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Two new dinuclear iron(ii) complexes of formulae [Fe,( H,O),(bipym)] [S0,],-2H20 1 and [Fe,( H,O),- 
(bipym) (SO,),] 2 (bipym = 2.2'-bipyrimidine) have been synthesised and their crystal structures 
determined by single-crystal X-ray diffraction. Crystals of 1 and 2 are monoclinic, space group P2Jc with 
a = 8.1 38(1), b = 11.661 (2), c = 11.886(2) A, p = 91.85(1)" and Z = 2 for 1 and space group P2Jn with 
a = 6.275(2), b = 13.550(4), c = 10.937(2) A, p = 96.43(2)" and 2 = 2 for 2. The structure of 1 consists 
of centrosymmetric dinuclear cations [ Fe,( H,O),( bipym)14+, unco-ordinated sulfate anions and water of 
crystallization whereas that of 2 is made up of neutral dinuclear [Fe,(H,O),(bipym) (SO,),] units. The co- 
ordination geometry around each iron atom is that of a highly distorted octahedron: the Fe"-N distances 
are longer (average value 2.22 A) than the Fell-0 ones (average values 2.11 and 2.09 in 1 and 2, 
respectively). In both complexes, the bipyrimidine group joins two adjacent iron atoms acting in a 
bis(che1ating) fashion. The C-C bond between the pyrimidine rings of bipym is perpendicular to the 
Fe - - . Fe vector giving two five-membered chelate rings, the bite angle of bipym being 74.9(1)" in 1 and 
74.1 (1)" in 2. The intramolecular metal-metal separation is 5.836(1) and 5.909(1) A in 1 and 2, 
respectively. Magnetic susceptibility versus temperature data for both compounds were fitted to the 
Heisenberg-Dirac-Van-Vleck S, = S, = 2 spin exchange model with J = -3.4 cm-l, g = 2.28 and 8 = 
-0.7 cm for 1 and J = -3.1 cm-', g = 2.23 and 8 = -1.3 cm-' for 2. The efficiency of bipym to 
transmit electronic effects between iron(ii) ions is compared to that of related oxygen-donor 
potentially bis(che1ating) ligands. 

The ability of 2,2'-bipyrimidine (bipym) to transmit electronic 
effects between paramagnetic centres has been a subject of 
interest over recent years.'-8 Strong antiferromagnetic 
coupling [J (singlet-triplet energy gap) = -230 cm-'1 is 
achieved in bipym-bridged copper(I1) complexes when the CT in- 
plane xy exchange pathway (Scheme 1) is ~ p e r a t i v e . ~ ~ ~ ~  The 
plasticity of the copper(I1) co-ordination sphere together with 
the versatility of bipym as a ligand allows the tuning of the value 
of J between practically zero and - 200 crn-'.' 

In a recent work, the structural characterization and 
magnetic study of bipym-bridged nickel@) dimers (J z - 14 
cm-') revealed that the efficiency of bipym is much decreased 
when going from copper(I1) to nickel(r1) complexes.' The greater 
number of unpaired electrons, the occurrence of ferromagnetic 
terms, the larger M-N(bipym) bond distances and the higher 
energy of the d orbitals in the case of nickel(n) with respect to 
copper(1r) account for the weaker exchange interaction in the 
former. 

In the present contribution, we report the preparation, 
structural and magnetic characterization of two bipym-bridged 
iron(1r) complexes of formulae [Fe2(H20),(bipym)][S04],~ 
2 H 2 0  1 and [Fe,(H20),(bipym)(S04),1 2. The exchange 
interaction between iron@) ions bridged by bipym and parent 

t Supplementury data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1993, Issue 1, pp. xxiii-xxviii. 
Non-SI unit employed: emu = SI x 106/4n. 

scheme 1 

ox dhbq 

bis(che1ating) ligands such as oxalate (dianion of oxalic acid, 
H,ox) and hydranilate (dianion of 2,5-dihydroxy- I ,4-benzo- 
quinone, H,dhbq) is analysed and discussed in the light of 
available structural and magnetic data. 

