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Chemistry of Iron with Dipicolinic Acid. 1. Mononuclear Complexes of Iron(I1) or 
Iron(1II) 
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The synthesis, characterization, and properties of dipicolinic acid (dipicH2) derivatives are described. Neutralization 
of hot aqueous concentrated solutions of dipicH2 showed successive gelifications-liquefaction processes. Isolation 
of crystalline-phase [(dipicH)(dipicH2)]Na*3H20 (1) revealed an intricate network of interactions among the acid, 
the sodium cation, and water molecules. [(dipic)Fe"(OH2)3] (2) was prepared in nearly quantitative yield by 
reaction of dipic2- with an excess of ammonium iron(I1) sulfate hexahydrate. 2 reacts with bases (cation+)OH- 
to give [(dipic)2Fe"](cation)2 in high yields (3: cation = NProp4+). [(dipic)2FeI1l2- was solvatochromic, due to 
interactions between the dipic oxygen lone pairs and solvents. Air or bromine water oxidation of 3 yielded 
quantitatively the iron(II1) complexes [(dipic)2Fe"'l(cation) (4: cation = Na+). The crystal structures of 1-4 
have been determined. Comparison of the geometries of 3 and 4 showed that the iron-nitrogen bond lengths are 
insensitive to iron oxidation states whereas the iron-oxygen distances decrease by 0.15 A upon iron oxidation. 
This allowed the calculation of the intervalence band energy in dipic mixed-valence systems. 1 crystallized in 
the triclinic space group Pi with cell constants a = 6.882(1) A, b = 11.125(2)A, c = 11.171(2) A, a = 82.65 
(4)", ,L? = 82.13(4)", y = 87.38(6)", V = 844(3) A3, and Z = 2. 2 was found in the monoclinic space group P21/c 
with a = 12.410(4) A, b = 9.314(4) A, c = 8.746(3) A, j3 = 101.44(4)', V = 990(1) A3, and Z = 4. 3-7.25H20 
occurred in the monoclinic space group P2dc with a = 15.320(9) A, b = 33.83(2) A, c = 17.24(1) A, ,L? = 
91.55(4)", V = 8932(9) A3, and with Z = 8. 4*H20 crystallized in the monoclinic space group Cc with a = 
14.95(1) A, b = 12.45(3) A, c = 8.663(5) A, /3 = 92.99(4)", V = 609(4) A3, and Z = 4. 

Introduction 

The complexation of metal ions by 2,6-pyridinedicarboxylic 
acid (dipicolinic acid, dipicH2) has been extensively studied. 
This stems mainly from its ability to form stable chelates,' with 
various coordination modes such as bidentate? meridian,3 or 
bridginge4 Other interesting properties are its biological activ- 
 it^,^ its ability to stabilize unusual oxidation states,6 and its 
usefulness in analytical chemistry7 such as chemical analysis 
of iron at low c~ncent ra t ion~~ (down to 4 ppm), in corrosion 
inhibition* and in decontamination of nuclear  reactor^;^ the iron 
complexes have also been used as electron carriers in model 
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biological sytems,I0 as well as specific molecular tools in DNA 
cleavage." Finally, iron complexes of dipicolinate are involved 
in one of the greatest challenges of modern homogeneous 
catalysis, namely iron-induced activation of dioxygen and 
hydrogen peroxide.I2 

As part of a study of electron transfer through "molecular 
wires", we were interested in preparing and measuring the 
electron transfer properties of dinuclear iron complexes linked 
by conjugated ethynylated dipic subunits close to those described 
by Kankare et ~ 1 . ' ~  This study required a deeper understanding 
of the chemistry of iron complexes containing dipicolinic acid 
and led us to entirely re-examine this subject. 

In the literature, only four iron dipic complexes have been 
described: [ (dipic)2Fe"](cation)2 (solution ~ t u d i e s , ~ . ' ~  syntheses 
with cation = Na+, Ba2+ 10a312g*14a), [(dipic)2Fe111]- (thermody- 
namic study,'& synthesis and X-ray structure for cation = 
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HsOz+ 15), [(dipicH)zFe"] (existence mentioned or postu- 
lated'2f~12g~la), and a dinuclear complex [(dipic)Fe111(OH2)@- 
OH)]z (synthesis, properties, and ~tructure'~). We found the 
chemistry of iron with dipicolinic acid to be much more complex 
than expected, particularly in the solid state. Thus the present 
series of papers reports several new aspects, of potential interest 
for the synthesis of elaborate compounds. 

In paper 1, we report mononuclear complexes of iron(II) and 
iron(II1) containing only the dipic ligand. We obtained the 
[(dipic)Fe"(OHz)s] complex (2), which can be used as a 
precursor for the synthesis of mixed-ligand species. We have 
also specified and compared the structures of [(dipic)2Fe1']*- 
(3) and [(dipic)zFe"']- (4). 

In paper 2, we describe several surprising structures obtained 
in the solid state, in which the [(dipic)2Fe"I2- unit shows its 
ability to act as a ligand by complexation through the free 
oxygens of the carboxylate groups. 

Paper 3 is devoted to two new heptacoordinated structures 
of iron(I1). 

Finally, paper 4 deals with the complexes of iron(II1) with 
one dipic ligand and other various ligands (chloride, water, 
acetylacetonate, o-phenanthroline, etc.). 

Experimental Section 

All manipulations were performed under argon atmosphere with 
carefully degassed solvents. 2,6-Pyridinedicarboxylic acid (dipicH2) 
and ammonium iron(I1) sulfate hexahydrate (Mohr's salt) were used 
as received (Aldrich). FTIR spectra were run as KBr pellets on a 
Perkin-Elmer 1725 X and UV-vis on a Shimadzu UV-PC 3101. 

Mossbauer spectra were obtained on a constant-acceleration con- 
ventional spectrometer with a 25 mCi source of 57C0 (Rh matrix). 
Throughout the papers of this series, isomer shift values (6) are given 
with respect to metallic iron at room temperature. The absorber was 
a sample of 160-200 mg of microcrystalline powder enclosed in a 2 
cm diameter cylindrical plastic holder, the size of which had been 
determined to optimize the absorption. The samples were prepared in 
a glovebox. Variable-temperature spectra were obtained in the 300- 
4.2 K range, by using an MD 306 Oxford cryostat, the thermal scanning 
being monitored by an Oxford ITC4 servocontrol device ( f0 .1  K 
accuracy). A least-squares computer programla was used to fit the 
Mossbauer parameters and determine their standard deviations of 
statistical origin (given in parentheses). 

Variable-temperature magnetic susceptibility data were obtained with 
a Quantum Design MPMS SQUID susceptometer. The samples (10 
mg) were ground with agar in a glovebox. Diamagnetic corrections 
were applied using Pascal's  constant^.'^ Least-squares fittings were 
carried out with the program STEPT." 

Preparation of [(dipicH)(dipicHz)]Na. A suspension of dipicH2 
(1.5 g, 8.98 mmol) in water (15 mL) was neutralized by dropwise 
addition of 5 M aqueous NaOH. When the acid was dissolved, the 
solution was heated to the boiling point and concentrated to 15 mL, 
and the pH was adjusted to 3.5 by addition of concentrated HC1. Slow 
cooling afforded white crystals of [(dipicH)(dipicH~)]Na*3H20 (yield 
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22.5%). FTIR (KBr, cm-I): 3477 vs, 3089, 2538 (vsym OH); 1730, 
1703 s (vasym free COOH); 1672, 1660 ( Y , ~  coordinated COOH); 1588 
(vSym COO-). Anal. Calcd for C I ~ H I ~ N Z N ~ O I I :  C, 40.99; H, 3.68; 
N, 6.83. Found: C, 41.02; H, 3.70; N, 6.80. 

