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The trimetallic complex [LzFe"'zNi11(dmg),](PF6)2.0.5CH30H, where L is the cyclic amhe 1,4,7-tnmethyl-l,4,7-triazacyclononane 
and dmg is the dianion of dimethylglyoxime, has been synthesized and its structure determined by X-ray diffraction methods as 
having a tris(dimethylglyoximato)nickelate(II) bridging ligand. The complex crystallizes in monoclinic space group C Z / c  with 
cell constants a = 29.711 (7) A, b = 12.569 (4) A, c = 14.951 (3) A, f i  = 119.93 (l)', V = 4838 A', and 2 = 4. The high-spin 
iron(II1) centers have six-coordinate N,03 and the nickel center has six-coordinate N6 environments, with an Fe-Ni separation 
of 3.491 (3) A and an Fe-Fe separation of 6.982 (2) A. The closest intermolecular F w F e  separation is 7.37 A. The X-ray 
structure confirms that a linear trinuclear complex with an Fe-Ni-Fe angle of 179.4 (2)' has been formed. The compound has 
also been studied with infrared and electronic spectroscopy, cyclic voltammetry, and variable-temperature (4-284 K) magnetic 
susceptibility measurements. Analysis of the susceptibility data yields an antiferromagnetic interaction (JF-Ni) between adjacent 
Fe(II1) and Ni(I1) centers and a weak antiferromagnetic interaction (JF-F~) between the terminal iron(II1) centers. The following 
parameter values are obtained: JFtNi = -32 (2) cm-I, JFtFe = -5 (1) cm-I for the perchlorate salt; JFtNi = -29 (2) cm-I, JFtpc 
= -5 (1) cm-I for the hexafluorophosphate salt. The electronic ground state has been established to have S = 4. The effect of 
JF-F~, which raises the energy of the S = 4 level and lowers the energy of the S = 3 level on the energy-splitting pattern, has been 
discussed. The cyclic voltammograms of the FelllNillFelll complex reveal two quasi-reversible one-electron oxidation and two 
reversible one-electron reduction processes which have been assigned to the following equilibria: 
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Introduction 
Exchange-coupled clusters of transition-metal ions are  relevant 

to many different scientific areas,'-I5 ranging from chemistry to 
solid-state physics and to biology. There is a clear interest from 

proximity; hence investigations of a series of heteropolynuclear 
complexes might be more informative in comparison to those of 

the bioinorganic community, because a n  increasing number of 
active centers in metalloproteins are found to contain more than 
one metal atom. Antiferromagnetic exchange coupling has been 
observed in different b i o m o l ~ u l e s , ~ - ~ ~  e.g. dicopper in 
hemocyanin, tyrosinase, and laccase and diferric sites in met- 
heme.rythrin1° and ribonudeotide reductase," and heterobimetallic 
sites of Fe(II1) and Cu(I1) in cytochrome oxidase."I5 In another 
area of research, there is an intensive effort to design and un- 
derstand new "molecular magnets", which is mainly directed 
toward the development of materials with novel pr~perties.~f' 

Magnetic and EPR data on heteropolymetallic complexes are  
much less numerous than those dealing with homopolymetallic 
compounds, particularly Cu(I1) compounds, primarily due to a 
lack of fully structurally characterized  compound^.^,^ New ex- 
change pathways can be expected for heteropolynuclear complexes, 
where unusual sets of magnetic orbitals can be brought in close 
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homopolynuclear complexes. The  field of heteropolynuclear 
complexes with different paramagnetic centers is still limited today 
by the small number of known and fully structurally characterized 
compounds and by relative difficulty of synthesizing new com- 
pounds. Hence the design of heteropolymetallic complexes has 
for a long time been a challenging field for coordination chemists. 
In general, such a synthesis16 requires either the use of metal 
complexes as ligands]’ for a simple metal salt or the use a stepwise 
reaction of two different metal ions with polynucleating ligandsi8 
having dissymmetric coordination sites. 

In order to  understand the factors that  determine the spin 
physics of the different metal-containing biomolecules and with 
the aim of providing some answers to  questions regarding the 
effectiveness of polyatomic bridging ligands like oximes and their 
metal complexes in propagating exchange interactions, we have 
synthesized a series of dimethylglyoximato-bridged linear het- 
erotrinuclear complexes of general formula [L2Fe”’2M11(dmg),]2+ 
( M  = Zn, Cu, Ni, Co, Fe, Mn).  This has been accomplished by 
stepwise reactions of the LFe  unit with the in situ prepared 
M11(dmg),4- ion, where L represents the simple tridentate cyclic 
amine 1,4,7-trimethyl- 1,4,7-triazacyclononane, which coordinates 
facially in octahedral complexes. 

The  paucity of tris(oximato)metalate(II) anions as bridging 
ligands in coordination chemistry is surprising.19 Recently we 
have described a series of trinuclear complexes containing 
[M11(dimethylglyoximato)2]2- ( M  = Cu, Ni ,  Pd)  as  bridging 
ligands.20 The  subject of this paper is the antiferromagnetic 
exchange-coupled integer spin system of [L2Fe11’2(dmg)3Ni1’]X2 
( X  = C104, PF6). W e  report here the synthesis and magnetic, 
spectroscopic, and electrochemical properties of the aforementioned 
compound, together with its X-ray structure. Throughout this 
paper, the trinuclear complexes are denoted by the respective metal 
centers only; the terminal and the bridging ligands are omitted 
for simplicity. 