Experimental 
Materials. -2,2'-Bipyrimidine was purchased from Lancaster 

Synthesis and used without further purification. Iron(I1) sulfate 
heptahydrate was obtained from Merck and stored under 
nitrogen. Elemental analyses (C, H, N) were conducted by the 
Microanalytical Service of the Universidad Aut6noma de 
Madrid (Spain). 
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Table 1 Crystallographic dataa for [Fe,(H,0)8(bipym)][S04],~2H,0 1 and [Fe,(H,0),(bipym)(S04),] 2 

Compound 
Formula 
M 
Space group 
alA 
b/A 
CIA 
PI" 
ul~3 
DJg cm-3 
F(000) 
Crystal sizelmm 
p(Mo-Km)/cm-' 
28 rangep 
No. of collected reflections 
No of unique reflections 
No. of independent reflections * 
No. of refined parameters, Np 
R{ = I X I I F O I  - l ~ c l l ~ l w o l l ~  
R'{ = cc(llFoI - I~c11)2/~wl~01"*} 
S' 

1 

642.1 

8.138(1) 
1 1.661 (2) 
1 1.886(2) 
91.85(1) 
1 127.4(3) 
1.892 
660 
0.16 x 0.22 x 0.20 
15.5 
3-55 
2920 
2598 
2019 
184 
0.0274 
0.0310 
0.963 

C8HXFe2N401 gSZ 

p2 1 Ic  

2 

570.1 
p2 1 In 
6.275(2) 
13.550(4) 
10.937(2) 
96.43(2) 
924.1(4) 
2.049 
580 
0.21 x 0.18 x 0.16 
18.7 
3-54 
2305 
2024 
1512 
154 
0.0326 
0.0336 
1.546 

C8H 18Fe,N4014S2 

a Details in common: monoclinic, 2 = 2, -26 scan method. I > 3a(I). Goodness of fit = cCw(llFoI - l~cll)~l(No-Np)]*. 

Preparation of [ Fe,(H,O),(bipym)] [SO,] ,*2H20 1 and 
[Fe2(H,0),(bipym)(S0,)z] 2.-These compounds were pre- 
pared as follows: a solid sample of bipym (0.5 mmol) was added 
to warm (ca. 40 'C) deoxygenated water (40 cm3) containing 
iron(I1) sulfate (1 mmol) with continuous stirring and under 
argon. Compound 2 separates as a brown powder from the 
resulting deep red solution. Well formed polyhedral red and 
prismatic brown crystals of 1 and 2, respectively were formed by 
slow evaporation at room temperature. They were collected by 
vacuum filtration, washed with ethanol and diethyl ether and 
stored under calcium chloride. Only crystals of 1 were obtained 
by recrystallization of the brown powder. Both complexes are 
stable in air. Precipitation of small amounts of iron(m) 
hydroxide accompanies the formation of crystals of 1 and 2 
when their synthesis is carried out in air. The occurrence of a 
very asymmetric doublet at 1575s and 156Ow cm-' (ring- 
stretching modes of bipym) in the IR spectra of 1 and 2 are the 
proof of the bis(che1ating) co-ordination mode of this organic 
ligand as observed in bipym-bridged copper(r1) and nickel(I1) 
complexes. .4,6-8 In fact, quasi-symmetric doublets at 1564vs 
and 155% cm-' for unco-ordinated bipym and at 1580s(sh) 
and 1560s(sh) cm- for chelating bipym 7-8b,10 were reported. 
Diffuse reflectance spectra of 1 and 2 exhibit a broad maximum 
at 10 400 cmP1 and a stronger absorption at ca. 19 000 cm-' . 
These features are due to unresolved d-d and metal-to-ligand 
charge-transfer transitions respectively. The aqueous electronic 
spectrum of these complexes reveals that the dimeric entity is 
present in solution because of the occurrence of an absorption 
at 10400 cm-' ( E  ca. 7 dm3 mol-' cm-'). However, some 
dissociation should occur because of the appearance of two 
peaks at 20 800 and 27 400 cm-' which are assigned to metal-to- 
ligand charge-transfer bands of the [Fe(bipym),]' + low-spin 
complex." The extent of this rearrangement must be low 
because of the reduced values of the molar absorption 
coefficient of these bands (ca. 150 dm3 mol-' cm-') with respect 
to those quoted for the [Fe(bipym),]'+ species (ca. 1000 dm3 
mol-' cm-') (Found: C, 14.85; H, 4.20; N, 8.65. Calc. for 
C8H2,FezN4Ol8S2 1: c ,  14.95; H, 4.05; N, 8.70. Found: c ,  
16.80; H, 3.35; N, 9.75. Calc. for C8Hl8FeZN4O14S2 2: c ,  
16.85; H, 3.15; N, 9.80%). 