Preparation of [(dipic)Fe"(OH2)3]. A degassed aqueous (100 mL) 
solution of dipicHz (8.55 g, 51.16 mmol) at 100 "C under argon was 
neutralized by dropwise addition of 5 M NaOH. An excess of Mohr's 
salt (23 g, 58.65 mmol) was then added, and the mixture was stirred 
for 0.5 h at 100 "C, left to cool to room temperature, and then left at 
4 "C for 1 week. Filtration of the mixture gave orange leaflets; rapid 
washing with ethanol, diethyl ether, and drying by suction filtration 
under argon yielded 13.76 g of [(dipic)Fe"(OH2)3] (98% vs dipicHz). 
The crystals can be stored in the cold under argon. Anal. Calcd for 
C7H9NFe07: C, 30.57; H, 3.28; N, 5.08; Fe, 20.31. Found: C, 30.52; 
H, 3.21; N, 5.08; Fe, 20.29. FTIR (KBr, cm-I): 3255 vs (vsym OH); 
1651, 1610, 1587 s (vasym COO); 1471, 1427 (vSym COO). UV-vis in 
Hz0, pH 7.0 (A,,,, nm dm3 mol-' cm-I)): 446 (6.21), 270 
(48), 266 (49.3, 195 (370). 

Preparation of [(dipic)2FeU](cation)z. Method a (Cation = Na). 
A degassed aqueous (160 mL) solution of dipicH2 (15.0 g, 89.75 mmol) 
at 70 "C under argon was neutralized by dropwise addition of 6 M 
NaOH (final volume around 190 mL). MOWS salt (17.3 g, 44.12 
mmol) was then added, the mixture was stirred 2 h at 70 "C, left to 
cool to room temperature, and then left at 4 "C for 1 week. The dark 
red crystals were then rapidly filtered off under argon, washed with 
acetone and diethyl ether, and dried under argon. Concentration of 
the mother liquors gave an another crop. Total yield: 18.7 g (90S% 
vs Mohr's salt). The crystals can be stored in the cold under argon. 
They rapidly lose their water of crystallization. Anal. Calcd for 
[(dipic)zFe"]Naz*2H~O (C14HlaN2FeOlfla2): C, 35.92; H, 2.15; N, 5.98; 
Fe, 11.93; Na, 9.82. Found: C, 35.87; H, 2.15; N, 5.97; Fe, 11.80; 
Na, 9.69. FTIR (KBr, cm-I): 1625 s (vasym COO); 1427 (vSym COO). 
W-vis  (cation = Na+) in H20, pH 6.5 (Am, nm ( E ,  dm3 mol-' cm-I)): 

Method b l  (Cation = TPA, N(CsH7)d). To a suspension of 
[(dipic)Fe"(OH2)3] (159 mg, 0.578 mmol) in acetonitrile (40 mL) was 
added dropwise over 2 h a solution of 5 x M tetrapropylammo- 
nium hydroxide in methanol (1 1 mL, 0.55 mmol). The excess [(dipic)- 
Fel1(OH&] and iron hydroxide were removed by filtration. Addition 
of diethyl ether to the filtrate gave a precipitate which was washed 
with ether and recrystallized from acetone, yielding 208 mg (yield 95% 
vs TPA) of very hygroscopic dihydrate. Anal. Calcd for C38H@N4- 
FeOlo: C, 57.42; H, 8.37; N, 7.05; Fe, 7.02. Found: C, 57.16; H, 
8.36; N, 6.97; Fe, 7.17. 

Method b2 (Cation = TPA). To an aqueous solution (75 mL) of 
[(dipic)Fe1'(0H2)3] (149.7 mg, 0.5 12 mmol) was added dropwise an 
aqueous 5 x solution of tetrapropylammonium hydroxide (10.5 
mL, 0.525 mmol). After 0.5 h of stimng, the solvent was removed 
under vacuum and the product was extracted with dichloromethane, 
reprecipitated with diethyl ether, washed with ether, and recrystallized 
from acetone or acetonitrile. The tetrahydrate is hygroscopic. Yield: 
185 mg, 85% vs TPA. Anal. Calcd for C38H7&4Fe012: C, 54.94; H, 
8.49; N, 6.74; Fe, 6.72. Found: C, 54.89; H, 8.37; N, 6.78; Fe, 6.63. 

Synthesis of [(dipic)~Fe~~'](cation). Slow air oxidation or addition 
of bromine to an aqueous solution of [(dipi~)2Fe~~](cation)~ gave 
quantitatively [(dipic)zFe"'](cation). The product could then be re- 
crystallized from acidic water or ethanol. 

(a) Cation = Na+. Anal. Calcd for [(dipi~)2Fe~~*]Na*2H20 
(CI4HloN~FeO~oNa): C, 37.78; H, 2.26; N, 6.29; Fe, 12.55; Na, 5.16. 
Found: C ,  37.58; H, 2.24; N, 6.29; Fe, 12.91; Na, 5.20. FTIR (KBr, 
em-'): 1674, 1632 (vaSym COO); 1431 (valym COO). 

(b) Cation = N&+. Anal. Calcd for [(dipic)2Fe1"](NH4) 
(C14HI,,N3FeOg): C, 41.61; H, 2.49; N, 10.40; Fe, 13.82. Found: C, 
41.52; H, 2.46; N, 10.34; Fe, 13.41. FTIR (KBr, cm-I): 3162 (v NH); 
1652, 1592 (vaSym COO); 1447 (vSym COO). 

(c) Cation = N(C&&+. Anal. Calcd for C~&N3Fe08: C, 57.33; 
H, 6.73; N, 6.68; Fe, 8.88. Found: C, 57.38; H, 6.62; N, 6.69; Fe, 
8.78. FTIR (KBr, cm-I): 3083, 2962, 2936, 2875 (v C-H in 

vis (cation = N&+) in HzO, pH 6.5 (Amax, nm ( E ,  dm3 mol-' cm-I)): 
675 (2.3) (br, d-d); 478 (5.5) (d-d); 271 (12 300) (sh, nn*); 254 (13 800) 
(nn*); 195 (80 000) (nn*). 

482 (1350) (MLCT); 269 (9500) (nn*). 

N(C4H9)4+); 1672, 1596 (vasym COO); 1472, 1423 (vsym COO). UV- 
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Table 1. Crystallographic Data for [(dipicH)(dipicH2)]Na*3H20 (l), [(dipic)Fe11(OH2)3] (2), [(dipi~)2Fe~~][N(C3H7)4]2*7.25H20 (3), and 
[ (dipi~)*Fe~~'] Na.2H20 (4) 
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1 2 3 4 

formula C I ~ H I ~ N Z N ~ O I  I C7HgNFe07 C ~ S H ~ ~ . ~ N & ~ Z ~ . Z S  C MHI ONzFeNaO I o 
fw 410.27 275.02 1648.17 445.08 
space group P1 (No. 2) P21/~ (NO. 14) P 2 1 / ~  (NO. 14) C c  (No. 9) 

T, "C 
p(Mo Ka), cm-' 

Ra 
Qcalcd. g cm+ 

Rwb 

6.882(1) 
1 1.125(2) 
1 1.17 l(2) 
82.65(4) 
82.13(4) 
87.38(6) 
844(3) 
2 
21 
1.53 
1.61 
0.03 1 
0.03 1 

12.410(4) 
9.3 14(4) 
8.746(3) 
90 
101.44(4) 
90 
990(1) 
4 
21 
15.39 
1.843 
0.036 
0.043 

" R  = C l I F o l  - IFcIIICIFol. bRw = [Cw(lFol - I~cl)2/C~I~01211'2~ 

X-ray Crystallography. Details of the crystal data and a summary 
of intensity data collection parameters are presented in Table 1. 

Unit cell parameters were obtained by centering 25 reflections having 
28 values between 22 and 30". Data were collected on an Enraf-Nonius 
CAD-4 diffractometer using graphite-monochromated Mo Ka radiation 
(0.71069 A) and w-28 scans. For each structure, the data were 
corrected for Lorentz and polarization effects. Data with intensities 
less than nu(4 were excluded from the refinements. Scattering factors 
were from ref 21 and were corrected for anomalous dispersion. When 
necessary, absorption corrections were carried out using the DIFABSZ2 
or PSISCANZ3 methods and the secondary extinction parameter was 
calculated according to ref 24. 

For [(dipic)?FelI](TPA)~, the asymmetric unit contains 2 complexes, 
4 tetrapropylammonium counterions, and 7.25 water molecules. The 
propyl chains of one of the cations are disordered over two positions. 
Soft constraints were then applied to the carbon atoms of these chains 
with a free overall occupation factor. This factor converged to 0.5, a 
value to which it was then fixed in further refinements. The terminal 
methyl hydrogen atoms were located on Fourier maps and refined with 
soft constraints. One of the water molecules [0(800)] which had a 
low peak height was refined with a fixed isotropic temperature factor 
of 0.06 A2 and a variable occupation factor which converged to l/4, a 
value to which it was then fixed in the next steps. Its hydrogen atoms 
were not localized on Fourier maps. The hydrogen atoms of the 
pyridine rings and of the propyl chains were positioned geometrically, 
their positions being recalculated after each refinement cycle. 

