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The protonation and iron(II) coordination properties of a bis(2,2′-bipyridine) ligandL were investigated in methanol.
The protonated forms showed allosteric effects due to the flexibility of the strand. Speciation studies of the
corresponding ferrous complexes were carried out as a function of pH and iron(II) concentrations. A combination
of electrospray mass spectroscopy, potentiometry, and spectrophotometry allowed the determination in solution
of three ferrous complexes, one mononuclear (L2Fe2+) and two dinuclear (L2Fe2

4+ andL3Fe2
4+) species. Their

structure was deduced from the metal spin state and confirmed by1H NMR measurements and molecular modeling.
The dissociation process of the triple-stranded diferrous helicateL3Fe2

4+ by OH- revealed two rate-limiting steps.
The former leads to the formation of a monoferrous triple-stranded compound via a classical mechanism, which
involves hydroxy-ferrous complexes. A similar process was observed in the latter step for the release of the
ferrous cation from the mononuclear intermediate. Taking into account the structural, thermodynamic, and kinetic
features provided by the present study, we could propose a self-assembling mechanism of the triple-stranded
diferrous helicate.

Introduction

Metal-directed self-assembly processes leading to double or
triple polynuclear helices have attracted considerable attention
over the past 10 years.1-5 In the ferrous helicate family, Serr et
al.6 and Youinou et al.7 measured by electrochemistry the
interactions between the two iron(II) centers in double or triple
helical complexes. Zelikovich et al.8 determined the oxidation
properties of a monoferrous anchored triple-stranded complex,
a model of the iron(II) cavity for redox switches. Takenaka et
al.9 exploited the iron(II) complexation properties to form a
double helix with a bipyridine ligand carrying a functional
nucleotide used for DNA hybridization. Lieberman and Sasaki10

synthesized a threeR-helix bundle protein using a tris-
(bipyridine) metal complex as a template to provide a well-

defined model system to study metalloenzyme function. A true
dinuclear triple-helical arrangement, which is generated by three
ligands with two bidentate units, linked by a spacer and which
complex cations in an octahedral geometry, needs the homo-
chirality of the two coordination sites.1 Recent studies combining
electrospray mass spectrometry (ESMS)11-15 and spectropho-
tometric or potentiometric titrations16-19 constitute the best
approach for the elaboration of a chemical model for the self-
assembly process. Thermodynamic and kinetic studies on a
flexible strandL (Figure 1), which is able to form a homochiral
L3Fe2 dinuclear iron(II) complex as previously characterized,20

were undertaken for a better understanding of the self-as-
sembling process.

Classical potentiometric and spectrophotometric titrations in
combination with ESMS and1H NMR allowed us to determine
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the nature of the ferrous species, to measure their respective
stability constants and absorption spectra, and to characterize
their structure in agreement with modeling calculations. The
dissociation studies of the triple-stranded diferrous helicate by
hydroxide ions provided information on the lability and acces-
sibility of the two coordination sites of the helical arrangement.

Experimental Section

NMR. The 1H NMR spectra were recorded at 25°C on a Bruker
AM 360 spectrometer. Chemical shifts are reported in parts per million
with respect to TMS. Titration of ligandL (10-3 M) was performed in
CD3OD (Armar, methanol-d4, 99%) in order to compare our results
with those obtained by potentiometry in the same solvent. Trifluoro-
acetic acid (Fluka, 98%) was used for pD adjustments of the solutions.
Measurements were made on a Metrohm Titrino 736 GP millivoltmeter
using a combined glass electrode (Metrohm) prepared and standardized
in methanol. Previous1H NMR studies have been done on the ferrous
helicateL 3Fe2

4+ in water.20 CD3CN (Armar, acetonitrile-d3, 99.8) was
chosen as a polar, but not protic, solvent to analyze the structure of
the diferrous triple-stranded complex (10-3 M) in solution.

ESMS.Positive ES mass spectra were recorded on a Quattro II triple
quadrupole mass spectrometer (Micromass, Altrincham, U.K.) scanning
over them/z range 200-2200 in 15 s. A total of 10 scans were added
to produce the final data. The samples were introduced in the ES source
with a flow rate of 5µL/min. The extraction cone potential was set at
40 V in order to avoid any fragmentation. Mass scale calibration
employed the multiply charged ions series from horse heart myoglobin.
Only average masses were measured. Assignment of ions was confirmed
by checking their isotopic distribution. ES mass spectra analysis gave
information on the stoichiometry of the ferrous species formed. Free
ligandL was titrated as a function of [Fe(II)] (FeSO4‚7 H2O, Aldrich,
p.a.) in pure methanol (Merck, p.a.), and then the concentrations of
ligandL and Fe(II) ([L ]tot ) 5.10× 10-5 M; [Fe(II)] tot ) 2.55× 10-5

M) were fixed at two values of pH, 2.50 or 10.20, using perchloric
acid (Prolabo, normapur, 70% min) or lithium methylate (Fluka, purum),
respectively.

