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ABSTRACT: The successive protonation steps occurring in 2,2′;6′,2″-terpyridine (L1) are
characterized by a strong affinity for the first entering proton (ΔGconnect

H,L1 = −17 kJ/mol)
followed by allosteric anticooperativity (ΔEinteraction

H,H,L1 = 6 kJ/mol), a behavior mirrored by 2,6-
bis(azaindolyl)pyridine (L2) despite the extension of the chelate ring size from five members
(L1) to six members (L2; ΔGconnect

H,L2 = −28 kJ/mol and ΔEinteraction
H,H,L2 = 7 kJ/mol). On the

contrary, 2,6-bis(8-quinolinyl)pyridine (L3) is less eager for the initial protonation (ΔGconnect
H,L3 =

−10 kJ/mol), but the fixation of a second proton in [H2L3]
2+ is driven to completion by

positive cooperativity (ΔEinteractionH,H,L3 = −5 kJ/mol). Because of its unusual ability to adopt a cis−
cis conformation with a large affinity for the entering protons, L2 has been selected for
exploring the reactivity of a terdentate fused six-membered chelate with labile metallic cations possessing increasing electrostatic
factors along the series Mz+ = Li+ < Mg2+ ≈ Zn2+ < Y3+. Spectroscopic, thermodynamic, and structural studies demonstrate that
covalency is crucial for stabilizing the complexes [Zn(L2)n]

2+. With the highly charged Y3+ cation, hydrolysis drastically competes
with ligand complexation, but anhydrous conditions restore sufficient selectivity for the successful coordination of neutral fused
six-membered polyaromatic terdentate chelates with large 4f-block cations.

■ INTRODUCTION

The origin of the systematic preference of large p- and d-block
cations for five-membered chelate rings over six-, seven-, or
eight-membered analogues has been the subject of intense
activity during the late 1980s.1 Taking cyclopentane and
cyclohexane as structural models for these metallocycles,
molecular mechanics predicts that only five-membered chelate
rings adopt a low strain geometry around a large M2+ cation,
whereas six-membered rings require too short M-donor bonds
(∼1.54 Å) and too large bite angles (∼109.5°; Scheme 1).1

When additional structural constraints are introduced through
the incorporation of rigid aromatic units within the chelate ring,
the pertinence of this simple analysis becomes debatable, and
large trivalent lanthanide cations, LnIII, form stable complexes

with anionic seven-,2 six-,3 and five-membered4 aromatic
chelate rings (Figure S1 in the Supporting Information, SI).
In this context, neutral N-heterocyclic donor atoms in

bidentate 2,2′-bipyridine and terdentate 2,2′;6′,2″-terpyridine
(L1; Scheme 2) also provide reasonably stable five-membered
chelate complexes with LnIII.5,6 Surprisingly, the extended
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Scheme 1. Lowest Strain Energy Geometry Calculated Using
Molecular Mechanics for (a) a Five-Membered Chelate Ring
and (b) a Six-Membered Chelate Ring Adapted from
reference 1b

Scheme 2. Chemical Structures of the Terdentate Ligands
L1−L3 with Numbering Schemes for NMR Studies
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analogous six-membered chelates 2,6-bis(azaindolyl)pyridine
(L2)7 and 2,6-bis(8-quinolinyl)pyridine (L3)8 have not been
considered for the coordination of LnIII, while some complexes
with d-block cations of variable sizes such as MnII (67 pm),9

CuII (73 pm),10 RuII (>82 pm),11 and PtII (94 pm)12 have been
isolated and characterized in the solid state.
As expected, titration of L1 with Eu(CF3SO3)3·H2O in

CD3CN/CDCl3 (1:1) displays the successive formation of
[Eu(L1)2S3]

3+ and [Eu(L1)S6]
3+ (S = solvent molecule)

characterized by their paramagnetically shifted 1H NMR signals
(Figure S2a in the SI).6a In these complexes, each terpyridine
ligand L1 is meridionally tercoordinated to LnIII, thus
producing two fused five-membered chelate rings.6 Repeating
these titrations with the six-membered chelating ligands L2
(Figure S2b in the SI) and L3 (Figure S2c in the SI) shows no
trace of paramagnetic effects, but the detection of exchange-
broadened spectra on the NMR time scale, which are diagnostic
for the formation of the monoprotonated species [HL2]+ and
[HL3]+ (vide infra). Equilibria (1)−(3) correspond to a simple
model rationalizing these observations.