In the final stages of the refinements, to each reflection was assigned 
a weight calculated from a Chebyshev series with three  coefficient^.^^ 
The final refinements were done with a block approximation of the 
matrix. The structures were solved using SHELXS,26 and all further 
calculations were performed using the CRYSTALS software package.27 
Drawings were obtained using ORTEP.28 For clarity, the thermal 
vibration ellipsoids are drawn with a probability level of 20% and the 
hydrogen atoms are drawn with an artificial B of 1.02 A2. Selected 
atomic coordinates, bond distances, and bond angles are presented in 
the tables. 

International Tables for X-ray Crystallography; The Kynoch Press: 
Birmingham, England, 1974. 
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1968, A24, 351. 
Larson, A. C. Crystallographic Computing; Munksgaard: Copenhagen, 
1970; p 22. 
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Verlag: Berlin, 1982. (b) Carruthers, J. R.; Watkin, D. J. Acta 
Crystallogr. 1979,.A35, 698. 
Sheldrick, G. M. SHELXS86. Program for the solution of crystal 
structures. University of Gottingen, Germany, 1985. 
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15.320(9) 
33.83(2) 
17.24( 1) 
90 
91.55(4) 
90 
8932(9) 
8 
21 
3.92 
1.22 
0.057 
0.057 

14.95( 1) 
12.45(3) 
8.663(3) 
90 
92.99(4) 
90 
1609(4) 
4 
21 
10.20 
1.84 
0.022 
0.023 

Results and Discussion 

The dipicolinate anion with its two carboxylate groups in 
ortho positions with respect to the pyridine nitrogen is potentially 
tridentate. Obviously, the reactivity of the ligand for complex- 
ation depends on its degree of protonation, as it can exist as 
dipic2-, dipicH-, or dipicH2. The acidity constants of dipicolinic 
acid have been determined by several groups;29 in the following, 
we have used the values reported by Wieghardt2a coming from 
the pioneering work of A r ~ d e r e g g , ~ ~ ~  Le. pK,, = 2.10 and pKaz 
= 4.68. The preparation of dipic complexes requires the 
deprotonation of dipicolinic acid. However, it tumed out that 
this is not a simple process, and some unusual observations are 
reported below. 

Preliminary Study of dipicH2 Neutralization. Addition of 
a concentrated aqueous solution of sodium hydroxide (5 mol 
L-') to a concentrated boiling suspension of dipicH2 (0.5 mol 
L-I) causes a spectacular sequence of gelifications (during which 
the solution thickens considerably) and redissolutions in narrow 
pH intervals. Thus the thickening of the solution occurs 
successively at pH 3.30,4.85, and 5.30. Between these values, 
the gel liquefies progressively, and slightly above pH 5.3, the 
solution is completely clear. 

This observation has not been fully explained; nevertheless, 
it is known that dipic is strongly aggregated in aqueous acidic 
solutions.30 Thus the formation of these gels could correspond 
to three different intricate networks of strong H bonds and 
electrostatic interactions at these pH values and Na+ concentra- 
tions. An example is given by the structure of the sodium salt 
[(dipicH)(dipicHa)lNa*3HzO. It is obtained by cooling a pH 
3.5 solution, this solution having been prepared by neutralizing 
dipicH2 with an excess of base and then acidifying progressively, 
as described in the Experimental Section. 

The X-ray structure of [(dipicH)(dipicH2)]Na*3H20 (1) is 
shown in Figure 1. Selected bond lengths and angles are given 
in Table 3. The sodium cation is surrounded by three water 
molecules, one oxygen atom from a dipicH2, and two oxygens 
and one nitrogen from a dipicH-, at  distances ranging from 
2.275(2) to 2.584(2) A. The two dipic molecules are nearly 
planar, with maximum deviations less than 0.1 A, except for 
the COz groups O(l1)-C(1)-O(l2) and 0(171)-C(17)- 

(29) (a) Anderegg, G. Helv. Chim. Acta 1960, 43, 414. (b) Sillen, L. G.; 
Martell, A. E. Stabiliry Constants of Metal Ions; The Chemical 
Society: London, 1964. (c) Petifaux, C.; Fournaise, R. Bull. SOC. Chim. 
Fr. 1972,3,914. (d) Cariati, F.; Naldini, L.; Panzanelli, A.; Demartin, 
F.; Manassero, M. Inorg. Chim. Acta 1983, 69, 117. 

(30) Peral, F. J. Mol. Struct. 1992, 266, 373. 
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Table 2. Selected Atomic Coordinates and Equivalent Isotropic 
Thermal Parameters (Az) for [(dipicH)(dipicH2)]Na.3H20 (1) 

Lain6 et al. 

atom xla Ylb d C  U(isoy 

0.1971( 1) 
0.2631(3) 
0.2110(3) 
0.2649(3) 
0.3105(4) 
0.3574(4) 
0.3529(4) 
0.3050(3) 
0.2974(3) 
0.1839(3) 
0.1938(3) 
0.2589(3) 
0.3265(3) 
0.2379(3) 
0.2236(3) 
0.21 50(3) 
0.1863(4) 
0.1837(4) 
0.2123(4) 
0.2376(3) 
0.2643(4) 
0.2400( 3) 
0.2156(3) 
0.2610(3) 
0.2842(3) 

-0.1596(3) 
0.1007( 3) 
0.5039(3) 
0.158(4) 

-0.20184(7) 
0.2141( 1) 
0.0040(2) 
0.123 l(2) 
0.1367(2) 
0.2494(2) 
0.3441(2) 
0.3233(2) 
0.428 l(2) 

-0.0120(1) 
-0.0800( 1) 

0.4039( 1) 
0.5288( 1) 

-0.2677(2) 
-0.4744(2) 
-0.3828(2) 
-0.4182(2) 
-0.3320(2) 
-0.2132(2) 
-0.1857(2) 
-0.0576(2) 
-0.43 19( 1) 
-0.5826( 1) 
-0.0408( 1) 

0.0221( 1) 
-0.1792(2) 
-0.2794(2) 
-0.2257(2) 
-0.149(3) 

1 -0.05437(7) 
-0.2853( 1) 
-0.2937(2) 
-0.3579(2) 
-0.4824(2) 
-0.5358(2) 
-0.4630(2) 
-0.3388(2) 
-0.2599(2) 
-0.1848( 1) 
-0.3679( 1) 
-0.1466(1) 
-0.3096(2) 

0.1537(2) 
0.1019(2) 
0.1952(2) 
0.3 176(2) 
0.4007(2) 
0.3588(2) 
0.2350(2) 
0.1852(2) 

-0.0081( 1) 
0.1356(2) 
0.0693( 1) 
0.25 17(2) 
0.0166(2) 

-0.24 19(2) 
-0.1570(2) 
-0.322(3) 

1 0.0351 
0.0280 
0.0322 
0.0297 
0.0377 
0.0404 
0.0362 
0.0288 
0.0342 
0.0394 
0.0417 
0.0419 
0.0469 
0.0307 
0.0348 
0.03 14 
0.0389 
0.0408 
0.0374 
0.0316 
0.0378 
0.0394 
0.0447 
0.0424 
0.0483 
0.0444 
0.0500 
0.0619 
0.0700 

a Equivalent isotropic U(iso) defined as one-third of the trace of the 
orthogonalized tensor. 

O(172) which show angles of 6.6 and 7.6" with respect to the 
pyridine mean planes. These mean planes are nearly parallel 
(7.6"), and the Na+ ion is located between these two planes 
at 0.77 8, from the dipicH2 plane and at 0.56 8, from the 
dipicH- plane. The acidic H atoms are involved in strong 
hydrogen bonds as shown by the distances following (A): 
O(200)-H( 12) = 1.67(3) and O(200)-O(12) = 2.593(2); 
O(ll1)-H(71) = 1.41(3) and O(111)-O(71) = 2.470(2); 
0(100)-H(171) = 1.69(3) and O(100)-O(171) = 2.659(2). 
Other weaker hydrogen bonds involve water molecules and 
carboxylic oxygen atoms (A): 0(72)-H(202) = 1.77(4) and 
O(200)-O(72) = 2.676(3); 0(172)-H(301) = 2.02(3) and 
O(172)-O(300) = 2.810(3). 