Molecular Mechanics Calculations.Molecular modeling calcula-
tions on ligandL were carried out using Hyperchem, version 5.0.21

Geometry optimization was obtained by the MM+ method with a
convergence criteria equal to 0.01. The charge repartitions were
calculated by the semiempirical AM1 method22 with a gradient of
convergence fixed to 0.05.

Spectrophotometry and Potentiometry. All the solutions were
prepared with dried methanol of spectral quality grade (Merck, p.a.)
deoxygenated by the flux of oxygen free argon and purified by a Sigma
Oxiclear cartridge. The ionic strength was adjusted to 0.1 with
tetrabutylammonium trifluoromethanesulfonate (Fluka, puriss). Stock
solutions of bis(2,2′-bipyridine) ligandL , synthesized as previously
described,20 were prepared by quantitative dissolution of solid samples.
Fresh stock ferrous sulfate solutions (10-2 M, FeSO4‚7 H2O, Aldrich,
p.a.) were titrated by 2,2′-bipyridine (Sigma) in methanol/water (50:
50 by volume) in the presence of hydroxylamine23 at 520 nm (ε520 nm

) 9550 M-1 cm-1). Perchloric acid solutions (Prolabo, normapur, 70%
min) were titrated by NaOH (10-1 M, Carlo Erba, Titrisol normex)
with phenolphthalein as an indicator and prepared just before use.
Hydrogen ion concentrations were measured with a combined glass
electrode (Ingold, high alkalinity). The Ag/AgCl reference electrode
was filled with tetrabutylammonium chloride (0.05 M, Fluka, p.a.) and

tetrabutylammonium trifluoromethanesulfonate (0.05 M, Fluka, p.a.)
in pure methanol saturated with silver perchlorate (Merck, p.a.).
Potential differences were given by a Tacussel Isis 20,000 millivolt-
meter. The linearity of the glass electrode was verified using solutions
with known hydrogen ion concentrations in methanol24-26 at I ) 0.1
M with tetrabutylammonium chloride (Fluka, p.a.). The titration of the
free ligand (40 mL, 1.00× 10-4 M) was carried out in a jacketed cell
(Metrohm) maintained at 25.0(2)°C by the flow of a Lauda thermostat.
The initial pH was adjusted to 10.25 by lithium methylate (Fluka,
purum), and the solution was then titrated by perchloric acid to pH
2.67. A small sample (500µL) was taken after each addition of acid,
and simultaneous pH and UV-visible measurements were recorded
between 250 and 650 nm using a Kontron Uvikon 941 spectropho-
tometer and Hellma quartz optical cells (0.2 cm) maintained at 25.0(2)
°C by the flow of a Lauda thermostat.

Batch titrations of ligandL with iron(II) were undertaken in a 5 mL
flask. pH was fixed to 3.50 using 4-toluenesulfonic acid, and the total
concentration of ligandL was fixed to 5.0× 10-5 M. The [Fe(II)]tot/
[L ]tot ratio was varying between 0 and 3.5. In another experiment, [L ]tot

was fixed to 5.1× 10-5 M, [Fe(II)] tot was fixed to 2.5× 10-5 M, and
pH values were in a span between 10.27 and 2.55 using perchloric
acid. The stability of each solution was carefully checked. The
corresponding UV-visible spectra were recorded (250-650 nm) on a
Kontron Uvikon 941 spectrophotometer using Hellma quartz optical
cells (0.2 or 2 cm). An example of the spectral evolution of ligandL
at pH) 3.50 as a function of the concentrations of iron(II) is given in
Figure 2.

The corresponding spectrophotometric data for ligandL in the
absence and in the presence of iron(II) were processed versus pH with
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Figure 1. Chemical formula of bis(2,2′-bipyridine) ligandL .