Physical Techniques.-The infrared spectra were taken on a 
Perkin Elmer 1750 FTIR spectrophotometer as KBr pellets in 
the 4000-300 cm-' region. The electronic absorption spectra 
both as a solid and in aqueous solution were recorded on a 

Perkin Elmer Lambda 9 spectrometer. Variable-temperature 
magnetic susceptibility measurements were carried out in the 
range 4.2-300 K with a fully automated AZTEC DSM8 
pendulum-type susceptometer equipped with a TBT 
continuous-flow cryostat and a Briiker BE1 5 electromagnet, 
operating at 1.8 T. The apparatus was calibrated with 
Hg[Co(NCS),]. Corrections for the diamagnetism of 1 and 2 
were estimated from Pascal's constants as - 341 x lop6 and 
- 3 15 x emu mol-' , respectively. 

Crystal Structure Determination and Re3nement.-Diffrac- 
tion data for 1 and 2 were collected at 298 K with a Siemens 
R3m/V automatic four-circle diffractometer usin graphite- 

ation concerning crystallographic data collection and refine- 
ment of the structures is listed in Table 1. The unit-cell 
parameters were determined from least-squares refinement of 
the setting angles of 25 reflections in the 28 range 15-30'. A total 
of 2920 (1) and 2305 (2) reflections were collected by the 
variable-speed 0-28 scan method in the 28 ranges 3-55' (1) 
and 3-54' (2) with index ranges 0 d h d 10, 0 d k d 15, 
-15 < I < 15(l)andO d h d 8 , O  d k d 17, -13 d Id 13 
(2); 2598 (1) and 2024 (2) of them were unique, and from these, 
2019 (1) and 1512 (2) were assumed as observed [ I  > 3o(I)] 
and used for the refinement of the structures. Examination of 
three standard reflections, monitored after every 100 reflections, 
showed no sign of crystal deterioration. Lorentz-polarization 
and v-scan absorption corrections l 3  were applied to the in- 
tensity data. The maximum and minimum transmission factors 
were 0.694 and 0.61 1 for 1 and 0.612 and 0.524 for 2. 

The structures of 1 and 2 were solved by standard Patterson 
methods with the SHELXTL PLUS program14 and subse- 
quently completed by Fourier recycling. All non-hydrogen 
atoms were refined anisotropically. The hydrogen atoms of the 
water molecules were located on a AF map and refined with 
constraints. The hydrogen atoms of bipym were set in calculated 
positions and refined as riding atoms. A common fixed isotropic 
thermal parameter was assigned to all hydrogen atoms. The 
final full-matrix least-squares refinement, minimizing the 
function Zw(llF,I - with w = 1/[02(Fo) + q(F0),] [q  = 
0.001 000 (1) and 0.000223 (2)] [with 02(Fo) from counting 
statistics], converged at R and R' indices of 0.0274 and 0.0310 
for 1 and 0.0326 and 0.0336 for 2. The number of reflec- 
tions/number of variable parameters was 11 .O and 9.8 for 1 and 
2, respectively. In the final difference map the residual maxima 

monochromated Mo-Koc radiation (h  = 0.710 73 K ). Inform- 
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Table 2 Final atomic coordinates for compound 1 with estimated 
standard deviations (e.s.d.s) in parentheses 

