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Cationic complexes with a series of tridentate ligands, L = 4X-substituted 2,6-bis(benzimidazol-2-yl) - 
pyridines, [MLJ[CIO,], (M = Fe or Ni; X = H, OH or CI), were isolated and characterized, together 
with the free pyridines, by elemental analysis, Fourier-transform IR, 'H NMR and UV/VlS 
spectroscopy. The syntheses were performed via condensation of o-phenylenediamine with 4- 
substituted pyridine-2,6-dicarboxylic acids. Ligand-field parameters were estimated for the nickel 
complexes. The [ FeL,IZ+ species show thermally induced spin-crossover behaviour ('A, ST,,) 
which has been investigated in methanol, nitromethane and 20% (v/v) dimethylformamide in MeOH. 
The behaviour is complicated by two complex dissociation equilibria, for which equilibrium constants 
have been evaluated. Ligand substitution is reflected in a change of the spin state in solution [pex,,, = 
2.50, X = H; 4.19, OH; and 4.49 pB, CI at 295 K, in MeOH) and in the metal-to-ligand charge- 
transfer band (500-557 nm); when M = Fe and X = H there is a pronounced spin-crossover 
equilibrium in methanolic solution (pexpt, = 1.31-3.45 pB for 21 3-328 K). A small variation of the 
magnetic moments when M = Fe and X = OH (paxpt, = 3.77-4.73 pB at 220-332 K) might indicate a 
temperature-variable population of the 5E, sublevel or variation in hydrogen bonding. The results are 
compared with quasi-relativistic quantum-mechanical calculations, and the spin-crossover behaviour 
of the new ligands, L, with substituents X = CHO, NH,, CN, Me, NO,, OH, CONH,, COCI, SH. F, CI, 
Br or I has been estimated. The differences in the calculated heats of formation between the high-and 
low-spin forms of [FeLJz+ when plotted against A8 (=lH NMR para increment for substituents X 
in benzene) show a turning point in the region around X = H and in this region spin-crossover 
behaviour is observed. Outside this region there is very little or no such behaviour and it is therefore 
possible to predict the spin-crossover behaviour for other substituents X from the A8 value. 

Thermochromism due to thermally induced equilibria between 
low- (1s.) and high-spin (h.s.) states of iron@) complexes can be 
observed when the potential minima of the 'A, and the 5T2 
surfaces are so similar in energy that both can be thermally 
populated. ' The ligand-field splitting might then be overcome 
by the spin-pairing energy. Such spin-crossover phenomena 
have been investigated in the solid state,24 and in ~o lu t ion ,~ - '~  
where, however, ~ o l v o l y s i s , ~ ~ ~ ~ ~  ligand- and anion-exchange 
reactions,' complex deprotonation ' and hydrogen-bonding 
complicate the situation. Previous studies on bis[2,6- 
bis(benzimidazol-2-yl)pyridine]iron(11) perchlorate have 
shown that this complex is a promising candidate for 
further investigations of spin-crossover phenomena in solution. 
In the present work we have studied the effect of varying the 
substituent X in the 4 position in the pyridine ring of the ligand 
L. The 4-position was chosen because any influence on the spin 
equilibrium would be due to electronic effects alone, with no 
direct steric influence. 

A generalized reaction scheme to describe the complex- 
formation equilibria and the thermochromic behaviour of these 
complexes is given in Scheme 1 [solv = solvent, L = 4- 
substituted 2,6-bis(benzimidazol-2-yl)pyridine]. It shows that 
mono and bis complexes are formed in consecutive steps and 
that a spin-crossover equilibrium of the bis complexes occurs. 
This scheme is simpler than the mechanism proposed 
earlierlO~" as the present results suggest that in MeOH 
solution FeL, (with L acting as a bidentate ligand) is formed 

t Non-SI units employed: pB x 9.274 x 
eV x 1.60 x 10 l 9  J .  

J T', bar = lo5 Pa, 

K K, 
- 3solv - 3 ~ 0 1 ~  

[Fe(solv),12' + 2L [Fe(s~lv),L]~+ + L; [FeL212+ (1s.) 

Ksc I1 
[FeL2I2 + (h.s.) 

Scheme 1 

X 
I 

L 

in only negligible concentrations. From the observed thermo- 
chromism of the complex in solution and its magnetic properties 
the equilibrium constants (K, and K2),  the spin-equilibrium 
constants (Ksc) and the associated thermodynamic parameters 
(AHsc, ASsc) of the spin-state equilibria between the 1s. and h.s. 
states were evaluated. 

Methods 
Sohenfs.-The water content of all solvents except acetone 

was below 100 mg dm-, (Karl-Fischer titration). Commercial 
grade methanol was refluxed over CaO for 24 h and fractionally 
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distilled. Acetone was twice distilled after refluxing over CaSO,. 
Acetonitrile was refluxed once off NaOH and twice off P20,. 
Propylene carbonate (pyc, 4-methyl-2-0x0- 1,3-dioxolane) was 
refluxed for 24 h under reduced pressure and subsequently 
fractionally distilled. Nitromethane [Fa. Riedel, 99% (GC)] 
and dimethylformamide (dmf) were used as received. 

Ligands and Complexes.-Starting materials. The compounds 
FeCI2-4H,O (Aldrich), Ni(CI0,),-6H20 (Merck) and Na- 
ClO,*H,O (Fluka), analytical grade, were used as received. 
4-Hydroxypyridine-2,6-dicarboxylic acid was prepared from 
acetone and ethyl oxalate ' via chelidonic acid (4-oxo-4H- 
pyran-2,6-dicarboxylic acid). l4 4-Chloropyridine-2,6-dicarb- 
oxylic acid was synthesised from 4-hydroxypyridine-2,6-di- 
carboxylic acid and PCI,. ' 2,6-Bis(benzimidazol-2-yl)pyridine 
was prepared by the method of Addison and Burke lo,' ' 9 '  and 
recrystallized three times from methanol. 

