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Summary. 2,6-bis-(Benzimidazol-2"-yl)-pyridine (bzimpy = H,L) acts as a bidentate ligand when
combining with transition metal ions. The complexes [M(bzimpy), [(CIO,), (M = Fe?*, Mn?™", Zn?",
Co?7, and Ni%?") were obtained as solids. The protonation constants (log K) for the ligand and the
complexes were evaluated in 30:70 (v/v) H,O:EtOH at 293 K and at constant ionic strength of 0.12 M
KCl. Coordination of the ligand to the metal ions leads to an increase of acidity of the imino-hydrogen
of the benzimidazole group of the ligand as a function of the complex stability. Deprotonation leads
to a spin-state transition (intermediate spin-state —low-spin) of the iron(II)-complex, followed by a
shift of the metal-to-ligand charge transfer band (MLCT) to lower energies (4., = 563 to 580 nm). The
d-d absorption bands are found to shift to higher energies and the low-spin isomer is favoured at room
temperature. An opposite shift of the MLCT band (4,,,, = 563 to 557 nm) is observed when HCIO, is
added to the complex solution, rendering the high-spin state of the complex more favourable.

Keywords. 2,6-bis-(Benzimidazol-2'-yl)-pyridine; Spin-Crossover behaviour; Deprotonation; Transi-
tion metal complexes.

Durch Deprotonierung induziertes spin-transition-Verhalten von ﬁbergangsmetallkomplexen von
2,6-bis-(Benzimidazol-2'-yl)-pyridin

Zusammenfassung. 2,6-bis-(Benzimidazol-2'-yl)-pyridin (bzimpy = H, L) fungiert bei der Reaktion mit
Ubergangsmetallionen als zweizihniger Ligand. Die Komplexverbindungen [M(bzimpy),](CIO,),
(M =Fe** Mn?7, Zn?*, Co?" und Ni?*) wurden als Feststoffe gewonnen. Die Protonierungs-
konstanten (logK) fiir den freien Liganden wie auch fiir die Komplexverbindungen wurden
in H,O:FtOH (30:70 v/v) bei 293K und konstanter lonenstdrke (0, 12M KCIl) bestimmt. Die
Koordination des Liganden an ein Metallion bewirkt eine Erhohung der Aziditdt des Imino-
Wasserstoffs am Benzimidazolring in Abhéngigkeit von der Komplexstabilitdt. Deprotonierung fiihrt
Zu einem Spiniibergang (Zwischenzustand — low-spin) des Eisen(IT)-Komplexes, verkniipft mit einer
bathochromen Verschiebung der Metall-Ligand charge-transfer-Bande (MLCT) zu niedrigeren
Energien (4,,,, = 563 nach 580 nm). Die d-d Absorptionsbanden verschieben sich zu héheren Energien,
die low-spin-Verbindung wird bei Raumtemperatur bevorzugt. Zugabe von HCiO, zur Komplexlésung
bewirkt eine Verschiebung der M LCT-Bande zu héheren Energien (4,,,, = 563 nach 557 nm), d.h. die
high-spin-Komplexverbindung liegt bevorzugt vor.
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Introduction

Coordination of 2-(2"-pyridyl)-imidazole, 4-(2'-pyridyl)-imidazole, 2-(2'-pyridyl)-
imidazoline, and 2-(2'-pyridyl)-benzimidazole with bivalent first-row transition
metal ions (M = Mn?*, Fe?*, Co?*, Ni**, and Zn?") causes an increase of the
acidity of the imino hydrogen of the imidazole and benzimidazole groups of the
ligands [1-5]. Titration of these cationic complexes with bases leads to a
deprotonation reaction and yields stable neutral complexes or salts with less
positively charged cations [3, 6, 7, 13]. Recently, some complexes of 2,6-bis-
(benzimidazol-2'-yl)-pyridine (bzimpy = H,L) with first-row transition metal ions,
[M(bzimpy), 1(ClO,),, have been isolated as perchlorates [8-14].