Experimental Section 
Materials and Methods. The macrocycle 1,4,7-trimethyl-l,4,7-tria- 

zacyclononane was prepared as previously described.2’ All other starting 
materials were commercially available and were of reagent grade. Ele- 
mental microanalyses (C, H, N) were performed by the Microanalytical 
Laboratory, Ruhr-Universitat, Bochum. Iron was determined spectro- 
photometrically by using pyridine-2,6-dicarboxylic acid; nickel was de- 
termined gravimetrically as Ni(dimethylg1yo~imate)~. The perchlorate 
anion was determined gravimetrically as tetraphenylarsonium(V) per- 
chlorate. Electronic absorption spectra were measured on a Perkin-Elmer 
Lambda 9 spectrophotometer in solution. Fourier transform infrared 
spectroscopy on KBr pellets was performed on a Perkin-Elmer 1720X 
FT-IR instrument. 

Magnetic susceptibilities of powdered samples were recorded on a 
Faraday-type magnetic balance using a sensitive Cahn RG electrobalance 
in the temperature range 4.2-284.5 K. The applied magnetic field was 
=0.58 T. Details of the apparatus have already been described else- 
where.22 Experimental susceptibility data were corrected for the un- 
derlying diamagnetism. Corrections for diamagnetism were estimated 
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Table I. Crystallographic Data for 
[(C9H21N3)2Fe2Ni(C4N2H602)21 (PF6)2.0.5CH30H 
formula [C30H60N 1206P2F, 2Fe2Ni]-0.5CH30H 
fw 1161.24 

a, A 29.711 (7) 
b, A 12.569 (4) 
c ,  A 14.951 (3) 
P, deg 119.93 (1) 
v, A3 4838.7 
z 4 
4 a l c d ,  g c m 3  1.594 
F(OO0) 2400 
R 0.095 
Rw 0.075 
T, OC 23 
h(Mo K, graphite 0.71073 

p, mm-I 1.14 

as -514 X lod and -589 X 10” cm3/mol for the perchlorate 1 and the 
hexafluorophosphate 2 salts, respectively. 

Cyclic voltammetry experiments were performed with a Princeton 
Applied Research Model 173 potentiastat-gakanostat driven by a Model 
175 universal programmer. Voltammograms were recorded on a Kipp 
& Zonen XY recorder, Model BD 90. Fast voltammograms (21 V s-I) 
were recorded on a Gould OS 4200 digital storage oscilloscope. The 
supporting electrolyte was 0.1 M NBun4PF6 in methylene chloride or 
acetonitrile. A standard three-electrode cell was employed with a 
glassy-carbon working electrode, a platinum-wire auxiliary electrode, and 
a Ag/AgCl (saturated LiCl in ethanol) reference electrode. Measure- 
ments were made under an argon atmosphere at ambient temperature. 
At the beginning of each experiment a cyclic voltammogram of the 
solution containing only the supporting electrolyte was measured. Solid 
samples of the trinuclear complexes were added to this solution and 
dissolved under stirring to achieve a concentration of =lo-) M of the 
electroactive component. The potential of the reference electrode was 
determined to be -0.06 V vs NHE by using the ferrocenium(l+)/ 
ferrocene couple as the internal standard. 

Preparation of Compounds. Method 1. [C9H2iN3)2Fe2Ni- 
(C4N2H602)3](a04)2 (1). All operations were carried out under anae- 
robic conditions. Ferrous acetate (0.17 g, 1.0 mmol) was added to a 
degassed solution of 1,4,7-trimethyl-l,4,7-triazacyclononane (0.17 g, 1.0 
mmol) in 40 mL of methanol under vigorous stirring. The resulting 
suspension was stirred at room temperature for 2 h to give a pale yellow 
solution. The resulting solution was charged with solid samples of 0.12 
g (0.5 mmol) of Ni(CH3C00)2.4H20, 0.17 g (1.5 mmol) of dimethyl- 
glyoxime, and 1 mL of triethylamine. The suspension was refluxed for 
0.5 h and then filtered in the air to remove precipitated Ni(d~ngH)~.  
Sodium perchlorate hydrate (0.4 g) was added, and the dark brown 
solution was kept at 4 OC. After 24 h, dark brown crystals were collected 
by filtration and air-dried. Yield: 400 mg (38%). 

Anal. Calcd for C30H,N,2014C12Fe2Ni: C, 34.18; H, 5.74; N, 15.95; 
C104, 18.87; Fe, 10.60; Ni, 5.56. Found: C, 34.1; H, 5.7; N, 15.7; C104, 
19.0; Fe, 10.8; Ni, 5.4. 

[(C9H21N3)2Fe2Ni(C4N2~02)3](PF6)2’0.5C30H (2). Complex 2 was 
obtained similarly to complex 1 with sodium hexafluorophosphate (400 
mg) instead of sodium perchlorate used as the anion source. Dark brown 
crystals we obtained. Yield: 530 mg ( ~ 4 6 % ) .  

Anal. Calcd for [C30H60N1206P2F12Fe2Ni]~0.5CH30H: C, 31.55; H, 
5.38; N, 14.47; Fe, 9.62; Ni, 5.06. Found: C, 31.5; H, 5.4; N, 14.3; Fe, 
9.8; Ni, 5.2. 

Method 2. A suspension of (C9H2iN3)FeC1328 (0.28 g, 0.84 mmol), 
NiC12.6H20 (0.19 g, 0.79 mmol), and dimethylglyoxime (0.28 g, 2.4 
mmol) in methanol (40 mL) was refluxed for 2 h. The red-brown Ni- 
(dmgH)2 was filtered off. After addition of either NaC104.H20 (0.4 g) 
or NaPF, (0.37 g) to the clear dark brown solution, the solution was kept 
in a closed vessel for 24 h at 4 OC to obtain dark brown crystals of 1 or 
2. Yield: 300 mg (29%) for 1; 240 mg (21%) for 2. 

Caution! Although we experienced no difficulties with the perchlorate 
salt, the unpredictable behavior of perchlorate salts necessitates extreme 
caution in their handling. 