Figure 2. Absorption spectra of ligandL versus iron(II) concentrations.
Solvent, methanol;I ) 0.1 M; T ) 25.0(2)°C; (a) l ) 0.2 cm; (b)l )
2 cm; [L ]tot ) 5.10 × 10-5 M; pH ) 3.50 (5). Spectra 1-11: [Fe-
(II)] tot × 105 M ) 0.38, 0.57, 0.76, 0.95, 1.14, 1.52, 1.90, 2.28, 2.66,
3.04, 3.80, respectively.
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both the Letagrop-Spefo27-31 and Specfit32-34 programs, which adjust
either the protonation or the stability constants and the absorptivities
of the species formed at equilibrium. Letagrop-Spefo27-31 uses the
Newton-Raphson algorithm to solve mass balance equations and a
pit-mapping method to minimize the errors and determine the best
values of the parameters. Specfit32-34 uses factor analysis to reduce
the absorbance matrix and to extract the eigenvalue prior to the
multiwavelength fit of the reduced data set according to the Marquardt
algorithm.35,36Distribution curves of the various species were obtained
using the Haltafall37 program.

Dissociation Kinetics.The kinetics of ferrous helicate dissociation
by hydroxide ions was investigated using spectrophotometry. The
dinuclear triple helix ([L ] ) 2.5× 10-4 M, Fe(II)tot ) 1.2× 10-4 M)
was prepared at pH) 9.5 and the concentration of the tetrabutylam-
monium hydroxide (Fluka, puriss) used as a nucleophile reagent was
at least 40 times higher than the complex concentration to ensure
pseudo-first-order conditions with respect to the ferrous complex. Equal
volumes of each reactant, previously thermostated at 25.0(2)°C, were
successively introduced into 0.5 cm path length quartz cells (Hellma).
The reaction was followed by spectrophotometry at 520 nm on a
Kontron Uvikon 941 spectrophotometer thermostated at 25.0(2)°C by
the flow of a Lauda thermostat.

The kinetic data were processed with the Biokine software,38 which
uses the simplex algorithm.39 The rate constants were determined with
the help of the commercial Enzfitter program,40 based on Marquardt
analysis.35,36 Time-resolved absorption spectra were also collected
between 220 and 620 nm with a 1 cmpath length for [OH-] ) 9.8 ×
10-4 M. The rate constants and extinction coefficients were adjusted
to the multiwavelength data sets by nonlinear least-squares analysis
with the Specfit program.32-34 (Supporting Information).

Results

NMR. 1H NMR titration of ligandL in deuterated methanol
(Figure 3) indicates aC2 symmetry of theLH+ and LH2

2+

species due to the equivalence of the 2,2′-bipyridine moieties.
Protons H5′ and H6′, which are the most affected by pD changes,
indicate that the protonation occurs on the external pyridine of
the 2,2′-bipyridine subunits (Figure 1).

1H NMR shifts of the ferrous helicate measured in CD3CN
are given in Supporting Information. As previously described,20

the central methylene groups of the spacer act as spectroscopic
probes for symmetry and structure determination of theL3Fe2

4+

complex.
ESMS. The pseudomolecular ions of the different species

observed by ESMS are given in Supporting Information at pH
) 2.50 and 10.20 for a given [Fe(III)]/[L]tot ratio and at three
different metal-to-ligand ratios in pure methanol. Ionization of
the ferrous complexes was performed by the loss of the
counterions either ClO4- or SO4

2-. The mass spectrometric
study clearly showed the formation of four ferrous complexes,

two mononuclear species with one and two ligands (LFe2+ and
L2Fe2+) and two dinuclear complexes with two and three ligands
(L2Fe2

4+ andL3Fe2
4+).

Potentiometry and Spectrophotometry. The statistical
treatment27-30,32-34 of the data provided by a spectrophotometric
titration of ligand leads to a model with three absorbing acid-
base species: a deprotonated ligandL , a monoprotonated
species, and a diprotonated species, respectivelyLH+ and
LH2

2+. The corresponding protonation constants are given in

Table 1 (L + H+ K 1

a LH+; LH+ + H+ K 2

a LH2
2+).

The successive protonations of ligandL induce a bathochro-
mic shift (10-20 nm) of the absorption band centered at 291
nm as shown in Supporting Information.

A metal to ligand charge-transfer band at 540 nm is observed
with the formation of ferrous complexes (Figure 2). A model
involving three ferrous species,L2Fe2+, L2Fe2

4+, andL3Fe2
4+,

detected by ESMS, was fitted by statistical methods.27-30,32-34

The values of the corresponding stability constants are given

in Table 1 (2L + Fe2+ â1

a L2Fe2+; 2L + 2Fe2+ â2

a L2Fe2
4+; 3L

+ 2Fe2+ â3

a LFe2
4+). The respective electronic spectra are

presented in Supporting Information.
Dissociation Kinetics. The dissociation process of the

diferrous helicate under basic conditions was investigated. The
corresponding global reaction is written:

A biexponential decrease of the absorbance at 520 nm (Sup-
porting Information) was recorded versus time. The values of
the two corresponding pseudo-first-order rate constantsk1,obs

and k2,obs were calculated with the Biokine commercial soft-
ware.38 Their variation with increasing hydroxide concentrations
in excess is presented in Figure 4.
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377.
(30) Sillen, L. G.Acta Chem. Scand.1964, 18, 1085-1098.
(31) Sillen, L. G.; Warnqvist, B.Ark. Kemi1968, 31, 377-390.
(32) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbu¨hler, A. D. Talanta

1985, 32, 95-101.
(33) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbu¨hler, A. D. Talanta

1985, 32, 257-264.
(34) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbu¨hler, A. D. Talanta

1986, 33, 943-951.
(35) Marquardt, D. W. Q.J. Soc. Ind. Appl. Math.1963, 11, 431-441.
(36) Maeder, M.; Zuberbu¨hler A. D. Anal. Chem.1990, 62, 2220-2224.
(37) Ingri, N.; Kakolowicz, W.; Sillen, L. G.; Warnqvist, B.Talanta1967,

14, 1261-1286.
(38) Bio-Logic Company, Ed.; Bio-logic Company: Echirolles, 1991.
(39) Nelder, J. A.; Mead, R.Comput. J.1965, 7, 308-313.
(40) Leatherbarrow, J., Ed.; Biosoft: Cambridge, 1987.

Figure 3. 1H NMR spectra of ligandL at different pH. Solvent, CD3-
OD; [L ]tot ) 10-3 M; T ) 25 °C.

Table 1. Protonation Constants of LigandL and Stability Constants
of Its Ferrous Complexesa

thermodynamic constant

log K1 ) 4.54(4)
log K2 ) 3.6(1)
log â1 ) 12.1(3)
log â2 ) 18.6(2)
log â3 ) 25.50(6)

a Solvent, methanol;I ) 0.1 M; T ) 25.0 (2)°C.

L3Fe2
4+ + 2n(OH-) f 3L + 2Fe(OH)n

(2-n)+ (1)
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The time change of the absorption spectra (220-620 nm)
has been analyzed. A biexponential signal was confirmed, and
the spectrophotometric characterization of a single intermediate
was provided. Its absorption band centered at 540 nm corre-
sponds to a metal to ligand charge-transfer band which is
characteristic of a tris-bipyridine ferrous species. The value of
the maximum extinction coefficient is half of that determined
for the diferrous helicate (Table 4). These observations support
the formation of L3Fe2+ as an intermediate in the biexponential
dissociation process of L3Fe2

4+.
According to the classical mechanism41,42 proposed for the

dissociation of tris(diimine)iron(II) complexes by nucleophilic
scavengers such as OH- and CN-, we propose a reaction
scheme (Table 2) which takes into account the fast formation
of ion pairs between the diferrousL3Fe2 and monoferrousL3-
Fe species (and, respectively, one [L3Fe2(OH), L3Fe(OH)] and
two [L3Fe2(OH)2, L3Fe(OH)2] hydroxide anions). The faster step
concerns the diferrous triple-stranded complex, and the slower
one concerns the monoferrous corresponding species.

Our kinetic data were processed by statistical methods40 and
follow the following rate eqs 10 and 11

with

and

Using these equations, the variations ofk1,obsandk2,obsversus
the concentrations of hydroxide anions are given by the
respective relationships 14 and 15:

The thermodynamic constantsK1, K2, K3, andK4 related to the
formation of mono- and dihydroxy species as well as the rate
constantsk3 andk6, which correspond to the two dissociation
limiting steps, were determined, and their values are presented
in Table 2.

Discussion

Acid-Base Properties of Ligand L. The 2,2′-bipyridine
moiety has two nitrogen atoms which can be protonated, and
its log K1 value in water43 and in methanol/water43 (87.9 wt %)
indicates a strong decrease of about 1 order of magnitude in
the presence of methanol (Table 3). Various studies44,45 also
pointed out the influence of the nature and position of the
substituents to explain variations of logK1 (Table 3). The
presence of an amide group in the five position of ligandL
(Figure 1), according to the data presented in Table 3, should
decrease the value of logK1. Our result (logK1 ) 4.54(4)) does
not obey to these trends.

The1H NMR data clearly show a high symmetry of the LH+

form. This result is consistent with a folding of the flexible
strandL around a single proton coordinated by the two 2,2′-
bipyridine subunits (Figure 3). This observation was confirmed
by molecular modeling calculations with Hyperchem,21 which
showed that the best stable conformation in a vacuum was a
folded structure with stacking interactions between the two

(41) Margerum, D. W.; Morgenthaler, L. P.J. Am. Chem. Soc.1961, 84,
706-709.