This 3-dimensional network illustrates one of the possible 
arrangements of electrostatic interactions and hydrogen bonds 
among dipicH2, dipicH-, dipic2-, Na+, and water at the origin 
of the gelification processes encountered during neutralization 
of concentrated dipicH2 solutions. 

Synthesis, Structure, and Properties of [(dipic)Fe"(OHz)d 
(2). Our first aim was the preparation of a precursor of the 
type [(dipic)FeI1L3] with labile ligands L, allowing later the 
synthesis of dinuclear mixed-valence complexes such as [(dipic)- 
Fe11(dipic-R-dipic)Fe111(dipic)]3- by reaction of this precursor 
with a bridging ligand bearing terminal dipic groups. Although 
the 1:l complex of iron(I1) and dipic was mentioned in solution 
studies,29b it had never been isolated and was sometimes 
considered unstable. l 6  

[ (dipic)Fe11(OH2)3] can be prepared nearly quantitatively by 
reaction of an excess of ammonium iron@) sulfate hexahydrate 
(Mohr's salt) with dipicHz at a pH such that the two acid 
functions are neutralized. The orange product is very soluble 
in water and DMSO, soluble in DMF, slightly soluble in 
methanol and ethanol, and insoluble in most other solvents. 
Figure 2 shows the structure of the complex. Selected bond 
lengths and angles are given in Table 5. The iron environment 

is a distorted octahedron. The dipic ligand is planar, with 
deviations smaller than 0.1 A, except for 0(11), involved in a 
strong intermolecular hydrogen bond, and lies 0.17 8, away from 
the mean plane. As observed in all other dipic complexes, the 
metal-N distance [2.086(2) A] is short with respect to the 
metal-oxygen distances [2.157( 1) and 2.189( 1) A]. This point 
will be discussed later in the text. Due to steric repulsions 
between the dipic ligand and the axial water molecules, the axial 
bonds are not perpendicular to the dipic mean plane, with 
O( 130)-Fe( 1)-N( 1) = 92.40(6)", O( 110)-Fe( 1)-N( 1) = 
95.59(6)", and 0(110)-Fe(l)-0(130) = 168.67(6)'. 

It must be noticed that the Fe(1)-O(130) is significantly 
longer than Fe( 1)-O( 110) and Fe( 1)-O( 120) [respectively 
2.213(1), 2.093(1), and 2.086(1) A], This is correlated to 
differences in the bonding geometries of the water molecules. 
The molecules H(116)-0(110)-H(117) and H(126)-O(120)- 
H( 127) are bound in such a way that their C2 axis goes through 
Fe(1) (case 1 in Figure 3). Thus, the bond with the metal 
simultaneously involves the two oxygen lone pairs. In contrast, 
the water molecule H( 136)-O( 130)-H( 137) is bound in such 
a way (case 2) that only one lone pair is involved in the bonding, 
which weakens it with respect to the previous case. Conse- 
quently, for the two former molecules, the sums of the three 
angles around the oxygen atoms are nearly 360" [357.5" around 
O(110) and 350.2" around 0(120)] whereas this sum is 315.2" 
around O( 130). 

The reasons for these different bonding geometries in the solid 
state are not clear so far. In particular, it is difficult to explain 
why the chemically equivalent H( 136)-O(130)-H( 137) and 
H( 117)-O( 110)-H(116) water molecules are bound differently 
to iron. This may be due to different patterns of hydrogen 
bonding. These water molecules are indeed involved in a net 
of intermolecular hydrogen bonds as shown by the following 
distances (A): O(l1)-H(117) = 1.75(4) and O(11)-O(110) 
= 2.694(2); 0(12)-H(116) = 1.89(5) and O(12)-O(110) = 
2.747(2); 0(71)-H(136) = 2.03(5) and O(71)-O(130) = 2.788 
(2); 0(72)-H(127) = 1.82(5) and O(72)-O(120) = 2.754(2); 
0(72)-H(137) = 1.87(5) and O(72)-O(130) = 2.699(2). 
Oddly enough, the water molecule least involved in hydrogen 
bonding, H(136)-0(130)-H(137), is also the more weakly 
bound to the metal atom. 

The results of Mossbauer spectroscopy are in good agree- 
ment with these crystallographic results. Simulation of the 
spectra obtained at various temperatures gives the isomer 
shifts and quadrupolar splittings, respectively 6 and AEQ 
(mm s-l): at 293 K, 1.137 and 3.891; at 221 K, 1.182 and 
4.021; at 149 K, 1.225 and 4.093; at 80 K, 1.257 and 4.138. 
These values of 6 indicate that, above 80 K, the iron atom is 
high-spin Fe(I1). The high AEQ shows an important axial 
distortion which can correspond either to the long Fe( 1)-O(130) 
bond or to the axial compression along the pseudo C2 axis 
N(l)-Fe(l)-0(120). The rapid variation of AEQ as a function 
of temperature indicates that the first excited state is high in 
energy. 

Magnetic susceptibility shows a magnetic moment of 5.40 
,UB at 300 K, which confirms that the Fe(II) is high spin at room 
temperature. This value decreases steadily on cooling down to 
40 K, probably due to temperature-independent paramagnetism 
as observed in other distorted Fe(I1) complexes. It drops more 
rapidly between 40 and 5 K, to a final value of 4.61 ,UB, which 
could be due either to zero-field splitting or to weak intermo- 
lecular interactions (antiferromagnetic coupling) through the 
hydrogen bond network. 

Synthesis, Structure, and Solvatochromism of [(dipic),FG]- 
(cation)z (Cation = Na+, NPropd+). According to the 
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Figure 1. 

8 7 1  

0112 

H3 

8202  

Structure of the cation environment in 1. 

Table 3. Selected Bond Distances (A) and Angles for 
[(dipicH)(dipicHz)]Na.3HzO (1) 

Na(1)-O(l1) 2.478(2) Na(l)-0(100) 2.481(2) 
Na(1)-N(11) 2.433(2) Na(l)-0(200) 2.506(2) 
Na( 1)-O(111) 2.584(2) Na( 1)-0(3OO) 2.275(2) 
Na( 1)-O( 171) 2.434(2) 
N(l)-C(2) 1.342(3) N( 11)-C( 12) 1.337(3) 
N( 1)-CW 1.337(3) N(l1)-C(16) 1.336(3) 
C( 1)-C(2) 1.495(3) C(ll)-C(12) 1.505(3) 
C(1)-0(11) 1.207(3) C(11)-O(111) 1.275(3) 
C( 1)-O( 12) 1.314(3) C(11)-0( 112) 1.235(3) 
C(2)-C(3) 1.38 l(3) C( 12)-C( 13) 1.383(3) 
C(3)-C(4) 1.380( 3) C( 1 3) -C( 14) 1.382(3) 
C(4)-C(5) 1.375(3) C(14)-C(15) 1.382(3) 
C(5)-C(6) 1.386(3) C(15)-C(16) 1.383(3) 
W)-c(7)  1.509(3) C(16)-C(17) 1.500(3) 
C(7)-O(71) 1.268(3) C( 17)-O( 17 1) 1.297(3) 
C(7)-O(72) 1.224(3) C(17)-O(172) 1.223(3) 