4- H ydr ox y - 
pyridine-2,6-dicarboxylic acid l4 (14.66 g, 80 mmol) and 
o-phenylenediamine (1 9.04 g, 172 mmol) were suspended in 
phosphoric acid (85%, 160 cm3) and kept, with vigorous 
stirring, at 210-220 "C for 6 h. After cooling, the resulting blue 
melt was poured into cold water (3 dm3), and the precipitate was 
filtered off and added to hot 10% aqueous sodium carbonate 
solution (1 dm3). The resulting solid was filtered off and dried at 
20 mbar and 100 "C. The product was dissolved in hot methanol 
(30 cm3) saturated with sodium carbonate, diluted with water to 
300 cm3 and acidified with 15% hydrochloric acid to pH 1. The 
white product was filtered off and extracted several times with 
boiling methanol (1 dm3). The collected extracts were 
evaporated until precipitation began (ca. 500 cm3). Cooling 
overnight yielded colourless crystals which were filtered off, 
washed with methanol and diethyl ether, dried at 20 mbar and 
120 "C, yield 17.1 g (65%), m.p. >250 "C (Found: C, 64.9; 
H, 4.55; N, 19.7. Calc. for C,,H,,N,O-l .5H,O: C, 64.4; H, 4.35; 
N, 19.8%). 'H NMR (C,D,OD): 6 7.36 (s, pyridine ring), 7.30- 
7.15, 6.866.82 (m, benzene ring). 
2,6-Bis(benzimidazol-2-yl)-4-chloropyridine was prepared 

analogously. Yield 18.5 g (67%), m.p. > 250 "C (Found: C, 60.4; 
H, 4.05; C1,8.65; N, 18.0. Calc. forCl,Hl,CIN,~2H,0: C, 59.8; 
H, 3.95; C1,9.25; N, 18.3%). 'H NMR (D,O-NaOD): 6 7.1 1 (s, 
pyridine ring), 7.45-7.37, 6.98-6.89 (m, benzene ring). 

[NiL,][CIO,],. A hot solution of the respective free pyridine 
L (4 mmol dm-3) in methanol (1 dm3) was combined with a 
saturated solution of 2 mmol dm-3 Ni(C10,),-6H20 in 
methanol yielding a deep blue solution. The solution was 
evaporated at 20 mbar to about 200 cm3 and the same volume 
of diethyl ether added. The mixture was cooled overnight to give 
a light green or lilac solid which was filtered off, washed twice 
with cooled methanol (10 cm3) and diethyl ether (1 0 cm3), dried 
in air and stored over CaCl, under reduced pressure (yield 
between 93 and 95%): X = H, light green (Found: C ,  50.7; 
H, 2.90; C1,8.01; N, 15.6. Calc. for C3,H2,CI,NloNi08: C, 51.9; 
H, 3.00; C1, 8.05; N, 15.9%); X = OH, lilac (Found: C, 46.5; 

H, 3.50; N, 14.2%); X = C1, lilac (Found: C, 47.9; H, 3.35; N, 

N, 14.6%). 
[FeL,][ClO,], . A hot oxygen-free solution of free pyridine 

L (6 mmol) in methanol (1 dm3) was combined with a 
saturated solution (20 cm3) of FeC1,*4H2O (3 mmol) in 
methanol to give a deep red s ~ l u t i o n . ~  This was evaporated at 
20 mbar to about 150 cm3. Solid NaClO,*H,O (12 mmol) 
was added and the solution cooled overnight. The resulting 
magenta crystals were filtered off, washed twice with cooled 
methanol (10 cm3) and diethyl ether (20 cm3), dried at 20 mbar 
and stored over CaCI, under reduced pressure (yield 92- 
95%); X = H (Found: C, 51.9; H, 2.95; N, 15.9. Calc. for 

2,6- Bis( benzimidazol-2-y1)-4- hydroxypyr idine . 

H, 3.10; N, 13.8. Calc. for C38H,6C12Nl,NiOlo*4H20: c ,  46.4; 

14. I .  Cak. for C3,H26C14NloNi0,*0.~H,0: c ,  47.4; H, 2.65; 

C38H26C12FeNl,0,: c, 52.0; H, 3.00; N, 15.9%); x = OH 
(Found: C, 47.2; H, 3.10; N, 14.3. Cak. for C38H26- 
Cl,FeNloOlo~3H,0: C, 47.4; H, 3.35; N, 14.5%); X = C1 

(Found: C, 45.4; H, 2.90; N, 13.6. Calc. for C38H24- 
CI,FeN1,0,*3.5H,O: C, 45.2; H, 3.00; N, 13.9%). 

All complexes were prepared in a nitrogen atmosphere with 
solvents deoxygenated by nitrogen gas. 

Solutions.-Spectrophotometric titrations using ligand solu- 
tions were performed over a concentration range of 1 x lo-,- 
5 x lo4 mol dm-3 Fe2 + with a L : Fe2+ ratio between 0 and 
20 : 1 when X = H and with 8 x lO-'-2 x lo4 mol dm-3 Fe2+ 
with a L: Fe2+ ratio between 0 and 15: 1 for the X = C1 and 
X = OH species. The solubilities of L when X = CI or OH are 
lower than that when X = H in methanol. Spectroscopic and 
magnetic properties were investigated with complex concen- 
trations of 2 x 104-5 x lop4 mol dmP3 using an excess of 
ligand (saturated ligand solution in the case of nitromethane) to 
avoid ligand dissociation at higher temperatures. All solutions 
were prepared by using deoxygenated solvents and a Schlenk- 
type technique under a nitrogen atmosphere in a glove-box to 
avoid oxidation of the complex. 