AR
ReRksS

[2,6-bis-(benzimidazol-2'-yl)-pyridine = bzimpy = H, L]

The complex [Fe(bzimpy),](ClO,), is found to exhibit a pronounced spin-
crossover behaviour in solution [8-13]. However, solvolysis [8-11], ligand- and
anion-exchange reactions [13-14], ligand substitution [8-9, 13-14], hydrogen
bonding interactions [7-8], and complex deprotonation [11] are found to play an
important role. Titration of [Fe(bzimpy),1(ClO,), with HCIO,, Et;N, and NaOH,
followed by potentiometry, UV-Vis spectroscopy, and HNMR spectroscopy
suggests that the spin-state equilibria are accompanied by the deprotonation of the
complex, as summarized in the general reaction schemes. The present paper deals
with investigations concerning these relations.

Ky
[MH,L,]*" @ [MH,L,]" +H"

K>

[MH,L,]* 2 [MH,L,]+H"

K3

[MH,L,J2 [MHL,]" +H"

K4

[MHL,]  2[ML,]* +H"

Results and Discussion
Potentiometric titrations

The potentiometric titrations of 2,6-bis-(benzimidazol-2'-yl)-pyridine and of
[M(H,L),](ClO,), (M=Fe**, Ni**, Co**, Mn?*, and Zn**) with NaOH
(0.025 M) were carried out in 30:70 (v/v) H,O:EtOH at an ionic strength of 0.12 M
in KCI at 293K. The titration curves are shown in Fig. 1. To avoid ligand
dissociation, hydrolysis or ligand exchange with hydroxo groups, the titrations were
performed in presence of excess ligand ([L][FeL,]; = 8.0). All curves indicate the
deprotonation of the imidazole ring at pH > 6.0 [1-7, 31, 32]. The values of the
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Fig. 1. Titration curves of [M(bzimpy),](ClO,), in presence of excess ligand with NaOH (0.025 M)
in 30:70 (v/v) H,O:EtOH ] =0.12M, T=20°C; [bzimpy]=1.9193-107>M; [Fe(bzimpy),]* " =
13334-10"* M, [L]/[FeL,}** =7.58; [Zn(bzimpy),]>* = 1.6821-10"* M, [L]/[ZnL,]** = 6.00;
[Ni(bzimpy),]?* = 1.1314-10"*M, [L)/[NiL ,]1*>" =8.92; [Co(bzimpy),]** = 1.2038-10"* M, [L]/
[CoL,]** = 8.39; [Mn(bzimpy),]>* = 1.4945-10%, [L]/[MnL,]** = 6.75

Table 1. Protonation constants of [MH,L,1(ClO,), (H,L = bzimpy) in presence of excess ligand in
30:70 {v/v) H,O:EtOH; titrant = NaOH (0.025 M); [ =0.12M; T=20°C

Complex [L)/IMH,L,]*" logK, logK, log K, logK,
[H,LH,]2** - - 373 555 -
[H,L] - 16.33 12.31 - -
[MnH,L,]** 6.8 1118 9.76 9.54 8.45
[FeH,L,]2* 76 8.65 845 745 7.18
[CoH,L,]*" 8.4 10.75 9.15 821 7.47
[NiH,L,]** 8.9 1101 8.98 8.20 7.79
[ZnH,L,]2* 6.0 1157 9.27 8.29 7.64

2 Protonation of [H,L] to [H,LH,]*"
All values are +0.1

protonation constants (see Table 1) were calculated using the computational
method described by A. E. Martell and R. J. Motekaitis [ 20]. Coordination of metal
ions to the nitrogen atoms of the ligand tends to decrease the electron availability
at the imino-nitrogen, thereby facilitating the dissociation and increasing the acidity
of the ligands [1-7, 31, 32]. For the bivalent first-row transition metal complexes
with 2-(2’-pyridyl)-imidazole and 4-(2'-pyridyl)-imidazole, the stability decreases
in the order of Cu>Ni>Co>Zn>Fe [1, 4] and Ni>Co>Zn>Mn [5],
respectively. The first and second deprotonation constants of [ M(II)-2-(2-pyridyl)-
imidazole] are found to decrease in the order Cu > Co > Fe > Zn > Ni. Including
the third deprotonation step, the sequence Fe > Cu~ Co > Zn > Ni is found [2].
The acidities of [ M(bzimpy),](Cl10O,), follow the order Fe > Co ~ Ni>Zn > Mn
(see Table 1) which is in good agreement with the reported acidity and stability
constants [1, 2, 4-5]. The relatively high acidity of the iron-complex might be
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considered as a result of the high stability of the Fe-ligand bond which in turn
leads to a stabilization of the low-spin state of the iron(II) complex [8-14].
Compared with complexes where the 4-position of the ligand is substituted by Cl
and OH groups (where the high-spin ground state is observed [8-9]), a pronounced
spin-crossover behaviour can be found with temperatures.