Crystal Structure Determinations. A brown black crystal of [(C9- 
H2,N3)2Fe2Ni(C4N2H602)~](PF6)2.0.5CH30H with dimensions of 0.04 
X 0.1 1 X 0.34 mm was mounted on a Nicolet R3m/V diffractometer. 
Preliminary examinations showed that the crystal belonged to the 
monoclinic crystal system, space group C2/c. The lattice parameters 
were obtained at 23 OC by a least-squares refinement of the angular 
settings ( loo I 28 I 26’) of 27 reflections. The data are summarized 
in Table I .  The data were corrected for Lorentz and polarization effects, 

space group a / c  

monochromated), A 
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Table 11. Atomic Coordinates (X  1 04) and Equivalent Isotropic 
Displacement Parameters (A2 X I O 3 )  for 
[ C,,H,,N I 206FelNi] (PF6)*-0. 5CH30H 

X V Z 
~ 

0 
1049 (1) 

925 (4) 
345 (3) 

1010 (4) 
-33 (4) 
455 (5) 
644 (4) 

1244 (5) 
1910 (5) 
1378 (5) 
-374 ( 5 )  
-381 (6) 

267 (5) 
513 (6) 
762 (5) 

1239 (6) 
1692 (7) 
2103 (7) 
2108 (7) 
1931 (7) 
1245 (8) 
1401 (7) 
805 (6) 

2006 (7) 
1115 (6) 
1851 (2) 
1264 (6) 
2011 (7) 
1803 (6) 
1904 (6) 
2414 (4) 
1677 (6) 

0 
291 (18) 

3403 (3) 
3418 (2) 
3240 (8) 
4655 (8) 
2333 (8) 
2990 (9) 
4667 (1 0) 
2474 (1) 
4489 (1 0) 
3656 (12) 
2231 (11) 
2285 (1 1) 
1705 (14) 
5596 (12) 
6611 (13) 
2069 (11) 
1417 (14) 
5127 (15) 
4506 (15) 
2593 (15) 
2121 (15) 
2730 (16) 
3856 (14) 
5191 (14) 
3945 (14) 
1217 (13) 
1239 (5) 
961 (15) 

1506 (21) 
973 (13) 

1603 (15) 
2355 (12) 

162 (51) 
689 (36) 

110 (12) 

2500 
2061 (2) 
899 (7) 

2696 (8) 
2931 (7) 
1142 (8) 
2659 (9) 
3239 (8) 
1113 (10) 
3134 (10) 
1431 (10) 
571 (10) 

-324 (10) 
2551 (11) 
2507 (1 1) 
4123 (11) 
4764 (1 2) 
1904 (14) 
2749 (1 3) 
3144 (14) 
2102 (13) 
410 (14) 
497 (1 3) 

4186 (12) 
1259 (13) 
8531 (5) 
7942 (1 3) 
8504 (13) 
7510 (9) 

9068 (1 0) 
8687 (13) 
7500 
8236 (34) 

447 (1 2) 

9595 (12) 

(I Equivalent isotropic U defined as one-third of the trace of the or- 
thogonalized U, tensor. b Occupation factor 0.5. 

but it was not necessary to account for crystal decay. An empirical 
absorption correction2) was carried out (+-scans). The scattering fac- 
t o r ~ ~ ~  for neutral non-hydrogen atoms were corrected for both the real 
and the imaginary components of anomalous dispersion. The structure 
was solved by conventional Patterson and Fourier-difference'syntheses. 
The structure was refined by a least-squares technique; the function 
minimized was xw(lFoI - lFc1)2 where w = l/u*(F) + 0.OOOlP. 
Idealized positions of H atoms bound to carbon atoms were calculated 
(C-H = 0.96 A) and included in the refinement cycle with a common 
isotropic thermal parameter (Ui, = 0.080 A2). Fe, Ni, P, and F atoms 
were refined anisotropically. The enclosed methanol solvate molecule lies 
with its carbon atom on a 2-fold axis, the oxygen atom being statistically 
disordered over two sites and refined with site occupancy factor 0.5. A 
maximum of 0.8 e/A3 in the final A F  map lies near an Fe position. Final 
positional parameters are presented in Table 11, while selected intera- 
tomic distances and angles are given in Table 111. 
Results and Discussion 

Preparation and Characterization of Complexes. The pale 
yellow solution25 obtained from ferrous acetate and the cyclic 
amine in methanol under argon reacting with the Ni(dmg)," ion, 
prepared in situ, affords upon addition of the perchlorate or 

SHELXTL-PLUS program package 3 by G. M. Sheldrick, Universitat 
Gottingen. 1988. Computations were carried out on a Microvax I1  
computer. 
Inrernational Tables for X-ray Crystallography; Kynoch: Birmingham, 
England, 1974; Vol. 4. 
The pale yellow solution affords the binuclear iron(I1) complex 
[L2Fei~2(p-OH)(~-CH3COO)2]C104~H20, a model compound for the 
oxygen-transfer protein deoxyhemerythrin, upon addition of NaCI- 

(a) Chaudhuri, P.; Wieghardt, K.; Nuber, B.; Weiss, J.  Angew. Chem., 
Inr. Ed. Engl. 1985, 24, 778. (b) Hartmann, J. R.; Rardin, R. L.; 
Chaudhuri, P.; Pohl, K.; Wieghardt, K.; Nuber, B.; Weiss, J.; Pa- 
paefthymiou, G. C.; Frankel, R. B.; Lippard, S. J. J .  Am. Chem. Soc. 
1987, 109, 7387. 

