Gd(lll)-based MRI agents.

We discuss here the possibility of using the ligand design
principles embodied in PDA as a future approach to
designing improved Gd(lll) MRI imaging agents.

Experimental Section

Materials and Methods. PDA was synthesized by a literature
method?® The metal perchlorates were obtained from VWR or
Strem in 99% purity or better and used as received. All solutions
were made up in deionized water (Milli-Q, Waters Corp.yof8
MQ. cm? resistivity.

Synthesis of [Ca(PDA)(HO),]-2H,0 (1). The synthesis of
was carried out by dissolving 0.0709 g of PDA (0.248 mmol) in
n-butanol (20 mL) and 0.0765 g of Ca(CGj@4H,0 (0.246 mmol)
in H,O (20 mL). The Ca(Clg),-4H,0 solution was placed in a 30
x 150 mm test tube in a hot water bath at approximatelyG0A
layer of n-butanol was then added to the aqueous solution of Ca-
(ClOy)2:4H,0 to allow an initial interface betweembutanol and
H,0 to form. Then-butanol solution of PDA was added carefully
to the test tube while hot. An effort was made to avoid disturbing
the interface between the two solvents. The contents of the test
tube were left in a slowly cooling hot-water bath. This technique
leads to slow crystallization of the otherwise highly insoluble
complex, which otherwise precipitates too rapidly. Crystals of [Ca-
(PDA)(H20),]-2H,0 accumulated on the interface of toutanol/
H,0 layers and were collected by vacuum filtration. Anal. Calcd
for C14H1oN,OgCa: C, 44.92; H, 2.69; N, 7.48%. Found: C 45.34;
H, 2.72, N, 7.58%.

Formation Constant Determination. These were determined
by UV—vis spectroscopy following procedures similar to those of
Choppin et af? for studying 1,10-phen complexes. U¥Vis spectra
were recorded using a Varian 300 Cary 1E tWs spectropho-
tometer controlled by Cary Win UV Scan Application, version
02.00(5), software. A VWR sympHony SR60IC pH meter with a
VWR sympHony gel epoxy semi-microcombination pH electrode
was used for all pH readings, which were made in the external
titration cell, with N, bubbled through the cell to exclude €O
The pH meter was calibrated prior to every titration and standard-
ized using pH 4.00, 7.00, and 10.08(.01) buffers (Fisher). The
cell containing 50 mL of ligand/metal solution was placed in a bath
thermostated to 25.€& 0.1 °C, and a peristaltic pump was used to
circulate the solution throdga 1 cmquartz flow cell situated in
the spectrophotometer. The pH was altered in the range-aD2
by additions to the external titration cell of small amounts of HCIO
or NaOH as required using a micropipet. After each adjustment of
pH, the system was allowed to mix by operation of the peristaltic
pump for 15 min prior to recording the spectrum.

PDA is not very water soluble~10-# M), but it has intense
bands in the UV that can be used to monitor complex formé&tion
in solution. The variation of the spectra of PDA solutions as a

(23) Toth, E.; Helm, L.; Merbach, A. E. IGomprehensie Coordination
Chemistry || McCleverty, J. A., Meyer, T. J., Eds.; Elsevier: Boston,
2004; Vol. 9, p 841.

(24) Zhang, S.; Merritt, M.; Woessner, D. E.; Lenkinski, R. E.; Sherry, A.
D. Acc. Chem. Res2003 36, 783.

(25) Bianchi, A.; Calabi, L.; Corana, F.; Fontana, S.; Losi, P.; Maiocchi,
A.; Paleari, L.; Valtancoli, BCoord. Chem. Re 200Q 204, 309.

(26) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R Gem. Re.
1999 99, 2293.

(27) Maiocchi A.Mini-Rev. Med. Chem2003 3, 845.

(28) Chandler, C. J.; Deady, L. W.; Reiss, J.JAHeterocycl. Chenl 981,

18, 599.
(29) Xia, Y. X.; Chen, J. F.; Choppin, G. Ralanta1996 43, 2073.
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Figure 3. (a) Spectra of 2 10->M PDA in 0.1 M NaClQ as a function

of pH. Initial spectrum is at pH 9.15, while the final spectrum is at pH
1.91. (b) Spectra of 2 10-5 M PDA with an equimolar amount of La(lll)

as a function of pH. The initial pH is 9.15, and the final pH is 1.91. The
spectral changes are due only to dilution as acid was added. (c) Spectra of
2 x 1075 M PDA with equimolar amounts of La(lll) and DTPA, as a
function of pH in the range from 9.15 (initial) to 1.91 (final).

