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Cationic Lanthanide Complexes ofN,N'-Bis(2-pyridylmethyl)ethylenediamineN,N'-diacetic
Acid (H2bped)
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A series of monocationic lanthanide complexes containing the liggNabis(2-pyridylmethyl)ethylenediamine-
N,N'-diacetate(2) (bped~-) have been prepared and isolated as either the hexafluorophosphate or perchlorate
salts. The complexes have been characterizétiland3C NMR, +LSIMS, IR, and elemental analysis. Complex
formation constants have been measured in water &% = 0.16 M (NaCl)). logK (Ln(bped)]) (log
K([Ln(bped)(OH)])): Ln= La, 10.81 (0.06); Ln= Nd, 11.99 (1.45); Ln= Gd, 12.37 (2.10); Ln= Ho, 12.31

(3.00); Ln=Yb, 13.42 (4.43). The stability constants for [M(bpedjicrease from La(lll) to Nd(lll), plateau

to Ho(lll), and increase again to Yb(IIl), while the formation constants for [Ln(bped)(OH)] increase almost linearly
with atomic number. The solution structures of the [Ln(bped)dmplexes have been probed by multinuclear
NMR (*H, 13C, 170) studies, and these indicate only one isomer present in solution; this isomer has 2-fold symmetry
and is rigid at 20C on the NMR time scale’O NMR studies of the paramagnetic lanthanides indicate that the
hydration number is 3, [Ln(bped)@)s] ", and that an overall coordination number of 9 is maintained across the
lanthanide series.

Introduction 0. O (O]

The aqueous chemistry of the lanthanide(lll) ions (Ln(lll)) T \ A
is dominated by their oxophilicity. In aqueous solution, HN—Ln%*
saturated or unsaturated neutral nitrogen donors have a low /|: / Ji
affinity for lanthanides; however, when incorporated into a o~ "o o~
chelate ring containing an oxygen donor, the neutral nitrogen
donor readily coordinates to lanthanides. There are numerous 7 x Alog K
reports of stability constants for Ln(lll) complexes of picolinate
and amino carboxylate derivativésThe neutral nitrogen donor
is ubiquitous in macrocyclic lanthanide complexes through the
use of polyaza macrocycles.g. cyclen), Schiff base condensa-
tion reactions to give imines, and 2,6-pyridinedicarboxaldehyde 7/ 0~ 1.6
as a macrocyclic building block:®

Thompsoret al” compared the difference in stability constant 7 “OH 29
between N-substituted iminodiacetic acids and iminodiacetic
acid (ida). Their results are summarized in Figure 1. The added 7\
stability imparted by the fourth donor was approximately the N=
same for each lanthanide. The value for amide substitution was
taken from Paul-Roth and Raymohdyho compared the
stabilities of Gd(lll) dtpa-bm and dtpa-bma complexes (see o
Chart 1 for abbreviations). The neutral donors which give the Figure 1. Comparison of neutral donors for Ln(lll) chelation after
greatest increase in stability are alcoholic oxygen, pyridyl Thompsonet al” The amide value is taken from Paul-Roth and
nitrogen, and amide oxygen. Raymond

The use of Gd(lll) complexes in magnetic resonance imaging jigands form anionic and dianionic complexes, respectively, with
(MRI) has spawned many studies on lanthanide complexes of gadolinjum. In order to reduce osmolality and concomitant
polyamino carboxylates. The two most studied ligand frame- gsmotic shock upon intravenous administration, one of the
works are based on ddtand dtpd’ (Chart 1). However, these  carhoxylato donors in dota has been replaced with an alcohol
or an amide, to yield an overall neutral Gd(lll) complex. The
* To whom correspondence should be addressed. same approach has been taken with dtpa, where two carboxylato
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(2) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New ~ Methyl (dtpa-bp) moieties.
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York:, 1974-1989; Vols. 1-6. Although the lanthanide coordination chemistry with alcohol
(3) glen)i%ndrerbvl}?hrem'cr?ﬁ% 12921 995{37271%9 ) and amide derivatives of dota and dtpa has been well studied,
Esg Fomton b E'..c\’,i%'ato B AChem. Soo. e 1988 17, 69. less is known about the 2-methylpridy! derivative. Cachetis
(6) Vallarino, L. M. J. Less-Common Me1989 149 121.
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X = CH,COO", dtpa <
X = CHj, dtpa-bm
X = C(O)NHCH3, dtpa-bma pida

X = 2-methylpyridyl, dtpa-bp

al.'* showed that while the Gd(lll) complexes of dtpa-bma and

dtpa-bp have similar formation constants, dtpa-bp had a much

lower selectivity for Gd(IIl) over Zn(ll), which in turn led to a
higher toxicity in rats because of Gd(lll) displacement by
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The'’O NMR spectral parameters have been previously det&ilddss
spectra were obtained with a Kratos Concept || H32Q"(TSIMS)
instrument. Infrared spectra were obtained as KBr disks in the range
4000-400 cnt! on an ATI Mattson Galaxy Series FTIR 5000
spectrophotometer and were referenced to polystyrene. Analyses of
C, H, and N were performed by Peter Borda in this department. The
relationship pD= pH + 0.40* was used to relate the acid concentration
of the NMR samples (pD) to the potentiometric results (pH).