04*H20. 
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Table 111. Selected Bond Lengths (A) and Angles (deg) for 
[L2Fe2(dmg)3Ni](PF6)2-0.5CH30H with their Esd's in Parentheses 

Fe(1)-Ni( 1)-Fe( la)  179.4 (2) 

Fe(l)-..Fe(la) 6.982 (2) Fe(l)...Ni(l) 3.491 (3) 
Fe(l)-O(l) 1.953 (8) Ni(1)-Ni(1) 2.050 (17) 
Fe(1 )-O(2) 1.950 (12) Ni(1)-N(2) 2.023 (17) 
Fe(l)-O(3) 1.927 (12) Ni(l)-N(3) 2.033 (17) 
Fe(l)-N(4) 2.231 (16) O(l)-N(l) 1.380 (19) 
Fe(l)-N(5) 2.261 (12) 0(2)-N(2) 1.371 (20) 
Fe(1)-N(6) 2.232 (17) 0(3)-N(3) 1.389 (20) 

O(1)-Fe( 1)-O(3) 
O( 1)-Fe( 1)-0(2) 
O(2)-Fe( 1)-0(3) 
O(2)-Fe( 1)-N(4) 
O(2)-Fe( 1)-N(6) 
O(3)-Fe( 1)-N(5) 
N(4)-Fe( 1)-N(5) 
N( 5)-Fe( 1)-N(6) 
N( 1 )-Ni( 1 )-N( 2) 
N(1)-Ni( 1)-N(1a) 
N( 1)-Ni( 1)-N(3a) 
N(2)-Ni( 1)-N(2a) 
N(3)-Ni( 1)-N(3a) 

97.0 (4) 
98.4 (4) 
98.5 (5) 
89.9 (5) 

165.1 (5) 
92.4 (5) 
79.0 (5) 
79.0 (5) 
90.8 (5) 

150.7 (5) 
75.5 (5) 
76.4 (5) 

109.9 (5) 

O(1)-Fe(1)-N(4) 90.4 (4) 
O(1)-Fe(l)-N(5) 167.5 (6) 
O(l)-Fe(l)-N(6) 92.8 (4) 
0(2)-Fe(l)-N(5) 88.3 (5) 
0(3)-Fe(l)-N(4) 167.9 ( 5 )  
0(3)-Fe(l)-N(6) 89.9 (6) 
N(4)-Fe(l)-N(6) 80.1 (6) 

N(l)-Ni(l)-N(3) 87.7 (5) 
N(l)-Ni(l)-N(2a) 112.6 (5) 
N(2)-Ni(l)-N(3) 89.7 ( 5 )  
N(2)-Ni(l)-N(3a) 155.2 (5) 

hexafluorophosphate ion in the presence of air dark brown crystals 
of [L2Fe2(dmg),Ni]X2 (X = C104 (l), PF6 (2)) in reasonable 
yield. The function of added triethylamine is to provide a basic 
medium needed for the deprotonation of the O.-H.-O groups 
present in solid Ni(dmgH),. The presumably square-planar di- 
anionic Ni(dmg)22- produced in this way can now coordinate to 
a further dmg2- anion to produce the bridging ligand Ni(dmg),&. 
The assembled Ni(dmg)34- ion can now react with the hydroxo- 
bridged diiron(I1) complex to form the Fe1INi"Fe1I species,27 which 
becomes oxidized to the heterotrinuclear FelIINilIFelI1 species in 
the presence of oxygen from the air. A similar type of reactivity 
of the diferrous compound [L2Fe2(OH)(OAC),]+ has also been 
observed earlier.28 Interestingly, the reaction of LFeCl,28 with 
the Ni(dmg)34- ion, assembled in situ, also affords the desired 
FelllNillFelll complex, but in comparatively low yield. The low 
yield is the result of presumably low concentration of the Ni- 
(dmg),4- ion in the solution, as evidenced by the precipitation of 
a major part of the Ni2+ ions as Ni(dmgH)2. Complexes 1 and 
2 are sparingly soluble in water with decomposition (precipitation 
of insoluble red solid, Ni(dmgH)2) but reasonably soluble in 
organic solvents such as acetone, alcohols, and acetonitrile. 

The nickel uic-dioximes, e.g. Ni(dmgH),, have appreciable IR 
absorptions in the region of 2300 cm-' due to the OH stretching 
vibrations of the hydrogen-bonded OH0 groups.29 These ab- 
sorptions are missing in the spectra of the trinuclear complexes, 
indicating that the enolic hydrogen atoms are lost on chelation. 
The v(CN) vibration is assigned to the medium intense band at  
1590 cm-' for 1 and 1595 cm-l for 2. The u(CN) vibration is 
situated at  a significantly higher frequency than that for the 
corresponding Ni(dmgH)2, where the vibration is found at 1560 
cm-l. This is in accord with the concept that on trinuclear complex 
formation the positively charged LFe3+ unit stabilizes the negative 
charge on oxygen of the oximate function'9a and thus increases 
the double-bond character of the C N  bond, which is expressed 
as a rise in the frequency. The band of medium strength at  1184 
cm-I is assignable to the NO stretching vibration. Ni(dmgH)2 
exhibits two bands of medium intensity at  1235 and 1100 cm-' 
which have been assigned to N O  stretches.29 The second N O  
infrared absorption could not be observed in the perchlorate salt, 
1, because of the superposition of the strong band originating from 
the perchlorate anion. However, for the hexafluorophosphate salt, 

(27) Attempts to isolate the very oxygen-sensitive Fe"Ni"Fe" complex are 
underway. 

(28) Chaudhuri, P.; Winter, M.; Wieghardt, K.; Gehring, S.; Haase, W.; 
Nuber, B.; Weiss, J. Inorg. Chem. 1988, 27, 1564. 

(29) (a) Blinc, R.; Hadzi, D. J .  Chem. Soc. A 1958,4536. (b) Burger, K.; 
Ruff, 1.; Ruff, F. J. Inorg. Nucl.  Chem. 1965, 27, 179. (c) Caton, J.  
E.; Banks, C. V.  Inorg. Chem. 1967, 6 ,  1670. 
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Figure 2. ORTEP drawing of the dication [L2Fe2(dmg),Ni]*+ in 2. 

