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A series of ligands (1-4) based on a 2,6-di(pyrimidin-4-yl)pyridine scaffold have been synthesized, and their abilities
to form complexes with Zn(Il) and Cu(ll) have been determined using UV/vis spectroscopy in buffered aqueous
solution (0.01 M N-[2-hydroxyethyl]piperazine-N'-[3-ethanesulfonic acid] (HEPES) at pH = 6.8). The Zn(ll) complex
of 1 was determined to have a formation constant of 8.4 x 10° M~ while the formation constant of the Cu(ll)
complex was found to be 1 x 108 M~ The presence of auxiliary amines in 2 increased the stability of the Zn(ll)
complex relative to that of 1 by a factor of over 40, suggesting possible coordination of the auxiliaries to the Zn(ll)
center. The guanidinium and 2-amino-4,5-dihydro-imidazolinium groups of 3 and 4 considerably diminished the
stability of the Zn(Il) and Cu(ll) complexes relative to those of 1. X-ray crystal structures of 1-Zn, 3-Zn, 4, and 4-Zn
were obtained and are discussed. A significant increase in the stability of 3-Zn, but not in the stability 1-Zn, was
observed upon the addition of 1 equiv of sodium phosphate, implicating a stabilizing interaction of the guanidinium
groups of 3-Zn and the phosphate anion.

Introduction through various coordination geometri€d? and can serve

as centers for noncovalent interacti&§2° and chemical
transformations. 7?1 The coordination of multidentate ligands

to metal ions has recently been shown to affect polymer
structure in organieinorganic hybrid material®, and to
direct the aggregation of functionalized gold nanoparti¢tes.
The introduction of auxiliary functional groups to the ligands

* Author to whom correspondence should be addressed. E-mail: anslyn@ Of such systems has been utilized as a means of establishing

Transition metal complexes of multidentate ligands have
been widely used in modern chemical applications including
catalyst development,” supramolecular self-assemisiy.°
and anion recognitiokt *® Transition metal ions provide
structural rigidity to complexes of multidentate ligands
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Figure 1. Metal complexes examined in this study.

Scheme 1. The Complexation of a Metal lon with a Functionalized
2,6-Di(pyrimidin-4-yl)pyridine Ligand

M = Zn(II), Cu(II)

aThe variable R groups are retained in the proximity of the metal center
in the complex. The ligand adopts a folded or “horseshoe” conformation
relative to the extended conformation of the free ligand

complex-based catalystd’ In addition, functionalized in-

Experimental Section

General information. All reagents were obtained from Aldrich
and Acros and used without further purification. Dichloromethane
and triethylamine were distilled over Calind used immediately.
lon exchange chromatography was performed with Amberlite IRA-
400 (CI) ion-exchange resin. Compour® 6,32 8,3 and 103 were
prepared as previously reported in the literature. A Varian Unity
Plus 300 MHz spectrometer was used to obtérand3C NMR
spectra, which are referenced to the solvent. A Finnigan VG
analytical ZAB2-E spectrometer was used to obtain high-resolution
mass spectra. UV/vis spectra were recorded on a Beckman DU-
640 spectrophotometer. All pH measurements were made using an
Orion 720A pH meter. A Harvard syringe pump was employed

organic complexes have been used in enzyme active site; the potentiometric pH titrations.

mimicking>221-2"as cooperativity between functional groups
and metal ions is thought to be fundamental to the activity
of many wild-type enzyme%:?°

Derivatives of the 2,6-di(pyrimidin-4-yl)pyridine ligand
can be prepared with functionality at the 2 positions of the
terminal pyrimidine rings® Coordination to a metal center
requires a folded or “horseshoe” ligand conformation relative