Synthesis of Metal Complexes. Caution! Perchlorate salts of
metal complexes are potentially explasiand should be handled with
care and only in small amountsThe synthetic procedure for the [Ln-
(bped)]X (X= ClO4, PFs) complexes was the same in all cases. Only
one representative example is given for each counterion.

[Lu(bped)]PFs. To a solution of Hbped2HCI (150 mg, 0.35
mmol)) in 25 mL of methanol was added 164 mg of Lu(j6H.O
(0.35 mmol), followed by 115 mg of sodium acetate (1.40 mmol, 4
equiv) to yield a colorless solution. The solution was filtered into a
50 mL Erlenmeyer flask, and sodium hexafluorophosphate (60 mg, 0.35
mmol) was added with stirring. The resulting colorless solution was
filtered into a 30 mL beaker and allowed to stand. A white precipitate
formed after the solution was allowed to stand overnight at room
temperature. The precipitate was collected on“atBer funnel and
driedin vacuoovernight at 60°C to yield 118 mg (50%). Anal. Calc
(found) for [LuGgH20N4O4PFs: C, 31.97 (31.90); H, 2.98 (3.21); N,
8.28 (8.21). MS {LSIMS): m/z= 531 ([M]*, [LUC1gH20N4O4]").

IR (cm, KBr disk): 1599 (b, vsyc—o), 1447 (s), 1421 (s), 1308 (m),
1262 (m), 1090 (m), 1019 (m), 934 (m), 843 (vs,¢), 766 (s), 558
(S, fop).

[Sm(bped)]CIO,. To a solution of Hbped2HCI (83 mg, 0.19
mmol)) in 25 mL of methanol was added 72 mg of Sm6H,0 (0.19
mmol), followed by 63 mg of sodium acetate (0.77 mmol, 4 equiv) to
yield a colorless solution. To this solution was added dropwise a
sodium perchlorate solution in methanol (30 mg, 0.25 mmol, in 1 mL)
while a white precipitate gradually formed. After the addition was
complete, the white suspension was stirred for 30 min and cooled to 4
°C for 1 h. The off-white solid was collected on a Hirsch funnel,
washed with acetone (5 mL), and dried overnightvacua Yield:

60 mg (49%). Anal. Calc (found) for [Sm@H20N404ClO4-CH;OH:
C, 35.75(36.13); H, 3.79 (3.83); N, 8.78 (8.87). MBLSIMS): m/z

endogenous Zn(ll). Presumably, this negative result has — 5og ((M]*, [SMGaH.NO4*). IR (cm s, KBr disk): 1604 (b, vs,
precluded the use of the 2-pyridylmethyl group in other ligands ,,._), 1444 (s), 1410 (s), 1326 (m), 1310 (m), 1121, 1108/¢s.0),

for Gd(lll) MRI applications.

Because of the established affinity of the 2-pyridylmethyl
moiety for Ln(lll) (see Figure 1), the bis(2-pyridylmethyl)

1088 (s), 1013 (m), 926 (m), 769 (s), 624 (s).
[Dy(bped)]PFs. Yield: 145 mg (66%). Anal. Calc (found) for
[DyCi1gH20N4O4PFs+0.5H,0: C, 32.13 (32.26); H, 3.15 (3.33); N, 8.33

derivative of edta (bped) was synthesized. Stability constants (8-0]1)- MS (-LSIMS): m/z= 520 (M, [DyCieH2oN4Od]*). IR
for some Ln-bped complexes have been determined to support (€M KBr disk): 1591 (b, vSyc—o), 1446 (s), 1422 (s), 1309 (m),

the previous evidence regarding the replacement of an acetat

group by a 2-pyridylmethyl group. Multinucleai, 13C, 170)

NMR studies have been carried out in order to examine further
the effect of changing donor atom types with regard to hydration

number, number of isomers present, and rigidity of the
complexes.

Experimental Section

Materials. H,bped2HCI was prepared as described previodsly.

01‘263 (m), 1086 (m), 1019 (m), 914 (m), 842 (vs,F), 764 (s), 558

S, VP—F)-

[Gd(bped)]CIO,4. Yield: 35 mg (28%). Anal. Calc (found) for
[GdCigH20N404]ClO4CH3;OH: C, 35.37 (35.57); H, 3.75 (3.79); N,
8.68 (8.86). MS {LSIMS): m/z= 514 ([M]*, [GACigH20N404]").
IR (cm™, KBr disk): 1605 (b, VSyc—o), 1445 (s), 1408 (s), 1326 (m),
1310 (m), 1121, 1108 (%ci—0), 1086 (s), 1014 (m), 926 (m), 768 (s),
624 (s).