2, the second N O  stretch has been identified unambiguously at  
1072 cm-I. The perchlorate salt shows a broad strong band at  
1097 cm-' (antisymmetric stretch) and a sharp band at  625 cm-' 
(antisymmetric bend), indicative of uncoordinated perchlorate 
anions. Complex 2 shows a strong sharp band at  843 cm-I due 
to the hexafluorophosphate anions. 

The optical spectrum of complex 1 in acetonitrile has been 
measured in the 300-1200-nm wavelength range (Figure 1). Two 
maxima are found at  444 nm (e is: 6902 M-' cm-l) and 4 5 0  nm 
(e is: 448 M-' cm-I). Metal to ligand charge-transfer (MLCT) 
absorptions can occur in complexes where unsaturated ligands 
like dimethylglyoxime, which contain empty antibonding ?r or- 
bitals, are bonded to oxidizable metals. On the basis of the high 
extinction coefficient and the relative sharpness, the peak at 444 
nm is ascribed to a charge-transfer transition. The broad band 
at 4 5 0  nm is thought to be due to ligand field (d-d) transitions 
occurring at the central Ni(I1) center. The extinction coefficient 
of this band is large in comparison to those for the octahedral 
Ni(I1) complexes, probably because of the intensity gain through 
exchange coupling30 and of the strong trigonal distortion3' of the 
Ni(I1) geometry, resulting in a lowering of symmetry from 0, 
to D3. The energy of this transition is essentially insensitive to 
different solvents, viz. methanol, acetone, acetonitrile, and dimethyl 
sulfoxide, lending further support to the d-d nature of this broad 
band at  =850 nm. 

Description of the Structure of 2. The molecular geometry and 
the atom-labeling scheme of the cation are shown in Figure 2. 
The structure of the complex molecule consists of a discrete 
dicationic trinuclear centrosymmetric unit having a crystallo- 
graphic 2-fold symmetry, two noncoordinatively bound hexa- 
fluorophosphate anions, and half of a methanol molecule. The 

(30) McCarthy, P. J.; Gudel, M. U. Coord. Chem. Reu. 1988,88, 69. 
(3  1) Lever, A. B. P. Inorganic Electronic Spectroscopy; Elsevier: Amster- 

dam, 1984. 

Figure 3. Triangular distortion of the NiN6 chromophore. 

X-ray structure confirms that a linear trinuclear complex (Fe- 
(1)-Ni(1)-Fe(1a) = 179.4 (2)O) has indeed been formed in such 
a way that a trioctahedral geometry containing a nickel(I1) and 
two irons(II1) as central atoms is present in the lattice. The central 
tris(dimethylglyoximato)nickelate(II) ion, Ni(dmg),4-, bridges 
the two terminal iron(II1) centers through the deprotonated oxime 
oxygens. The iron coordination geometry is distorted octahedral 
with three nitrogen atoms from the facially coordinated tridentate 
amine and three oxygen atoms from three bridging oximate groups. 
The central nickel ion is coordinated to six imine nitrogens, and 
the coordination geometry is strongly trigonally distorted. Selected 
bond distances and angles are listed in Table 111. An intramo- 
lecular FwFe separation of 6.982 (2) has been found. The 
nearest intermolecular F w F e  separation is 7.37 A. The near- 
est-neighbor F+Ni distance within the trinuclear cation is 3.491 
(3) A. The Fe-0 (average 1.943 (11) A) and Fe-N (average 
2.241 (15) A) bond lengths are very similar to those of the 
analogous complex3* [L2Fe2(dmg)3Cu] 2+ but are larger than those 
found in similar complexes with the FeN303 core, e.g. [L2Fe2- 
(N-CIO~)~] .28 The largest deviation from idealized 90° interbond 
angles is 1 1 O ,  which occurs within the five-membered N-Fe-N 
chelate rings, the N - F e N  angles ranging between 79.0 (5) and 
80.1 ( 6 ) O ,  whereas the 0 - F e O  angles fall between 97.0 (4) and 
98.5 (5)'. The bond lengths are consistent with a d5 high-spin 
electron configuration of the Fe(II1) centers. The terminal Fe( 1) 
is displaced by 0.176 (2) A from the mean basal plane comprising 
N(4)N(6)0(2)0(3) atoms toward the apical nitrogen atom N(5) 
of the macrocyclic amine. 

The mean Ni(1)-N(oxime) bond lengths (2.035 (17) A) are 
larger than those found in Ni(dmgH),, 1.850 (15) A,33 in ac- 
cordance with the greater steric requirements in the central 
Ni(dmg)3 unit. It has been pointed out earlier34 that the length 
of the Ni-N(oxime) bond is considerably dependent on whether 
or not the oxime proton is preserved on coordination. In the 
present compound, 2, in which the oxime protons are displaced 
by Fe(II1) centers, the Ni-N(oxime) bond distances are similar 
to those in comparable compounds containing undissociated ox- 
i m e ~ . ~ ~  The central NiNs core is strongly trigonally distorted. 
The deviation from octahedral symmetry has been evaluated from 
the trigonal twist angle (60° for an octahedron and 0' for a 
trigonal-prismatic arrangement). As shown in Figure 3 the six 
nitrogen atoms are arranged around the Ni(I1) center with a twist 
angle of 27O between the two triangular faces comprising N-  
(l)N(2)N(3) and N(la)N(2a)N(3a) atoms, respectively. In other 
words, the coordination polyhedron around Ni(I1) is 33' away 
from octahedral symmetry. The Ni(I1) ion lies strictly on the 

(32) Chaudhuri, P.; Winter, M.; Fleischhauer, P.; Haase, W.; Florke, U.; 
Haupt, H.-J. J .  Chem. SOC., Chem. Commun. 1990, 1728. 