Spectrophotometric titrations

Figure 2 shows the UV-Vis spectra of [Fe(bzimpy),](ClO,), in presence of
excess ligands in 30:70 (v/v) H,O:EtOH at room temperature when being titrated
with NaOH (0.025 M) and HC1O,, (0.175 M). The absorbance depends strongly on
the pH of the solution. With increasing pH, the colour changes from pink-red to
wine-red and further to red-violet and bluish-violet, until finally a blue colour is
reached. The spectra of [Fe(bzimpy),]** exhibit (1) a very strong absorption band
in the region of 400-450 nm, associated with the = — n* transition of the ligand, (i1)
a strong absorption band (450600 nm, ¢,,, & 6000-70001-mol~*-cm ™), associated
with the metal-to-ligand charge transfer band (T,, —n*), and (iii) a broad weak
absorption band at 600-800nm (g4, ~ 20001'mol ~*-em ™) which is attributed
to an d-d transition [8-14, 16, 21-26]. The lowering of symmetry from O, to
D,4 causes a splitting of the degenerate t,, level (d-orbitals) into a single and a
double degenerated level (b, + ¢). The transitions (d,{b,) » n¥) and (d(e) - n}) yield
the strongest absorption band (MLCT), including a shoulder at higher energy
[8,9, 13, 21].

The MLCT band shifts to shorter wavelength by about 6 nm with continuous
decreasing of intensity during the titration with HCIO, (Table 2). Increasing proton
concentration leads to a hindrance of the imino-hydrogen atom so that the bond
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Fig. 2. UV-Vis spectra of [Fe(bzimpy),]1(ClOy),(2.3933 10~* M) with excess ligands ([L]/[FeL,]** =
8.5) in 30:70 (v/v) H,O:EtOH (293 K); pH: (a) 3.35, (b) 4.25, (c) 495, (d) 5.11. (¢) 5.91, () 6.48, (g) 6.92,
(h) 7.28, (i) 7.42, (j) 7.6, and (k) 8.03
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between metal and ligand weakens because of hyperconjugation. This effect is
further facilitated by the solvation of the lone pair of the imino nitrogen atom with
addition of acid [23]. As a result, the high-spin state complex is favoured [15]. The
d-d absorption band shifts to lower energy (weak field) and is separated from the
MLCThband (see Fig. 2) in the high-spin state complex [27]. The low absorbtivity
of the high-spin complex (g, = 4300; &, = 66001-mol'-cm ™! at 563 nm) is due to
a weak overlap between the metal t,, and the ligand n* orbitals [8-16, 23]. These
results are in good agreement with the effect of raising temperature on the spin-state
equilibria (*A; — °T,,), favour the high-spin state [8-13]. The values of 4,,,, are not
affected (557 nm) within the pH region of 4.3 to 3.2 where the pure high-spin state
of complexes are present.

Titration of the complex with base (NaOH, 0.025 M) causes a stepwise
deprotonation of the imino hydrogen [1-7, 31-32] as suggested in the reaction
schemes. The MLCT bands are found to shift to longer wavelength (4,,,, = 563 to
580 nm) with addition of base (Table 2). The deprotonation of the iminohydrogen
increases the electron density on the imidazole ring of the complex as well as the
ligand to metal (L - M) o-donation, which probably is accompanied by an increase
in back donation (t,,— n*) assisting the formation of the methine chromophore
characteristic of the low-spin state. Simple charge and inductive effects expected
from deprotonation, methylation, and oxidation of the complex cannot account for
the observed red shift at constant spin-state, since the direct or inductive increase
of electronic charge at the ligand should raise the energies of ligand =-orbitals [13].
However, this effect was explained by considering the ligand-to-metal charge
transfer band at [Fe(phen),1* * instead of MLCT [ 13, 24]. Deprotonation increases