+ ⇌ ++ + + KEu H O [Eu(OH)] H3
2

2
a
1
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Once Ka
1 is at hand (Ka

1 = 10−8.81 in a 0.3 M NaClO4 aqueous
solution),13 the competition between ligand complexation (eq
2) and ligand protonation (eq 3) is estimated by the
concentration ratio |[Eu(Lk)]3+|/|[HLk]+| given in eq 4 (see
Appendix 1 in the SI).
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The exclusive 1H NMR detection of [Eu(L1)]3+ under
stochiometric conditions (|[Eu(Lk)]3+|/|[HLk]+| ≥ 100; Figure
S2a in the SI) contrasts with the quantitative formation of
[HLk]+ for L2 and L3 in the same conditions (|[Eu(Lk)]3+|/|
[HLk]+| ≤ 0.01; Figure S2b,c in the SI). This implies that
β1,0,1
Eu,H,Lk/β0,1,1

Eu,H,Lk drastically decreases for the six-membered
chelating ligands L2 and L3, but there is no way to point out
the exact influence of each individual contribution (protonation
and complexation). Therefore, we first report here on the
thermodynamics of the protonation reactions of L1−L3 in
CD3CN/CDCl3, which control the denominator of eq 4. The
six-membered chelating ligand with the largest proton affinity
(β0,1,1

M,H,Lk = β1,1
H,Lk) is then investigated for its potential

complexation properties with labile transition-metal cations,
which maximize the numerator of eq 4 (i.e., β1,0,1

M,H,Lk) in organic
solvents.

■ RESULTS AND DISCUSSION
Protonation of Ligands L1−L3. L1 is known to bind two

successive protons according to equilibria (5) and (6) in water
[log(β1,1

H,L1) = 4.32(3) and log(β1,2
H,L1) = 7.59(4)]14 and in

aqueous organic solvents.15

β+ ⇌+ +k kL LH [H ] kL
1,1
H,

(5)

β+ ⇌+ +k kL L2H [H ] kL
2

2
2,1
H,

(6)

1H NMR titrations of L1 in CD3CN/CDCl3 (1:1) with
CF3SO3H exhibit fast-exchange processes on the NMR time
scale (Figure S3 in the SI), and the complete set of weight-
average chemical shifts can be satisfyingly fitted to equilibria (5)
and (6) by using nonlinear least-squares techniques to give
log(β1,1

H,L1) = 3.4(1) and log(β1,2
H,L1) = 5.2(1) (Table 1).

Compared with water, the stepwise affinities of L1 for
protons in CD3CN/CDCl3 are reduced by approximately 1
order of magnitude, which limits the relative quantity of
[HL1]+ and [H2L1]

2+ formed in solution at millimolar
concentrations (Figure 1a).
The individual 1H NMR spectra computed for L1, [HL1]+,

and [H2L1]
2+ show the systematic downfield shifts of the

aromatic protons upon successive protonation (Figure 1b), a
trend resulting from a decrease in the electronic density
brought on by the protonation of N-heterocyclic aromatic rings
in [HL1]+ and [H2L1]

2+.17 Interestingly, the local magnetic
environments of the protons H2 and H3 are further sensitive to
the cisoid versus transoid conformations adopted by the
terdentate ligand (Scheme 3). The abnormal zigzag behavior
observed for H3 (Δδ = 0.45 ppm on going from L1 to [HL1]+

and Δδ = −0.97 ppm on going from [HL1]+ to [H2L1]
2+;

Figure 1b) is diagnostic for the initial protonation of trans−
trans terpyridine L1 (Scheme 3, top)18,19 onto one distal
pyridine ring to give [HL1]+, which exists in solution as fast-
interconverting cis−trans Cs-symmetrical conformers (Scheme
3, middle),20 followed by the connection of a second proton to
give the average coplanar cis−cis isomer in [H2L1]

2+ (the H3
protons are no more affected by the electronegative nitrogen
atoms of the central pyridine ring; Scheme 3, bottom).21 This
sequence of protonation steps and conformational changes
agrees with the molecular structures reported for L1,18

[HL1]+,20 and [H2L1]
2+ 21 in the solid state (Figure S4 in

the SI).
1H NMR titrations with L2 (Figure S5 in the SI) and L3

(Figure S6 in the SI) also show the successive fixation of two
protons to give [HLk]+ (eq 5) and [H2Lk]

2+ (eq 6, k = 2, 3),
from which log(β1,1

H,Lk) and log(β2,1
H,Lk) are obtained by nonlinear

least-squares fits (Table 1).16

Except for a smaller affinity for the connection of the first
entering proton, the thermodynamic protonation constants
found for L3 roughly mirror those found for L1 (Table 1), thus
leading to comparable distributions of species in solution
(Figures 1a and 2b, top). The stepwise downfield shift of H1
and H6 observed upon protonation of L3,17 combined with the