Metal Binding Studies. All binding studies were carried out in
0.01 M HEPES bhuffer at pH 6.8. The metal chloride titrant solutions
were prepared by addition of a concentrated metal chloride stock
solution into a portion of the analyte solution, ensuring the change
in concentration of buffer and host over the course of the titration
to be negligible. Experimental data was fit to theoretical curves
generated using eq®t assuming the equilibrium presented in eq 2
to determine formation constants of 1:1 complexes. The concentra-

to the more extended conformation that has been observedion of free metal ion [M] is related to known variables and

for 2,6-di(pyrimidin-4-yl)pyridine by X-ray crystallogragy

(see Scheme 1). Metal complexation retains the functionality

at the 2 position of the pyrimidine rings in the proximity of
the metal center, thus furnishing a cleft in which the metal

center and auxiliary groups reside. Such an arrangement

would be expected to exploit interactions and cooperativity

between the metal center and the auxiliaries. Furthermore,

the function of metal coordination as a conformational lock
offers the possibility of controlling higher order structure
within macromolecular systems in a novel way. In previous
studies, we have utilized the 2,6-di(pyrimidin-4-yl)pyridine
scaffold to generate a cleft containing Zn(Il) and guanidinium
auxiliaries for use both in the promotion of RNA hydroly3is
and as part of an amino acid sensing enserfibiéerein,
the effects of ammonium, guanidinium, and 2-amino-4,5-
dihydro-imidazolinium auxiliaries on the stabilities of the
Zn(Il) and Cu(ll) complexes of the 2,6-di(pyrimidin-4-yl)-
pyridine derivatives are examined (Figure 1).
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parameters by the quadratic equation given (eq 3).

AA = (AeKM][L] /(1 + K {M]) @)
[M] + L] == [ML] @
K; = [ML]/(IMI[L])

[M] = —b -+ (b? — {4K, [M] }"3/2K, ©)

where Ae = difference in extinction coefficient of complex and
ligand, K; = formation constant of complex, [M§ concentration

of free metal, [M] = total concentration of metal added to the
solution, [L] = concentration of free ligand, [L} total concentra-
tion of ligand added to the solution, [ML¥ concentration of
complex, and = 1 — K{[M] + K¢L]:. Ligand concentrations were
adjusted according to quantitatitel NMR measurements using
HPLC-grade acetonitrile as an internal standard. A typical titration
involved the addition of 2..xL aliquots of a solution that was 4.8
mM in metal chloride, 10@M in ligand, and 10 mM buffer to 1.2
mL of a solution that was 100M in ligand and 10 mM buffer. In
the phosphate studies, phosphate was introduced to the buffer
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solution with dibasic sodium phosphate prior to adjustment of pH 115.25, 80.01, 79.41, 46.70, 28.26, 28.09. HRMS (@k): calcd

and was present in both the analyte and titrant solutions in roughly for Cs7HsiN110g 778.328, found 778.323.

the same concentration. In all cases, binding isotherms were fitto  N-{4-[6-(2-Guanidinomethyl-pyrimidin-4-yl)pyridin-2-yl]py-

the theoretical curves by manual variation of parameters. rimidin-2-ylmethyl } guanidine Dihydrochloride (3). To a 2:1 by
Potentiometric Titrations. Solutions were made up to be 5.0 Vvolume solution of CHCIxTFA (10 mL) was added (0.36 g,

mL total volume and were 4.0 mM in ligand or complex and 50 0.47 mmol). The reaction mixture was stirred at 25 for 8 h,

mM in KNO3. Solutions were adjusted to pH 2.0 by the addition after which a dark red oil was observed. The reaction mixture was

of 0.1 M nitric acid. Each data point was obtained by the automated concentrated to an off-white solid, and excess TFA was azeotroped

addition of 20uL of a 0.0985 M volumetric standard NaOH to the ~ using toluene. The product was precipitated in chilled ethanol,

stirred solution over a period of 20 s followed by a 30 s waiting filtered, washed with diethyl ether, and dried under high vacuum.

period during which time the pH meter was allowed to equilibrate. 10N exchange chromatography gave a white solid (0.27 g, 93%
Synthesis. (4f6-[2-(tert-Butoxycarbonylamino-methyl)pyrim- yield). Mp: 232-233°C. 'H NMR (CD;OD): 6 8.82 (d,J=5.3

idin-4-yl]pyridin-2-yl } pyrimidin-2-yimethyl)carbamic Acid tert- 12 2H), 8.46 (dJ = 7.8 Hz, 2H), 8.33 (d) = 5.3 Hz, 2H), 8.06