(42) Burgess, J.; Galema, S. A.; Hubbard, C. D.Polyhedron1991, 10, 703-
709.

(43) McBryde, W. A. E.IUPAC Chem. Data Ser.1978, 17, 1-79.
(44) Tsai, C. S.Can. J. Chem.1967, 45, 2862-2864.
(45) James, B. R.; Lyons, J. R.; Williams, R. J. P.Biochemistry1962, 1,

379-385.

Figure 4. Pseudo-first-order rate constantsk1,obs andk2,obs relative to
the dissociation ofL 3Fe2

4+ as a function of [OH-]. Solvent, methanol;
I ) 0.1 M; T ) 25.0(2)°C.

Former Step

L3Fe2 + OH {\}
K1

L3Fe2(OH) (2)

L3Fe2(OH) + OH {\}
K2

L3Fe2(OH)2 (3)

L3Fe2(OH)2 98
k3

L3Fe+ Fe(OH)2 (4)

L3Fe298
kd,L3Fe2

L3Fe+ Fe (5)

Latter Step

L3Fe+ OH {\}
K4

L3Fe(OH) (6)

L3Fe(OH)+ OH {\}
K5

L3Fe(OH)2 (7)

L3Fe(OH)2 98
k6

3L + Fe(OH)2 (8)

L3Fe98
kd,L3Fe

3L + Fe (9)

- d
dt

[L3Fe2] ) k1,obs[L3Fe2] (10)

- d
dt

[L3Fe] ) k2,obs[L3Fe] (11)

[L3Fe2]tot ) [L3Fe2] + [L3Fe2(OH)] + [L3Fe2(OH)2] (12)

[L3Fe]tot ) [L3Fe] + [L3Fe(OH)]+ [L3Fe(OH)2] (13)

k1,obs)
k3K1K2[OH]2

1 + K1[OH] + K1K2[OH]2
(14)

k2,obs)
k6K4K5[OH]2

1 + K4[OH] + K4K5[OH]2
(15)
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aromatic moieties (Figure 5). The coordination of protons by
more than one diimine ligand has also previously been found
under different experimental conditions by several authors.46,47

The log K2 value relative to ligandL (log K2 ) 3.6(1)) is
identical, within the experimental errors, to the logK1 value
reported for 2,2′-bipyridine in methanol43 (Table 3). This
similarity indicates the unfolding of the molecule and the
absence of interactions between the two protons in ligandL . In
the pH span investigated in this study, it was not possible to
observe tri- or tetraprotonated forms of ligandL . These further
protonations are expected in agreement with the second
protonation48-50 of the two 2,2′-bipyridine moieties (logK2 )
0.2).

For the sake of comparison, the absorption maxima of the
different protonated species of ligandL and 2,2′-bipyridine were

gathered in Table 4. In the solid state, in organic solvents and
in basic solutions, 2,2′-bipyridine exists in a trans conformation
in agreement with theoretical calculations.51 Its electronic
spectrum consists of a major band with a maximum at 280 nm
(ε280 ) 1.3× 104 M-1 cm-1) generally assigned to the transition
of an electron from the highest occupiedπ to the lowest
unoccupiedπ* molecular orbital.52 The wavelength of maximal
absorbance remained unchanged in methanol but showed higher
intensity.53-55 The calculated electronic spectrum ofL (ε291 )
4.52 × 104 M-1 cm-1) is in good agreement with these
observations. The monoprotonated 2,2′-bipyridine has a cis
conformation, stabilized by a cationic hydrogen bond. Its
absorption band in the UV corresponding toπ f π* transitions
(ε302 ) 1.58× 104 M-1 cm-1) is shifted by about 20 nm toward
longer wavelengths, and its intensity increases compared with
the free 2,2′-bipyridine55 (ε280 ) 1.3 × 104 M-1 cm-1). The
same red shift of theπ f π* ligand band ofL (ε291 ) 4.52×
104 M-1 cm-1) and a decrease of the absorptivity (ε305 ) 3.97
× 104 M-1 cm-1) were observed forLH+ and confirm that the
proton is bound by both 2,2′-bipyridine subunits with a nearly
cis conformation. The transition from a cis conformation of the
monoprotonated 2,2′-bipyridine to a trans conformation in the
diprotonated form, to reduce both steric hindrance and electro-
static repulsions, induces a large shift (12 nm) toward shorter
wavelengths.55 In our bis(2,2′-bipyridine) ligand, no significant
change, neither in wavelength nor in absorptivity, is induced
by the second protonation (Table 4). This result suggests that a
cis conformation is kept in the folded monoprotonated species
as well as in the diprotonated speciesLH2

2+ with two mono-
protonated 2,2′-bipyridine moieties.