Table 1. Cumulative Thermodynamic Protonation
Constants [log(βm,1

H,Lk)], Associated Microscopic Affinities
[log( fconnect

H,Lk ) and ΔGconnect
H,Lk ], Intramolecular Interproton

Interactions [log(uLk
H,H) and ΔGinteraction

H,H,Lk ], and Allosteric
Cooperativity Factors (α)a Obtained by 1H NMR Titrations
of L1−L3 with CF3SO3H in CD3CN/CDCl3 (1:1) at 298 K

L1 L2 L3

log(β1,1
H,Lk) 3.4(1) 5.3(3) 2.3(2)

log(β2,1
H,Lk) 5.2(1) 8.9(3) 5.0(1)

log( fconnect
H,Lk ) 2.9(1) 4.8(3) 1.8(2)

ΔGconnect
H,Lk /(kJ/mol) −16.7(6) −27.5(1.7) −10.4(1.1)

log(uLk
H,H) −1.1(2) −1.2(5) 0.9(3)

ΔEinteraction
H,H,Lk /(kJ/mol) 6.4(1.0) 7.0(3.0) −5.0(1.7)

αa 0.08(3) 0.06(7) 7.5(5.2)
aα = [(ω1,1

H,Lk)2/ω2,1
H,Lk][β2,1

H,Lk/(β1,1
H,Lk)2] = 3[β2,1

H,Lk/(β1,1
H,Lk)2].28
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zigzag behavior of H3 (downfield shift Δδ = 0.95 ppm on going
from L3 to [HL3]+, followed by an upfield shift Δδ = −0.61
ppm on going from [HL3]+ to [H2L3]

2+; Figure 2b, bottom,
and Table S1 in the SI) indicate an average cis−trans
conformation for [HL3]+ in solution (as found for [HL1]+),
whereas [H2L3]

2+ adopts the cis−cis conformation (as found
for [H2L1]

2+). On the contrary, L2 binds two successive
protons with 2 orders of magnitude larger affinities, thus
leading to the successive (almost) quantitative formations of
[HL2]+ and [H2L2]

2+ at stoichiometric ratios for millimolar
concentrations (Figure 2a, top). Moreover, the structurally
sensitive protons H2 and H3 now exhibit reverse zigzag
behaviors (Figure 2a, bottom, and Table S2 in the SI). The
initial upfield shifts of H2 and H3 point to the removal of the
interaction of these protons with the adjacent nitrogen atoms of
the central pyridine ring, as a result of the unusual cis−cis
conformation adopted by [HL2]+. The minor additional shift
detected upon the addition of a second proton in [H2L2]

2+

suggests that the latter conformation is retained in the fully
protonated ligand.
In line with the lack of measurable inter-ring H···H nuclear

Overhauser enhancement (NOE) effects for the unprotonated
ligands in solution, the molecular structures of L1 (Figure S4a,
top, in the SI),18 L2 (Figure 3a, top),10 and L3 (Figure 4a,
top)8 in the solid state systematically show the terdentate
ligand strand to adopt the trans−trans conformation, which
minimizes both steric constraints and intramolecular electric
multipolar interactions.15,22 Whereas the closest inter-ring
interatomic contact distances in L1 [N(distal)···H(central) =

2.94 Å; Figure S4b, top, in the SI] and in L2 [N(distal)···H-
(central) = 2.26 Å; Figure 3b, top] are compatible with an
approximate coplanar arrangement of the three aromatic rings,
L3 displays a significant twist (interplanar pyridine−quinoline
angles = 46.4−47.0°; Figure 4b top) for restoring an acceptable
contact distance N(distal)···H(central) = 2.65 Å.23 Protona-
tions of L2 and L3 with CF3SO3H in CH2Cl2/CH3CN (1:1),
followed by the slow evaporation or diffusion of diethyl ether
yield X-ray-quality prisms for [HL2](CF3SO3) (1), [H2L2]-
(CF3SO3)2 (2), [HL3](CF3SO3) (3), and [H2L3](CF3SO3)2
(4). Each structure is constituted of protonated cations
displaying weak (if any) contacts with ionic triflate counter-
anions (Tables S2−S14 and Figures S7−S10 in the SI).24,25

Similarly to [HL1]+, the molecular structure of the
monoprotonated six-membered analogue [HL3]+ adopts a
pseudo-cis−trans conformation, in which the two rings
interacting with the entering proton are coplanar (interplanar
pyridine−quinoline angle = 3.4°; Table S10 in the SI and
Figure 4, middle). The additional hydrogen atom is located on
the nitrogen atom of the central pyridine ring, and it forms a
bent hydrogen bond with the nitrogen atom of the adjacent
coplanar quinoline ring (Figure 4b, middle, and Figure S8a and

Figure 1. Computed (a) ligand distribution and (b) individual 1H
NMR spectra for L1, [HL1]+, and [H2L1]

2+ [CD3CN/CDCl3 (1:1);
total ligand concentration 15 mM; 298 K].