(33) (a) Godycki, L. E.; Rundle, R. E. Acra Crystallogr. 1953, 6, 487. (b) 
Williams, D. E.; Wohlauer. G.; Rundle, R. E. J .  Am. Chem. Soc. 1959, 
81, 755. 

(34) Saarinen, H.; Korvenranta, J.; Nasakkali, E. Acra Chem. Scand. 1980, 
,434, 443 and references therein. 

(35) KBnig, E.; Konig, G. In Landolt-Bornstein; Hellwege, K.-H., Hellwege, 
A. M., Springer-Verlag: Eds.; Berlin, 1981; Vol. 11. 
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Figure 4. Plots of fief, vs T for solid 1 and 2. The solid lines represent 
the best least-squares fits of the experimental data to the theoretical 
equation. 

mean plane containing the N(2), N(3), N(2a), and N(3a) atoms. 
The dihedral angle between the plane N(4)N(6)0(3)0(2) con- 
taining the Fe(II1) ion and the plane N(2)N(3)N(3a)N(2a) 
containing the Ni(I1) ion is 69.3O. 

The C-N (average 1.472 (20) A) and C-C (average 1.480 
(25) A) bond lengths between the methylene groups of the 
macrocyclic amine L are unremarkable. The N-0 (average 
1.380(20) A) and C=N (average 1.285(18) A) bond lengths and 
the C-N-O bond angle (average 115.5 (11)O) of the bridging 
dimethylglyoximate ligands are found to be very similar to those 
of Ni(dmgH)2 and other comparable structures. 

Magnetic Susceptibility Studies. Magnetic susceptibility data 
for polycrystalline samples of 1 and 2 were collected in the tem- 
perature range 4.2-284.5 K, and the data are displayed in Figure 
4 as pcff vs temperature. At 284.5 K the perf values are 7.41 pB 
for the perchlorate salt, 1, and 7.39 pB for the hexafluorophosphate 
salt, 2. These values are much lower than the value perf = 8.83 
pB expected for two spins 5 / 2  and one spin 1 with average g = 2.0. 
On lowering of the temperature, perf decreases monotonically, 
approaching a broad minimum around 160 K, and increases upon 
further cooling. The plots exhibit the expected minimum.46 The 
temperature behavior of the magnetic susceptibility of [Fell1- 
NillFelll], 1 and 2, clearly indicates that the S = 1 of nickel(I1) 
is antiferromagnetically coupled to the terminal S = 5 / 2  of the 
iron(II1) ions. pefr reaches a maximum with a value of 8.07 pB 
(xMT = 8.14 cm3 mol-' K) for 1 and 7.87 pB ( X M T  = 7.74 cm3 
mol-' K) for 2 at 15.8 K. These maximum pen values are not very 
close to the value of pcff = 8.93 pB for S = 4, which is expected 
as the ground state for an antiferromagnetically coupled Fell1- 
Ni1IFe1I1 complex. Below 15.8 K, there is a decrease in perf, which 
reaches a value of 7.37 pB for 1 and 7.07 pB for 2 at 4.1 K. Thus 
the magnetic behavior of 1 and 2 below 15 K can be attributed 
to the splitting in zero field of the ground state. 

The susceptibility of [Fe111Ni11Fe111]47 was calculated using the 
standard formula for x M  for three linearly coupled spins with J I 2  
= J23 = J and .Il3, which results from the spin Hamiltonian 

fi = -2J(3]'32 + $2.33) - 2J13(31*33) 

for an isotropic magnetic exchange with SI = S3 = 5 / 2  and S2 
= 1. In this notation, J represents the exchange interaction 
between adjacent iron and nickel ions and J13 describes the in- 
teraction between the terminal iron nuclei within the trinuclear 
complex, shown pictorially as follows: 

.' 
'13 

To fit the low-temperature ( T  < 15 K) data, it was necessary to 
consider a constant 8. The expression used is 
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where C = N$pB2/k andf(J,J13,T) is derived from the theoretical 
equation. The theoretical values of x result from the Kambe 
vector-coupling scheme combined with the van Vleck susceptibility 
equation. The experimental values of x have been fitted to this 
equation by treating J, 513, and the Weiss constant 8 as adjustable 
parameters. The Zeeman interaction of the high-spin ferric ion 
in a 6Al ground state with practically no contribution from orbital 
angular momentum is isotropic; the observed values35 are very 
close to the free-electron spin value of 2.0. Hence we have fixed 
molecular g to 2.0. Moreover, local gFe dominates over local gNi 
in the molecular g tensor expression (vide infra). The agreement 
between the calculated and observed magnetic susceptibilities is 
good, and the best fits are shown as solids lines in Figure 4. The 
best fit parameters are JF,-Ni = -32 (2) cm-I, JFtFe = -5 (1) cm-I, 
and 8 = -2.0 (1) K for 1 and JFtNi = -29 (2) cm-I, JFtFe = -5 
(1) cm-I, and 8 = -2.1 (1) K for 2. The deviations shown in 
parentheses are derived from three independent measurements. 

the g tensor associated 
with different states can be related to local spins, gF, and gNi, and 
is given as follows for an S = 4 ground multiplet: 

The coefficients 6 / 5  and show that local gFe dominates over 
gNi in determining the g values of the trinuclear complex Fell*- 
NilIFelI1, thus lending support for fixing g = 2.0 in the fitting 
procedure. 