Ferrous Complexes Characterization.Depending on the
pH and on the [Fe(II)]tot/[L ]tot ratio, three major ferrous
complexesL2Fe2+, L2Fe2

4+, and L3Fe2
4+ were observed at

equilibrium by potentiometry, absorption spectrophotometry
(Figure 6), and ESMS. 2,2′-bipyridine is able to form high-

(46) Dietrich-Buchecker, C. O.; Sauvage, J. P.; Armaroli, N.; Ceroni, P.;
Balzani, V.New J. Chem.1996, 20, 801-808.

(47) Fahsel, M. J.; Banks, C. V.J. Am. Chem. Soc.1966, 88, 878-884.
(48) McBryde, W. A. E.Can. J. Chem.1965, 43, 3472-3476.
(49) Krumholz, P.J. Am. Chem. Soc.1956, 78, 87-91.
(50) Westheimer, F. H.; Benfey, O. T.J. Am. Chem. Soc.1956, 78, 5309-

5311.

(51) Howard, S. T.J. Am. Chem. Soc.1996, 118, 10269-10274.
(52) Mason, S. F.Inorg. Chim. Acta1968, 2, 89-109.
(53) Spotswood, T. M.; Tanzer, C. I.Aust. J. Chem.1967, 20, 1227-1242.
(54) Hazra, D. K.; Lahiri, S. C.Anal. Chim. Acta1975, 79, 335-340.
(55) Linnell, R. H.; Kaczmarczyk, A.J. Phys. Chem.1961, 65, 1196-

1200.

Table 2. Dissociation Mechanism of the HelicateL 3Fe2:
Thermodynamic and Kinetic Parametersa

rate constant (s-1) equilibrium constant (M-1)

k3 ) 0.19(4) K1 ) 2.2(5)
kd,L3Fe2 ) 4(2)× 10-4 K2 ) 18(4)
k6 ) 4.9(9)× 10-2 K4 ) 3.1(7)
kd,L3Fe ) 7(2)× 10-5 K5 ) 16(4)

a Solvent, methanol;I ) 0.1 M; T ) 25.0(2)°C. Charges are omitted
for the sake of clarity.

Table 3. Protonation Constants of 2,2′-Bipyridine and Substituted
Analogues at 25°C

ligand logK1

2,2′-bipyridine 4.47a

3.04b

3.62c

5,5′-(CH3)2 2,2′-bipyridine 3.97c

5,5′-(CO2C2H5)2 2,2′-bipyridine 0.85c

a Water.43 b Methanol/water (87.9 wt %).43 c Dioxane/water (50:
50).45

Figure 5. CPK representation of ligandL in its best stable conforma-
tion in a vacuum.

Table 4. Absorption Maxima of the Different Protonated Species
and Ferrous Complexes of LigandL and 2,2′-Bipyridine49,55,68at 25
°C

species λmax (nm)a εmax (M-1 cm-1)

2,2′-bipyridine 282 13000
monoprotonated 2,2′-bipyridine 302 15800

shoulder 315
diprotonated 2,2′-bipyridine 290 15500
(2,2′-bipyridine)Fe2+ 435 310
(2,2′-bipyridine)2Fe2+ 500 300
(2,2′-bipyridine)3Fe2+ 523 8500
L 291 45200(100)
LH+ 305 39700(300)

shoulder 320
LH2

2+ 309 51100(300)
shoulder 320

L 2Fe2+ 308 35200(1900)
526 5900(200)

L 2Fe2
2+ 305 124000(12000)

540 7800(600)
L 3Fe2

4+ 305 166500(3700)
540 15300(350)

L 3Fe2+ 305 137000(14000)
540 8400(900)

a The errors onλ are estimated to(2 nm.
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spin and low-spin complexes with different transition metal
ions.43 The consecutive formation constants for iron(II) 2,2′-
bipyridine complexes were reported to follow in water the
sequence56 K(2,2′-bipyridine)Fe(II)(1.6× 104 M-1) > K(2,2′-bipyridine)2Fe(II)