Scheme 3. Possible Dynamically Averaged Conformations
Adopted by the Aromatic Tridentate Ligand L1 and Its
Protonated Forms [HL1]+ and [H2L1]

2+a

aThe conformations observed in the crystal structures and in solution
are surrounded.
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Table S11 in the SI). In excess of acid, the two distal quinoline
rings are protonated in [H2L3]

2+, which adopts the cis−cis
conformation similarly observed for [H2L1]

2+, but twisted
along the aromatic backbone (interplanar pyridine−quinoline
angles = 23.9−31.6°; Table S13 in the SI and Figure 4,
bottom). Two weak and bent intramolecular hydrogen bonds
contribute to stabilization of the molecular edifice (Figure 4,
bottom, and Table S14 and Figure S8b in the SI). The situation
is quite different for [HL2]+, because the entering proton is
trapped within a cavity of three nitrogen atoms brought by the
coplanar cis−cis arrangement of the three aromatic rings
(interplanar pyridine−azaindole angles = 3.7−4.2°; Table S4 in
the SI and Figure 3, middle). A bifurcated hydrogen bond links
the distal N(azaindole)−H donor with the two adjacent
nitrogen atoms of the other aromatic rings (Table S5 and
Figure S7a in the SI). The fixation of the second proton in
[H2L2]

2+ occurs on the second azaindole ring, which produces
the usual helical twist of the polyaromatic backbone
(interplanar azaindole-pyridine rings = 20.9−31.7°; Table S7
in the SI and Figure 3, bottom) stabilized by weak bent
hydrogen bonds (Figure 3, bottom, and Table S8 and Figure S7
in the SI).
We conclude that the solution structures established by 1H

NMR fairly agree with the molecular structures observed in the

solid state. For L1 and L3, the thermodynamic protonation
constants are comparable and the trans−trans-Lk arrangement
found for the nonprotonated ligands transforms into cis−trans-
[HLk]+ and cis−cis-[H2Lk]

2+. For L2, the protonation steps are
thermodynamically more favorable because the initial coplanar
trans−trans-L2 arrangement is transformed into coplanar cis−
cis conformations in both [HL2]+ and [H2L2]

2+ .
Taking the molecular structures of cis−cis-[H2Lk]

2+ (k = 1−
3) as rough models for the meridional tercoordination of these
ligands around multivalent cations, the fused polyaromatic five-
membered chelate rings in L1 mainly differ from the fused
polyaromatic six-membered chelate rings in L2 and L3 by the
geometry of the pseudoisosceles triangles drawn by the three
nitrogen donor atoms (Figure 5). For each triangle, the
nitrogen atom of the central pyridine ring occupies the apex
position, but only [H2L1]

2+ possesses an obtuse apex angle,
which leads to a flattened arrangement of the three nitrogen
donor atoms compatible with the encapsulation of large cations
(dN(distal)−N(distal) = 4.55 Å; Figure 5a). The acute isosceles
triangles observed for [H2L2]

2+ and [H2L3]
2+ result in shorter

N(distal)···N(distal) contact distances (3.39−3.64 Å; Figure
5b,c), which are expected to be less favorable for the approach
of large cations.

Figure 2. Computed ligand distribution and individual 1H NMR spectra for (a) L2, [HL2]+, and [H2L2]
2+ and (b) L3, [HL3]+, and [H2L3]

2+

[CD3CN/CDCl3 (1:1); total ligand concentration 15 mM; 298 K].
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Thermodynamic Modeling for the Protonation Steps
in Ligands L1−L3. Within the frame of the site-binding
approach,26 the cumulative protonation constants (eqs 5 and 6)
can be modeled with eqs 7 and 8, respectively.