N(l1)-Na(1)-O(l1) 139.16(6) O(200)-Na(1)-N(l1) 141.00(7) 
O(ll1)-Na(1)-O(l1) 155.88(6) 0(200)-Na(l)-0(111) 78.98(6) 
O(ll1)-Na(1)-N(l1) 64.05(6) 0(200)-Na(l)-0(171) 152.90(7) 
0(171)-Na(l)-O(ll) 73.80(6) 0(200)-Na(l)-O(100) 86.49(7) 
0(171)-Na(l)-N(ll) 65.44(6) 0(300)-Na(l)-0(11) 84.29(7) 
0(171)-Na(1)-0(111) 128.08(6) O(300)-Na(1)-N(l1) 103.65(8) 
0(100)-Na(l)-0(11) 90.55(6) 0(300)-Na(l)-0(111) 82.41(7) 
0(100)-Na(l)-N(ll) 87.13(6) 0(300)-Na(l)-0(171) 98.48(8) 
0(100)-Na(l)-O(lll) 98.57(6) 0(300)-Na(l)-0(100) 168.28(9) 
0(100)-Na(l)-0(171) 90.12(7) 0(300)-Na(l)-0(200) 82.23(8) 
O(200)-Na( 1)-O( 11) 79.35(6) 
C(6)-N( 1)-C(2) 117.0(2) C(l6)-N(ll)-C(l2) 117.7(2) 
O( 1 l)-C(l)-C(2) 122.9(2) O( 11 1)-C( 11)-C(12) 115.8(2) 
0(12)-C(l)-C(2) 113.2(2) 0(112)-C(ll)-C(12) 119.2(2) 
0(12)-C(l)-O(ll) 123.9(2) 0(112)-C(11)-0(111) 125.0(2) 
C(1)-C(2)-N( 1) 114.8(2) C(ll)-C(l2)-N(ll) 116.8(2) 
C(3)-C(2)-N(l) 123.5(2) C(l3)-C(l2)-N(ll) 122.6(2) 
C(3)-C(2)-C(l) 121.7(2) C(13)-C(12)-C(ll) 120.6(2) 
C(4)-C(3)-C(2) 118.6(2) C(14)-C(13)-C(12) 119.1(2) 
C(5)-C(4)-C(3) 118.6(2) C(15)-C(14)-C(13) 118.9(2) 
C(6)-C(5)-C(4) 119.3(2) C(16)-C(15)-C(14) 118.2(2) 
C(5)-C(6)-N( 1) 122.9(2) C(l5)-C(l6)-N(ll) 123.6(2) 
C(7)-C(6)-N( 1) 118.3(2) C(l7)-C(l6)-N(ll) 116.2(2) 
C(7)-C(6)-C(5) 118.9(2) C(17)-C(16)-C(15) 120.2(2) 
0(71)-C(7)-C(6) 116.5(2) 0(171)-C(17)-C(16) 114.4(2) 
0(72)-C(7)-C(6) 118.1(2) 0(172)-C(17)-C(16) 120.9(2) 
0(72)-C(7)-0(71) 125.5(2) 0(172)-C(17)-0(171) 124.7(2) 

l i t e r a t ~ r e , ' ~ ~  the synthesis of [(dipic)2Fe1[](cat)2 is similar to the 
one for other [(dipic),M]"+ complexes: after neutralization of 
dipicH2 in water, addition of FeClz and cation exchange 
generally precipitate the product. This method is well adapted 
to alkaline and alkaline-earth cations (method a in the following), 
but the very good solubility in water of the alkylammonium 
salts precludes the preparation of the corresponding salts by 
cation exchange in water. We have prepared these latter 
derivatives in organic solvents in one step by treating 
[(dipic)FeI1(OHz)3] with base (cation)OH: 

2 cation' + 20H- + 2[(dipi~)Fe"(OH,)~] - 
[(dipic),Fe"](cation), (soluble) + 

[ (HO),Fe( OH,),] (precipitate) 

The synthesis can be done in a solvent in which [(dipic)Fe"- 
(OH2)3] is insoluble (method b l )  or soluble (method b2) and 
provides high yields of pure products. It can be extended to 
alkaline and alkaline-earth cations, by reaction of the corre- 
sponding base in water. When the cation is tetrapropylammo- 
nium or tetrabutylammonium, the compounds are very soluble 
in all usual polar solvents, but surprisingly not in acetone. 

Interestingly, these compounds are very solvatochromic. The 
main absorption in the visible region comes from a metal-to- 
ligand charge transfer (MLCT) band, the position of which 
changes from 565 nm in DMF to 460 nm in dilute acetic acid 
solution (see Table 6). We have searched for a correlation 
between these wavelengths and pertinent parameters such as 
the dielectric constant E ,  the donor numbes' DN, and the 
acceptor numbeP AN of the solvents. Only the last parameter 
gave a significant correlation: it appears clearly in Figure 4 
that A M L ~  decreases linearly with AN. This behavior is similar 
to that of [(CN)nFet1(phen)a] (phen = o-phenanthroline), for 
which an interaction between the nitrogen of the CN ligand 
(Lewis base) and the solvent (Lewis acid) is assumed.33 By 
analogy, in the present case, the most likely interaction involves 
the free oxygen of the carboxylate groups playing the role of 
Lewis base. Incidentally, this explains why acetone, which has 
the lowest AN, is a poor solvent for these complexes. 

The X-ray structure of the tetrapropylammonium salt has been 
solved. Selected bond lengths and angles are given in Table 8. 
The asymmetric unit contains two [(dipic)~FeII]~- anions, four 
cations, and 7.25 crystallization water molecules. Figure 5 
shows an ORTEP drawing of the two cations with the 
numbering scheme. Within a complex, the ligands are nearly 
perpendicular, with angles between mean planes of 96.0 and 
92.7'. This trans meridional geometry is similar to that observed 
for other transition metals such as Cr111,3a RuII,,~ or Fe1I1,ISb9lSc 
The dipic ligands are nearly planar (maximum deviation 0.05 
A) except for the carboxylic groups 0(171)-C(17)-0(172) and 
0(311)-C(31)-0(312). These groups are slightly off the 
pyridine mean planes with deviations of 8.3 and 7.0", respec- 
tively. The carboxylic and water oxygen atoms are linked 
through a complex network of hydrogen bonds as shown by 
the distances in Table 9. 

(31) Gutman, V.; Wychera, E. Inorg. Nucl. Chem. Lett. 1966, 2, 257. 
(32) Mayer, U. Pure Appl. Chem. 1979,51, 1697. 
(33) Soukup, R. W.; Schmid, R. J. Chem. Educ. 1985, 62,459. Micheau, 

J.-C.; Lavabre, D.; Levy, G.  Actual. Chim. 1988, 241. 
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Figure 2. ORTEP diagram for [(dipic)FeI1(OH2)3] (2). 

Table 4. Selected Atomic Coordinates and Equivalent Isotropic 
Thermal Parameters (A2) for [(dipic)Fen(0H2)31 (2) 

atom xla ylb ZlC U(iso)O 
0.28852(2) 
0.2234( 1) 
0.1034(2) 
0.1 385( 1) 
0.093 l(2) 
0.1398(2) 
0.2309(2) 
0.2691(2) 
0.3665(2) 
0.1670( 1) 
0.0217(1) 
0.3869( 1) 
0.42 16( 1) 
0.1680( 1) 
0.3733( 1) 
0.4107( 1) 

0.08265(3) 
-0.1214(2) 

O.WO(2) 
-0.1364(2) 
-0.2697(2) 
-0.3888(2) 
-0.3729(2) 
-0.2355(2) 
-0.1969(2) 

0.1 102(2) 
0.0076(2) 

-0.0646(2) 
-0.2945(2) 

0.1462(2) 
0.2721(2) 
0.0579(2) 

-0.00806(3) 
0.012 l(2) 
0.1458(2) 
0.0822(2) 
0.0994(2) 
0.0436( 3) 

-0.0245 (2) 
-0.04 14(2) 
-0.1 124(2) 

0.1349(2) 
0.2047(2) 

-0.1 195(2) 
-0.1573(2) 
-0.1987(2) 
-0.03 17(2) 

0.21 19(2) 

0.0210 
0.02 10 
0.0225 
0.02 13 
0.028 1 
0.0307 
0.0273 
0.0222 
0.0243 
0.0270 
0.0292 
0.0282 
0.0326 
0.0308 
0.0323 
0.0248 

Equivalent isotropic U(iso) defined as one-third of the trace of the 
orthogonalized tensor. 