(5 × 103 M-1) , K(2,2′-bipyridine)3Fe(II) (3.5 × 109 M-1). The
classical decrease of the successive constants57 was not observed,
and this anomaly was attributed to spin-pairing on addition of
the third 2,2′-bipyridine.56 This is consistent with the sequence
of stability and an increase of the stability of the low-spin tris
complex compared to the high-spin mono and bis complexes.
Moreover, theoretical considerations on tris(R-diimine)iron(II)
electronic structures reveal that aπ-back-donation takes place
in the ground state and, as a result, unusually stable complexes
of iron(II) are formed.58

The electronic spectra of monoferrousL2Fe2+ and diferrous
L2Fe2

4+ complexes display a metal to ligand charge-transfer
band centered at 540 nm (Table 4). The intense absorption band
at 500 nm,59,60 characteristic of tris(2,2′-bipyridine) ferrous
complexes, was proven to be due to charge-transfer transitions
from the 3d atomic orbital of iron(II) to the lowest vacantπ
molecular orbital of the ligand.61 This band obscures d-d
transitions of the metal but can be distinguished from theπ f
π* transition bands of 2,2′-bipyridine at around 300 nm.52,62In
high-spin octahedral iron(II) complexes, broad5T2g f 5Eg

transitions occur in the visible/near-IR region (900-1200 nm).63

The absorption spectra that we obtained forL2Fe2+ and L2-

Fe2
4+, then, clearly indicate the coordination of three 2,2′-

bipyridine fragments. The only structure which can be proposed
for L2Fe2+ is the coordination of two 2,2′-bipyridine functions
provided by a folded ligandL , the third 2,2′-bipyridine
coordination site being brought by a second extended strandL
(Figure 7). FromL2Fe2+ to L2Fe2

4+, the addition of a second
ferrous cation does not significantly affect the characteristic
absorption band in the visible region of the low-spinL2Fe2+

complex. This observation strongly suggests the coordination
of the second ferrous cation on the free 2,2′-bipypridine moiety
of the extended strandL in L2Fe2+, since the formation of a
mono(2,2′-bipyridine) high-spin ferrous complex cannot be
detected in the visible region but at longer wavelengths.63 The
structure that we propose for the thermodynamicL2Fe2+ and
L2Fe2

4+ species agrees well with both the spectrophotometric
data and the sequence of stability observed for ferrous 2,2′-
bipyridine complexes, since it does not imply the thermody-
namic unfavorable ferrous species with two 2,2′-bipyridine
coordination sites. The helical structure ofL3Fe2

4+ was estab-
lished by1H NMR20 measurements (Supporting Information).

Using the protonation and stability constants (Table 1),
distribution curves (Figure 6) were calculated under our
experimental conditions. Figure 6a illustrates the competition
between Fe(II) and H+ for ligandL and shows thatL2Fe2+ and
the triple-stranded dinuclear helicate are the major species
formed at pH> 4 for a [Fe(II)]tot/[L ]tot ratio equal to 0.5. Figure
6b reveals the presence of both complexesL3Fe2

4+ andL2Fe2
4+.

When the ferrous cation is in excess, the helical complexL3-
Fe2

4+ is destroyed in favor ofL2Fe2
4+.

Ferrous Helicate Dissociation. Two rate-limiting steps
depending on hydroxide anions are involved in the dissociation
mechanism of the diferrous helicateL3Fe2

4+ (Figure 4). The
former one leads to the release of a ferrous cation and to the
corresponding monoferrous intermediate complex (Table 2). The
latter follows an identical mechanism, which gives three free
strands and iron(II) (Table 2). The two rate-limiting steps
correspond to the attack of OH-, which induces the loss of a
2,2′-bipyridine coordination site. In agreement with the data
available in the literature for the dissociation of tris(2,2′-
bipyridine) ferrous complexes,64,65 the two rate-limiting steps
could be associated with the loss of the first 2,2′-bipyridine units
induced by the substitution of two hydroxide anions in each
coordination site of the diferrous helicate. These two rate-
limiting steps are related to the change from inert low-spin tris-
(2,2′-bipyridine) to labile high-spin bis- and mono(2,2′-
bipyridine) ferrous species.63 This mechanism points out the
important role of the kinetic intermediateL3Fe2+ formed after
the former dissociation step. Concerning the OH- independent
pathway of the diferrous helicateL3Fe2

4+ and the monoferrous
speciesL3Fe2+, the respective values of the rate constants
kd,L3Fe2

4+ ((4 ( 2) × 10-4 s-1) and kd,L3Fe2+ ((7 ( 2) × 10-5

s-1) are of the same order of magnitude as those found by
Basolo et al.66 for iron(II) tris(2,2′-bipyridine) complexes in
water (1.4× 10-4s-1). This comparison shows similar coordina-
tion arrangements between the helical diferrous complexL3-
Fe2

4+ and the monoferrous kinetic intermediateL3Fe2+, both
species being very similar in terms of inertness and accessibility
to a tris(2,2′-bipyridine) ferrous complex. For the OH- inde-

(56) Irving, H.; Mellor, D. H.J. Chem. Soc.1962, 5222-5253.
(57) Irving, H.; Williams, R. J. P.J. Chem. Soc.1953, 3192-3210.
(58) Ito, T.; Tanaka, N.; Hanazaki, I.; Nagakura, S.Bull. Chem. Soc. Jpn.