β ω ω= +f f(distal) (central)k k k k kL L L L L
1,1
H,

1,1
H,

distal
H,

1,1
H,

central
H,

(7)

β ω ω= +f u

f f u

(distal) ( ) (central)

( )( )

k k k
k

k k

k k
k

L L L
L

L L

L L
L

2,1
H,

1,1
H,

distal
H, 2

d,d,
H,

2,1
H,

central
H,

distal
H,

c,d,
H,H

(8)

In these equations, ωn,1
H,Lk takes into account the pure statistical

(i.e., entropic) contribution due to a change in the molecular

rotational entropies occurring upon protonation.27 Once the
point group of each partner contributing to equilibria (5) and
(6) is at hand, ωm,1

H,Lk values are easily computed using the
method of symmetry numbers (Figures S14 and S15 in the
SI).27 fdistal

H,Lk and fcentral
H,Lk correspond to the absolute affinities of the

distal and central heterocyclic aromatic rings, respectively, for
its intermolecular connection with a proton. Application of the
van’t Hoff isotherm transforms these thermodynamic describers
into free energies of connection ΔGdistal

H,Lk = −RT ln( fdistal
H,Lk) and

ΔGcentral
H,Lk = −RT ln( fcentral

H,Lk ), which include desolvation processes
(the standard concentration of the reference state is set to 1
M).26d Finally, ud,d,Lk

H,H = exp[−(ΔEd,d,Lk
H,H /RT] and uc,d,Lk

H,H =
exp[−(ΔEc,d,Lk

H,H /RT] are the Boltzmann factors correcting the
free energy of connection for any intramolecular H···H
interactions resulting from the close location of the two
protons in [H2Lk]

2+ (d,d = distal−distal interactions and c,d =
central−distal interactions). Taking into account the structural
information brought by the combination of 1H NMR and X-ray
crystal structures, two averaged coplanar trans−cis conformers
contribute to the macrospecies [HLk]+ in solution (i.e.,
protonation occurring either on the central or on the distal
cis-aromatic rings; Figure S14 in the SI) and two averaged
coplanar cis−cis conformers contribute to the macrospecies
[H2Lk]

2+ (i.e., protonations occurring either on the central−
distal or on the distal−distal pair positions of the aromatic
rings; Figure S15 in the SI). Consequently, each associated
macroconstant in eqs 7 and 8 combines two microconstants,
eventually leading to eqs 10 and 11 after the introduction of
adequate statistical factors.

Figure 3. Perspective views (a) perpendicular and (b) parallel to the
central pyridine ring of the molecular structures of L2, [HL2]+, and
[H2L2]

2+ observed in the crystal structures of L2,10 1, and 2. Color
code: gray, C; blue, N; orange, H.

Figure 4. Perspective views (a) perpendicular and (b) parallel to the
central pyridine ring of the molecular structures of L3, [HL3]+, and
[H2L3]

2+ observed in the crystal structures of L3,8 3, and 4. Color
code: gray, C; blue, N; orange, H.

Figure 5. Geometries of the pseudoisosceles triangles formed by the
nitrogen donor atoms in the molecular structures of (a) [H2L1]

2+, (b)
[H2L2]

2+ and (c) [H2L3]
2+.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic301126y | Inorg. Chem. 2012, 51, 8567−85758571



β = +f f2k k kL L L
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Reasonably assuming for each specific ligand Lk that (i) the
affinity of the proton for the central and distal aromatic rings
are comparable ( fdistal

H,Lk ≈ fcentral
H,Lk = fconnect

H,Lk ) and (ii) the interproton
interactions operating within each microspecies contributing to
[H2Lk]

2+ are similar ud,d,Lk
H,H ≈ ud,d,Lk

H,H = uLk
H,H, eqs 10 and 11

reduce to

β = f3k kL L
1,1
H,

connect
H,

(12)

β = f u3( )k k
k

L L
L2,1

H,
connect
H, 2 H,H

(13)

Introducing the experimental protonation constants β1,1
H,Lk and

β2,1
H,Lk collected for each ligand (Table 1, entries 1 and 2) into
eqs 12 and 13 provides log( fconnect

H,Lk ) (Table 1, entry 3) and
log(uLk

H,H) (Table 1, entry 5), from which the associated free
energy changes ΔGconnect

H,Lk = −RT ln( fconnect
H,Lk ) (Table 1, entry 4)

and ΔEinteraction
H,H,Lk = −RT ln(uLk

H,H) (Table 1, entry 6) are deduced.
We immediately notice that ΔGconnect

H,L2 ≪ ΔGconnect
H,L1 ≤ ΔGconnect

H,L3 ,
a trend resulting from the special ability of [HnL2]

n+ for
adopting the cis−cis conformation, in which the three adjacent
nitrogen donor atoms contribute to the fixation of the entering
protons. In line with straightforward electrostatic arguments,
the fixation of a second proton to [HLk]+ to give [H2Lk]