Table 2. Change of spin-equilibrium constants and absorption maxima of
{Fe(bzimpy), ](ClQ,),* with variation of pH in 30:70 (v/v) H,O:EtOH;
I=012M; T=20°C

pH /max ¢ (563 nm) K.
(nm) (I'mol " Y-cm™1)
3.20 556.5 4380 0.97
3.49 557.0 4752 0.82
3.70 557.0 4892 0.76
425 557.0 5075 0.68
4.64 557.5 5373 0.56
5.11 558.0 5709 0.42
591 558.5 6222 0.21
6.48 560.0 6513 0.10
6.92 563.5 6600 0.05
7.10 565.5 6665 0.03
7.28 569.5 6716 0.01
7.42 572.5 6730 0.008
7.76 578.0 6725 0.01
8.03 580.0 6709 0.02

2 With excess ligand [L]/[Fe(bzimpy),]** = 6.5); ® at 563 am
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the stability of the complex and leads to increasing ligand field splitting energy
(10Dq). This favours the low-spin state of the complex [11, 13-14]. The d-d
absorption band shifts to shorter wavelength in the low-spin complex (see Fig. 2).
The existence of the solid deprotonated complex [Fe(bzimpy-H),]-H,0 (4, =
580nm) and of the iron(Ill) complex [Fe(bzimpy-H),|[NHEt;]-4H,O in the
low-spin state has been demonstrated [13-14]. The broad absorption spectra
observed for the deprotonated complex (Fig. 2) result from the overlap between the
strong MLCT and the weak d-d band. The position of the absorption maxima is
not affected (4,,,, = 580 nm) when further base is added (pH ~ 8.0). An isosbestic
point at about 645nm refers to the spin-crossover equilibria of the complex in
the pH region of about 5.5-8.0. Outside this range, two pure spin-isomers, either
the low-spin or the high-spin species, are predominant which is indicated by
constant A_,, values (557 nm and 580 nm, respectively). The existence of different
isosbestic points near 600 nm, 660 nm, and 725 nm (Fig. 2) is presumably a result of
spin-equilibria for the different deprotonated species.

Since the molar absorbtivity at given wavelength and temperature results from a
combination of contributions from the high-spin and low-spin isomer [8§, 9, 11, 13],
the values of spin-equilibrium constants (K, ) (Table 2) can be calculated using Eq.
1. The values of &, (6700 + 501-mol ~!-cm ™) and &, (4300 + 501-mol ™ '-cm ™ ') were
estimated at 563nm for both spin states of the complex at pH of 3.2 and 8.0,
respectively.

Ksc = Chs/cls = (gobs - sls)/(‘e'hs - Sls) 1

'H NMR spectroscopic titrations

The values of the magnetic moment for titration of [ Fe(bzimpy), 1(ClO,), with NEt,
in methanol at 298 K, evaluated by Evan’s method based on 'H NMR shifts [18],
are listed in Table 3. The variation of the magnetic moment (Table 3 and Fig. 3)
indicates that the spin-state of the complex is changed with the formation of different
deprotonated species of low-spin state. Magnetic moments are not affected at about
[Et;N]/[FeL,]** ~4.0 due to complete deprotonation. The magnetic moments
vary between 1.5 yz and 4.0 ug and refer to the range between low-spin (S =0,
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Fig. 3. Variation of magnetic moments

15 L L L L 1 I 1 as a function of [NEt;]/[Fel,]** for

o 1z 346 5 6 T 8 [Felbzimpy),](ClO,), in methanol at
—— [Et;N] /[Fel,1** 298 K; [FeL,]r =3.359-10"* M
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Table 3. Variation of spin-equilibrium constants, magnetic moments and
absorption maxima with the deprotonation of [Fe(bzimpy),(ClO,),

[Et;N]/[FeL,]** Amax #/pip Ky
(nm)
0 557.0 394 0.90
0.25 5575 3.63 0.65
0.49 558.5 3.57 0.60
0.74 559.5 343 0.51
0.98 560.5 321 0.41
1.23 563.5 3.01 0.32
1.48 568.0 291 0.28
1.72 578.5 2.76 0.24
222 581.0 2.27 0.12
271 582.0 1.89 0.05
3.20 581.5 1.56 0.006
3.69 582.0 1.47 0.004
4.18 5815 1.46 0.004

0-0.5 ug) and high-spin (S =2, 5.0-5.5 ug) state, respectively [8, 12, 13, 15, 16,
26-30]. From the observed magnetic moments, the values of the spin-equilibrium
constant (K ) were evaluated using the Eq. 2. (Table 3).