Now, we would like to compare our data with the only other 
structurally characterized heterobimetallic FelllNill complex.38 
The J value of -12 cm-' has been reported for this bimetallic 
complex. The evaluated coupling constants IJI for 1 and 2 are 
larger than the IJI value reported3* for the Fe1I1Ni1I complex, 
although the Fe-.Ni separation is shorter (3.38 A) in the binuclear 
complex than that in our Fe"INi"Fe1l1 complex, 2 (3.49 A). On 
the other hand, the IJ1 values for 1 and 2 are smaller than that 
found for the isostructural Fe"'Cu"Fe"' complex (JFrcu = -42 
~ m - l ) . ~ ~  The increase in IJI values on replacing Ni(I1) by Cu(I1) 
in an isostructural heterobimetallic series has also been observed 
earlier by and  other^.^^^^' The decrease of the exchange 
interactions lJFdul > lJFtNil is justified both by intrinsic dif- 
ferences between the metal ions and by the fact that the ex- 
change-coupling constant can be expressed42 as 

By use of the vector-coupling 

&,5 = 6/5gFe - XgNi  

where n is the number of magnetic orbitals, r,  on M, if the only 
efficient pathway involves the x2 - y 2  orbitals. 

The fact that the susceptibility data for 1 and 2 cannot be 
well-fitted with a single coupling constant and the similarity of 
the obtained JFeFe values to those previously reported32 for iso- 
structural FelllZnllFelll and FelllFellbFelll complexes suggest that 
indeed there are two different coupling constants; JF,-Fc is operative 
between two terminal iron centers separated by as large as 6.98 
A, which is definitely not the limit for the intramolecular magnetic 
i n t e r a ~ t i o n . ~ ~  

A spin ladder, without the effect of J13 on the energy-splitting 
pattern, appropriate for 1 is shown in Figure 5. In Figure 5 we 
have also indicated the relations between molecular gss* tensors 

Bencini, A.; Gatteschi, D. Electron Paramagnetic Resonance of Ex- 
change Coupled Systems; Springer-Verlag: Berlin, 1990. 
Scaringe, R. P.; Hodgson, D. J.; Hatfield, W. E. Mol. Phys. 1978, 35, 
7O1. 
Holman, T. R.; Juarez-Garcia, C.; Hendrich, M. P.; Que, L., Jr.; 
M h c k ,  E. J .  Am. Chem. Soc. 1990, 112, 7611. 
Chaudhuri, P.; Winter, M.; Kuppers, H.-J.; Wieghardt, K.; Nuber, B.; 
Weiss, J. Inorg. Chem. 1987, 26, 3302. 
Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, C.; Fabretti, A. C.; 
Franchini, G. C. Inorg. Chim. Acta 1984, 86, 169. 
Journaux, Y.; Slelten, J.; Kahn, 0. Inorg. Chem. 1986, 25, 439. 
Girerd, J.  J.; Charlot, M. F.; Kahn, 0. Mol. Phys. 1977, 34, 1063. 
Chaudhuri, P.; Oder, K.; Wieghardt, K.; Gehring, S.; Haase, W.; Nu- 
ber, B.; Weiss, J. J .  Am. Chem. Soc. 1988, 110, 3657. 
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sponding lines. For each level the relation between molecular &p and 
local gFe and gNi has been included. 
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Figure 7. Cyclic voltammogram of 1 in CH3CN at a scan rate of 0.2 V 
s-1. 

S in energy and to lower the energy of the levels with low-S 
quantum numbers. Thus the energy difference between the ground 
state IS* = 5, S = 4)  and the next upper-lying level IS* = 4, S 
= 3)  of 64 cm-I becomes reduced to 14 cm-' in 1 by the effect 
of JFe-Fc on the energy splittings (Figures 5 and 6). 

The Fee-Ni separation of 3.49 A in 2 is so large that the 
exchange integral cannot originate from direct F e N i  interaction. 
Thus, the observed spin coupling is likely to arise through a 
superexchange mechanism operating via the Fe"'-O-N-Ni"- 
N-O-Fe"' linkages. The antiferromagnetic interactions in 1 and 
2 can be interpreted by considering that the eg orbitals of the 
Fe(II1) #'ions point from the metal toward the six donor atoms 
(N303) and overlap on either side of the three bridging glyoximato 
ligands, which favor an antiferromagnetic interaction. Weaker 
interactions in 1 and 2 in comparison to that in the similar 
FelllCullFelll complex32 can be rationalized by envisaging that 
the d,t orbital of the central Ni(I1) ion in FelllNillFelll provides 
a ferromagnetic contribution to the overall exchange interaction, 
hence causing a reduction in the overall antiferromagnetic in- 
teraction in 1 and 2, whereas the dZ2 orbital of the Cu(I1) ion in 
Fe1I1Cu1IFe1I1 is fully occupied by a pair of electrons. In other 
words, the overlap between the magnetic orbital on Fe(II1) and 
that on Ni(II), in Ni(dmg)?-, is essentially u in nature, and hence 
the extent of the coupling should be independent of the dihedral 
angle between the two equatorial planes containing Fe(II1) and 
Ni(II), respectively, as is evident from the solid-state structures 
of the binuclear Fe"'Ni" and the trinuclear FelllNillFelll complex. 

Electrochemistry. The cyclic voltammogram of FelclNi*lFelll 
at  ambient temperature in CH3CN containing 0.1 M tetra-n- 
butylammonium hexafluorophosphate as supporting electrolyte 
at a glassy carbon working electrode at  a scan rate u = 0.2 V s-l 
is shown in Figure 7. Two consecutive reversible steps of reduction 
in the potential range 0.0 to -1.6 V at E,/2red1 = -0.64 V and 
El,2rd2 = -1.02 V vs NHE are detected. That two reversible 
transfers of one electron per center occurs is evident from the 
adherence to the following criteria:45 (i) the E I l 2  values are 

(45) (a) Nicholson, R. S. ;  Shain, I .  Anal. Chem. 1964, 36, 706. (b) Bard, 
A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and 
Applications: Wiley: New York, 1980. (44) Herren, M.; Jacobsen, S.  M.; Giidel, H. U. Inorg. Chem. 1989, 28, 504. 