2+ (k =
1, 2) is anticooperative (ΔEinteractionH,H,L1 ≈ ΔEinteraction

H,H,L2 ≈ 7 kJ/mol;
allosteric cooperativity factor α < 1; Table 1, entry 7).28

Surprisingly, the reverse situation is found for L3, for which
complexation of the second proton is driven to completion by a
slightly positive cooperative process [ΔEinteraction

H,H,L3 = −5.0(1.7)
kJ/mol; allosteric cooperativity factor α > 1; Table 1, entry 7].
Let us now rearrange the general form of the competition
equilibrium (4) for L2 and L3.
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2 tot 2
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(14)

Because β0,1,1
Eu,H,L2 = β1,1

H,L2 is 3 orders of magnitude larger than
β1,1
H,L3 under the same experimental conditions, we deduce that
L2 is a much better candidate than L3 for the formation of
stable six-membered complexes with large labile cations.
Complexation of Ligand L2 with LiI, MgII, ZnII, and YIII.

Electrospray ionization mass spectrometry (ESI-MS) titrations
of L2 with LiClO4 or Mg(ClO4)2 (|L2|tot = 0.5 mM in CH3CN/
CHCl3 (1:1); |M|tot/|L2|tot = 0.1−100) mainly show the signal
of the protonated ligand [HL2]+ (m/z 311.5), together with
weak peaks corresponding to [Li(L2)]+ (m/z 318.5), [Li2(L2)-
(CH3CN)2]

2+ (m/z 204.9), [Mg(L2)2]
2+ (m/z 323.5), and

[Mg(L2)(ClO4)]
+ (m/z 434.0). Parallel 1H NMR titrations

performed in the same solvent mixture with |L2|tot = 7.5 mM
show faint evolution of the spectra for LiI, where only a massive
excess of LiI produces some noticeable changes (Figure S16 in
the SI). The larger electrostatic factor z2/R = 5.56 eu/Å
calculated for Mg2+ improves the interaction with the nitrogen
donor atoms of L2,29 and 1H NMR titrations in the range
|Mg|tot/|L2|tot = 0.1−1.0 evidence upfield shifts for H2 and H3,

which are diagnostic for the meridional tercoordination of the
ligand around MgII (Figure S17 in the SI). The unfavorable
intermediate dynamic exchange regime operating on the NMR
time scale at 298 K with MgII prevents a quantitative analysis of
the thermodynamic complexation process in these conditions.
With ZnII, the lower energy of the empty metal-centered 4s
orbitals favors covalent interactions with soft nitrogen donor
ligands6i and 1H NMR titrations of L2 with Zn(CF3SO3)2 show
the successive formation of [Zn(L2)2]

2+ and [Zn(L2)]2+, which
are in slow exchange on the NMR time scale (Figure S18 in the
SI). The thorough integration of the signals of the various
protons belonging to the three species L2, [Zn(L2)2]

2+, and
[Zn(L2)]2+ along the titration process provides fair estimations
for the thermodynamic stability constants associated with eqs
15 and 16 (Figure 6a and Appendix 2 in the SI).

β+ ⇌ =+ +L2 L2Zn [Zn( )] log( ) 3.7(3)L22 2
1,1
Zn,

(15)

β+ ⇌ =+ +L2 L2Zn 2 [Zn( ) ] log( ) 5.3(2)L22
2

2
1,2
Zn,

(16)

The upfield shifts of H2 and H3 point to the usual meridional
tercoordination (i.e., cis−cis conformation) of L2 to ZnII in the
two complexes (Figure 6b and Table S1 in the SI) as
substantiated by the molecular structure of [Zn(L2)-
(CF3SO3)2] (6) deduced from X-ray diffraction studies (Figure
7 and Tables S18−S20 in the SI). The asymmetric unit in 6
contains two independent slightly different molecules A and B
related by π−π-stacking interactions (Figure S19 in the SI).
Because B-[Zn(L2)2](CF3SO3)2 is less disordered, it will be

Figure 6. Computed (a) ligand distribution and (b) individual 1H
NMR spectra for L2, [Zn(L2)]2+, and [Zn(L2)2]