1968, 41, 365-373.
(59) Williams, R. J. P.J. Chem. Soc.1955, 137-145.
(60) Hanazaki, I.; Nagakura, S.Inorg. Chem.1969, 8, 648-654.
(61) Decurtins, S.; Felix, F.; Ferguson, J.; Gu¨del, H. U.; Ludi, A.J. Am.

Chem. Soc.1980, 102, 4102-4106.
(62) Gil, L.; Moraga, E.; Bunel, S.Mol. Phys.1967, 12, 333-339.

(63) Hawker, P. N.; Twigg, M. V.ComprehensiVe Coordination Chemistry;
Wilkinson, G., Gillard, R. G., McCleverty, J. A., Eds.; Pergamon
Press: Oxford, 1987; Vol. 4, pp 1179-1270.

(64) Baxendale, J. H.; George, P.Nature1949, 163, 724-725.
(65) Baxendale, J. H.; George, P.Trans. Faraday Soc.1950, 736-744.
(66) Basolo, F.; Hayes, J. C.; Neumann, H. M.J. Am. Chem. Soc.1954,

74, 3807-3809.

Figure 6. Formation curves of ferrousL complexes (a) under various
acidic conditions with [Fe(II)]tot/[L ]tot ) 0.5 or (b) under various iron-
(II) concentrations with pH) 3.50 and [L ]tot ) 5.10× 10-5 M. Solvent,
methanol;I ) 0.1 M; T ) 25 (2)°C. The stability constants are given
in Table 1.
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pendent pathway, the successive stability constants calculated
for the ion pair formation (Table 2) between the ferrous complex
and one hydroxide (K1 ) 2.2(5) M-1; K4 ) 3.1(7) M-1) and
two hydroxides (K2 ) 18(4) M-1; K5 ) 16(4) M-1) indicate a
large similarity between the two coordination sites of the helicate
which remains during the successive release of the two diferrous
cations. The values of the rate constantsk3 (0.19(4) s-1) andk6

(4.9(9)× 10-2 s-1), related to the diferrous and monoferrous
species, respectively, slightly differ by a factor of about 5 and
are of the same order of magnitude as the corresponding rate
constant found for the OH- dependent dissociation of the ferrous
tris(phenanthroline) complex in water (4.2× 10-2 s-1).67 This

comparison suggests that the dissociation of the dihydroxyfer-
rous intermediates is not very sensitive to the chemical structure
of the ligand.

In conclusion, we propose in Figure 7 a self-assembling pro-
cess of a diferrous triple-stranded helicate which is consistent
with our thermodynamic and kinetic results and which is in ex-
cellent agreement with previous studies on 2,2′-bipyridine
ligands.

At equilibrium, a combination of methods (1H NMR, ESMS,
absorption spectrophotometry, potentiometry, and molecular
mechanics modeling) allowed us to characterize three ferrous
complexesL2Fe2+, L2Fe2

4+, and the helicateL3Fe2
4+. The

(67) Margerum, D. W.J. Am. Chem. Soc.1957, 79, 2728-2733. (68) Krumholtz, P.J. Am. Chem. Soc.1949, 71, 3654-3656.

Figure 7. Self-assembling process proposed for the formation of the diferrous triple-stranded helicate; S) molecule of solvent; I2 ) intermediate.

Diferrous Triple-Stranded Helicate Inorganic Chemistry, Vol. 39, No. 25, 20005777



flexibility of strandL enables the formation of a stable mono-
ferrous tris(2,2′-bipyridine) L2Fe2+ species and explains the
presence, in excess of iron(II), of a double-stranded diferrous
complexL2Fe2

4+. The folded structure of ligandL was ener-
getically minimized by molecular mechanics calculations and
explained its acid-base properties. Finally, the kinetic study
revealed the formation of a monoferrous triple-stranded complex
L3Fe2+ and pointed out the lack of strong interactions between
the two ferrous coordination sites in the helicoidal structure, as
well as their similarity in terms of coordination geometry,
inertness, and accessibility.
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