X I U  

0.1866(1) 
0.2037(2) 
0.3276(3) 
0.3 183(3) 
0.1783(3) 
0.0534(2) 
0.0708( 3) 
0.4276(2) 
0.1 172(3) 
0.1 135(2) 
0.2686( 2) 
0.7296( 1)  
0.8402(2) 
0.6079( 3) 
0.8287( 2) 
0.6463( 2) 
0.3260(3) 

Yib 
0.1084(1) 
0.0606(2) 
0.079 1 (2) 
0.0452(2) 

-0.0104(2) 
- 0.0294(2) 

0.0086(2) 
0.1781(2) 
0.1421(2) 
0.2743( 2) 

0.2842( 1) 
0.2297(2) 
0.3568(2) 
0.3597(2) 
0.1969(2) 
0.4096(2) 

- 0.0581 (2) 

Z i C  
0.1885( 1) 
0.0077(2) 

- 0.062 l(2) 
- 0.1732(2) 
- 0.2104(2) 
- 0.1424(2) 
-0.0371(2) 

0.2163(2) 
0.3 54O(2) 
0.145 l(2) 
0.2372(2) 

- 0.01 68( 1) 
- 0.0968(2) 
- 0.0791(2) 

0.0586(2) 
0.0480(2) 
0.0339(2) 

Table 3 
parentheses 

Final atomic coordinates for compound 2 with e.s.d.s in 

0.0490( 1) 
- 0.130 l(5) 

- 0.1662(4) 
0.2093( 5) - 

0.1869(4) 
0.3621(6) 
0.4468(6) 
0.3459(6) 
0.1688(4) 
0.0981(5) 
0.4 146( 1 ) 
0.3 124(4) 
0.4055(6) 
0.639 l(4) 
0.3061 (5) 

0.0455(1) 
0.1807(2) 

.0.0929(2) 
0.00 lO(2) 
0.0755(2) 
0.1297(3) 
0.1343(3) 
0.08 16(3) 
0.0287(2) 
0.0290(2) 
0.1801( 1) 
0.10 1 O(2) 
0.27 18(2) 
0.1523(2) 
0.1873(2) 

0.2659( 1) 
0.2506( 3) 
0.2877(2) 
0.3834( 2) 
0.0943(2) 
0.0802(3) 

- 0.0301(3) 
-0.1275(3) 
- 0.1 165(3) 
- 0.0063(3) 

0.4455( 1) 
0.3684(2) 
0.3799(3) 
0.4796(2) 
0.557 1 (3) 

and minima were 0.33 and - 0.36 e A-3 for 1 and 0.57 and - 0.40 
e k3 for 2. The largest and mean A/o  are 0.207 and 0.014 for 
1 and 0.014 and 0.003 for 2. Solutions and refinements were 
performed with the SHELXTL PLUS system.I4 The final geo- 
metrical calculations were carried out with the PARST” 
program. The graphical manipulations were performed using 
the XP utility of the SHELXTL PLUS system. The final atomic 
coordinates for non-hydrogen atoms and selected bond lengths 
and angles for compounds 1 and 2 are given in Tables 2-5. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Results and Discussion 
Description of the Structures of Compounds 1 and 2.-The 

structure of 1 is made up of [Fe2(H20)8(bipym)]4+ dinuclear 
cations, unco-ordinated sulfate anions and crystallization water 
molecules, whereas that of 2 consists of neutral [Fe,(H,O),- 
(bipym)(SO,),] dinuclear units. Compound 1 is isostructural 
with the parent [Ni,(H20),(bipym)J[S04]2-2H,0.’ In all 
these complexes, a crystallographically imposed inversion 
centre is located halfway between the halves of the bipym 
molecule. The molecular geometry along with the atom label- 
ling scheme for the dinuclear entities of 1 and 2 are depicted in 
Figs. 1 and 2(a), respectively. The sulfate anions and the water 
molecules contribute to the packing by forming an extensive 
network of hydrogen bonds (Tables 4 and 5). As shown in Fig. 
2(h), aqua and sulfato ligands of two dinuclear units of 2 are 