function of pH in 0.1 M NaClQ at 25°C is seen in Figure 3a.
Two protonation constants of PDA were determined from the
variation in absorbance as a function of pH at nine different
wavelengths (Table 1). Fitting of the theoretical absorbance versus
pH curves was accomplished using the SOLVER module of
EXCEL.Z30 For a set of spectra for any one metal ion with PDA,
SOLVER was used to fit protonation constants and molar absorb-
tivities for the species in solution involving PDA. The standard
deviations given for pkh values in Table 1 were calculated using
the SOLVSTAT macro provided with ref 30. The species involving
competing ligands, such as EDTA or DTPA, do not absorb in the
region of the spectrum studied. L&g for Ba(ll), Sr(ll), and Mg-

(1) could be determined by monitoring absorbance of a solution
of 2 x 107> M PDA and with 102 M M2*, as a function of pH,
while for the Ca(ll) solutions, 2 105 M concentrations of each
C&" and PDA were employed. The method employed here is
similar to that used by Choppin et@lto determine lod; values

for Th(IV) with 1,10-phen. Thus, from the pH at which the metal

(30) Billo, E. J.EXCEL for ChemistsWiley-VCH: New York, 2001.
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Table 1. pHso Valuegand Protonation and Formation Constants fora  second protonation constants) of 9.52 and 6.13 for EBBAan

OSeleCtion of Metal lons with PDA Determined Here (0.1 M NagI1@5 ionic strength of 0.1 (Naas cation), reaction 1 moves from left to
) right as the pH is lowered, since PDA has i;pof 4.75. The
Levyis - log log reaction can be monitored in the UV as a function of pH, and the
acid equilibriun® pHso  Ki(PDA)Y  Ky(PDA)con log K; values for the PDA complexes for each metal ion can be
H* Ht 4+ L2 =HL" 4.75(2) calculated from eq 1. The approach of monitoring the competition
Hi FLH™=Hol 2.53(5) between EDTA (or DTPA) and PDA as a function of pH works
ot H zt OHZT_,HZO 13.78 remarkably well. Thus, Figure 3a shows the set of spectra for 2
e Mg L DM 855(5)  3.530) 10-5 M PDA ligand in the pH £ 9:11.9. Figure 3b sh
Ca#t Ca& +L>=CalL 7173) 82(9 7.3(1) SN igand in the pH range of 9:11.9. Figure 3b shows
7.4(1f a similar set for 2x 10°° M concentrations of each of PDA and
. Cal+_+ H;r:' CalLH* 3.2(1) 3.2(1) La(lll) as a function of pH, and Figure 3c shows the set of spectra
St SPr L2 =Sl 5.61(4) 5.61(4) for 2 x 1075 M concentrations of each of PDA, La(lll), and DTPA.
Baf? B+ LT = Bal 543(5) 54305 DTPA (or EDTA) and L&" do not absorb significantly in the range
La®  La® 4+ L2 =lal* 852(4) 14.4(1y 13.5(1) 9 y 9
6.45(3)  15.1(1) of 200—350 nm, so that the spectral changes reflect changes in the
GP* G+ L2 =GdL" 8.08(9) 17.0(1y 16.1(1) PDA ligand from one protonated form to another or in the formation
! e 7.3y 17.6(1) of the La(lll) complex. Figure 3a thus shows the changes in the
(Z:rC‘{H é:w i tz,;é'y‘l_ Z'gg(é)) g?((% 1}‘20531()1) spectra of the free ligand as a function of pH. Figure 3b shows the
P* PR+l =PbL  4.9502) 12.3() 11.4(1) spectrum of the La(lll)/PDA complex, and all the changes observed
CWPt Cwr+L2=cCuL 5.28(4) 13.7(8 12.8(1) are caused by dilution only. In Figure 3c, where a 1:1:1 mixture of

2 The pHo is the pH in the equilibrium M(EDTA- PDA + nH* — PDA, EDTA, and Gd(lll) are present, it is seen that at high pH

M(PDA) + EDTAH, at which the concentrations of M(EDTA) and M(PDA)  (the “initial” spectrum at pH 9.15) the spectrum is identical to that
are equal. The standard deviations for thepkalues were calculated using ~ Of the free ligand in Figure 3a at high pH. As the pH is lowered in
the SOLVSTAT macro available in ref 30. Note that the coefficient of Figure 3c, the spectrum switches over by pH 5.12 to be completely
determination k) for the K, determination for PDA was 0.99944, while a1 of the La(lll) complex, after which all the spectra are identical

that for the metal ion competition equilibria was typically 0.99 or better. - )
bIn these equilibria, L= PBA. °Whgre no pho isté,i)ven,ythese lods with those of the La(lll)/PDA complex. One can fit a curve to the

values were calculated directly from the competition between the proton data which gives a pH at which the midpoint of this transition
and the metal ion for coordination to the ligand. Where aqibl given, occurs, where the concentrations of the La(lll), EDTA, and PDA
the logK1(PDA) value was calculated from the giand a literature valifé complexes are equal, which is referred to here as thg. pH

for log K1i(EDTA). Note that a problem in doing this is that IBQ(EDTA) ; ;
values have not been determifkih 0.1 M NaCIQ, for these ions (but in Where the plsb occurs in the experiments here for any metal