An Exchange-Coupled FelIINilIFelI1 Complex Inorganic Chemistry, Vol. 30, No. 25, I991 4783 

independent of scan rates between 20 mV S-I and 1 V s-I, -0.50 
and -0.885 V vs Ag/AgCl; (ii) the difference in peak potential 
values Up (=E - E,) is constant and equal to 65 mV; (iii) the 
ratio of the pearcurrents due to cathodic (i,) and anodic (i,) 
sweeps is close to unity (1.00 f 0.02) at different scan rates; (IV) 
the current function ipo-'/z is substantially constant. The formal 
redox potentials thus obtained can be regarded as thermodynamic 
values. Thus the following redox scheme, containing the reversible 
formation of a mixed-valent FelIINilIFelI species, can be ascribed 
to the electrochemcial reduction processes of the complex 
~ ~ 1 1 1 ~ ~ 1 1 ~ ~ 1 1 1 .  

E l l P  F ~ I I I N ~ I I F ~ I I  , ' F ~ I I N ~ I I F ~ I I  Eijzdl 
F ~ I I I N ~ I I F ~ I I I  , 

Electrochemically reversible one-electron-transfer steps (Up = 
65 mV) preclude any significant structural rearrangement during 
the redox processes; i.e., all three species have the same structures 
in solution and apparently can be described by the solid-state 
structure of the FelIINilIFelI1 complex as determined by X-ray 
diffraction. No reduction current from Ni(I1) to Ni(1) is observed 
in the potential range 0.0 to -2.0 V vs NHE. 

Analyses of the cyclic voltammograms in the positive potential 
range (0.0 to +1.5 V) with scan rates varying from 0.02 to 1 V 
s-l reveal that (i) the peak current ratio ipa/i, is constant (1.00 
f 0.04), (ii) the current function ipu-l/z is virtually constant and 
independent of scan rates, and (iii) the peak potential difference, 
Up, increases progressively from 60 to 11 5 mV with scan rates 
0.02 to 1 V s-l, respectively. These findings clearly indicate a 
simple one-electron mechanism for the oxidation processes, 
quasi-reversible in character. Thus two quasi-reversible oxidation 
processes at EI/20X1 = +0.84 V and EljZoX2 = +1.3 1 V vs NHE, 
which can be assigned to the equilibria 

E I l P  F ~ I I I N ~ I I F ~ I I I  , ' Fe~I INi~I~Fe~I~  , FeIIINiIVFeIII 

are observed. The quasi-reversible character of these redox re- 
actions indicates that some geometrical changes are taking place 
without changing the actual framework of the structure. On the 
contrary, for Ni(dmgH)z two processes, both with E ,Ci, are 
observed. The couple localized at  -1.44 V correspon& to the 
reduction of Ni(I1) to Ni(1) and the couple at +1.14 V corresponds 
to the oxidation from Ni(I1) to Ni(II1). The shift of 300 mV to 
more negative potential for the couple Ni(II)/Ni(III) in the 
FelIINilIFelI1 complex in comparison to Ni(dmgH), probably 
causes the stabilization of the FelllNilVFelll species. 
Concluding Remarks 

In this paper a unique linear trinuclear Fe1I1NiI1Fe1I1 compound 
is described that can provide a suitable basis for further research, 
especially on the electronic properties of such a trinuclear system. 
That it is possible to stabilize tris(dimethylg1yoximato)nicke- 

late(4-) anion by complexing with the LFe3+ unit has been 
demonstrated. Recently, another series of glyoximato-bridgedz0 
trinuclear complexes of general formula [L2Cu2(dmg)zM11]2+ (M 
= Cu, Ni, Pd) has been described. (Glyoximato)metalate(II) 
anions are capable of functioning as bridging ligands to give rise 
to various kinds of trinuclear complexes and can mediate a varying 
range of exchange, from very weak to very strong antiferro- 
magnetic interactions. Our study on the low-lying electronic states 
of [L2Fe1112(dmg)3Ni11]Xz (X = C104, PF6) by magnetic sus- 
ceptibility shows that the complex contains two high-spin ferric 
sites which are antiferromagnetically coupled to a high-spin Ni(II), 
yieldmg a coupling constant J = -30 an-'. This study also suggests 
that there are indeed two different coupling constants J I 2  = JZ3 
= J and J I 3  operative in the FelIINilIFelI1 complex; J13 is operative 
between two terminal iron centers separated by as large as 6.98 
A. This paper confirms the essentially u nature of the Fe- 
(111)-Ni(dmg) interaction. The spin-level structure of the com- 
pound is characterized by the ferromagnetic-like polarization of 
high local In fact, there are no truly ferromagnetic 
interactions in the trinuclear complex. Both JFeNi and JFcFe are 
antiferromagnetic. The ordering of energy levels follows from 
the fact that the Fe(II1) (SFe = 5/z) magnetic moments are larger 
than those of Ni(I1) (SNi = 1). The level ordering is a result of 
the mutual influence of the Fe"'-Ni" interactions, JFtNi, and the 
FelILFelI1 interactions, JFeFe. The oxidized species FelIINilIIFelI1 
and FelIINil"FelI1 and the reduced species FelINilIFelI1 and 
Fe"NilIFelI have been observed in cyclic voltammetric experiments. 
The chemical preparations and isolation of the Fe"INi1I1Fe1I1 and 
FelINilIFelI species seem possible. These investigations are in 
progress. 
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(46) Pei, Y.; Journaux, Y.; Kahn, 0. Inorg. Chem. 1988, 27, 399. 
(47) The model adopted for the analysis of the magnetic susceptibility data 

has some limitations, e.g. the neglect of zero-field splitting. But the 
zero-field splitting of the ground state is not appreciable, as is indicated 
by observation of the X-band EPR s ectra, which together with 
[FelllMnllFelll], [FelllFellhFelll], and [FebnllFelll] will be the subject 
of a forthcoming paper. 