Butyl Ester (7). Absolute ethanol (100 mL) was heated to &) (1t6;]1 ;7'? 6I-2|Zé71H1)ég.ig (i’sii)lfcllzgﬂ;(cl%g ng f 1176&0747 73
followed by the addition ob (2.00 g, 7.31 mmol) ané (6.10 g, o T T e i T T T

29.2 mmol). Sodium metal (1.01 g, 43.5 mmol) was dissolved in HRMS (CI,m2): calcd for GiHzsN1104 378.191, found 378.190.

absolute ethanol (50 mL), and the sodium ethoxide solution was N-{4-.[6.-(2{ert-But'oxyc'arbonyI-imidazolinomethyl-pyrimidin-
then slowly added to the reaction mixture with a syringe. The 4-yl)pyr|Q|n-2-yl]pyr|m|d|n—2-ylmethyl _}-ter_t—butox_ycarbonyl-
reaction mixture was stirred at 8C for 16 h and then allowed to imidazoline (11).To a 9:1 ethanol:acetic acid solution were at_jded
cool to room temperature. The purple solution was concentrated to2 .(1'04 9, 2.85 mmol) and0 (1.55 g, 7.'11 mmpl). The reaction
a solid residue, which was dissolved in @# (100 mL) and mixture was heated to 5 for 24 h. Triethylamine (3 mL, 21.52

washed with water (X 50 mL) and brine (1x 50 mL). The organic mmol) was added, and the reaction mixture was concentrated to a

layer was then dried over sodium sulfate and concentrated to givepale yellow solid, which was dissolved in 100 mL of @t,. This

a dark red residue, which was subjected to alumina chromatographySOIUtlon was washed witl M NaOHag (2 > 50 mL) water (50

(eluent= ethyl acetate) to yield a white solid (1.67 g, 49% yield) mL) and brine (50 mL), dried over sodium sulfate, and concentrated
Mp: 216-217°C.*H NMR (CDC): © 8.86 (d \].= 5 2 Hz, 2H) " to a white solid. The product was precipitated in methanol, filtered,
8 25 (dJ=78 H.z 2H), 8.35 (0 3:'5 5 Hz 2}_’0 8 0'6 & p 7 g’ washed with diethyl ether, and dried under high vacuum to yield a
le 1H5 5'70' (b éH) 472 (=50 i—|z 4’H) 1'.51' (s 18H}?b white solid (0.76 g, 42% yield}H NMR (CDCl): ¢ 8.89 (d,J =

NMR (CDCl): 6 166.3, 162.3, 158.1, 156.1, 153.3, 138.3, 123.4, >+ HZ 2H), 881 (d)=7.5 Hz, 2H), 8.38 (d) = 5.4 Hz, 2H),

8.29 (b, 2H), 8.06 (tJ = 7.8 Hz, 1H), 4.82 (dJ = 4.4 Hz, 4H).
115.3, 79.5, 46.4, 28.4. HRMS (Qiy2): calcd for GsHaN7O4 Ny _
494,252, found 464,251, 3C NMR (CDCk): 0166.34, 162.51, 158.81, 154.05, 153.65,

153.13, 138.64, 124.10, 115.405, 82.24, 49.30, 48.46, 47.15, 28.58.
C-{4-[6-(2-Aminomethyl-pyrimidin-4-yl)pyridin-2-ylJpyrimi- HRMS (CI,m/2): calcd for GiHsoN1104 630.326, found 630.326.

din-2-yl} methylamine Dihydrochloride (2). To a solution of 9:1 N-{ 4-[6-(2-Imidazolinomethyl-pyrimidin-4-yl)pyridin-2-yl]py-

by volume CHCl,:TFA(trifluoroacetic acid) (10 mL) was addéd rimidin-2-ylmethyl }imidazoline Dihydrochloride (4). To a 2:1