0.1 M K* or N(CHy)s* salts), so that when such numbers become available, 10N in €q 1, [M(PDA)]= [M(EDTA)] = [PDA] = [EDTA ] =
the logK(PDA) values calculated from the giand logK;(EDTA) might 1075 M, where [EDTAga] = [EDTA] + [EDTAH] + [EDTAH;]
be altered slightly! These are corrected, as described in the text, for the + ... + [EDTAH¢]. One can therefore calculate [EDTA] from eq
L"’_‘;th”g":‘;ct:es'ec’%lle(E%ZAgo‘f"_'#gs ;:egomsg'?%lgtif?gr#d%glh?g are 100 2 and the knowt protonation constanti(;, Kza Kas, .. for EDTA

i u y inclu iti , whi . . .
should lower logK;(PDA) by about 0.9 log units. The lo1(PDA)cor) (or DTPA for experiments involving DTPA)
values thus have had this correction matierom ref 25.f Calculated by . .
using bands in spectrum between 200 and 350 nm to monitor the equilibrium ((H"] = pHsg) [EDTA] = [EDTA o)/ {1 + K4 [H ] +
M(PDA) + nH* = M + PDAH,. 9 Calculated from pkband the reported +12 +13
value for logK;(EDTA) as described ion the textBecause of the intrinsic KaKadH'1" + KaKaKodH 1"+ .} (2)
interest in the comparison between DTPA and PDA as complexing agents . .
for Gd(lll) in MRI applications, a competition experiment between DTPA ~ One therefore knows [EDTA] in eq 3, where all other species are
and PDA was carried out, which gave aggHior M(DTPA) + PDA + 10°M
nH* = M(PDA) + DTPAH,. The different logk;(PDA) values given for
La(lll) and Gd(lll) do not indicate error, but the fact that EDTA and DTPA Kexcn= [M(PDA)][EDTAJ/[M(EDTA)][PDA] 3)
should form complexes with Naof some stability, which is not taken into

account in these calculations. One can then calculate Id¢,(PDA) for the metal ion from

ion was displaced by protons and knowledge of tKevplues for log K,(PDA) = log K,(EDTA) + log K (4)
PDA, the metal ion formation constants could be calculéted. ! ' exch
However, for other metal ions, the ldg values were too high for Figure 4a shows the spectra of M Ca(ll)/PDA solutions as

this to be practical because the complexes persisted down to wellg function of pH. The group 2 metal ions are different from other
below pH 2 without break up by the acid. Instead, a competition metal jons in that the complexes with PDA are of sufficiently low
reaction with EDTA, and for some metal ions also DTPA, was  stapjlity that they are broken up at low pH to yield the protonated
used (the octadentate DTPA was used with metal ions of high |igand and free metal ions, as seen in Figure 4a. One can thus
coordination number, such as La(lll), Gd(lll), or Ca(ll), to reduce czlculate logK, for Ca(ll) in a straightforward manner using the
the possibility of formation of mixed-ligand complexes) UV spectra to monitor the breakdown of the PDA complexes at
low pH. With other group 2 metal ions, the PDA complex is too
weak to form strongly at the Z 10°% M level, and higher free
metal ion concentrations were used. For Ca(ll), it was also possible

| .
EDTA complexes hgve log, values for the 'a“?e metal lons to perform a competition experiment between EDTA and PDA for
that are not much higher than those of PDA, which is remarkable binding to Ca(ll), as seen in Figure 4b. Figure 5a and b shows the

sin_ce ED,TA is hexadentate while PDA is only tetradt_antate, with variation in absorbance spectra for Gd(l11)/PDA as a function of
quite similar donor atoms. However, with &pand (K, (first and pH. In Figure 5a, there is no added EDTA, whereas in Figure 5b
(31) Martell, A. E.. Smith, R. MCritical Stability Constant Database, there is added EDTA. Figure 5 is important in that it shows that

46; National Institute of Science and Technology (NIST): Gaithers- for Gd(”'?1 EDTA is only a slightly stronger ligand than PDA.
burg, MD, 2003. One obtains (Table 1) lok;(PDA) values for Ca(ll) by these two

M(EDTA) + PDA+ nH' = M(PDA) + EDTAH, (1)

Inorganic Chemistry, Vol. 45, No. 23, 2006 9309



Figure 4. (a) 2x 107> M Ca(ll) and 2x 10~ M PDA as a function of
pH from initial = 9.66 to final= 1.91. (b) 2x 107> M Ca(ll), 2 x 10°°

M PDA, and 2x 10> M EDTA as a function of pH from initiak= 9.66

to final = 1.91.