Ksc = xhs/xls = (lufxpt - .ulzs)/(.u}zls - iu:xpt) 2
In Eq. 2, x is the mole fraction of the spin-isomer and u,, amd g, are the effective
magnetic moments for high-spin and low-spin forms, respectively. For the low-spin
isomer, the value of y,, (1.5 ug) was estimated from the deprotonated species. This
agrees well with low temperature measurements (¢ = 1.6 uy at 223 K) [8-9]. The
value of (5.5 ug) for the high-spin isomer was taken from the literature [8, 9, 13].
The K, values decrease with deprotonation of the complex whereas the low-spin
1somer 1s increasingly populated. This result is consistent with the preservation of
intramulecular 'A;, (S=0)= 5T2g (S = 2) spin-equilibrium processes in solution.
Studies of solvent polarity effects on spin-equilibria of complexes via hydrogen
bonding interactions between the -NH, group of the ligand and the solvent yield
the same results [16].

In conclusion, it can be said that the deprotonation of the coordinated, ligand
is closely related to the observed spin-transition of the complexes. Generally, the
acidity of the ligand is increased by coordination. This mutual interrelation seems
to be of importance for the occurrence of spin-transition of the complexes in solution
and explains the solvent influence.

Experimental

Chemicals. Chemicals were obtained from Riedel, Fluka, Loba, and Merck. Commercial grade
methanol was refluxed over CaO for 24 hours and distilled fractionally. Absolute ethanol was used as
received from Riedel-de-Haen. N,N-triethylamine (Loba) was used after fractional distillation in
presence of NaOH for 24 hours.,
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Preparation of Ligands and Complexes. The ligand was prepared by the method of 4. W. Addison and
P. J. Burke [17]. The complexes were prepared according to the literature {8—14] and recrystallized
three times from methanol. For details, see Refs. [8, 9, 11, 12].

Potentiometric Titrations. Potentiometric titrations were performed using a WTW Gmbh D 8120
Weilheim pH 521 potentiometer at 20+ 0.5°C and 0.12M KCIl. Homogeneity with respect to
temperature and concentration was ensured by the use of a magnetic stirrer. A continuous nitrogen
stream was passed through the titration cell during the experiments. Before all titrations, the pH meter
was standardized with buffer solutions of pH 2.0 and 9.0 (Riedel-de Haen). Potentiometric titrations
of [M(bzimpy),1(ClO,), in presence of an excess of ligand with NaOH (0.025M) and HCIO,
(0.17457 M) were carried out at complex concentrations between 1.0-10”* M and 2.0-10~* M in 30:70
(v/v) H,O:EtOH at room temperature. 1.0 to 3.0-10™2* M solutions in the ligand were titrated with
NaOH and HCIO, in 30:70 (v/v) H,O:EtOH.

Spectrophotometric Measurements. UV-Vis spectra were obtained with a Hitachi U-2000 spectro-
photometer equipped with an electronically thermostated cell holder (Hitachi) for the range of
0-100°C; the quartz cell had a path length of 1.0cm. The temperature was recorded by a
copper-constantan thermocouple mounted within the cell and homogeneous temperature distribution
within the cell was provided by the use of a magnetic stirrer. Spectrophotometric titrations of
[Fe(bzimpy),](C10,), with NaOH (0.025 M) and HCIO, (0.17457 M) were performed over a complex
concentration range of 1.0 to 2.0-10* M in 30:70 (v/v) H,O:EtOH at room temperature. Titrations
of [Fe(bzimpy), 1(ClO,), with N N-triethylamine were performed at complex concentrations of 1.0 to
2.0-10~* M with and without excess of ligand in MeOH at room temperature.

Magnetic Measurements. *"H NMR spectra were recorded on a Bruker AC 250 FT NMR spectrometer
in high precision NMR sample tubes of type 528-PP (Wilmad Glass Co., New Jersey) with sealed
Wilmad coaxial inserts (WGS-5BL) containing 5% TMS as external standard in acetone-ds. Magnetic
susceptibilities in solution were measured by the Evans "H NMR method [18] using methanol for
temperature calibration [19]. 1% (v/v) cyclohexane was used as internal reference compound.
Titrations of [Fe(bzimpy), 1(Cl0,), with N,N-triethylamine were performed at a complex concentra-
tion of 4.0-10™* M in MeOH at 298 K.
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