Table 5. Bond Lengths (A) and Angles (deg) for 
[(dipic)FeI1(OH2)3] (2) 

Fe( 1)-N( 1) 2.086(2) Fe(1)-O(130) 2.213(1) 
Fe( 1)-O( 1 1) 2.157( 1) C( 1)-O( 11) 1.280(2) 
Fe( 1)-O(71) 2.189( 1) C( 1)-O( 12) 1.225(2) 
Fe( 1)-O( 1 10) 2.O93( 1) C(7)-O(71) 1.262(2) 
Fe( 1)-O( 120) 2.086(2) C(7)-O(72) 1.247(3) 

O( 1 1)-Fe( 1)-N( 1) 74.47(6). O( 120)-Fe( 1)-O(71) 98.56(6) 
O(71)-Fe(1)-N(1) 74.12(6) 0(120)-Fe(l)-0(110) 88.66(6) 
0(71)-Fe(l)-O(ll) 148.03(5) 0(130)-Fe(l)-N(l) 92.40(6) 
O( 1 10)-Fe( 1)-N( 1) 86.89(6) 
0(1 10)-Fe( 1)-O(11) 87.52(6) 0(130)-Fe(l)-0(71) 88.59(6) 
0(1 lO)-Fe(l)-0(71) 101.31(6) 0(130)-Fe(l)-0(110) 168.67(6) 
0(120)-Fe(l)-N(l) 172.12(7) 0(130)-Fe(l)-0(120) 84.38(6) 
O( 120)-Fe( 1)-O( 11) 1 12.43(7) 

95.59(6) O( 130)-Fe( 1)-O( 1 1) 

The Mijssbauer chemical shifts and quadrupolar splittings for 
the sodium salt are respectively as follows: 1.013 (2.858) mm 
s-l at 293 K; 1.059 (3.141) mm s-' at 221 K; 1.098 (3.393) 
mm s-l at 149 K 1.127 (3.544) mm s-l at 80 K. These 
chemical shifts are smaller than in [(dipic)Ferr(OH2)~], which 
indicates that the iron is more electron rich in [(dipic)2FeI1l2- 
(N204 environment versus NO5 in [(di~ic)Fe*~(OH2)3]). The 
relatively high values of quadrupolar splitting reflect the 
compression of the octahedron along the nitrogen-iron- 
nitrogen direction. 

The magnetic moment 5.35 ,UB at 300 K indicates that the 
iron is high spin. As for the previous compound, it decreases 
slowly down to 50 K (5.24 pug) and then more rapidly from 50 
to 5 K (4.50 peg) for the same reasons. 

1 2 
Figure 3. Bonding geometries of water molecules in 2. Case 1: the 
sum of Fe-0-H and H-0-H angles is -360". Case 2 the sum of 
Fe-0-H and H-0-H angles is <<360". 

Table 6. MLCT Wavelengths (nm) of 3 in Various Solventsu 
solvent A N .  DN E L X , M m  

acetone 12.5 17.0 20.7 
acetonitrile 18.9 14.1 37.5 
CH2Cl2 20.4 8.9 
CHCl3 23.1 4.8 
CH3C02H + H20 52.9 6.2 
DMF 16.0 26.6 36.7 
DMSO 19.3 29.8 46.7 
ethanol 37.1 24.6 
methanol 41.3 19.0 32.7 
nitrobenzene 14.8 4.4 34.8 
nitromethane 20.5 2.7 35.9 
pyridine 14.2 33.1 12.4 
water 54.8 18.0 80.2 

565.0 
547.5 
543.0 
538.0 
459.5 
565.5 
559.0 
516.5 
505.5 
560.0 
532.5 
566.0 
485.0 

AN is the acceptor number, DN is the donor number, and E is the 
dielectric constant. 

MLCT wavelength, nm 

580 1 

4 4 0 ' 1 ,  A.N* 
10 20  30 40 50 60 

Figure 4. Wavelengths of the MLCT band of [(dipic)2FenI2- vs solvent 
acceptor numbers (AN): (1) acetone; (2) pyridine; (3) nitrobenzene; 
(4) dimethylformamide; (5) acetonitrile; (6) dimethyl sulfoxide; (7) 
dichloromethane; (8) nitromethane; (9) chloroform; (10) ethanol; (1 1) 
methanol; ( 12) dilute acetic acid; (1 3) water. 

Synthesis and Structure of [(dipic)#fl](cation). [(dipic)2- 
F@](cation) can be obtained by slow air oxidation of [(dipicw8]- 
(cationh or oxidation by bromine water and recrystallization 
from slightly acidic water (pH 5.5) (or from ethanol when the 
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Table 7. Selected Positional and Equivalent Isotropic Thermal 
Parameters (A2) for [(dipi~)zFe~~][N(C3H7)4]2.7.25B20 (3) 
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atom xla YJb d C  U(isoy 
0.27960(9) 
0.2633(4) 
0.2890(6) 
0.2671(5) 
0.2524(6) 
0.2318(6) 
0.2280(6) 
0.2444(5) 
0.2432(5) 
0.2967(4) 
0.2953(4) 
0.2986(4) 
0.2302(4) 
0.2773(5) 
0.1237(7) 
0.2003 (6) 
0.1974(7) 
0.2739(8) 
0.35 17(7) 
0.351 l(6) 
0.4309(7) 
0.1432(4) 
0.0494(4) 
0.4132(4) 
0.5038(5) 
0.271 17(8) 
0.2606(4) 
0.2655(5) 
0.2584(5) 
0.2481(6) 
0.2389(7) 
0.2419(6) 
0.2518(5) 
0.2582(6) 
0.2705(4) 
0.2656(4) 
0.2660(4) 
0.2532(5) 
0.2765(5) 
0.1221(6) 
0.2023(6) 
0.2030(7) 
0.2844(9) 
0.3596(7) 
0.3532(6) 
0.4270(6) 
0.1 350(4) 
0.0513(4) 
0.4077(4) 
0.5012(4) 

0.62357(4) 
0.5640(2) 
0.5568(3) 
0.5378(2) 
0.4986(3) 
0.4861(3) 
0.5134(3) 
0.5527(2) 
0.5857(3) 
0.5935(2) 
0.5344(2) 
0.6195(2) 
0.5775(2) 
0.6844(2) 
0.6746(3) 
0.7031(3) 
0.7434(3) 
0.7649(3) 
0.7452(3) 
0.7046(3) 
0.6779(3) 
0.6385(2) 
0.6883(2) 
0.6414(2) 
0.6925(2) 
0.38661(4) 
0.4465(2) 
0.4285(3) 
0.4608(3) 
0.5005(3) 
0.5254(3) 
0.5108(3) 
0.4707(3) 
0.4492(3) 
0.3938(2) 
0.4387(2) 
0.4125(2) 
0.4698(2) 
0.3263(2) 
0.3327(3) 
0.3067(3) 
0.2667(3) 
0.2474(3) 
0.2679(3) 
0.3075(3) 
0.3361(3) 
0.3677(2) 
0.3186(2) 
0.3718(2) 
0.3212(2) 

0.02708(8) 
0.0498(4) 

-0.0858(5) 
-0.0072(5) 

0.0053(5) 
0.0781(6) 
0.1380(5) 
0.1215(5) 
0.1800(6) 

-0.0840(3) 
-0.14 12(3) 

0.1533(3) 
0.2485(4) 
0.0144(4) 

-0.0001(5) 
0.0044(5) 

-0.0006(6) 
0.0041(7) 
0.0 142(6) 
0.0182(5) 
0.0260(5) 
0.0039(4) 

-0.0058(4) 
0.0374(4) 
0.0201(5) 
0.48028(8) 
0.4626(4) 
0.3288(6) 
0.3901(5) 
0.3766(5) 
0.4382(7) 
0.5125(6) 
0.5228(5) 
0.601 3(6) 
0.3545(3) 
0.2597(4) 
0.5966(3) 
0.6596(4) 
0.4998(4) 
0.5131(5) 
0.5125(5) 
0.5239(7) 
0.5206(9) 
0.5083(7) 
0.4983(5) 
0.4843(5) 
0.4933(3) 
0.53 lO(4) 
0.4797(4) 
0.4782(4) 

0.0563 
0.043 1 
0.0574 
0.0446 
0.0571 
0.0622 
0.0546 
0.0469 
0.0530 
0.0674 
0.07 18 
0.0632 
0.0692 
0.0538 
0.0615 
0.0571 
0.0776 
0.0791 
0.0700 
0.0536 
0.0673 
0.0662 
0.0836 
0.0664 
0.0912 
0.0578 
0.0483 
0.0522 
0.0495 
0.0602 
0.0729 
0.0653 
0.051 1 
0.0566 
0.0623 
0.07 16 
0.0607 
0.0788 
0.0538 
0.0542 
0.0563 
0.0822 
0.0939 
0.0761 
0.0537 
0.0519 
0.0604 
0.0703 
0.0638 
0.0723 

a Equivalent isotropic U(iso) defined as one-third of the trace of the 
orthogonalized tensor. 