Figure 5. (a) 2x 10°5M Gd(lll) and 2 x 10-5 M PDA as a function of
pH from initial = 9.40 to final= 1.99. The changes in the spectra are due
only to dilution as acid was added to lower the pH. (bx2.0~> M Gd-
(1), 2 x 1075 M PDA, and 2x 1075 M EDTA as a function of pH from
initial = 9.40 to final= 1.99. The initial spectrum is not that of free PDA
ligand alone but shows presence of some Gd(lll)/PDA complex.

Melton et al.

Table 2. Crystal Data and Structure Refinement for the
[Ca(PDA)(HO)]-2H,0 Complex ()

empirical formula G4H10N20s
fw 370.29

temp 183(2) K
wavelength 0.71073 A
cryst syst orthorhombic
space group Fdd2

a=44.007(9) A
b=18.945(4) A
c=7.2446(14) A

unit cell dimensions

vol 6040(2) B
Z 16
GOF onF? 0.999

Final R indices [ > 20(1)]
R indices (all data)

R1=0.0882, wR2=0.1937
R¥ 0.1367, wR2=0.2193.

any metal ion to be about 0.86 log units lower in a 0.1 M"Na
ionic background compared to a background cation suchfas K
which binds only weakly. Thus, the difference in &g for Ca(ll)
with EDTA measured directly is not dependent on the value of log
Ki(EDTA) for Ca(ll) and so is lower than that measured by
competition with EDTA by 0.8 log units, not too different from
the expected difference of 0.9 log units. Whenka¢EDTA) values
become available for metal ions in a 0.1 MNaackground, then
better logK;(PDA) values can be calculated from these using the
pHso values in Table 1. For the present, the KgPDA) values
for the group 2 metal ions determined without competition with
EDTA can be regarded as final. As a reasonable adjustment, log
K1(PDA) values determined from ghlby competition with EDTA
would drop by about 0.9 log units once I6g(EDTA) values in
0.1 M Na" become available, and so a list of “corrected” Kg
(PDA) values is given in Table 1 where &g (PDA)(corr) = log
Ki(PDA) — 0.86, where log<;(PDA) has been determined from
pHso and logK;(EDTA) values not determined in a 0.1 M Na
ionic background.

Crystallography. A Rigaku Mercury diffractometer, using the
w scan mode, was employed for crystal screening, unit cell
determination, and data collection. The structure was solved by
direct methods and refined to convergefteNo absorption
corrections were made. Some details of the structure determination
are given in Table 2, and the crystal coordinates and details of the
structure determination df have been deposited with the CSD
(Cambridge Structural Databasé) selection of bond lengths and
angles forl are given in Table 4.

Results and Discussion

Formation Constants. The formation constants (log:)
determined here for PDA complexes are shown in Table 1.
The UV—vis method for determining the log; values
appears to work well, and the competition between PDA and
EDTA or DTPA appears to be a viable method for determin-
ing log K; values for complexes of very high stability. A
minor problem at this time, as discussed in the Experimental
Section, is that the lo&; values for the EDTA and DTPA
complexes have been determiffedith cations other than
Na' as ionic background, and Ndéorms complexes of some
stability with both EDTA and DTPA. Thus, the values that
can be regarded as complete in Table 1 are th&l¢gDA)

methods that differ by some 0.8 log units. This does not representValues for the group 2 metal ions (Mg, Ca, Sr, Ba) that did