U 

Fig. 1 An ORTEP drawing of the cationic unit [Fe,(H,O),- 
(bipym)14+ of 1 showing the atom labelling. Thermal ellipsoids are 
drawn at the 30% probability level 

Fig. 2 (a) An ORTEP drawing of 2 showing the atom labelling; 
thermal ellipsoids are drawn at the 30% probability level. (b) A view of 
the polymerisation of 2 through hydrogen-bonding interactions 

linked through hydrogen bonding to yield a one-dimensional 
arrangement, the resulting intermolecular Fe( 1) Fe( If) 
separation being 5.370( 1) A. 

The iron atoms in both compounds are six-co-ordinate, Fe- 
N,04: two nitrogen atoms from bipym and four oxygen atoms 
either from four water molecules in 1 or from one unidentate 
sulfate group and three water molecules in 2 build a distorted 
octahedron around the metal ion. The Fe-N(bipym) bond 
lengths lie in the range 2.191(3)-2.247(3) A and are close to 
those reported for the dinuclear complex [ { Fe(bipym)(NCS), },- 
(bipym)] where both chelating and bis(che1ating) bipym are 
present. However, they are significantly longer than the Fe-0 
bond lengths (average values 2.1 1 and 2.09 A for 1 and 2, 
respectively). The presence of co-ordinated sulfate in 2 causes a 
greater distortion of the metal environment in this compound. 
So, the shorter and longer Fe-O bonds are 2.085(2) and 
2.138(2) A in 1 whereas they are 2.035(3) and 2.147(3) A in 2. 
Furthermore, the O( 1 )-Fe( 1 )-0(2) angle in 1 [93.3( l)’] is much 
smaller than the related 0(3)-Fe(l)-0(4) one in 2 [108.3(1)”]. 
The best equatorial plane is defined by the N( I), N(2a), O( 1) 
and O(2) atoms [largest deviation from the mean plane is 
0.026(2) A for 0(2)] in 1 and by the N(l), N(2a), O(3) and O(4) 
atoms [largest deviation is 0.1 1 l(3) A for N(l)] in 2. The iron 
atom is 0.010( 1) (1) and 0.060( 1) A (2) out of these planes. A 
large deviation from the idealized orthogonal geometry is found 
at the metal atom in the five-membered Fe(l)N(l)C(4)- 
C(4a)N(2a) chelate ring [74.9( 1) and 74.1 (1)O for N( 1 )-Fe( 1 )- 
N(2a) in 1 and 2, respectively] as expected due to the 
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Table 4 
with e.s.d.s. in parentheses" 

Selected interatomic distances (A) and bond angles (") for 1 

Iron environment 

Hydrogen bonds 
A D 

2.138(2) 

2.085(2) 

74.9( 1) 
99.1( 1) 

167.6( 1) 
91.1( 1) 
90.3( 1) 
92.q 1) 

173.9( 1) 
94.7(1) 

2.10 1 (2) 
Fe( 1)-0(4) 2,127(2) 
Feu t"1) 2.229(2) 
Fe( 1)-N(2a) 2.213(2) 

N(2a)-Fe(l)-0(4) 87.4(1) 
O(2)-Fe( 1 )-O( 1) 93.3( 1) 
0(2)-Fe(l)-0(3) 88.5(1) 
0(2)-Fe(l)-0(4) 90.4( 1) 
O( 1 )-Fe( 1)-0(3) 86.5( 1) 
O(1)-Fe(1)-O(4) 91.5(1) 
0(3)-Fe(l)-0(4) 177.7(1) 

A 0 e - D  
2.73(1) 
2.72(1) 
2.77( 1) 
2.83(1) 
2.75( 1) 
2.78(1) 
2.75( 1) 
7.70( 1) 
2.73(1) 
2.82(1) 

A * * H-D 
172(3) 
176(3) 
166(2) 
174(3) 
163(2) 
170(2) 
178(2) 
169( 3) 
160(3) 
1 64( 2) 

" Symmetry code: (a) -x, - y ,  - z ;  (b) x, - y ,  i + z; (c) x - 1 ,  i - y ,  
$ + z; (d) 1 - x, y - $, - z; (e) x - 1, y ,  z;  (f) 1 - x, --Y, -2; (g) 
1 - x, 1 - y ,  -z .  * A = Acceptor, D = donor. 