Spectrophotometric Measurements.-The UV/VIS spectra 
were run on a Hitachi U-2000 spectrophotometer equipped 
with an electronic thermostatted cell holder (Hitachi) for the 
range 0-100 (k 0.5) "C. The temperature was recorded with a 
copper-constantan thermocouple in the cell. A homogeneous 
temperature distribution within the cells was ensured by using a 
magnetic stirrer. Below room temperature (<20 "C) dry 
nitrogen gas was blown into the cell compartment. Owing to the 
thermochromism of the system under study, temperature 
constancy could easily be observed on an absorbance us. time 
plot; a constant value was reached after 6 min. Molar 
absorption coefficients, E,,,~, were corrected for changes in 
solvent density arising from the temperature variation. 1 3 , 1 4  

Far-IR measurements were made with a Nicolet 20F far-IR 
vacuum spectrometer (FTIR) with a triglycine sulfate (room 
temperature) detector using polyethylene wafers. The data 
collection was accomplished with the HappGenzel apodization 
function. 

Magnetic Measurements.-Proton NMR spectra were run on 
a Bruker AC 250 FT spectrometer operating at 250 MHz. High- 
precision NMR sample tubes of type 528-PP (Wilmad Glass 
Co.) with sealed Wilmad coaxial inserts (WGS-5BL) containing 
5% SiMe, in (CD,),CO were used as external standard and as 
instrument lock. Magnetic susceptibilities in solution were 
measured by the Evans 'H NMR method l 7  using the solvent 
methanol for temperature calibration. l8 The results were 
corrected for changes in solvent density with temperature. ''v20 

0.5% (v/v) Dioxane was used as internal reference. 

Quantum-mechanical Calculations.-Quantum-chemical cal- 
culations were performed on an IBM-ES/9021-720 computer 
using a quasi-relativistic (QR-) intermediate neglect of 
differential overlap (INDO) program., ' This program includes 
a non-empirical version of the CNDO/l method and dominant 
relativistic effects 2 2 , 2 3  as well as one-electron  correction^.^^ It 
is set up for calculations on systems containing even heavy 
transition-metal ions,,' including variations due to the spin- 
state of the system, and considers solvation and substituent 
effects.26 Geometries were based on X-ray diffraction data.,, 
When no complete set of coordinates was available, energy- 
minimization procedures were used to obtain optimum 
geometries. 

Results and Discussion 
Far-IR absorption maxima of the compounds are given in Table 
1. Assignments are based on earlier investigations of 
unsubstituted bbzmpy or various metal complexes of it. l 9  The 
in-plane vibration of the pyridine ring is almost unchanged by 
co-ordination whereas the out-of-plane vibration is shifted to 
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higher wavenumbers. Ligand vibrations involving N atoms are 
significantly shifted to lower wavenumbers due to co-ordination. 

UV/ VZS Spectra.-Table 2 gives the d-d transition absorp- 
tion maxima of the [NiL,][CIO,], complexes. They are 
assigned to the transitions: v', 3A2,(F) -+ 'E,(D); v2, 
3A,,(F) - 3T1g(F); and v l ,  3A2,(F) --, 3T2,(F). The 
transition v in octahedral nickel(I1) complexes is directly 
related to the crystal-field splitting lODq (= A,,). A shoulder at 
v' shows a spin-forbidden transition, which can be observed 
for most octahedral nickel(I1) complexes with a-diimine 
ligands. 1 4 s 1  8 * 2 0  The 3A26 3T2g and 3A2, --+ 'E, tran- 
sitions yield, via spin-orbit coupling, a mixture of both 'E, and 
3T2, stimulated states.I4 From the empirical relations (1) and 
(2) it is possible to calculate the position of pure v1 and v' 

v ' ( ~ A ~ ,  --+ 'E,) = 13 100 - 1100 (E,/&') (1) 

v, = lODy (3A2, --+ 3T2g) = 

12000 + 1370 [ ( E ~ / E ' )  - 11 (2) 

transitions from the spectra. Here E ~ ,  E' are the molar 
absorption coefficients of the band associated with the higher 
and the lower energies in the 12 000 cm- region (Table 3). Spin 

crossover of iron(I1) complexes can be expected when the 
corresponding complex of Ni" has a 1 ODq value between 1 1 300 
and 11 900 cm-'. The pronounced differences between solid- 
state and solution lODq values underlines that it is hardly 
possible to predict spin-crossover behaviour in solution based 
on available solid-state data. This difference is larger for the 
Cl- and OH-substituted species and might suggest that in the 
solid state the respective complexes of Fe2+ occur in their 
low-spin state whereas in solution the high-spin state should 
be preferred. However, the observations indicate the high-spin 
state at room temperature for all complexes. The value of lODq 
increases in the solid state and decreases in MeOH solution 
with temperature. 

Temperature-dependent UV/VIS spectra of the [FeL2I2 + 

complexes dissolved in methanol with excess of ligand (to 
reduce ligand dissociation) are given in Table 4 and in Figs. 1-3. 
Absorption maxima are found at  557 nm for X = H, at 520 nm 
for X = OH and at 502 nm for X = C1 in MeOH. Absorption 
maxima for X = H are found at 554 nm in nitromethane and at 
559 nm in 20% (v/v) dmf-MeOH. These bands can be 
a ~ s i g n e d ~ ' . ~ ~  as charge transfer (c.t.) from a filled metal d 
orbital to an empty ligand 7t* orbital. Between 600 and 800 nm 
d-d absorption bands are f o ~ n d . ~ . ~  With ligand substitution 
from X = H to OH and C1 the colour of the solution changes at 

400 
Unm 

Fig. 1 The UVjVIS absorption spectra of [FeL2][C104]2 where 
X = H with an excess of ligand at different temperatures in methanol: 
1.453 x 10 mol dm-3 [FeL,], L :  Fe2+ = 20: 1 and T = (a) 276, 
(b)  285, (c.) 294, ( d )  303, (e) 314, (f) 322 and ( g )  331 K 