the inaccuracy of the approaches employed. Rather, EDTA forms

a complex of considerable stability with the Nimn present in 0.1
M NaClO;,. Log Ki(EDTA) for Na™ in 0.1 M [(CHs)4N] " as ionic
backgrouné! is 1.86. Thus, one would expect I¢g(EDTA) for
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not involve competition with EDTA for determination of log
K;. Correction for complexation of EDTA by Nahas been
applied in Table 1 to give the lol§i(PDA)com values. It is
not anticipated that these values will change significantly
should the logK;(EDTA) values determined in 0.1 M
NaClO, become available for calculating lIa¢,(PDA), but
it should be kept in mind that these ld¢(PDA) values
might be refined slightly. A reviewer has questioned whether
metal ion hydrolysis might not be important in the competi-
tion experiments used here. Calculations show that EDTA
and DTPA will, for the metal ions studied, completely
suppress hydrolysis up to a pH of 9, which is the highest
pH reached, so that consideration of hydrolysis reactions is
not necessary. A reviewer has raised the possibility of a
complex of PDA with Nd, which has not been completely
ruled out. The protonation constants of PDA have been
determined in 0.1 M LiCl@and found to be the same as in
0.1 M NaClQ. If Na* does form a complex with PDA, one
would then have the unusual situation that it was of identical
stability to the Li" complex. Perusal of ref 31 shows that
Li* invariably forms more stable complexes than doe$ Na
with aminocarboxylate ligands. Unfortunately, the spectro-
scopic study of PDA cannot be carried out in the weakly
coordinating K or (CHg)4N* cations as ionic background,
since the CI@ salts of these cations are largely insoluble,
and their soluble nitrates are unsuitable since;N@as a
strong absorption band in the UV.
Two previous studié83* that report a logK; value for
PDA with lanthanides, one of whiéhwas pointed out by a
referee, should be mentioned here. Both involved monitoring
absorbance as a function of pH and gave Kagralues for
the Dy(l11)*8 and Eu(lll}* complexes. Both of these studies
report that the first K of PDA is above 10, which is
supported by reference to a very high value for tig of
picolinic acid given in ref 35. One should say at once that
there is no reason to expect a first protonation constant of
PDA much different from that of 1,10-phen (43Por even
pyridine itself (5.20). The critically selectédirst protonation
constant of the similar picolinic acid is reported as 5.39, Figure 6. (a) Variation of absorbance at 280 nm as a function of pH for
based on 51 separate repdrisf this value, none of which 2 x 105 M PDA solutions. Line a is 2« 10°5 M PDA alone; line b is
report an unusually high value for the first protonation 111 of 2x 10°°M of each of PDA, La(lll), and DTPA, and line ¢ is
. 1:1:1 of 2x 107> M of each of PDA, La(lll), and EDTA. Line d is 1:1
constant. Inspection of the absorbance versus pH curvesspaj aqi. Al spectra were recorded in 0.1 M NaClGat 25 °C.
given in ref 34 in fact show no significant inflection apart Absorbances are corrected for dilution. (b) Variation of absorbance

from that at 4-5 found here, so it is hard to see how such (corrected for dilution during the titration) at the five different wavelengths
’ shown, as a function of pH, for a 1:1:10 ratio of PDA ¥210°° M), Ca-

a high X value for PDA was obtained. Similarly, the ()2 x 105 M), and EDTA (2x 10°4M). The solid lines are theoretical
absorbance versus pH curves for PDA in Figure 6¢ show no curves for a single protonation event (gHall fitted simultaneously using

’ the Ca(ll)/PDA and PDA free ligand species at each wavelength. This

protonation constant in this range. One suggests that SINC&;tration was carried out with a 10-fold excess of EDTA compared to PDA,
the determinations of lol; for lanthanide®¥3*were based so pHko is depressed by one log unit compared tosphbr equal
on an erroneous set of protonation constants for PDA, theseconcentrations of PDA and EDTA (gbl= 7.17 in Table 1). () Variation

. of absorbance (corrected for dilution during the titration) at four different
log Ky values must be regarded as doubtful. Figure 6¢ ShOWs,;ayelengths shown, as a function of pH, ox210-5 M PDA in 0.1 M
the variation in absorbance, corrected for dilution during the NacClQ,. The solid lines are theoretical curves calcul8témbm pK values
titration, of a 2x 1075 M solution of PDA in 0.1 M NaCIQ. of 4.75 and 2.53 and appropriate molar absorbtivities for PDA, PDAH,

S . . and PDAH at each wavelength.

The solid lines drawn in were calculated from protonation

constants of 4.75 and 2.53 and the appropriate molar

(32) Gudgin Templeton. E. F.. Pollak, 4. Lumin 1989 43, 195 absorptivities for the PDA, PDAH, and PDAHpecies at
uagin lempieton, £. F.; Pollak, A. Lumin. 3 . . .
(35) Kortum, G.; Vogel, W.; Andrussow, KDissociation Constants of each Wavelength' This mOdeI_Of the protonation scheme of
Organic Acids Butterworth: London, 1961. PDA in the pH range of 210 fits the data extremely well,
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Table 3. Formation Constants (0.1 M NaCJ(25 °C) for a Selection coordinated ligands, such as water molecules. Relevant to
of Metal lons with PDA, Determined Here, and for EDBDAand the the discussion here is the structifref the [La(1,10-phen)
lonic Radii of the Metal lon ot . .. '
(H20)s]** complex cation, where it is seen trmhydrogens
metal ionic log log _
o radiu® KA(PDAY KA(EDDAY? AlogKe on_the 1,10 ph(_an come as close as 2.28 A to the O atoms of
2 S ” a3 o1 adjacent coordinated waters, which can be compared to the
Eb2+ ﬁg 114 106 08 sum of the van der Waals radfiiof H and O_qf 2.7 A. The
Set 1.18 5.6 3.6 2.0 presence of carboxylates at the ortho positions of the 1,10-
Eajj 1'82 1;% ‘;-g 22 phen moiety in PDA removes this problem, and it has been
G?:P+ 093 161 81 8.0 estimateé? th_at each such replacement o_f an H atom by a
Cc?+ 0.95 12.8 9.1 3.7 carboxylate increases ldg; by 1.4 log units. Clearly, the
Mg?* 0.74 35 4.0 —05 hydration spheres of the ¥lions will be much more strongly
Zn2t 0.74 11.0 11.1 -0.1 held and ive than th for the" Nb d
et 057 128 162 32 eld and more extensive than those for ns, an

aTh wonat wants for PDA determined to be 4.75(2) so, adverse steric effects froorH atoms on the 1,10-phen
€ protonation constants tor were determine 0 be 4. y . .
3.71(2), and 2.09(2) in 0.1 M NaClGat 25°C ®In angstroms, ref 11. groups will be more of a problem for M ions. A further