cation is aliphatic). [(dipic)2Fe"']Na*2H20 crystallizes in the 
noncentrosymetric space group Cc. The asymmetric unit 
contains one complex and two water molecules. The geometry 
of the complex (Figure 6) is very similar to that of the parent 
Fe" complex. As expected, the Fe-0 distances (Table 11) are 
0.1-0.15 A shorter than in the Fe" complex, with distances 
ranging from 2.000(3) to 2.053(3) A. On the contrary, the 
Fe"'-N bond is not shorter than in the Fe" complex (Figure 7) 
with Fe"'-N = 2.057(3) A. In the iron(I1) complexes, 
coordination of the two carboxylate groups induces an important 
compression of the iron-nitrogen bond. Analogous uncom- 
pressed iron(II)-pyridine bond distances are found in the range 
2.20-2.30 A.34 Oxidation of the metal atom contracts the iron 
radius by ca. 0.15 A and allows some relaxation of the 
compression energy by bending the carboxylate groups toward 
the iron atom. The iron(II1)-nitrogen bond distances are then 
in the normal range, which could be related to the higher 

Table 8. Selected Distances (8) and Angles (deg) for 
[(dipic)2Feii][N(C3H7)4]2.7.25H20 (3) 

Fe( 1)-N( 1) 
Fe(1)-O(l1) 
Fe( 1)-O(71) 
Fe( 1)-N( 11) 
Fe(1)-O(ll1) 
Fe( 1)-0(17 1) 
C(1)-0(11) 
C( 1)-O(12) 
C(7)-0(7 1) 
C(7)-O(72) 
C(11)-0(111) 
C(11)-0(112) 
C(17)-O(171) 
C(17)-O( 172) 

2.069(6) 
2.190(6) 
2.213(6) 
2.068(7) 
2.176(6) 
2.137(6) 
1.25(1) 
1.23( 1) 
1.258(9) 
1.234(9) 
1.26(1) 
1.23(1) 
1.28(1) 
1.23( 1) 

Fe(2)-N(21) 
Fe(2)-O(211) 
Fe(2)-O(271) 
Fe(2)-N(31) 
Fe(2)-O(311) 
Fe(2)-O(371) 
C(21)-O(211) 
C(21)-0(212) 
C(27)-O(271) 
C(27)-O(272) 
C(31)-O(311) 
C(31)-0(3 12) 
C(37)-0(37 1) 
C(37)-O(372) 

2.055(7) 
2.182(6) 
2.19 l(6) 
2.069(7) 
2.200(6) 
2.151(6) 
1.257(9) 
1.24(1) 
1.25(1) 
1.23(1) 
1.25(1) 
1.23 l(9) 
1.246(9) 
1.251(9) 

O(l1)-Fe(1)-N(1) 
O(71)-Fe( 1)-N(l) 
0(71)-Fe(l)-0(11) 
N(l1)-Fe(1)-N(1) 
N(l1)-Fe(1)-O(l1) 
N(l l)-Fe(l)-0(71) 
O(ll1)-Fe(1)-N(1) 
O(ll1)-Fe(1)-O(l1) 
O(2 1 1) -Fe(2)-N(2 1) 
0(271)-Fe(2)-N(21) 
0(271)-Fe(2)-0(211) 
N(3 l)-Fe(2)-N(21) 
N(3l)-Fe(2)-0(211) 
N(31)-Fe(2)-0(271) 
O(31 l)-Fe(2)-N(21) 
O(31 l)-Fe(2)-0(211) 

74.4(2) 0(111)-Fe(1)-0(71) 
74.4(2) O(ll1)-Fe(1)-N(l1) 

148.7(2) O(l71)-Fe(1)-N(1) 
170.6(3) O(l71)-Fe(1)-O(l1) 
111.8(3) 0(171)-Fe(l)-0(71) 
99.4(2) O(l71)-Fe(1)-N(l1) 
98.1(2) 0(171)-Fe(l)-O( 111) 
94.8(2) 
75.2(3) O(31 l)-Fe(2)-0(271) 
74.8(3) O(31 l)-Fe(2)-N(31) 

150.0(2) 0(371)-Fe(2)-N(21) 
177.6(3) 0(371)-Fe(2)-0(211) 
105.7(2) 0(371)-Fe(2)-0(271) 
104.3(2) 0(371)-Fe(2)-N(31) 
103.3(2) 0(371)-Fe(2)-0(311) 
98.9(2) 

91.8(2) 
74.7(3) 

112.3(2) 
93.8(2) 
95.8(2) 
75.0(3) 

149.6(2) 

88.0(2) 
74.3(3) 

107.6(2) 
90.0(2) 
99.0(2) 
74.8(3) 

149.1(2) 

thermodynamic stability (log 82 = 17.13'5a) with respect to the 
Fe(I1) analogue. It could also explain the kinetic inertia of this 
species which can be recrystallised in acidic medium without 
showing any degradation and can also act as a counterion like 
PFs- or BF4-. 

The two dipic ligands are planar, with deviations from the 
mean plane smaller than 0.09 A, except for 0(171), which 
deviates by 0.17 A. This deviation is probably due to the 
proximity of the Na+ cation at a distance of 2.693(3) A. This 
cation is also surrounded by six other oxygen atoms: 0(72), 
O( 11 l), O( 171), and O( 172) and the two water oxygen atoms. 
The water molecules are also involved in weak intermolecular 
H-bonds with O(12)-O(100) = 2.944(5) A, 0(12)-H(102) = 
2.09(6) A, O(72)-O(200) = 2.851(5) A, and 0(72)-H(201) 
= 2.06(5) 8. This dense intermolecular network is probably 
the cause of the nonlinearity of N(l1)-Fe(1)-N(1) (167.4(1)'). 

The magnetic moment of the ammonium salt, measured with 
a Faraday balance, is 6.22 p~ at 300 K, a value consistent with 
a high-spin isolated Fe(1II). This value decreases very slowly 
at very low temperature. The long intermolecular Fe-Fe 
distances (minimum 6.982 A) and the absence of strong 
hydrogen bonds preclude any intermolecular interactions but 
suggest zero-field splitting. Simulation of the variation of the 
magnetic moment with temperature gave a very good fit 
(residual 6.22 x with g = 2.098 and JDI = 1.8526 cm-I. 

Implications for the Energy of Intervalence Transitions 
in Iron(I1)-Iron@) Complexes with Ligands Related to 
Dipicolinate. The bond length values for the isostructural 
iron(I1) and iron(II1) complexes allow us to estimate the wave- 
lengths of the intervalence band in mixed-valence dinuclear 
complexes [(dipic)Fe11(dipic-R-dipic)Fe*11(dipic)13-. The in- 

(34) See for example: (a) Long, G. L.; Galeazzi, G.; Russo, U.; Valle, G.; 
Calogero, S.  Inorg. Chem. 1983, 22, 507. (b) Lintvedt, R. L.; 
Schoenfelner, B. A.; Ceccarelli, C.; Glick, M. D. Inorg. Chem. 1984, 
23, 2867. (c) Long, G. L.; Clarke, P. J. Inorg. Chem. 1978, 17, 1394. 
(d) Haynes, J. S.; Rettig, S. J.; Sams, J. R.; Thompson, R. C.; Trotter, 
J. Can. J.  Chem. 1986, 64, 429. 
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Table 10. Selected Atomic Coordinates and Equivalent Isotropic 
Thermal Parameters (A2) for I(diuicj2Fe"'lNa.2H20 (4) 

0112 

1 4  

0171 

H2 5 

B24 
0- 

W 

0312 

d 
0212 

Figure 5. Structures of the [(dipic)2Fe"I2- anions in 3, showing atom- 
labeling schemes. 

Table 9. Hydrogen-Bond Distances in 3 (A) 
0(12)-H(702) 1.856(6) O(12)-O(700) 
0(72)-H(302) 1.888(6) O(72)-O(300) 
0(112)-H(201) 1.703(7) O(112)-O(200) 
0(272)-H(701) 1.665(7) O(272)-O(700) 
0(272)-H(l01) 1.783(6) O(272)-O(100) 
0(372)-H(501) 1.797(6) O(372)-O(500) 
0(500)-H(402) 1.785(7) O(500)-O(400) 
0(700)-H(401) 1.850(6) O(700)-O(400) 

2.783(8) 
2.806(9) 
2.797(9) 
2.833(9) 
2.799( 8) 
2.777(9) 
2.715(9) 
2.854(9) 

ner-shell energy for optical electron transfer EinoPt is given by35 

where d are the bond lengths and k the force constants for 
oxidation states II and III, the summation bearing on the metal- 
ligand bonds of one site. The detailed comparison between 
[(dipic)2Fe11']- and [(dipic)2Fe"l2- shows that the addition of 1 
electron to the iron(II1) complex increases the Fe-0 bonds, 
but not the Fe-N ones, so that the carboxylate groups move 
slightly outward (see Figure 7). 