600 
Unm 

800 

Fig. 2 The UVjVIS absorption spectra of [FeL,][CIO,], where 
X = OH with an excess of ligand at different temperatures in methanol: 
2.234 x mol dm-3 [FeL,], L :Fe2+ = 8.67: 1 and T = (a)  277, 
(b) 285, (c) 294, ( d )  303, (e) 312, (f) 322 and ( g )  331 K 

Table 1 Wavenumbers (cm-') and assignments in the far-IR spectra of [ML,][ClO,], at room temperature 

X = O H  M = N i  Fe X = C1 M = Ni Fe Assignment 
622m 
606s 
587m 
573m 
567m 
558s 
542s 

461w 
439s 

368s 
353w 
341m 
309s 
281s 
269m 
255m 
241s 

662s 
595w 

572m 

541m 

471m 

435s 
404s 
387w 
353w 

241m 

623s 

584m 
570s 

541m 

474m 

436s 

387s 

283w 

621s 
606s 

573m 

558m 
542s 
504s 

439s 

36Xw 

341m 

236s 

621s 

571m 

558m 
541s 
500m 
470m 
458w 
435s 
405w 
387w 

339w 
310s 
281s 
269m 

241m 

621s 

584m 
571m 

541s 
500m 
471m 

435s 

387w 

340m 
294s 
280w 
267m 

240w 

G(pyridine) in plane 
Ligand-ring vibration 

Ligand-ring vibration 

Ligand-ring vibration 
ClC ring vibration 
Metal-ligand combination 
v( Ni-N) 
N-ring vibration 
v(Fe-N) (h.s. state) 
G(pyridine) out of plane 
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Table 2 Spectral parameters of ~iL2][C104], complexes 

X 1 /nm h'/nm W n m  
Ha  86 1 780 562 
H b  829 780 543 
C1" 810 773 - 
Cl 866 773 554' 
OH" 809 776 534 
OHb 866 776 564 

a Solid state. In MeOH solution. ' Shoulder at 623 nm. 

Table 3 Ligand-field parameters and corrected energies of v' [ie. 
3A2,(F) - 'E,(D)] for [NiL,][CIO,], complexes 

X El /&'  10Dqco,ra/cm-l v',o,,"/cm-' 
H b  0.88 11 840 12 130 
H' 0.72 11 620 12 310 
C1 0.95 11 930 12 060 
C1 ' 0.63 11 500 12 410 
OH 0.96 11 950 12 040 
OH 0.63 11 500 12 410 

" According to equations (1) and (2). Solid state. ' In MeOH solution. 

I I  

400 600 
Unm 

800 

Fig. 3 The UV/VIS absorption spectra of [FeL,][ClO,],, where 
X = C1 with an excess of ligand at different temperatures in methanol: 
2.112 x lo4 mol dm-3 [FeL,], L:Fe2+ = 6.90: 1 and T = (a) 276, 
(b) 284, (c )  293, ( d )  303, (e) 312, ( f )  322 and (g )  331 K 

room temperature from red-violet to bluish violet and, finally, 
to light brown. The c.t. band shifts towards shorter wavelength 
whereas the d-d transition band shifts to longer wavelength and 
the molar absorption coefficients gradually become smaller (to 
almost a quarter of the value for X = H). The energy of the 
lowest unfilled 7c orbital of the ligand is increased leading to 
relatively higher energies of the c.t. band whereas the ligand- 
field splitting is decreased (i.e. a hyperconjugative effect arises 
due to the substituent). This results in an almost pure h.s. state 
at room temperature for the CI- and OH-substituted species. 
The lowering of symmetry from 0, to D2, causes a splitting of 
the degenerate tZg level into a single and a doubly degenerate 
level (b2 + e). It is assumed that this splitting d,(b,) - 7cl* 
and d,(e) -+ 7c1* is responsible for the broader 
found for the C1- and OH-substituted species compared with 
the unsubstituted complex. 

Complex-formation Equilibria-At high ligand to metal ion 
ratios (L : Fe b 2.0-20 : 1) in MeOH the UV/VIS spectrum of the 
[FeL2I2+ species is found for all ligands. At L:Fe G0.5: 1 a 
peak at shorter wavelength, associated with an [FeLI2 + species, 
becomes increasingly important. Fitting of the respective 
spectrophotometric titration curves for X = H, OH or C1 (Fig. 

Table 4 The UV/VIS spectral data for [FeL,][CIO,],, with an 
without excess of ligand, in non-aqueous solutions ~ 

Solvent 

MeOH 
MeOH 
Me,CO 
Me,CO 
MeCN 
MeCN 
MeNO, 
MeNO, 
PYC 
PYC 
pyc-MeOH 
pyc-MeOH 
dmf-MeOH 

(a)X = H a  

( b ) X  = OHd 
MeOH 
MeOH 
Me,CO 
MeCN 
MeNO, 
PYC 
dmf 
dmf-MeOH' 
(c)X = Cld 
MeOH 
MeOH 
Me,CO 
MeCN 
MeNO, 
PYC 
dmf 
dmf-MeOH ' 

L : Fe2 + Colour 

28.0 : 1 Red-violet 
2.0 : 1 Red-violet 

24.0: 1 Red 
2.0: 1 Red 
5.7: 1 Red 
2.0: 1 Red 

Saturated Light pink 
2.0: 1 

40.0: 1 
2.0: 1 

30.0: 1 
2.0: 1 
2.0: 1 

8.7: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
5.8: 1 

6.9: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
2.0: 1 
5.3: 1 

Light pink 
Red-violet 
Red-violet 
Red-violet 
Red-violet 
Red-violet 

Red-violet 
Light red 
Wine-red 
Light pink 
Pink 
Wine-red 
Blue 
Bluish red 

Wine-red 
Light red 
Light red 
Light pink 
Pink 
Light pink 
Light yellow 
Light red 