(1.00 g, 2.13 mmol). The reaction mixture was stirred vigorously by volume solution of freshly distilled Ci€1, TFA (10 mL) was
for 24 h at 25°C, and the solvent was removed under reduced ,yged11 (0.36 g, 0.58 mmol). Vigorous stirring of the solution

pressure to give a yellow oil. Excess TFA was azeotroped Using fo g 1y at 25°C resulted in the formation of a dark red oil. The
toluene under reduced pressure, yielding a pale yellow solid. The yeaction mixture was concentrated under reduced pressure to give
product was precipitated in chilled ethanol, filtered, washed with 5 yeq oil. TEA was azeotroped using toluene until a dark red solid
diethyl ether, and dried under high vacuum. lon exchange chro- precipitated. lon exchange chromatography gave a pale yellow solid
matography yielded a white solid (0.74 g, 94% yield). Mp: 228 (9 26 g, 89% vyield). Crystals suitable for X-ray crystallography
229°C.'H NMR (CD:OD): ¢ 8.86 (d,J = 5.2 Hz, 2H), 8.64 (d,  were obtained by slow diffusion of ethanol into a concentrated
J=7.9 Hz, 2H), 8.34 (dJ = 5.2 Hz, 2H), 8.04 (tJ = 7.9 Hz, methanol solution. Mp: 236237°C. 'H NMR (CD;OD): 6 8.89

1H), 4.20 (s, 4H).13C NMR (CD;OD): ¢ 163.3, 162.5, 159.7, (d,J= 5.1 Hz, 2H), 8.71 (dJ = 8.1 Hz, 2H), 8.56 (dJ = 5.1 Hz,
153.1, 140.1, 125.1, 117.5, 44.1. HRMS (Q@W2z): calcd for 2H), 8.17 (t,J = 8.1 Hz 1H), 4.72 (s, 4H), 3.80 (8 = 1.5 Hz,

CisH1sN7 294.147, found 294.148. 8H). 13C NMR (CD;OD): ¢ 166.18, 164.25, 162.27, 160.25,
N-{4-[6-(2tert-Butoxycarbonyl-guanidinomethyl-pyrimidin- 154.82, 140.23, 124.81, 117.24, 44.30. HRMS (CI): calcd for

4-yl)pyridin-2-yllpyrimidin-2-ylmethyl }-tert-butoxycarbonyl- C21H25N1,Cl, 501.167, found 501.165.

guanidine (9).To a 9:1 by volume solution of Cil,: DMF (10 [1-Zn(Cl) ). To refluxing anhydrous methanol (3 mL) was added

mL) was added triethylamine (0.4 mL, 2.82 mmol) followed 2y 1(0.100 g, 0.38 mmol), and the reaction mixture was stirred until
(0.41 g, 1.13 mmol) andl (0.821 g, 2.82 mmol). The heterogeneous homogeneousA 1 M aqueous solution of Zng(380xL, 1 equiv)
reaction mixture was stirred at 2& for 24 h. The reaction was  was injected, and the solution was allowed to cool to room
then diluted with CHCI, (50 mL) and washed with water (8 25 temperature, effecting the precipitation of a pale yellow solid. The
mL) and brine (2x 25 mL). The organic layer was dried over solid was filtered, washed with cold methanol, and recrystallized
sodium sulfate and concentrated to a pale yellow solid. The product from methylene chloride to give white crystals suitable for X-ray
was precipitated in chilled methanol, filtered, washed with diethyl crystallography (0.093 g, 61% yieldH NMR (CDCl): 6 9.07
ether, and dried under high vacuum to yield a white solid (0.39 g, (d, J = 5.1 Hz, 2H), 8.47 (s, 3H), 7.96 (d,= 5.1 Hz, 2H), 3.41
42% yield). Mp: 2406-241 °C. 'H NMR (CDClg): 6 11.58 (b, (s, 6H),13C NMR (CD;0OD): ¢ 170.76, 160.88, 154.17, 149.53,
2H) 9.92, (b, 2H), 8.92 (d) = 5.2 Hz, 2H), 8.88 (dJ = 7.9 Hz, 143.40, 125.07, 114.54, 26.19.