2+ [CD3CN/CDCl3
(1:1); total ligand concentration 7.5 mm; 298 K].
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considered for the discussion of the molecular structure (Figure
7).
In order to accommodate acceptable Zn−N bond distances

in the 1.98−2.25 Å range (Table S19 in the SI), the bound
ligand L2 is severely twisted (intramolecular azaindole−
pyridine interplanar angles = 25−28°; Table S20 in the SI),
as was previously noticed for [Cu(L2)(NO3)2] (interplanar
angle = 23.0°).10 However, the overall helical twist found in the
latter complex or in analogous palladium(II) and platinum(II)
complexes12,30,31 is replaced with a butterfly conformation in
[Zn(L2)](CF3SO3)2 (6; Figure S20 in the SI). This produces

an unprecedented axially elongated pseudobipyramidal-trigonal
arrangement of the five donor atoms about ZnII, with N3 and
O10 occupying the axial position and N1, N5, and O7 forming
the trigonal basis (Figure 7). The nonplanarity of the
polyaromatic backbone is characteristic for the tercoordination
of the fused six-membered chelate rings L210,12 and L39,11 to
the metal, which contrasts with the planar arrangement of the
terpyridine ligand in [Zn(L1)Br2] (twist angle < 1°).31 The
associated loss in aromaticity explains the low stability
constants log(β1,1

Zn,L2) = 3.7(3) (eq 15) observed for [Zn(L2)]2+,
which is 4 orders of magnitude weaker than that reported for
[Zn(L1)]2+ (water, ionic strength = 0).6i The fixation of a
second ligand to give [Zn(L2)2]

2+ is almost statistical (vide
infra), and the latter complex counts for less than 10% of the
ligand speciation at millimolar concentrations (Figure 6a). We,
however, note the considerable upfield shifts of the 1H NMR
signals of the terminal protons H6 and H7 on going from
[Zn(L2)]2+ to [Zn(L2)2]

2+, a behavior diagnostic for their
location in the shielding region of the second aromatic ligand
bound to the same metal in pseudooctahedral bis-terdentate
complexes.32 Applying the thermodynamic site-binding model
to eqs 15 and 16 gives eqs 17 and 18, from which the free
energy of connection of ZnII to the tridentate binding ligand L2
[ΔGconnect

Zn,L2 = −RT ln(Gconnect
Zn,L2 ) = −11.5(1.7) kJ/mol] can be

estimated, together with a negligible anticooperative interligand
interaction [ΔEZn

L2,L2 = −RT ln(uZn
L2,L2) = 0.7(2.7) kJ/mol; Figure

S21 in the SI].

β = f48L2 L2
1,1
Zn,

connect
Zn,

(17)

β = f u24( )L2 L2 L2 L2
2,1
Zn,

connect
Zn, 2

Zn
,

(18)

Because ΔGconnect
Zn,L2 ≫ ΔGconnect

H,L2 , competition with protonation is
expected to be very severe, in line with the quantitative
formation of [HL2]+ upon the reaction of L2 with triply
charged Eu3+ in a wet solvent (Figure S2b in the SI). With

Figure 7. ORTEP view of 6 (complex B) observed in the crystal
structure of 6 with an atomic numbering scheme. Thermal ellispoids
are represented at the 50% probability level.

Figure 8. 1H NMR spectra of (a) [Y(L2)]3+ (CD2Cl2) and (b) [Zn(L2)]2+ [CD2Cl2/CD3CN (1:1)] at 298 K. Asterisks indicate residual signals of
[Y(L2)2]

3+.
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these thermodynamic results in mind, we decided to react L2
(7.5 mM) with anhydrous YI3 in dry CD2Cl2 in order to
remove traces of competiting protons. Because of the minor
solubility of YI3 in this solvent, we are limited to |YI3|tot/|L2|tot <
1.0, but we undeniably observe the formation of [Y(L2)]3+ as
the major component in the mixture, together with the residual
dynamically broadened upfield-shifted signals of [Y(L2)2]

3+

(Figure 8a and Table S1 in the SI). The 1H NMR spectrum
recorded for [Y(L2)]3+ closely matches that obtained for
[Zn(L2)]2+ (Figure 8b) and points to very similar con-
formations for the bound tridentate ligand around the metals.
The noticeable 0.35 ppm downfield shift of H7 in [Y(L2)]3+

confirms the larger positive charge born by YIII.17

■ CONCLUSION

The insertion of an additional phenyl ring between the distal
and central pyridine rings on going from L1 (five-membered
chelate ligand) to L3 (six-membered chelate ligand) has only
minor effects on the global thermodynamic of protonation in
CD3CN/CDCl3, with both systems requiring a large excess of
acids for their quantitative diprotonation at millimolar
concentrations. The reluctance of L3 for binding large
lanthanide cations can be thus safely assigned to the weak
affinity of this latter ligand for EuIII (β1,0,1

Eu,H,L3 ≪ β1,0,1
Eu,H,L1).