L a x l  
nm 

557 
557 
555 
555 
552 
552 
554 
554 
555 
555 
556 
556 
559 

520 
503 
502 
498 
503 
50 1 
585 
54 1 

502 
48 7 
490 
487 
500 
493 

490 
- 

crnax/dm3 
mol-' cm-I 

7000 f 20 
4330 k 20 
5940 f 20 
5560 f 20 
4970 f 20 
4550 f 20 
6320 f 20 
5080 f 20 
5930 f 20 
5180 f 20 
5650 f. 20 
4880 f. 20 
5200 f. 20 

1800 f 20 
1440 k 20 
1490 k 20 
1700 f 20 
2270 f 20 
1580 _+ 20 
3300 f 50 
2160 _+ 20 

980 f 20 
620 f 20 
750 f 20 

1820 f 20 
2250 k 20 
1320 f. 20 

850 f 20 
- 

a T = 294 K. 50% (v/v) pyc-MeOH. ' 20% (v/v) dmf-MeOH. 
T = 298 K. 

4) confirms that only two species, [FeLI2+ and [FeL2l2+, are 
formed. Absorption maxima corresponding to the [FeLI2 + 

species are found for X = H at 504 nm, for X = OH at 445 nm, 
and for X = C1 at 440 nm. 

The large log K ,  and log K2 values (Table 5 )  in relation to 
comparable ligands [2-(2-pyridyl)imidazole (pyim) and 2,2'- 
bipyridine ( b i ~ y ) ] ~ ~ , ~ ~  confirm that L (X = H) is acting as a 
tridentate ligand in both [FeLI2+ and [FeL2J2'. Unlike the 
spin-crossover behaviour of the complexes, the formation 
constants are, as expected, little influenced by the electron- 
withdrawing substituents on the ligand. 

Thermally Induced Spin-crossover Behauiour.-The spin- 
crossover equilibrium of the [FeL,], + complex is reflected 
in the UV/VIS spectrum by a variation of the intense charge- 
transfer band in the temperature range 276-331 K (Figs. 
1-3). With increasing temperature, the molar absorption 
coefficient decreases as the high-spin state is increasingly 
p o p ~ l a t e d . ~ , ~ , ~ - ' ~  The shape of the d-d bands when X = H 
at high temperature is almost identical to that found for both 
X = OH and C1 and these complexes are in their high-spin 
state at all temperatures. 

A value of the molar absorption coefficient of the pure high- 
spin component ( E ~ ~  = 750 dm3 mol-' cm-') can be estimated 
from the high-temperature spectrum when X = C1. Owing to 
the experimentally limited temperature range, the value of the 
pure low-spin isomer (E,,) is not directly accessible and was 
therefore estimated by means of a least-squares fitting 
procedure (q, = 13 000 2 500 dm3 mol-' cm-I). Both values 
agree with literature values.'*'0.' ' 
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L 
4500 

0 
E 
P 
5 3000- - 
b In In 
v ; 1500- 

W 

0 
0 2 4 6 8 1 0 1 2 1 4  

[LI/[Fe2+l 
Fig. 4 Formation curve of [FeL2]2+, where X = H, in methanol at 
I,,, = 557 nm and 293 K 

Table 5 Formation constants, absorption maxima of [FeLJ2+, and 
molar absorption coefficients of [FeL]' + and [FeL,]' + in methanol at 
293 K 

~,, , /dm~ mol-' cm-' 

X h,,,/nm [FeL]" [FeL2]2+ logK, IogK, 
H 557 350 ? 20 6600 2 50 5.72 4.35 

f 0.05 f: 0.05 
OH 515 150 f: 20 1800 f 20 5.70 4.44 

f 0.05 ? 0.05 
C1 500 150 ? 20 1550 f 20 5.67 4.38 

k 0.05 2 0.05 

However, for a detailed investigation of the magnetic 
behaviour, a method is required where magnetic moments can 
be measured directly over a large temperature range. We used 
Evans' method based on NMR shifts.17 Magnetic moments 
of the dissolved complexes were calculated from equations (3) 
and (4), where AAv (in ppm) is the paramagnetic shift of a 

xexptl = (3AAv . 0 .001 /4~~)  (3) 

reference compound, corrected for the diamagnetic contribution 
of the ligand and c is the molarity of the paramagnetic ion. The 
diamagnetic correction for the ligand was determined experi- 
mentally in a ligand concentration range, [L], from 0 to 
1.4 x mol dm-3 in methanol at 293 K; linear concentration 
dependences (9-47)  were found. From these relationships, 

AAv = -4.73 x + 0.869[L] for X = H ( 5 )  

AAv = -2.57 x lop5 + 1.46[L] for X = OH (6) 

AAv = -2.26 x + 1.42[L] for X = C1 (7) 

molar diamagnetic susceptibilities were calculated yielding 
xM = -212 x lop6, -341 x and -334 x cm3 
rnol-.' for X = H, OH and C1 respectively. These values deviate 
slightly from those derived from Pascal constants 34*35 but are 
better suited to these calculations of paramagnetic moments as 
they are based on the same experimental method. 