2H) 8.44 (d,J = 5.2 Hz, 2H), 8.02 (tJ = 7.9 Hz, 1H), 4.99 (d, [3-Zn(Cl,)]1ZnCl 4. To deionized water (25 mL) was add&d
J= 4.0 Hz, 4H), 1.57 (s, 16H) 1.53 (s, 16HfC NMR (CDCk): (0.46 g, 1.01 mmol) and Zngl0.515 g, 3.75 equiv). The pale

0 164.90, 163.59, 162.15, 158.70, 155.70, 153.23, 138.35, 123.93,yellow solution was heated to &€ for 24 h. The solution was
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Scheme 22
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aReagents and conditions: (i) EtOH/NaOEt, &D; (ii) TFA, CH.Cly; (iii) CH2Cl,, DMF, E&N; (iv) EtOH, AcOH, 50°C.

then filtered and lyophilized. The resulting solid was crystallized Table 1. Selected Bond Lengths (A) for Zn(Il) Complexes of Various
from methanol:water (99:1) by slow evaporation to yield pale Ligands Determined by X-ray Crystallography

yellow crystals suitable for X-ray crystallography (0.61 g, 80% jigand zn-N(8) Zn—-N(1) Zn-N(14) Zn—Ci(1) Zn—CI(2)
yield). IH NMR (CD3OD): 6 9.40 (d,J = 5.4 Hz, 2H), 9.06 (d,

1 2.082 2.262 2.234 2.244 2.233
J = 8.2 Hz, 2H), 8.82 (t,] = 8.2 Hz, 1H), 8.75 (dJ = 5.4 Hz, 3 2.077 2.265 2211 2273 2.252
2H), 5.01 (d, 4H).13C NMR (CD;OD): 166.37, 163.09, 159.28 4 2.065 2.253 2.225 2.241 2.281
157.43, 148.44, 145.22, 127.96, 118.56, 48.14. tpy 2.106 2.185 2.185 2.282 2.282

[4-Zn(Cl)]ZNnCl 4. To deionized water (15 mL) was addéd
(0.35 g, 0.69 mmol) and Zng({0.31 g, 2.29 mmol). The pale yellow
solution was filtered and lyophilized. The resulting pale yellow solid
was dissolved in the minimum amount of methanol with heat and
sonication, hot filtered, and allowed to cool to room temperature
to yield large, pale yellow crystals suitable for X-ray crystallography
(0.39 g, 77% yield)H NMR (CDsOD): ¢ 9.12 (d,J = 5.5 Hz,
2H), 8.81 (d,J = 7.5 Hz, 2H), 8.58 (tJ = 7.5 Hz, 1H), 8.44 (d,

J = 5.5 Hz, 2H), 5.09 (s, 4H), 3.68 (s, 8HFC NMR (CD:;OD): o
165.28, 163.01, 156.11, 147.96, 144.88, 127.24, 117.68, 47.32,
43.12.

Crystal Structure Determination. The data were collected on
a Nonius Kappa CCD diffractometer using a graphite monochro-
mator with Mo Koo radiation ¢ = 0.71073 A). The data were
collected at 153 K using an Oxford Cryostream low-temperature
device.. Data reduction were performed using DENZO-SMN. The
structure was solved by direct methods using SIR92 and refined
by full-matrix least-squares oR? with anisotropic displacement  Figure 2. View of [1-Zn(Cl,)] showing the atom-labeling scheme.
parameters for the non-H atoms using SHELXL-97. The hydrogen Displacement ellipsoids are scaled to the 50% probability level.
atoms were calculated in ideal positions with isotropic displacement
parameters set to 1R, of the attached atom (1&g, for methyl with tert—butyl carbamate (BOC) protected amino amidée
hydrogen atoms). Selected bond lengths may be found in Table 1.to give the Boc-protected amino functionalized ligahd he
Additional information may be found in the Supporting Information. protective groups were removed with trifluoroacetic acid
(TFA) to give 2. The auxiliary amines o2 were converted
to guanidinium groups by reaction with Boc-protected

Synthesis.Ligands 2—4 were synthesized by the route pseudomethoxythioure@ in 9:1 methylene chloridé&t,N-
shown in Scheme 2. The bis-enamindh&as condensed dimethylformamide solution in the presence of triethylamine.