¢ Uncertainty in logk =~ 0.1.9 Ref 31, ionic strengtt= 0.1.¢ A log K is problem for the pyridyl groups coordinated to*Mions is
the logK value for M(EDDA) + PDA = M(PDA) + EDDA. that these cannot hydrogen bond (H-bond) with the soRfent.
Stabilization by H-bonding should be much more important
with a coefficient of determinatiorRf) of 0.99944 provided ~ for M3* than MF* ions, and so the inability of pyridyl groups
by SOLVSTAT® over all wavelengths. to H-bond should be more serious for*Mions. Clearly,
The metal ion-complexing properties of PDA are quite the presence of carboxylates will reduce the charge on the
interesting. In Table 3, the lo&i(PDA) values for metal M3* ion, and they will also H-bond better with the solvent.
ions are compared with lo, for EDDA. (Note that the The very large stabilization for the PDA complex of &d
log K1(PDA) values are those corrected for complex forma- is particularly interesting. A major factor in the efficacy of
tion of EDTA with Na" as discussed above.) As mentioned Gd(lll)-based MRI contrast agents?is?”-3% the number of
above, EDDA is a less than perfect comparison with PDA, water molecules bound to the &d Ligands such as PDA
but it should be borne in mind that in aqueous solution have high complexing power with Gd(lll) but are only
saturated amines are stronger bases than pyridtsesthat tetradentate. One might thus hope that five waters would be
basicity differences between PDA and EDDA should favor coordinated to Gd(lll) in its PDA complex, which might give
the latter. Thus, any stabilization resulting from the rigid the Gd(lll) unprecedented MRI contrasting activity. Another
backbone of PDA should be, if anything, understated. If one important aspect of PDA is the comparatively low affinity
focuses first on the divalent metal ions, very large metal ions for the small metal ions Zn(Il) and Cu(ll). The ligand part
(i.e., those with an ionic raditfswell above 1.0 A), namely,  of the Gd(lll) MRI agent prevents displacement of the toxic
Sr(ll), Ba(ll), and Pb(ll), show a stabilization of the PDA  Gd(lll) by Zn(11)?372739, also present in body fluids. The
complex relative to the EDDA complex of about-2 log selectivity of PDA for Gd(lll) relative to Zn(ll) is 5.1 log
units. For divalent metal ions with ionic radii close to 1.0 units compared to 4.2 log units for DTPA and 0.9 for EDTA.
A, namely, Ca(ll) and Cd(ll), the stabilization increases to The logK1(PDA) value of 16.1 reported here for Gd(lll) is
3.3—3.7 log units. For smaller metal ions with ionic radii quite low compared with log Ki(DTPA) = 22.4. One might
less than 0.8 A (Mg(ll), Zn(ll), Cu(ll)), the PDA complexes thus think that PDA binds Gd(lll) too weakly to be a
are actually less stable than the EDDA complexes. This is asuccessful MRI agent. However, if one considers that at the
satisfying picture that fits with the MM calculations discussed biological pH of 7.3, PDA is not protonated, while DTPA
below that show that the best-fit size of the metal ion for has protonation constants (0.1 M Naf 9.90 and 8.40, this
complexing with PDA has an ionic radius of about 1.0 A. will reduce the effective lod<; of DTPA at biological pH
Very small metal ions such as Cu(ll) appear quite unable to to 22.4 — (9.9 — 7.3) — (8.4 — 7.3) = 18.7. A further
coordinate with all four donor atoms of PDA, and so they reduction of some 2 log units might be expected if X@ams
form complexes of comparatively low stability. a complex with DTPA that might have a Id¢; value of
The logK1(PDA) values for the trivalent metal ions La-  ~3. Thus, as this simple calculation shows, the effectiveness
(1) and Gd(lll) are quite remarkable. These show stabili- of binding of PDA and DTPA at pH 7.3 is about the same,
zations of 6.5 (La(lll)) and 8.0 (Gd(lll)) log units compared which corresponds with the ghlof 7.3 determined here by
to the EDDA complexes. These metal ions have ionic ¥adii UV spectroscopy for the competition between DTPA and
very close to 1.0 A, so that large stabilization would be PDA to bind with Gd(lll). This result is further reinforced
expected, but this is very much greater than found for the by tracer experiment$ with °3Gd, which show that in
similarly sized divalents Cd(ll) and Ca(ll). There is clearly
something additional at work here. It seems reasonable to(36) Ji, Z. P.; Rogers, R. Dl. Chem. Crystallogri994 24, 797.
suggest that PDA helps tri\./alems overf:onje two possible 88 Eg?\?:iéctJﬁ.PS?;sdgggTslei.6§j.;£1\L/1\/léIton, G. B.; Reibenspies, J. H.
problem#? that these metal ions have with ligands such as Submitted for publication.
1,10-phen. First, ligands with pyridyl groups in them have (39) Fulton, D. A;; O'Halloran, M.; Parker, D.; Senanayake, K.; Botta,
serious steric problems caused by interaction between the,q e o e o ek R. D Melton. D. L. To be
ortho-H atoms on the pyridyl group and the other adjacent published.
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Figure 8. Structure of the complex [Ni(PDA)(#D)s] generated by
semiempirical PM3 calculatioff. The starting structure had the Ni(ll)
bonded to all four donor atoms of PDA, with three waters coordinated to
the Ni(ll). During refinement, the PDA became only 3-coordinating, and
Figure 7. Structure of the complex in [Ca(PDA)§B)z]-2H;0 (1) showing an H-bond formed between the noncoordinated carboxylate of PDA and
two individuals bridged by a shared carboxylate group. This bridging leads ©n€ of t_he water molecule_s coordinated to the Ni(ll). This structure generated
to a chain of such individuals. The numbering scheme for the donor atoms PY Sémiempirical calculation strongly resembles the repéfteamplex of
coordinated to one Ca is shown. The O(5) and O(6) oxygens are from water Ni(ll) with PDA.
molecules coordinated to the Ca. There are two disordered water molecules