Magnetic susceptibilities of the iron complexes in solution 
were measured in the temperature range 213-343 K (Table 6) .  
The non-Curie magnetic behaviour when X = H (see Fig. 5) 
reflects the spin-transition equilibrium. For this complex the 
magnetic moments are strongest in MeCN, varying between 
0.85 (251.7) and 4.51 pB (340 K) and clearly fall between the 

+ 
4-1 + /  A- 

1- 

0 I I I I 1 

200 232 264 296 328 360 
T /K 

Fig. 5 Magnetic moments of [FeL,][CIO,], with an excess of ligand 
in non-aqueous solution uersus temperature: X = H in MeOH, 
5.580 x lo-, rnol dm-3 and L:FeZ+ = 8.3: 1 (A), in MeNO,, 
3.437 x lo-, mol dm-3 and L:FeZ+ = 5.2: 1 (*), in Me2C0, 
3.0634 x lo4 mol dm-3 and L:FeZ+ = 7.32:l (A), in MeCN, 
3.966 x 104moldmp3andL:Fe2+ = 7.4: 1 (.),inpdc, 5.5525 x lo-, 
rnol dm-3 and L:Fez+ = 7.1 : 1 (+); X = OH in MeOH, 2.870 x lo4 
rnol dm-3 and L:FeZ+ = 5.0: 1 (0); X = C1 in MeOH, 2.473 x lo4 
r n ~ l d m - ~ a n d L : F e ~ +  = 7.3:1(+) 

ranges of those for pure low spin ( S  = 0, i.e. W . 5  pB) 
and pure high spin ( S  = 2, i.e. 5.0-5.5 pB) found for similar 
six-co-ordinated iron(n)-imine complexes. ' g4-' The temper- 
ature dependence is much less pronounced for the C1- and 
OH-substituted species. The magnetic moment is ca. 4.4 pB for 
the former and varies between 3.76 and 4.73 pB for the latter, 
showing that these complexes are permanently in their high- 
spin state over this temperature range. A possible explanation 
of the slight temperature dependence when X =OH might be 
that a temperature-dependent variation of hydrogen bonding 
between OH groups of the ligand and the MeOH solvent is 
present. An alternative, but possibly closely related, ex- 
planation would be the presence of a variable population of the 
sublevels of the 5E, component within the split 5T,, ground 
state as has been suggested for iron(I1) poly(pyrazolyl)borates.8 
Similar magnetic behaviour due to a change of substituent 
group on the ligand was found for { tris[4-(6R-2-pyridyl)-3- 
azabut-3-enyl]amine}iron(r1) complexes (R = H or Me) and 
for [CO(NC~H,(CH=NR),-~,~)][PF~]~ complexes (R = 
But, Pr", NHMe, C6H4Me-p or CH,Ph). 

From the observed magnetic behaviour the spin-crossover 
equilibrium constant (K,,) of [FeL,][CIO,], when X = H has 
been evaluated by use of equation (8), where x is the mole 

fraction of the indicated spin isomer and phs and plS are the 
effective magnetic moments for the high- and low-spin forms, 5.5 
and 0.5 pa respectively. Thermodynamic parameters (AS,, and 
AH,,) were estimated from plots of AG = -RT In K,, us. T. 
The Ksc values (Table 7) calculated earlier lo*' ' from spectro- 
photometric measurements are significantly larger. We there- 
fore analysed the present data in the same way and also found 
large values (AHsc = 3.9 kJ mol-', ASsc = 54.21 J K-' mol-', 
K,, = 0.85). The discrepancy seems to arise from the lack of 
exact molar absorption coefficients combined with the 
restricted temperature range available for the spectroscopic 
measurements. The relatively high AH,, and AS,, values (Table 
7) of the complex in 20% (v/v) dmf-MeOH in contrast to those 
in MeOH may be attributed to solvation of the imidazole 
proton which might be expected preferentially to stabilize the 1.s. 
form: this effect appears to increase with increasing donor 
number of the solvent. 

Quasi-relativistic Quantum-mechanical Calculations.-Cal- 
culations have been performed for the [FeL,], + complexes 
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Table 6 Magnetic moment data for [FeL,][CIO,], at different temperatures in non-aqueous solvents 

X = H in MeOH X = OH in MeOH X = C1 in MeOH X = H in Me2C0 

TIK 
213.7 
223.8 
235.8 
247.7 
26 I .O 
271.5 
284.8 
295.4 
306.9 
3 17.9 
328.7 

~~ 

p/pB 
1.31 
1.38 
I .43 
1 S O  
1.64 
1.83 
2.24 
2.50 
2.79 
3.19 
3.45 

T/K 
219.8 
230.4 
240.9 
251.7 
262.4 
273.3 
284.0 
295.1 
310.3 
321.7 
332.0 

p/pB 
3.76 
3.95 
3.99 
4.05 
4.04 
4.18 
4.17 
4.19 
4.44 
4.54 
4.73 

TI K 
214.0 
225.5 
236.3 
248.5 
260.7 
272.2 
283.3 
295.3 
305.4 
316.7 
328.1 

p/pB 
4.4 1 
4.66 
4.72 
4.62 
4.54 
4.59 
4.34 
4.49 
4.20 
4.24 
4.38 

TIK 
25 1.7 
262.5 
273.4 
283.8 
294.3 
306.9 
317.9 
328.8 
317.9 
328.8 
340.0 

p/pB 
0.85 
1.65 
2.15 
2.65 
2.9 1 
3.28 
3.40 
3.84 
4.21 
4.35 
4.51 

X = HinMeCN X = H in pyc X = H in MeNO, 
X = H in 20% (v/v) 
dmf in MeOH 

TIK 
230.2 
241.1 
25 1.7 
262.5 
273.3 
283.8 
294.2 
306.9 
317.8 
328.7 

P/pB 
1.72 
2.06 
2.45 
2.78 
3.16 
3.48 
3.63 
3.98 
3.65 
3.88 

TIK 
230.2 
241.1 
25 1.7 
262.5 
273.3 
283.8 
294.3 
306.9 

P/PB 
0.64 
0.94 
1.47 
1.83 
2.22 
2.61 
3.01 
3.46 

T/K 
258 
268 
273 
283 
293 
303 
313 
323 
333 
343 

p/pB 
1.62 
2.02 
2.08 
2.47 
2.84 
2.93 
3.36 
3.70 
3.75 
4.10 

TIK 
219 
230 
24 I 
252 
263 
27 3 
284 
294 
306 
317 

P/PB 
2.30 
2.33 
2.13 
2.26 
2.27 
2.48 
2.57 
2.89 
3.33 
3.80 

Table 7 
measurements at 293 K 

Spin-equilibrium constants and thermodynamic parameters of some iron(rr)-imine complexes in different solvents from magnetic 