Thus we take Fe"-0 = 2.18 A, FeIII-0 = 2.03 A, k~~11-0 = 
149 N m-I, and k~~111-0 = 235 N m-I 36 and discard the iron- 
nitrogen bonds. The calculation gives Ein = 17.28 x J, 
so that this contribution alone would correspond to a photon of 
1 = 1150 nm. However, one has to add the contribution of the 
outside medium (the solvent) EoUtoPt which can be estimated by 
the usual Hush-Marcus relation 

where Ae = 1 e for an optical electron transfer, cop and es are 
the optical and static dielectric constants of the solvent, a is 

(35) Brunschwig, B. S.; Logan, J.; Newton, M. D.; Sutin, N. J.  Am. Chem. 
SOC. 1980, 102, 5798. 

atom xla Ylb d c  U(isoy 

Na(1) -0.14360(8) 0.1332(1) 0.37616(9) 0.0341 
Fe(1) 0.09712(7) 0.24707(5) 0.1253(1) 0.0238 
N(1) 0.1283(2) 0.0872(3) 0.1536(4) 0.0236 
C(1) 0.2368(3) 0.1557(3) 0.3335(4) 0.0265 
C(2) 0.1936(2) 0.0585(3) 0.2573(4) 0.0235 
C(3) 0.2123(3) -0.0487(3) 0.2836(5) 0.0281 
C(4) 0.1607(3) -0.1247(3) 0.2014(5) 0.0298 
C(5) 0.0921(3) -0.0932(3) 0.0950(5) 0.0276 
C(6) 0.0784(3) 0.0155(3) 0.0746(4) 0.0231 
(77) 0.01 1 l(2) 0.0710(3) -0.0363(5) 0.0238 
O(11) 0.201 l(2) 0.2454(2) 0.2901(3) 0.0322 
O(12) 0.3003(2) 0.1456(2) 0.4288(3) 0.0349 
O(71) 0.0183(2) 0.1742(2) -0.0365(3) 0.0281 
O(72) -0.0420(2) 0.0179(2) -0.1 178(3) 0.0327 
N(11) 0.0570(2) 0.4039(2) 0.1457(4) 0.0226 
C(11) 0.1756(3) 0.4294(3) -0.0193(5) 0.0271 
C(12) 0.1041(2) 0.4791(3) 0.0754(4) 0.0233 
C(13) 0.0841(3) 0.5871(3) 0.0929(5) 0.0267 
C(14) 0.0137(3) 0.6137(3) 0.1849(5) 0.0307 
C(15) -0.0337(3) 0.5343(3) 0.2569(5) 0.0302 
C(16) -0.0090(2) 0.4287(3) 0.2352(4) 0.0233 
C(17) -0.0467(3) 0.3286(3) 0.3078(5) 0.0259 
O(111) 0.1748(2) 0.3257(2) -0.0191(3) 0.0299 
O(112) 0.2277(2) 0.4850(2) -0.0872(4) 0.0352 
O(171) -0.0013(2) 0.2427(2) 0.2808(3) 0.0287 
O(172) -0.1 127(2) 0.3308(2) 0.3829(4) 0.0354 

Equivalent isotropic U(iso) defined as one-third of the trace of the 
orthogonalized tensor. 

4 

H15 

Figure 6. ORTEP drawing of the anion in 4. 

Table 11. Selected Bond Distances (A) and Angles (deg) for 
[(dipic)zFe"']Na-2H20 (4) 

Fe( 1)-N( 1) 2.057(3) C(1)-O(12) 1.230(5) 
Fe(1)-O( 11) 2.053(3) C(7)-O(71) 1.290(5) 
Fe(1)-O(71) 2.000(3) C(7)-O(72) 1.227(5) 
Fe(1)-N(l1) 2.055(3) C(11)-0( 11 1) 1.293(5) 
Fe(l)-O(ll l)  2.007(3) C(11)-O(112) 1.217(5) 
Fe( 1)-O( 171) 2.047(3) C( 17)-O( 171) 1.296(5) 
C(1)-0(11) 1.286(5) C( 17)-O( 172) 1.21 O ( 5 )  

0(1  I)-Fe( l)-N(l) 75.5(1) O( 11 1)-Fe(1)-O(71) 97.1(1) 
0(71)-Fe(l)-N(l) 76.4(1) O(ll1)-Fe(1)-N(l1) 76.7(1) 
0(71)-Fe(l j-O(11) 151.4(1) O(l71)-Fe(1)-N(1) 93.5(1) 
N(ll)-Fe(l)-N(l) 167.4(1) 0(171)-Fe(1)-0(11) 94.9(1) 
N(11)-Fe(1)-O(1 1) 99.4(1) 0(171)-Fe(l)-0(71) 91.9(1) 
N(l l)-Fe(l)-0(71) 109.2(1) O(l71)-Fe(l)-N(l l) 75.3(1) 
O(ll1)-Fe(1)-N(1) 114.3(1) 0(171)-Fe(1)-0(111) 152.0(1) 
0(1ll)-Fe(l)-O(ll)  89.8(1) 

the radius of the coordination sphere (assumed the same for 
the two oxidation states), and R is the center-to-center distance 
between sites.35 Taking for water = n2 = 1.77 and eS = 80 
and for the bis(dipicolinate) (4,4'-bipyridine-2,2',6,6'-tetracar- 
boxylic acid) complex a = 5 A and R = 11 A, this gives EoUtoPt 

= 13.86 x J, i.e. a value comparable to &"Opt. Adding 
the two contributions to EOP' gives finally Aintervalence = ca. 640 



Chemistry of Iron with Dipicolinic Acid 

a b 

Figure 7. Comparison of the FeI1 and Fe"' geometries in [(dipic)aFe] 
complexes. 

nm. Incidentally, this is not surprising for intervalence transi- 
tions involving high-spin iron(I1) and iron(1II) in oxygen or 
oxygen-nitrogen environments (cf. 1 = 600-700 nm in several 
minerals3' and Iz  = 740 nm in a binuclear complex38 ). 

Since in the dipic complexes the MLCT band tail is very 
long, it is very likely that the weak intervalence band will be at 
least partially masked by the MLCT band at these wavelengths. 
This is confirmed by the absorption spectrum of the mixed- 
valence species [(dipi~)Fe~~(dipic-dipic)Fe~~~(dipic)l~-.~~ 

(36) The force constant for iron@) has been taken from: Basolo, F.; 
Pearson, R. G. Mechanisms of Inorganic Reactions, 2nd ed.; Wiley: 
New York, 1967; p 458. The force constant for iron@) was calculated 
from the previous one using the estimated stretching frequency of Fe- 
( H I O ) ~ ~ +  given in ref 35. 

(37) Bums, R. G. In Mixed Valency Systems; Prassides, K., Ed.; Kluwer: 
Dordrecht, The Netherlands, 1991; p 175. 

(38) Bominaar, E. L.; Ding, X.-Q.; Bill, E.; Winkler, H.; Trautwein, A. 
X.; Driieke, S.; Wieghardt, K. In Mixed Valency Systems; Prassides, 
K., Ed.; Kluwer: Dordrecht, The Netherlands, 1991; p 377. 
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Conclusion 

This preliminary study of the chemistry of iron@) and iron- 
(III) with dipicoiinic acid has pointed out four main results: (i) 
the 1 : 1 complex of dipicolinate and iron@) can be synthesized 
nearly quantitatively; (ii) we have found a new easy and gen- 
eral way to synthesize [(dipic)zFer1](cation)2; (iii) the compari- 
son of the structures of the iron(II) and iron(1II) complexes 
reveals the bond length variations induced by the change in 
oxidation state, from which an estimation of the intervalence 
band energy for mixed-valence complexes built from iron and 
dipic is possible; (iv) the [(dipic)~Fe~~]~- anion exhibits some 
Lewis base character due to the free oxygens of the carboxylate 
groups. The last point and its structural consequences will be 
discussed more thoroughly in the following paper. 
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