According to a geometrical point of view, the transformation of
the obtuse isosceles triangle drawn by the three nitrogen donor
atoms in the cis−cis conformation of [H2L1]

2+ into an acute
isosceles triangle in [H2L3]

2+ supports the difficult incorpo-
ration of large cations by two fused six-membered chelate rings.
The considerable affinity of L2 for the entering proton
contrasts with this picture (β1,1

H,L2 ≫ β1,1
H,L1, β1,1

H,L3), and L2
indeed complexes larger labile cations MgII, ZnII, and YIII at
millimolar concentrations. Although modest, the formation
constants estimated for [Zn(L2)n]

2+ are compatible with
exploration of the selectivity induced by this novel class of
neutral N-heterocyclic ligands along the 3d- and 4f-block series.

■ EXPERIMENTAL SECTION
Chemicals were purchased from Strem, Acros, Fluka AG, and Aldrich
and used without further purification unless otherwise stated. The
trifluoromethanesulfonate salt Eu(CF3SO3)3·H2O was prepared from
the corresponding oxide (Aldrich, 99.99%).33 YI3(THF)3.5 was isolated
from the reaction of elemental iodine with powdered yttrium metal.34

The ligands L27 and L38 were prepared according to literature
procedures. We were, however, unable to reproduce the 80% yield
reported for the Suzuki−Miyaura cross-coupling leading to L3
(Appendix 3). Silica gel plates Merck 60F254 were used for thin
layer chromatography, and Fluka silica gel 60 (0.04−0.063 mm) or
Acros neutral activated alumina (0.050−0.200 mm) was used for
preparative column chromatography.
Preparation of [Zn(L2)](CF3SO3)2 (6). Stoichiometric amounts of

L2 (50 mg, 0.16 mmol) and Zn(CF3SO3)2 (59.3 mg, 0.16 mmol) were
reacted in acetonitrile/dichloromethane (1:1; 10 mL) at room
temperature for 2 h. The solvent was evaporated, and the resulting
white-off solid was dissolved in acetonitrile (3 mL). The slow diffusion
of diethyl ether afforded X-ray-quality prisms of 6 (63.4 mg, 92.5
μmol, 56% yield). 1H NMR [CDCl3/CD3CN (1:1), 400 MHz]: δ 8.74
(dd, 2H, 3J = 5.4 MHz, 4J = 1.4 MHz), 8.49 (dd, 2H, 3J = 7.9 MHz, 4J
= 1.5 MHz), 8.39 (t, 1H, 3J = 5.4 MHz), 8.08 (d, 2H, 3J = 4 MHz),
7.76 (d, 2H, 3J = 8.3 MHz), 7.66 (dd, 2H, 3J = 7.8 MHz, 4J = 5.4
MHz), 7.07 (d, 2H, 3J = 4 MHz). Elem anal. Calcd for
ZnC21H13N5O6S2F6: C, 37.37; H, 1.94; N, 10.38. Found: C, 37.27;
H, 2.05; N, 10.19.
Spectroscopic Measurements. 1H and 13C NMR spectra were

recorded on a Bruker Avance 400 MHz spectrometer. Chemical shifts

are given in ppm with respect to tetramethylsilane. In a typical 1H
NMR tiration experiment, 500 μL of a 7.5 × 10−3 M solution of ligand
Lk in CD3CN/CDCl3 (1:1) were reacted with successive aliquots of
solutions of CF3SO3H, LiClO4, Mg(ClO4)2, Zn(CF3SO3)2, or
YI3(THF)3.5 in the same solvent mixture. After each aliquot, the 1H
NMR spectrum was recorded at 298 K and the global chemical shift
matrix was fitted to equilibria (5) and (6) by using HypNMR-2008
software.16 Pneumatically assisted electrospray (ESI-MS) mass spectra
were recorded from 10−4 M solutions on an Applied Biosystems API
150EX LC/MS system equipped with a Turbo Ionspray source.
Elemental analyses were performed by K. L. Buchwalder from the
Microchemical Laboratory of the University of Geneva.

X-ray Crystallography. The crystal data, intensity measurements,
and structure refinements for 1−4, [H2L2]I2 (5), and 6 were collected
in Tables S2 and S18 (SI). All crystals were mounted on quartz fibers
with protection oil. Cell dimensions and intensities were measured at
180 or 293 K on a Agilent Supernova diffractometer with mirror-
monochromated Cu-Kα radiation (λ = 1.54184 Å). Data were
corrected for Lorentz and polarization effects and for absorption. The
structures were solved by direct methods (SIR97);35 all other
calculations were performed with SHELX9736 systems and
ORTEP337 programs. CCDC 853589−853592 (1−4) and CCDC
883807 and 883808 (5 and 6) contain the supplementary crystallo-
graphic data. The CIF files can be obtained free of charge via www.
ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.;
fax (+44) 1223-336-033 or deposit@ccdc.cam.ac.uk).
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