Complex Solvent 
CFeL2l CC104I 2 MeOH 

dmf (20%)-MeOH 
MeNO, 
Me,CO 
MeCN 
PYC 
MeOH 
dmf 

[Fe(pybim),]BPh,' Me,CO 
MeCN (20%)-MeOH 

AH/kJ mol-' 
20.51 ? 0.4 
29.43 ? 0.4 
20.39 f 0.4 
22.52 f 0.4 
17.37 f 0.4 
23.90 f 0.4 
16.53 f 1.6 
0.925 ? 0.4 
19.67 k 0.4 
21.35 ? 1.6 

AS/J K mol-' 
58.60 k 0.4 
93.06 f 0.4 
60.82 f 0.4 
68.06 f 0.4 
57.26 k 0.4 
73.88 k 0.4 
54.21 k 2.0 
141.1 f 1.6 
77.86 f 2.0 
92.09 f 6.8 

a X = €1. From spectroscopic measurements at A,,, = 557 nm. pybim = 2-(2-pyridyl)benzimidazole. 

Ksc T 
0.26 
0.38 
0.36 
0.39 
0.77 
0.43 
0.85 
0.57 
3.62 

10.00 

Ref. 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
6 
4 
4 

with X = CHO, NH,, CN, Me, NO2, OH, CONH,, COCl, 
SH, F, Cl, Br or I. This is a d6 electronic system and has a spin 
multiplicity of one for the low-spin complex; the four unpaired 
electrons are assigned a spin multiplicity of five for the high- 
spin complexes. As starting geometry we used the crystal 
structure2' of [FeL2I2+ with X = H and standard values36,37 
of the bond angles and lengths for the substituents X listed. 
After optimization of the geometry, deviations of ca. 2-3% for 
bond angles and 58% for bond distances were found when 
compared with the crystallographic data, but this is due to the 
fact that the calculation was performed for molecules in the gas 
phase (Scheme 2 and Table 8 ) .  The calculated bond angles and 
distances then yield the respective minima for the total energy 
of the 1.s. and h.s. states. 

The QR-INDO calculations with different substituents X in 
[FeL2I2+ (Table 9) were carried out to obtain (i) the bond 
order (Wiberg indices) between the iron and the averaged values 
of the N-donor atoms of the two substituted pyridine rings (i.e. 
Fe-2N1), (ii) the bond order between the iron and the averaged 
values of the N-donor atoms of the four substituted 
benzimidazole rings (i.e. Fe-4N2), (iii) the partial charges on the 
Fe, two N' and four N2 atoms, and (iu) the difference in the heat 

of formation between the 1.s. (spin multiplicity rn = 1) and h.s. 
complexes (rn = 5) ,  i.e. AH,s-hs. From Table 9 it can be seen that 
the imidazole nitrogens are bonded more strongly to the iron 
than are the pyridine nitrogens and the change in the bond 
order between the h.s. and 1.s. in Fe-2N' is about 0.03 higher 
than in Fe-4N2. These results can be explained as a steric effect 
because the pyridine nitrogen, N', is much less geometrically 
flexible than is the imidazole nitrogen, N2. In the case of a 
change in the electronic structure around the iron, such as is 
found between the 1.s. and h.s. forms, the imidazole nitrogen can 
adjust the structure accordingly. This in turn lowers the 
difference in bond order between the two forms for this Fe-N2 
bond. On the other hand, the pyridine, N', nitrogen is more 
rigid in its octahedral position (because of the relatively fixed 
imidazole rings) and therefore cannot move to a position of 
stronger bonding. The difference in the partial charge between 
the h.s. and 1.s. forms on the iron (about 0.18) is about equally 
distributed among the co-ordinating nitrogens (about 0.04 for 
N' and about 0.03 for N2). 

As a measure of the donor strength of the substituents we 
used the ' H NMR increment ( = A6) for substituents X in thepara 
position of benzene. The experimentally determined A6 shows 
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Table 8 Comparison of measured crystal structure of [FeL,][C10,]2 where X = H " with the calculated gas-phase structures where X = OH, Me, 
CI, Br or H 

Calculated (gas phase) Measured 
(solid state) 

Parameter X = O H  Me CI Br H H 
Fe-N(2) 2.02 2.02 2.02 2.02 2.02 1.92 

N( 2)-Fe-N( 22) 79.0 79.0 79.0 78.5 79.0 79.60 
N(22)-Fe-N(24) 157.9 157.9 157.9 157.0 158.0 160.80 
N(2)-Fe-N(2') 180' 180' 180' 180' 180' 176.80 
N(2)-C(4)-C(18) 110.7 110.6 1 10.7 110.6 110.6 109.70 

Fe-N( 22) 2. I4 2.14 2.14 2.12 2.13 1.94 

Bond lengths in A, angles in O. For labelling see Scheme 2. ' Assumed for these calculations. 