[La(bped)]ClO4. Yield: 85 mg (60%). Anal. Calc (found) for
[LaC1gH20N404]ClO4-CH3OH: C, 36.41 (36.28); H, 3.50 (3.86); N, 8.94
(8.90). MS (LSIMS): m/z= 495 ([M]*, [LaCigH20N4O4]"). IR

Sodium perchlorate, sodium hexafluorophosphate, sodium deuterioxide(cmfl KB disk): 1602 (b, VSyc-c), 1443 (s), 1410 (s), 1329 (m)

(NaOD, 40%), deuterium chloride (DCI, 12 M), and the lanthanide 1120. 1107 (s 1087 (s). 1011 (m). 929 (m). 767 (S). 624 (s
atomic absorption standards were obtained from Aldrich. Hydrated ' (Svar-o). (s) (m), (m), (s). (s)

lanthanide nitrates and chlorides were purchased from Alfa. Deuterium

oxide (D,O) was purchased from Isotec. All were used without further
purification.

Instrumentation. *H NMR (200 and 300 MHz) spectra were

referenced to external DSS and recorded on Bruker AC-200E and

Varian XL300 spectrometers, respectively’O NMR (40.7 MHz,
referenced to external ) and**C NMR (75.5 MHz, referenced to

external DSS) spectra were recorded on the Varian XL300 spectrometer.

(11) Cacheris, W. P.; Quay, S. C.; Rocklage, SNi&gn. Reson. Imaging
1990Q 8, 467.
(12) Caravan, P.; Rettig, S. J.; Orvig, Borg. Chem.1997, 36, 1306.

Multinuclear NMR Studies. The hydration number of [Dy(bped)]
was determined by the method of Alpoiet all®> An equimolar (35
mM) solution of Dy?" and Hbped2HCI was prepared, and a stoichio-
metric amount (4 equiv) of standardized NaOH was added so that the
complex was fully formed. Five solutions of differing dysprosium
concentrations were prepared by serial dilution of the stock solution.
The 7O NMR spectra were recorded at 20.

(13) Caravan, P.; Hedlund, T.; Liu, S.;"8frg, S.; Orvig, CJ. Am. Chem.
Soc.1995 117, 11230.

(14) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188.

(15) Alpoim, M. C.; Urbano, A. M.; Geraldes, C. F. G. C.; Peters, JA.
Chem. Soc., Dalton Tran§992 463.
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Solutions of [Ln(bped)] in D,O were prepared by adding an

equimolar amount of the appropriate lanthanide salt to@ 8blution
of Nabped. The solutions were approximately 90 mM at $B.5.
The 1H, 13C, and’O NMR spectra were recorded at 26. ThelH
and3C NMR spectra of [La(bped)]and [Lu(bped)] were identical
to those obtained by dissolving solid samples of [Ln(bped)[RR =
La, Lu).

Potentiometric Equilibrium Measurements. The equilibrium
constants were determined by potentiometric methods described previ-
ously®® The ionic strength was fixed at 0.16 M (NaCl), and the
solutions were maintained at 2&. Argon, which had been passed
through 10% NaOH, was bubbled through the solutions to excluge CO

The ligand was checked for purity by NMR and elemental analysis ] I I | ! I I I
before titration. Titrations were also employed to verify the molecular -1 01 2_3 4 5 6
weight obtained by elemental analysis. The metal ion solutions were a
prepared by dilution of the appropriate atomic absorption (AA) Figure 2. Titration curves (pH vs; a = mol of OH/mol of bped)
standards. The exact amount of acid present in the AA standards wasfor Hzbped2HCI (—) and equimolar (2 mM) bpesdlLn(lll) solu-

determined by Gran’s methdél. tilcl)InS:—LE(l—”) (==+); Nd(ll1) (-++); Gd(Il) (—-—+); Ho(lll) (- - -), Yb-
The ratios of ligand to metal used were in the range4:2:M < CON ):

1.2:1, and concentrations were in the range-26 mM. At least Table 1. Logarithms of the Formation Constants for Complexation

four titrations were performed on the Ln(lHHzbped equilibria, each of Ln(lll) with bpec?~ (Abbreviated L) at 25°C andu = 0.16 M

titration consisting of about 100 data points. The meligland (NacCl)

solutions were titrated over the pH range 21. Complexation was

usually rapid (£3 min per point to give a stable pH reading); however, Ln(i) [MLYMIIL] MLOHIHVIMIL] [MLI/ML(OH)IH]

caution was taken to ensure that no trace hydrolysis or precipitation La(lll) 10.81(4) 0.06(8) 10.75(4)
was occurring by monitoring up to 30 min for pH drift. Nd(ll)  11.99(2) 1.45(8) 10.45(8)
The data were refined using the program BESTThe stepwise Gd(lin 12.37(3) 2.10(3) 10.25(3)
Ho(ll)  12.31(2) 3.00(2) 9.31(2)

deprotonation constants for,bped2HCI at 0.16 M NaCl and 253C

are~1.5, 3.11(2), 5.53(3), and 8.67(8).The hydrolysis constants used
were taken from Baes and Mesniér.The data could be explained o ) )
satisfactorily only by the presence of two species, [Ln(bped)d did dissolve and were quite soluble@.2 M), suggesting that