in the lattice (not shown). bonding, with N-Ca—0 angles of 63.1 and 63.2compared
Table 4. Selected Bond Lengths (A) and Angles (deg) for to the .chelate rlngs.of pyridine carboxylatg complexes of
[Ca(PDA)(HO)]-2Hz0 (1@ Ca(ll) in the CSD with C&Q bonds averaging .2_.46(2) A
Ca(1)-0(6) 2.387(7) Ca(1yO(s) 2.420(8) and N—'Ca—O angles averaging 63.7(1°4)n addition, the
Ca(1)-0(1) 2.468(7) Ca(bO(4)# 2.534(7) Ca(ll) lies almost exactly in the plane of the very nearly
Ca(1)-N(2) 2.555(7) Ca(LyO(3)# 2.638(7) planar PDA ligand. One can thus conclude that the structure
Ca(1)-0@) 2.461(1) CaBHNQ) 2.550(8) of 1 suggests that the Ca(ll) in the tetradentate PDA ligand
N(1)—Ca(1)-N(2) 62.8(2)  N(1)Ca(1>-0(1) 63.1(2) has as near as possible the same geometry as Ca(ll) in
N(2)—Ca(1)-0(3) 63.2(2)  N(1)-Ca(1>-0(8) 89.0(2) i Y ;
N(2)—Ca(1)-0(5) 781(3)  O(1yCa(l)-0(3) 170.72) gchchturﬁs of much less sterically demanding ligands in the
OR#-Ca(l-O@)# 50.9(2) O(LyCa(l)-OR)# 73.6(2) which have the same donor groups, and therefore Ca-

. . . _ (1) binds to PDA in a low-strain manner.
aThe # symbol indicates that the atom involved is from a neighboring . . .
[Ca(PDA)(H:O)]-2H20 individual involved in forming a four-membered The structure of the Ni(ll) complék of PDA is quite

chelate ring via a bridging-COO™ group. revealing. Here, the Ni(ll) with an ionic raditfsof 0.74 A

is too small to span the donor atoms of PDA, which appears
competition experiments at biological pH, when analyzed to require a metal ion with a radius 6f1.0 A. The structure
by TLC, the Gd is almost exactly evenly distributed between shows that the Ni(ll) in its PDA complex does not bond to
the PDA and the DTPA. It may turn out that PDA does not gl four donor atoms and is effectively only 3-coordinate from
satisfy all the requirements to be completely successful asthe PDA, with one carboxylate left noncoordinated and
an MRI agent, but the work reported here SuggeStS that theH_bonded to a water on the N|(||) |nteresting|y, semi-
principles embodied in the type of architecture present in empiricaf! PM3 calculations on this same complex, with a
PDA and its analogues could be used to design improvedstarting structure with a Ni(ll)/PDA complex with the Ni
Gd(llN)-based MRI agents. bonded to all four donor atoms of PDA, refined to a structure