Results and Discussion

Inorganic Chemistry, Vol. 42, No. 26, 2003 8677
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The protective groups were removed, yieldBigLigand 4
was obtained fron® by reaction with Boc-protected imid-
azoline pseudomethoxythiourd® according to literature
proceduré* followed by removal of the protective groups.
The dimethyl ligand was prepared as previously reportéd.
Recrystallization of ligand4, 3, and4 from methanol in
the presence of excess Zp@tovided [L-Zn(Cl,)], [3-Zn(Cl,)]-
ZnCly, and B-Zn(Cly)]ZnCl,.

X-ray Crystal Structures. The X-ray crystal structure of
[1-Zn(Cly)] is shown in Figure 2. The Zn(ll) complex
exhibits distorted trigonal bypyramidal geometry about the
Zn(ll) center. The Za-N(8) bond length is 2.082 A, which
is significantly shorter than the ZrN(1) and Znr-N(14)
bonds (2.262 and 2.234 A, respectively). A shorter-Eh _ _ _ .
bond to the central pyricine nitrogen than to the nitrogens GG & et o [LZn(CHI, sheuiio e s abeito serere.
of the terminal rings has been observed for the Zn(ll) hydrogen atoms have been removed for clarity.
complex of 2,26,2"'-terpyridine py-Zn),*® although in the
case of 1-Zn(Cl,)] the effect is more dramatic. This may
be due to inductive electron withdrawal by N(3) and N(16),
decreasing the Lewis basicity of the terminal pyrimidine
rings. Steric repulsion between the methyl groups could also
contribute to this effect. The bond lengths to the Zn(ll) center
observed in all complexes determined as welipgszn are
shown in Table 1. The integrity of the Zn(ll) coordination
geometry is not compromised by the presence of the cationic
auxiliary groups.

The crystal structures dfand4-Zn are shown in Figures
3 and 4, respectively. The free ligand in Figure 3 adopts an
extended conformation in the solid state in which the distance
between the two cationic 2-amino-4,5-dihydro-imidazolinium
groups is maximized and endocyclic nitrogen lone pair
interactions are minimized. A similar solid—stgte c_on_fo_rmation Figure 5. View of [3-Zn(ClJ* showing the atom-labeling scheme.
has been observed for the parent 2,6-di(pyrimidin-4-yl)- Displacement ellipsoids are scaled to the 50% probability level.
pyridine core (R= H in Scheme 1§° The structure o#t-Zn
in Figure 4 shows the complex to have coordination geometry Minimize eIectrosta_tic repqlsic_ms present in 'Fhe complex. This
similar to that of1-Zn. The ligand is oriented with the ~creates a well-defined twist in the core, with a C(5), C(6),
auxiliaries pointed away from each other, presumably to C(7). C(12) dihedral angle of 5.14nd a C(10), C(9), C(13),

C(18) dihedral angle of 4.57The observed conformation

(36) Vlasser, M.; Rojo, T.; Beltran-Porter, Bcta Crystallogr.1983 C39, prowdes a SomeWhaCZ'SymmemC appearance In the
560. complex.
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Figure 6. Representative UV/vis data (a) and binding isotherm for changes in absorbance at 325 nm (b). Experiments were carried out in 0.01 M HEPES
at pH= 6.8 with 100u«M ligand. Metal chloride salts were added in increments of 0.1 equiv. For the binding isotherm, the dots are the experimental data
and the line is the theoretical curve calculated from eq 1.