Yb(lll)  13.42(8) 4.43(4) 8.98(4)

[Ln(bped)(OH)]. the solid state structures may be polymeric.
Potentiometric Titrations. Titration curves for Hbped
Results 2HCI in the presence of La(lll), Nd(lll), Gd(lll), Ho(lll), and

Yb(Ill) are shown in Figure 2. The 1:1 curves display an inflec-
tion ata (mol of OH"/mol of dbped™) = 4, as expected for
’ the formation of a [Ln(bped}] complex. The curves diverge
beyonda = 4, with a second buffer region occurring at

Metal Complexes. The lanthanide complexes of bged
were all prepared in a similar manner. These -cations
[Ln(bped)]t, were isolated from methanol as either the hexa-

fluorophosphate or perchlorate salts. Better yields were Obta'neddecreasing pH as the lanthanide series is traversed, indicating

o o S e ot o o oo o a (L(0pe)OF)] compie i becomes
Y . np : P creasingly stable with increasing atomic number. The formation
salts. Lanthanide nitrate or chloride salts could be used to

prepare the GelLu complexes, but only chloride salts were used constants of the Lrbped complexes are listed in Table 1, and
for the lighter lanthanides; otherwise, the complexes were are displayed graphically in Figure S1 (Supporting Information).

isolated as nonstoichiometric salts of the added counterion and Solution NMR Studies. The H and_ +C NMR spectra of
nitrate. The use of ethanol as a solvent or heating of the reaction[Ln(bpe.d)r (Tables 2 and 3, respectlvely)l were assigned on
mixture led to the inclusion of inorganic salts. The metal th? bas!s of COSY spectra and by comparison of the chemical
complexes prepared in methanol gave acceptable elemental hlftlSZWIth thofe determined for [In(bped)P&nd [Co(bped)]-
analyses, with the perchlorates being isolated as methanol. Fo.'2 'H and**C NMR spectra of the [Ln(bped)jcomplexes

solvates. Positive LSIMS mass spectral studies showed stron ndicate the presence o.f only one isomer, and this isomer has
parent ion peaks for [Ln(bped)]with the expected isotopic 2-fold symmetry in solution. Onlygof?possmle ¥ NMR
patterns. The infrared spectra were similar for all the [Ln- resonances and 10 out of a possible EDNMR resonances
(bped)]X complexes with strong bands typical of noncoordi- are obse_rved for each complex. The splitting c_>f H(6), H(7),
nated hexafluorophosphate (842, 558 &) or perchlorate and H(8) Into three AB pattemns suggests th"’.‘t all six donor atoms
(1120, 1108 cmi)20 There was a small splitting in the are coordmate(_j ar_1d tha_t the complex is rigid on the NMR time
perchlorate GHO stretch, which may indicate some weakly scale. As the ionic radius decreases from La(lll) to Y(lll) to

oo ; : . Lu(lll), some marked changes occur in thé NMR spectra.
bonding interaction, although this splitting was much less than . : .
that of coordinated perchlora#®. The carboxylato asymmetric The chemical shift separation between Lihd H(§) decreases

stretch underwent a considerable bathochromic shift upon from 0.50 ppM (La) to 0.10 ppm (Y.) to O'.08 ppm (I__u). The
coordination, from 1728 crt (Hzbped2HCI) to about 1600 same trend is observed for the chemical shift separation between

H(7) and H(%): from 0.45 ppm (La) to 0.22 ppm (Y) to 0.12
ppm (Lu). However H(§ and H(8) remain separated by 0.19
ppm for all three. Of the paramagnetic lanthanides, the only
spectra assignable were those of [Sm(bped)[The other

cm ! ([Ln(bped)"). The complexes did not readily dissolve
in water or DMSO; however, upon standing or heating, they

(16) Gran, GActa Chem. Scand.95Q 4, 559.

(17) Motekaitis, R. J.; Martell, A. ECan. J. Chem1982 60, 2403. lanthanide complexes exhibited broad resonances in their

(18) Baes, C. F., Jr.; Mesmer, R. Elydrolysis of Cations Wiley- NMR spectra, resonances which were shifted to both higher
Interscience: New York, 1976. and lower frequency.

(19) Morrison, R. M.; Thompson, R. Can. J. Chem1982 60, 1048. . . .