Table 5 
with e.s.d.s. in parentheses" 

Selected interatomic distances (A) and bond angles (") for 2 

Iron environment 
2.147(3) 
2.128(3) 
2.057( 3) 

74.1(1) 
91.7(1) 

160.0( 1) 
91.6(1) 
91.9( I )  
86.3(1) 

163.1( 1) 
93.1(1) 

2.035(3) 
2.191 (3) 
2.247( 3) 

85.9(1) 
108.3(1) 
85.6( 1) 
90.4( 1) 
9 6 3  1) 
85.4( 1) 

176.0( 1) 

H A - * - D  A H-D 
W6w) 2.66(1) 158(3) 
H(2w) 2.76(1) 177(3) 
W3w) 2.63(1) 158(2) 

W5w) 2.80( I )  1 69( 2) 
H(4w) 2.74( 1) 1 74( 3) 

-x, -Y ,  -z; (b) x - 1, y ,  2; ( 4  x - $, i -yY, 
~ - $ ; ( d ) ~ - x , y - ~ , ~ - z ; ( e )  1 1  1 - x ,  - y ,  I -z ; ( f )  -x,  - y ,  1 - z .  

A = Acceptor, D = donor. 

between these metal ions [5.370(1) A for Fe(1) Fe(lf)] is 
smaller than the intramolecular metal-metal separation. 

short bite distance of the free bipym (2.63 A).16 The value of 
this angle at the nickel atom in the related bipym-bridged 
nickel(I1) complex is 78.5(1)". Such a decrease in the angle 
subtended by bipym at the metal atom when passing from 
nickel@) to iron(I1) is related to the lengthening of the metal- 
nitrogen(bipym) bonds in the latter. 

The pyrimidyl rings of bipym are planar as expected with 
deviations from the mean planes not greater than 0.01 5(2) A in 
1 and O.OlO(4) A in 2. The bipym ligand as a whole is also planar 
in both complexes. The carbonxarbon and carbon-nitrogen 
intra-ring bond distances agree with those observed in other 
bipym-bridged metal complexes. The carbonxarbon inter- 
ring bond length [1.488(4) and 1.480(6) A in 1 and 2, 
respectively] is close but somewhat shorter than the classical 
value of 1.54 A for the single carbon-carbon bond distance. The 
iron atom is 0.043(1) (1) and 0.249(1) A (2) out of the bipym 
plane. The dihedral angle between the bipym and the equatorial 
planes N(l)N(2a)0(1)0(2) of 1 and N(l)N(2a)0(3)0(4) of 2 is 
2.4( 1) and 10.9( I)", respectively. 

The metal-metal separation through bipym, Fe( 1) Fe- 
(la), is 5.836(1) A in 1, 5.909(1) A in 2, and 5.522(6) A 
in [{ Fe(bipym)(NCS),},(bipym)],' the trend followed being 
monitored by the Fe-N(bipym) distances. The shortest inter- 
molecular metal-metal distance is 6.696( 1) A [Fe( 1) * * - Fe( 1 h) 
and Fe( 1) Fe(1i); symmetry codes: (h) -x, y - +, + - z and 
(i) -x,$ - y , i . -  z]inland5.370(l)A[Fe(l)--.Fe(lf)]in2. 