N 

Scheme 2 Structure of [FeL2I2+. Atoms pertinent to Table 8 only are 
labelled and refer to the respective atoms assigned in the second ligand 

"121 NH2 OH --* Br Me 

%2.031 , , , , 
CONH2m 

COCl NO;! 
2.00 

-0.8 -0.4 0 0.4 
A6 

Fig. 6 Differences in the calculated heats of formation between the h.s. 
and 1.s. forms (AElol since calculations are for single molecules) in 
[FeL,]' + vs. AS ('H NMR increment forpara-substituentsx in benzene) 

the sum of the influences from electron-withdrawing (-I) 
and electron-donating (+ I) effects relative to the unsubstituted 
compound and therefore gives a measure of the mesomeric effect 
on the nitrogens N' and N2. We found a good correlation 
between A& and the difference in the calculated heats of 
formation between the h.s. and 1.s. forms (see Fig. 6). The 
curve shows a turning point at or near to the complex with 
X = H, so that a maximum sensitivity to substituent and 
environmental changes can be expected. Our calculations show 
that lower A6 lead to lower electronic densities on the N' and to 

7 

I I I 
-0.8 -0.4 0 0.4 

0.094 I 
A6 

Fig. 7 Difference in Wiberg indices for Fe-N' between the h.s. and I.s. 
forms of [FeL2I2+ us. AS (see Fig. 6) 

0.48 1 
0.46 J 

0 . 4 0 . 1 1  
-0.8 -0.4 0.0 0.4 

A6 
Fig. 8 
AS (see Fig. 6) 

Wiberg indices for Fe-N' (0) and Fe-N2 (A) in [FeL2I2+ us. 

N' 

-I Fe 

1- 
Scheme 3 The modes of interaction of the nitrogens NZ and N' with 
the iron 
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Table 9 Bond orders (Wiberg indices) for Fe-2N' and Fe-4N2 and partial charges for Fe, N' and NZ and the difference in the heat of formation 
AH,s-hs for the I.s. (spin multiplicity m = 1) and h.s. complexes (m = 5) resulting from QR-INDO calculations with different substituents X in 
[FeL,]" 

Substituent 
X 
CHO 

NH2 

CN 

H 

Me 

NO2 

OH 

CONH, 

COCl 

SH 

F 

c1 
Br 

I 

Spin state 
1.s. 
h.s. 
IS. 
h.s. 
I.S. 
h.s. 
1 s .  
hs .  
1.s. 
h.s. 
1 s .  
h.s. 
1 s .  
h.s. 
1 s .  
h.s. 
IS. 
h.s. 
1.s. 
h.s. 
I.S. 
h.s. 
1 s .  
h.s. 
1.s. 
h.s. 
IS. 
h.s. 

Bond order Charge/e 

Fe-2N' 
0.524 
0.422 
0.534 
0.438 
0.525 
0.423 
0.524 
0.427 
0.530 
0.432 
0.520 
0.418 
0.533 
0.437 
0.525 
0.423 
0.523 
0.420 
0.529 
0.433 
0.526 
0.429 
0.525 
0.428 
0.524 
0.427 
0.523 
0.427 

F e 4 N Z  
0.549 
0.470 
0.542 
0.460 
0.548 
0.468 
0.549 
0.465 
0.546 
0.463 
0.551 
0.470 
0.542 
0.460 
0.549 
0.470 
0.550 
0.470 
0.545 
0.462 
0.546 
0.463 
0.547 
0.464 
0.547 
0.464 
0.548 
0.465 

Fe 
- 0.402 
- 0.222 
- 0.399 
-0.223 
-0.401 
- 0.223 
-0.401 
- 0.223 
- 0.401 
- 0.224 
- 0.400 
- 0.221 
-0.398 
- 0.222 
- 0.402 
-0.222 
- 0.402 
- 0.222 
- 0.399 
-0.222 
-0.397 
- 0.220 
-0.398 
-0.221 
- 0.399 
- 0.22 1 
- 0.399 
- 0.22 I 

2N' 
0.009 

- 0.032 
-0.047 
- 0.084 
-0.001 
- 0.034 

0.004 
- 0.034 
-0.016 
- 0.054 

0.00 1 
-0.042 
- 0.056 
-0.093 

0.006 
- 0.037 

0.01 1 
- 0.032 
- 0.029 
- 0.067 
- 0.038 
-0.075 
- 0.024 
-0.061 
-0.019 
- 0.056 
-0.014 
- 0.052 

4N2 
-0.117 
- 0.149 
-0.116 
-0.150 
-0.116 
-0.151 
-0.117 
-0.151 
-0.1 17 
-0.151 
-0.1 14 
-0.149 
-0.115 
-0.149 
-0.116 
-0.149 
-0.116 
-0.152 
-0.116 
-0.150 
-0.114 
-0.149 
-0.115 
-0.149 
-0.1 15 
-0.150 
-0.1 16 
-0.150 

AHIs-hs 'lev 
2.006 

2.0 10 

2.012 

2.053 

2.071 

2.009 

2.100 

2.006 

2.005 

2.080 

2.082 

2.072 

2.069 

2.066 

"2" = Averaged values of N-donor atoms of the two substituted pyridine rings. b4NZ = Averaged values of N-donor atoms of the four 
substituted benzimidazole rings. ' Difference in the heat of formation between the 1.s. and h.s. forms. 

higher electron densities on N2. The same behaviour was found 
for the bond order of Fe-N' and Fe-N' (see Fig. 7). The turning 
point is again near to the unsubstituted species (X = H). This is 
in accord with the fact that the unsubstituted complex shows 
strong pronounced spin-crossover behaviour with temperature 
changes, whereas when X is OH or C1 there is only a low spin- 
crossover tendency. With increasing A6, the bond order Fe-N' 
is reduced and that of Fe-NZ increased (see Fig. 8). The binding 
forces for the equatorial imidazole N2 atoms increase radially 
towards the iron centre while simultaneously the binding 
between the axial pyridine N' atoms and the iron decrease: this 
change in structure is illustrated in Scheme 3. 

In conclusion, the pronounced spin-crossover behaviour 
found for [FeLZl2* where X = H in solution is strongly 
reduced by electron-withdrawing substituents in the 4 
position on the pyridine, leading eventually to pure high-spin 
states at room temperature in MeOH. This suggests, in 
accord with the ligand-field parameters evaluated from the 
nickel(r1) complexes, that despite the strong electron-withdraw- 
ing properties of the substituents the ligand-field splitting in 
the substituted [FeLz]2+ species must be lower than that in the 
unsubstituted species, which is possibly due to a lowering of 
symmetry. 38 
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