(20) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor- Figure 3 shows a plot of the dysprosium-indu¢éd NMR

dination CompoundsJohn Wiley & Sons: New York, 1978. shift (Dy 1S) of H,O versus concentration of [Dy(bped)[The
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Table 2. 'H (300 MHz) Spectral Dat for Hbped and Its La(lll), Sm(l

Inorganic Chemistry, Vol. 36, No. 7, 19971319

1), Y(Il), and Lu(lll) Complexelin DO

Hobped [La(bped)] [Sm(bped)] [Y(bped) [Lu(bped)]
H(1) 8.59 (4.4) 8.66 (5.1) 8.39 (3.4) 8.71 (4.6) 8.78 (5.1)
H(2) 7.76 (4.4,7.7) 7.48 (5.1, 7.8) 7.23(3.4,7.5) 7.48 (4.6, 7.8) 7.57(5.1,7.1)
H(3) 8.28 (7.7,7.8) 7.95(7.8,7.5) 7.62(7.5,7.8) 7.95(7.8,7.5) 8.05(7.1,8.2)
H(4) 7.85 (7.8) 7.49 (7.5) 6.90 (7.8) 7.47 (7.5) 7.55 (8.2)
H(6) 4.43 4.33(15.0) 4.15¢17.2) 4.20 15.3) 4.24 ¢-15.5)
H(6v) 3.83 (-15.0) 3.34(17.2) 4.10 £15.3) 4.16 {£-15.5)
H(7.) 3.34 2.84(-10.4) 1.46 {-9.3) 3.04 (-10.1) 3.18{10.2)
H(7y) 2.39 (-10.4) 1.28 £9.3) 2.82 (-10.1) 3.06 £10.2)
H(8,) 3.67 3.30(16.8) 3.13(14.6) 3.51(17.3) 3.57 {17.3)
H(8) 3.11 (-16.8) 3.03 £14.6) 3.32(17.3) 3.31¢17.3)

2 For labeling, see Chart 2. Numbers in parentheses refer to coupling in Hz (H{d); H(2), 3J12 and3J,3; H(3), 3323 and3Jas; H(4), 3Ja4; H(6),

23u5 H(7), 2Jas, H(8), 2Ja ©pD = 2.3.9pD = 4.6.

Table 3. 3C (75.5 MHz) Spectral Datdor H.bped and Its
La(lll), Sm(l), Y(l1), and Lu(lll) Complexes$ in D,O

Hzbped [La(bped)] [Sm(bped)] [Y(bped)]" [Lu(bped)]

C(1) 14752 151.45 151.74 152.00 152.30
C(2) 129.65 127.12 125.71 126.72 127.10
C(3) 146.53 142.37 142.15 143.02 143.87
C(4) 128.91 126.58 125.05 126.72 126.95
C(5) 152.94 159.50 158.01 159.38 160.43
C(6) 58.90 64.89 67.00 66.20 64.72
C(7) 50.03 54.40 57.65 59.48 60.98
C(8) 57.40 63.00 66.87 64.52 63.95
C(9) 175.18 182.58 188.92 182.46 182.81

2 For labeling, see Chart 2pD = 2.3.¢pD = 4.6.
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Figure 3. Plot of dysprosium-inducefO NMR chemical shift (Dy
IS) of Hxt"O vs [Dy(Il)] for [Dy(bped)]t at 20°C and pH 4.5.

slope of the line is proportional to the hydration number of the
complex!®>2! For Dy**, the slope is—358 ppm/M® The
hydration number of D ,qhas been shown to be?B23which
yields a slope of 45 ppm/M per bound water molecule. The
slope of the line in Figure 3 is131+ 3 ppm/M (2 = 0.998),
which corresponds to a hydration number of 2:93.07.

The shift, A, induced at a nucleus of a ligand binding to a
Ln(Ill) cation can be expressed as the sum of the diamag-
netic shift (Ag), the contact shift4.), the pseudocontact shift
(Ap), and the shift due to the bulk magnetic susceptibility
(A, eq 1.

A=A+ A+ AT A, Q)

The diamagnetic shift is usually relatively small, and this has
been estimated using the shift of the La(lll) complex. Since
the magnetic moment of each Ln(lll) ion is relatively constant,
the bulk magnetic susceptibility shift can be estimated from eq

(21) Huskens, J.; Kennedy, A. D.; van Bekkum, H.; Peter3, Am. Chem.
Soc.1995 117, 375.

(22) Cossy, C.; Barnes, A. C.; Enderby, J. E.; Merbach, AJ.EChem.
Phys.1989 90, 3254.

(23) Kowall, T.; Foglia, F.; Helm, L.; Merbach, A. B. Am. Chem. Soc.
1995 117, 3790.

2,24 which applies to a superconducting solenoid, wheres

)

the concentration (mM) of Ln(lIl)ier is the effective magnetic
moment for Ln(lll), andT is the temperature (K). Calculated
uett Values were taken from Figgf8.