The X-ray crystal structure &-Zn is shown in Figure 5. static interactions between the auxiliary groups will be
The Zn—N bond lengths and coordination geometry about augmented upon metal binding due to their close proximity
the Zn(ll) center are similar to those ®fZn and4-Zn. The in the chelated conformation relative to the extended
guanidinium auxiliary groups would be expected to have conformation of the unbound ligand. Additionally, electro-
greater hydrogen-bonding ability than to the more hindered static interactions between charged auxiliary groups and the
2-amino-4,5-dihydro-imidazolinium groups d@-Zn as is metal center may also be of importance in determining
exhibited by the incorporation of multiple solvent molecules complex stability. The aforementioned interactions are
that are hydrogen bonded to the guanidinium auxiliaries. This thought to be responsible for the orientation 4fZn
establishes a less-ordered orientation of the guanidiniumexhibited in Figures 4.
auxiliaries with respect to the 2,6-di(pyrimidin-4-yl)pyridine  The UV/vis spectrum ofl in buffered aqueous solution
core than is observed fat-Zn. In the 3-Zn structure, the at pH = 6.8 exhibits a broad maximum at 275 nm with a
position of the auxiliaries is dictated primarily by intermo- shoulder at 291 nm. The presence of auxiliary functional
lecular hydrogen bonding as opposed to intramolecular groups of2—4 has only a subtle effect on the spectra, causing
electrostatic repulsions as #Zn, and, as a resul-Zn a slight sharpening of the peaks and a slight hypsochromic
adopts a less symmetric solid-state geometry dham. shift in the shoulder to 295 nm in all cases. The absorbance

Metal Binding Studies. The nature of the variable groups spectra of all ligands are greatly modulated by the addition
appended to the 2,6-di(pyrimidin-4-yl)pyridine core could of Cu(ll) or Zn(ll), leading to the appearance of two sharper
be expected to have pronounced effects on the stability of
the transition metal complexes form&dsteric and electro-  (37) Crans, D. C.; Boukhobza, J. Am. Chem. Sod.998 120, 8069.
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Scheme 3. Coordination of the Auxiliary Amines o2 to the Zn(Il) Center Provides an Explanation for the Large Complex Stabilig+o

® B
® B . _® Zn(lly AN N/‘ -2H* AN
HN" SN | STONH, —— Nj/N """ Zn TN - Nj,\N“";,-z'n:"“NjN
N~ ~N HN NH, N"l :‘N
® ® H, H,
Table 2. Formation Constants of Various Ligand Metal Complexes in 2-Cu could not be determined because a second spectral
gggggg;h%‘:mggigtﬁgt%g as Determined by UV/Vis change emerged immediately after the addition of more than
_ — - 1 equiv of copper to the ligand. This interfered with the
ligand metal Stoichiometry KM™) saturation portion of the binding isotherm, making the curve-
i SU(IIII) H ézlofog fitting process impossible. Such behavior suggests the
> CE((”)) ot 1:1 n'dx formation of higher order a_lggregates in which multiple Cu(ll)
2 Zn(ll) 1:1 45x 10 ions are bound to each ligand.
3 %’((I'I')) 1 Z'foxolm Potentiometric Studies. The postulated coordination of
4 cu(ll) 11 4.1x 10° the auxiliary amines o2 to the Zn(ll) center ir2-Zn would
4 én((llll)) 1111 ;16001013 be expected to appreciably increase the acidity of the
tpy u : .6x ; : 41 i
toy Zn(l) 1 1 106 corresponding ammoniumg#! In fact, such an effect is

observed. Overlaid potentiometric titrations 2fnd 2-Zn

are shown in Figure 7. The titration curve for the free ligand
2 shows a buffering region of 2 equiv corresponding to an
acidic group with a K, just below 9.0, which is assigned to

a2 Not determined.

maxima that are red-shifted with respect to the free ligand

absorbances (320 and 331 nm for Cu(ll) complexes and 313 " ; :
and 327 nm for Zn(Il) complexes). Clear isosbestic points the auxiliary amines. The presence of 1 equiv of Zwalises

. his buffering region to fall to about 5.5, corresponding to a
are observed over the course of this process (307 and 26§ greg P g

depression of roughly 3.5K3 units upon Zn(Il) complex-
nm for (_Ju(ll) complexes and 303 nm for Zn(II)_ complex_es)_. ation. The stability constant determinations were carried out
Formation constants were determined assuming 1:1 binding

by curve-fitting analysis (see Experimental Section). A gtepprl(;lton a?é% ::] dwglr(:;utgilb?yuxg(l)i%i?gglendeiowt%ueldztr)fl|)

representative UV/vis titration and binding isotherm are center.

presented in Figure 6. Phosphate Effects. The cationic nitrogen-containin
The determined formation constants for the Zn(ll) and Cu- auxiliari?as of2—4 are 'hydrogen bond donc?rs and potentgiaal

(I complexes of the ligands studied are presented in Table _. . I ;

2. Previously determined values obtained from the liter&ture §|tes for charge-palrmg recog‘?'“?’”' Intermolecular interac-

for tpy are included to provide an estimation of the effects tions of these types with an anionic, hydrogen bond acceptor

L L should increase metal complex stability in cases where
of the noncoordinating, endocyclic nitrogens and the exo- : . . .
. : electrostatic repulsions between multiple cationic groups are
cyclic substituents.