Structure of [Ca(PDA)(H20)2]-:2H20 (1). The structure  (Figure 8) with only 3-coordinating PDA, similar to the

of the complex inl is shown in Figure 7, which shows that experimental structur¥.
there is a chain of [Ca(PDA)@®),] individuals. These are MM Calculations on PDA Complexes.MM can be used
held together by the carboxylates, which are shared betweeno determine best-fit sizes of metal idhgor complexing
Ca atoms from two adjacent individuals, forming a unidentate wjith any particular ligand by calculating the strain energy
bond to the Ca atom from the same complex, and chelating of the metat-ligand complex as a function of the-M. bond
with the Ca from a neighbor. Each Ca(ll) is 8-coordinate, |ength. In such a calculation, all the force constants involving
including the four donors from the PDA ligand, two the metal ion are kept constant, and the ideatiMbond
coordinated water molecules, and the bridging chelating length is varied over the desired range. A plotaf. (the
carboxylate from a neighboring [Ca(PDAY®I),] individual. strain energy of the complex) versus-M length thus gives
What is important is the extent to which PDA coordinates g curve with a minimum in it, which then corresponds to
to Ca(ll) in a low-strain manner ii. The Ca-N bond the best-fit M-L length. Such a calculation was carried out
lengths (Table 4) involving the 1,10-phen moiety of PDA, for [M(PDA)(H-0),] keeping all force constants at the default
at 2.550 and 2.556 A are very similar to those found in 8 values in HyperChefrfor high-spin Ni(ll) and varying the
structures for Ca(ll) with 1,10-phen itself in the CSDyhich ideal Ni-N and Ni~O lengths. The latter was kept at a
average 2.5% 0.04 A. The N-Ca—N angle inlis 62.8, constant 0.06 A shorter than the-N\ length, which is a

compared to an average of 64i21.0° for the 1,10-phen  typical difference in bond length caused by the smaller ionic
structures of Ca(ll) in the CSD. Similarly, the €& bonds

to the carboxylates of PDA ihaverage 2.46 A for unidentate  (41) Stewart, J. J. Rl. Comput. Chem1989 10, 221.
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35 to include negative O-donors such as carboxylates and
33 phenolates within the highly preorganized part of the ligand,
31 which leads to much greater thermodynamic stability and
sharper metal ion selectivity. Slow metalation and demeta-
< 2] lation reactions are a drawback to the use of macrocycles in
g 271 many situations. The presence of terminal donor atoms within
"::; 25 - the highly preorganized binding site of the ligands described
'E, 23 best-fit M- here lead to rapid metalation/demetalation reactions, which
S5, bond length preliminary work with PDA suggests is the case. Interest-
=2514 ingly, transmetalation reactions, such as displacement of Gd-
191 (1) by Cd(l1), are extremely slow, on the order of hours to
17 1 days depending on the concentration of the entering metal
15 . i ion, which could be useful in biomedical situations where
1.8 2.3 2.8 3.3 loss of, for example, Gd(lll) from a contrast agent by
M-N (R) displacement by, for example, Zn(ll) should be slow.
Figure 9. Plot of strain energyWw.) for the [M(PDA)(HO).] complex Conclusions.This study has shown for the first time the

calculated by MM! as described in the text, as a function of ideat-M

bond length, significant stabilization of complexes of metal ions of a

tetradentate ligand such as PDA, which is derived by

radiug® of O than N. The plot oUy. versus M-N length attachment of donor groups to the 2 and 9 positions of 1,10-
is shown in Figure 9. The best-fit N length is about 2.51  phen and owes its high level of preorganization to the rigidity
A, which means that with an ionic radit§gor N of 1.55 A, of its 1,10-phen-based backbone. Ligands of this type show
the best-fit ionic radius should be 0.96 A. This agrees quite sharp selectivity for metal ions with an ionic radius of about
well with metal ions with ionic radii in this vicinity (Cd(ll), 1.0 A. PDA is a member of an unrecognized class of ligands,
0.95; Gd(lll), 0.92, Ca(ll), 1.00, La(lll), 1.03 A) forming  which includes 1,10-phen itself, which show levels of
complexes with PDA that show the greatest thermodynamic preorganization higher than that of macrocycles, and show
stabilization of their PDA complexes. promise of being useful in a wide variety of applications.
Studies on other derivatives of PDA are being carried out
and indicate that ligands such as PDAM and PDALC (Figure ~Acknowledgment. The authors thank the University of
2) also show large thermodynamic stabilizatiéhBPADA North Carolina, Wilmington, and the National Science
in Figure 2 should show an even stronger stabilization than Foundation (Grant CHE-0111131), for generous support for
PDA. The ligand DPNDA (Figure 2) should follow the ligand  this work.
chelate ring-size rulé¢*? and be highly selective for small
metal ions. The ligands described here have many potential
applications, including selective removal of metal ions from
radioactive wastes, and detection of Ca(ll) in biological
systems by fluorescenégA distinct ligand design advantage  1C061010P
that these ligands offer compared to macrocycles is the ability
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