The contact and pseudocontact shifts can be expressed by eq
3,2 whereA; andA, are each expressed as the product of two

A, = 4nC(u/2.84¥I3T

AN=A-(Ag+A)=A+A=BF+CG (3

terms. The first term [GOor CP) is characteristic of the
lanthanide but independent of the ligand, while the second term
(F or G) is characteristic of the ligand in question but
independent of the Ln(lll) cation. Values for the lanthanide-
dependent contact terri®,[] and pseudocontact teri@?, have
been calculateéf—3° Equation 3 can be separated into two
linear forms, eqs 4 and 5. Although, both (4) and (5) are

A'ICP = F(B,IC°) + G (4)

®)

mathematically identical, Reillegt al3* have advocated the use
of eq 4 whenF >> G (and eq 5 wherG >> F), since the
dependence on theoretida? (or [0 will be minimized by a
small intercept. In Figure 4 (top), the lanthanide-induced
chemical shifts (LIS) for thé’O nucleus in RO (after correcting
for Aq (—366 ppm for La) and\,) are listed in Table 4 and
have been plotted according to eq 4 and according to eq 5 in
Figure 4 (bottom). By the procedure of Petetsl.,3? the shifts
were extrapolated to [Ln(bpet]) = [D,0O]; the values forCP
and($,[were taken from ref 21. Plotting the LIS data according
to eq 4 giveF = —2454+5,G=—-9.24+4,r2=0.999; eq 5
givesF = —2684 13,G = —13.44+ 3,r2=0.83.

Al 0= G(C/BH + F

Discussion

The metal complexes were formed readily by mixingpped
2HCI with the appropriate lanthanide salt in methanol in the

(24) Peters, J. A.; Huskens, J.; Raber, DPthg. NMR Spectrosd 996
28, 283.

(25) Figgis, B. N.Introduction to Ligand Fields Robert E. Krieger
Publishing Co.: Malabar, FL, 1986.

(26) Golding, R. M.; Halton, M. PAust. J. Chem1972 25, 2577.

(27) Pinkerton, A. A.; Rossier, M.; Spiliadis, $.Magn. Resorl985 64,
420.

(28) Bleaney, BJ. Magn. Reson1972 8, 91.

(29) Bleaney, B.; Dobson, C. M.; Levine, B. A.; Martin, R. B.; Williams,
R. J. P.; Xavier, A. VJ. Chem. Soc., Chem. Commi®72 791.

(30) Golding, R. M.; PyykkoP. Mol. Phys.1973 26, 1389.

(31) Reilley, C. N.; Good, B. W.; Allendoerfer, R. B\nal. Chem1976
48, 1446.

(32) Peters, J. A. P.; Nieuwenhuizen, M. S.; Kieboom, A. P. G.; Raber, D.
J.J. Chem. Soc., Dalton Tran$988 717.
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Table 4. Lanthanide-Induced’O NMR Chemical Shifts of BO for La(lll) to Nd(lll) and then plateau at Gd(l11) and Ho(lll), before
[Ln(bped)] at pD = 4.6 at 20°C increasing again to Yb(lll). This is a common effect in Ln(lIl)
LIS (ppm) solution chemistry. Although the formation constant for a
Ln(IIN) [Ln(Iin] (mM) a b lanthanide complex with a given ligand usually increases across

the series, this increase is rarely monotonic; plateaus and

'(‘:ae %22'.3 :8:?1 +28g decreases often appear somewhere in the lanthanide series in a
Pr 90.8 +1.03 +934 plot of free energy of formation versus atomic numerAs

Nd 92.1 +1.42 +1135 may be expected from a hydrated ternary monocationic [La-
Eu 85.4 -5.10 —2618 (bped)(HO)3]* complex, further addition of hydroxide leads

Gd 92.7 —14.27 —7331 to the formation of a quaternary [Ln(bped}®)(OH)] com-

Bb gg-‘i’ :12'% :?ﬁg plex. The stability of this complex increases across the
Hé’ 919 ~10.94 _5587 Ianthapide series from La(lll) to Yt?(lll).

Er 90.5 —9.08 —4653 In Figure S1 (bottom), the stability constahtsr La(lll),

Tm 91.5 —6.20 —3021 Nd(l1), Gd(li, Ho(lll), and Yb(lll) for edd&~, bped—, and

Yb 91.0 —2.76 —1150 edt#~ are plotted against inverse ionic radius (coordination

LIS measured at [Ln(lll)] given in column 2.LIS extrapolated number 9). The formation constants for [Ln(bpedjre
to [Ln(l)] = [D,0] and corrected for the diamagnetic contribution intermediate between those for [Ln(eddagnd [Ln(edta)},
by +366 ppm (the shift for La(lll)). which is to be expected on the basis of the results presented in
Figure 1. The mean change in stability constant upon adding
two 2-pyridylmethyl groups to eddato give bped- is A log
K = 4.1+ 0.3; replacement of the 2-pyridylmethyl groups in
bped~ with two acetato groups in edtagivesA log K = 5.3
+ 0.8. The same effect is seen on going from ida to pila (
log K=2.1+0.1) to nta A log K = 2.6 + 0.1) except the
magnitude of the effect is halved.