. hat th i ) ining responsible for low stability, as is thought to be the case
Itis apparent that the auxiliary nitrogen-containing func- | v 5 -1 and4-zn.

tional groups dramatically affect the stability of the com-
plexes. The low stability of the Cu(ll) and Zn(Il) complexes
of 3 and4 relative to those ofl can be explained in terms
of electrostatic repulsions between the charged guanidinium
and 2-amino-4,5-dihydro-imidazolinium groups and the metal
center, as suggested by the X-ray structurel-ain. It is
also likely that inductive electron withdrawal by the posi-
tively charged auxiliaries decreases electron density in the
ligand core, reducing its ability to act as a Lewis base.
Interestingly, the formation constant for compZn is
significantly larger than forl-Zn. The large formation
constant oR-Zn implies that the auxiliary amines @fcould
be taking part in the coordination chemistry by coordinating
to the bound Zn(ll) ion as shown in Scheme 3. Such behavior
is not likely with the metal complexes 8fand4 due to the
much weaker acidity of guanidinivthand 2-amino-4,5-
dihydro-imidazolinium (which is essentially a substituted
guanidinium) groups. The formation constant for complex

It was observed that the presence of exogenous phosphate
causes a large increase in the stability of 8&n, but not
in the stability of1-Zn (2-Zn and4-Zn were not examined).
Formation constants fdr-Zn and3-Zn were determined in
the presence of 1 equiv of MdPO, by the UV/vis method
previously described. The formation constant f&#Zn
increased from>100 M in the absence of phosphate to
4300 M, at least an increase of over 40-fold, while the
formation constant ofl-Zn increased from 8300 to 8900
M™%, which is less than a factor of 1.1. The stabilizing effect
of the presence of the phosphate anion can be attributed to
charge pairing and hydrogen bonding of phosphate with
guanidinium functionalities of3 as shown in Figure 8.
Interactions between guanidinium groups and phosphate
groups have previously been demonstrated in molecular
recognition applications in aqueous soluti@mhe associa-

(40) Reichenbach-Klinke, R.; Zabel, M.;"Ki. J. Chem. So¢.Dalton
Trans.2003 1, 141.

(38) Martell, A. E.; Smith, R. MCritical Stability Constants Volume 5: (41) Rothermel, G. L.; Miao, L.; Hill, A. L.; Jackels, S. Gorg. Chem.
First SupplementPlenum Press: New York, 1982; p 253. 1992 31, 4859.

(39) Gund, PJ. Chem. Educl972 49, 100. (42) Kato, Y.; Conn, M, M,; Rebek, J. Am. Chem. So4994 116, 3279.
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Figure 8. Coordination of the phosphate anion to the Zn(ll) center and
hydrogen bonding to the auxiliary guanidinium groups provides an
explanation for the large increase in the formation constaBtof in the
presence of phosphate.

tion of phosphate witt8-Zn would partially offset the four
cationic charges that are likely responsible for the low
stability of 3-Zn.

Conclusion

The stability constants of Cu(ll) and Zn(ll) complexes of
ligands1l— 4in aqueous solution have been determined. The
auxiliary amine groups of are found to largely increase
the stability of the Zn(ll) complex relative to that bf while

auxiliary guanidinium and 2-amino-4,5-dihydro-imidazo-
linium groups of3 and 4 have the opposite effect. The
presence of the phosphate anion was found to greatly increase
the stability of3-Zn but to only slightly increase the stability

of 1-Zn. This is likely a consequence of hydrogen-bonding
and charge-pairing interactions between the guanidinium
groups of3 and the exogenous phosphate.
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