Thompsonet al’” estimated the stability of certain donors
(Figure 1) by considering a series of N-substituted iminodiacetic
acid derivatives. They plotted lol§,(Ln) versus the second
deprotonation constant of the ligand for a series of nonbonding
substituents (hydrogen, methyl, phenyl, and benzyl) and obtained
a straight line. The substituted ligands in Figure 1 were treated
in the same manner, and the deviation from this line was used
to infer the added stability from the substituent. This allows
for the differences in basicities of the varying ligands. There
are few available data on lanthanide complexes of N-substituted
edda derivatives with which to make an analogous comparison.
To account for differing ligand basicity, equilibrium 6 can be

HL™ +Ln* =LnL* 4+ 3H" K (6)

considered, where & edd&~ or bped~. Equation 6 corrects

T T T T 7T for competition with H. For this equilibrium, the difference
2 0p2 4 6 8 in Ln(1l) stability between bpeti and edda is A log K¢ =
C7/<Sz> 5.3+ 0.3. This gives an added stability of 2.650.15 log

units per 2-pyridylmethyl group. The same approach used in a
comparison of edda and hedéiéor La(lll) (see Chart 1) gives
presence of sodium acetate. As was the case with the Al(lll), A log Ke = 5.0, or 2.5 log units per 2-hydroxyethyl group.
Ga(llly, In(ln), and Co(Ill) complexes? the lanthanide com-  Although these numbers are lower than those given in Figure
plexes could be isolated by the addition of the appropriate anion, 1, the trend is the same.
either hexafluorophosphate or perchlorate. No crystalline In Figure S1 (top), the hydrolytic tendencies of [Ln(bpéed)]
samples could be prepared despite trying a variety of solventsand [Ln(hedta)] are compared. Plotting th€,f bound water
(methanol, ethanol, 2-propanol, and water), solvent mixtures versus inverse ionic radius shows that both complexes become
(addition of acetone, diethyl ether, and acetonitrile), and more acidic as the lanthanide ionic radius decreases. Somewhat
counterions (chloride, bromide, iodide, tetrafluoroborate, per- surprising is the fact that neutral [Ln(hedta)] is more acidic than
chlorate, sulfate, and nitrate). The infrared spectra of the cationic [Ln(bped)].
lanthanide complexes were superimposable across the series, The Dy IS of B0 (Figure 3) is indicative of a complex
suggesting similar solid state structures. The asymmetri©®C  containing three bound water molecules, [Dy(bped)(HO)s] .
stretch shifted upon coordination from 1728 @n{H.bped In order to determine whether or not the coordination number
2HCI) to 1690 cm?! (JAl(bped)][")*? to 1631 cnt! ([In- of [Ln(bped)]" was constant across the lanthanide seties,
(bped)])12to 1600 cnt? ([Ln(bped)]"). The+LSIMS spectra [Ln(bped)(HO)3]™, the LIS of D,}’O was determined for the
gave strong peaks for [Ln(bped)i the correct isotopic pattern,  lanthanide series (excluding Pm). TH® NMR shifts were
as expected for monocationic complexes.
The potentiometric measurements substantiate the stoichi-(33) Choppin, G. R. IrLanthanide Probes in Life, Chemical, and Earth

ometry of these complexes. The titration curves show a fgg‘ceSBU”Z"’J-'C-G-'ChOppi”'G- R., Eds; Elsevier: Amsterdam,

buffering effect up to 4 equiva(= 4) of hydroxide. The (34) Courtney, R. C.; Gustafson, R. L.; Chabarek, S. J.; Martell, Al E.
stability constants (Table 1, Figure S1 (bottom)) increase from Am. Chem. Sod 958 80, 2121.

Figure 4. Plots of A'/CP vs [S[ICP (top) andA'/[$,[vs CP'[S,(bottom).
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greater than 75% contact in nature for all the lanthanides. It
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shifts to [Ln] = [D,0O] and correction for the temperature

was expected that if the hydration number changed across thedifference,F = 206 for the lighter lanthanides (PEu) andF

series, there would be a break in a plotAfCP versus[S,[1

CP. The linearity of this plot (Figure 4, top), suggests that the
hydration number is constant across the series.
showr?® that a coordinated’O nucleus has aR value of—70

+ 11 at 346 K. Since thé’0O NMR shifts are predominantly
contact and sincg is linearly proportional to 17,26 F = —83

per coordinated’0O at 20°C. The value of F determined from
eq 4 was—245+ 5. Dividing this by—83 yields 2.95+ 0.06
coordinated DO molecules, which is in excellent agreement
with the value obtained from the Dy IS experiment, 283
0.07. Separating the data in Figure 4 into heavy-Yb) and
light (Ce—Eu) lanthanides does not yield a better result; in fact,
the nature of the scatter is such thftis slightly larger for the
heavier lanthanides. Peters and co-wor¥dnave shown that,
for the lanthanide glycolate (ga) system, the 1:3 complex exists
as [Ln(ga)}(D20)3], and this complex has a constant hydration

= 163 for the heavier lanthanides (Flyb). This gives a
hydration number of 2.5 for the lighter lanthanides and 2.0 for

It has beerthe heavier lanthanides. These values support the argument for

a change in coordination number and also illustrate the
difference in hydration number between [Ln(edtadhd [Ln-
(bped)f.

The H and 13C spectra indicate that the [Ln(bped)]
complexes have 2-fold symmetry in aqueous solution. All six
donor atoms are coordinated, since H(6), H(7), and H(8) are
split into AB quartets in the lanthanide complexes. This also
suggests that the complexes are rigid at°@0on the NMR
time scale. As the ionic radius decreases frorfirL(d.216 A,

CN = 9)to Y3 (1.075 CN= 9, intermediate between By
and HG")% to Ludt (1.032, CN= 9),%0 there is no change in
the number of peaks in tHél NMR spectrum, but the chemical
shifts vary (Table 2). The largest effect is the chemical shift

number across the lanthanide series. They obtained a value fodifference between H@pand H(6). These two resonances are

F of 231 (converted to 28C), in good agreement with the result
for [Ln(bped)(D:O)s] *.

In the Ln(lll)—edta system, it is believed that there is a
hydration/dehydration equilibrium (eq 7) occurring across the
series in the vicinity of Eu(lll). Two species are observed in

[Ln(edta)(HO)]~ = [Ln(edta)(HO), ]~ +H,0 (7)

the UV—vis spectrum of [Sm(edta)] [Eu(edta)f and
[Gd(edta)i .36 This has been interpreted in terms of a hydration
equilibrium where one water molecule is displaced (ed#j.
Ots*¥40 has given thermodynamic arguments for a hydration
equilibrium. Luminescence spectroscopy studies have given
hydration numbers of 25 and 3.32 for [Eu(edta)] and 2.43
and 2.6* for [Th(edta)]. A Dy IS study of [Dy(edta)f gave
a slope of—90 ppm/M, which corresponds to two bound water
moleculest> X-ray crystal structures of NLn(edta)}nH,O
show water coordination numbers of 3 for £nLa,?> Pr#6 Sm46
Gd/% Dy,*” and Ho?8 and 2 for Ln= Yb.#” This suggests that
the hydration number changes from 3 to 2 across the séges (
x=3ineq7).

Bryden et al. reported lanthanide-inducédO NMR shifts
of DO for [Ln(edta)] complexed® After extrapolation of the

(35) Nieuwenhuizen, M. S.; Peters, J. A.; Sinnema, A.; Kieboom, A. P.
G.; van Bekkum, HJ. Am. Chem. S0d.985 107, 12.

(36) Geier, G.; Karlen, U.; von Zelewsky, Aelv. Chim. Actal969 52,
1967.

(37) Geier, G.; Jgrgensen, C. Khem. Phys. Lettl971, 9, 263.

(38) Kostromina, N. A.; Tananaeva, N. Russ. J. Inorg. Chem. (Engl.
Trans.)1971 16, 1256.
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199Q 29, 4468.
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Crystallogr. 1982 838 2155.

(47) Nassimbeni, L. R.; Wright, M. R. W.; van Niekerk, J. C.; McCallum,
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C41, 355.

(49) Bryden, C. C.; Reilley, C. N.; Desreux, J. Anal. Chem1981, 53,
1418.
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well separated for [La(bped)]at 0.50 ppm; however, as the
ions become smaller, this shift separation drops to 0.10 ppm
for Y(Ill) and 0.08 ppm for Lu(lll). A similar effect is observed
for H(75) and H(%). Since the coordination number does not
change across the series, the chelate ring angles must adjust to
the smaller size of the ion.

The coordination number of the Ln(lll) aquo ions is known
to change from 9 to 8 across the lanthanide séfie3he
complexes, [Ln(bped)(#D):]*, have a constant hydration
number of 3. The formation of [Ln(bped){B)s]* involves
three factors: the dehydration of ¥, which loses six waters
for the early lanthanides and five waters for the late lanthanides;
the increasing charge to radius ratio as the lanthanides become
heavier; and any changing steric effects within the Bpéidand
as the lanthanide is changed. This combination is responsible
for the plateau in stability constant in the middle of the
lanthanide series. However, the formation of [Ln(bped)(OH)-
(H20)n] should depend primarily on the acidity of the ion, and
this is what is observed.

Conclusions

The neutral pyridine donor is an effective ligating group for
the lanthanide(lll) ions and offers an alternative to the neutral
amide or neutral alcoholic oxygen donor in the design of stable
lanthanide complexes. The Ln(lll) complexes formed with
bped- are intermediate in stability between [Ln(eddajind
[Ln(edta)]". In contrast to [Ln(edta)], which undergoes a
change in hydration number across the lanthanide series from
3to 2, [Ln(bped)T has a constant hydration number of 3. The
acidity of bound water is strongly dependent on the lanthanide
in question; the K, of bound water varies by 2 orders of
magnitude from La(lll) to Yb(lll).
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