The sulfate ions have their expected tetrahedral geometry 
[average values of the sulfur-oxygen bond distance are 1.473 (1) 
and 1.458 A (2) and the average intra-ion bond angle is 109.5Ol. 
In both complexes the molecules are held together by hydrogen 
bonds involving water molecules and sulfate anions. In par- 
ticular, in 1 a crystallization water molecule binds to two co- 
ordinated water molecules belonging to two different Fe- 
(bipym)Fe units; the resulting metal-metal distance is 6.743( 1) 
A. In 2, the pair of hydrogen bonds between O(3) and O(7f) is 
particularly important as it contributes to the formation of a 12- 
membered ring involving two sulfate groups, two co-ordinated 
water molecules and two iron@) ions [Fig. 2(b)]. The distance 

Magnetic Properties.-The magnetic properties of 1 and 2 in 
the form of both xM (molar magnetic susceptibility) and xMT 
versus T plots are depicted in Figs. 3 and 4. The curves of 
susceptibility show rounded maxima at 15.1 and 15.7 K for 1 and 
2, respectively whereas those of xMT exhibit a continuous 
decrease upon cooling down, with xMT = 7.46 (1) and 7.15 cm3 
mol-' K (2) at 290 K and an extrapolated value that vanishes 
when T approaches to zero. Such a behaviour is characteristic 
of an intramolecular antiferromagnetic interaction between two 
high-spin iron(r1) ions, with a molecular spin singlet ground 
state. We have attempted to reproduce theoretically the 
experimental susceptibility of 1 and 2 by use of the Heisenberg- 
Dirac-Van-Vleck SA 7 SB = 2, spin-coupled dimer model with 
the spin Hamiltonian H = - J S A * S B .  The parameters J, g and 8 
(intermolecular interactions) were determined by least-squares 

values obtained were J = - 3.4 cm-', g = 2.28,0 = -0.7 cm-' 
and R = 2.7 x for 1 and J = -3.1 cm-', g = 2.23, 0 = 
- 1.3 cm-' and R = 8  x lo4 for 2. An inspection of the 
computed curves (Figs. 3 and 4) shows that the experimental 
data are reproduced by the spin-only formula, although a 
satisfactory match to the experimental data is not achieved. 
Most likely, the orbital contribution is small due to the low 
symmetry (roughly C,, for 1 and 2) but not totally negligible. In 
this regard, the lower distortion of 1 with respect to 2 because of 
the occurrence of co-ordinated sulfate in 2, accounts for the 
better fit found in the latter compound. Dealing with the 
intermolecular magnetic interaction, the shorter intermolecular 
metal-metal separation in 2 [hydrogen bonding between 
sulfato and aqua ligands, Fig. 2(b)], leads to a greater 0 value in 
this compound. The real IJ( values should be slightly larger than 
the computed ones as inferred from the relative positions of the 
computed and experimental maxima. Finally, the fit was not 
significantly improved and the J values remained practically 
unchanged when the local anisotropy of the iron(I1) ion was 
introduced in the calculation. 

The J values of compounds 1 and 2 are practically identical as 
expected in the light of their closely related crystal structures. 
The ligand bipym acts as a bridge between the metal atoms and 

fit minimizing =z[(XM)obs - (xM)c~l~l~/~[(xM),b~]~. The 
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( 0 )  and xMT (+) for 2. The solid line corresponds to the best theoret- 
ical fit (see text) 

the resulting intramolecular iron-iron separation is nearly 
identical. As shown previously,4b*’ ’ this kind of bis(che1ating) 
ligand (Scheme 1 ) leads to an antiferromagnetic interaction 
between metal centres if a magnetic orbital of xy symmetry is 
available on each interacting metal ion. Obviously, this 
exchange pathway is operative with iron(I1). Only the crystal 
structure of a bipym-bridged iron@) complex of formula 
[{Fe(bipym)(NCS),),(bipym)] was known prior to the present 
work and a value of J = -4.1 cm-’ was found.5 The fact that 
the antiferromagnetic coupling in 1 and 2 is somewhat weaker 
can be easily understood taking into account that the 
intramolecular metal-metal separation is about 0.3 8, shorter 
for the latter compound [5.522(6) A]. 

Concerning the exchange coupling in polynuclear iron@) 
complexes, a comparison of the relative ability of potentially 
bis(che1ating) bipym, oxalate and hydranilate systems to 
transmit electronic effects is in order. Concerning the oxalato- 
bridged iron(I1) complexes, only the structure of [{ Fe(ox)- 
(H20)2}n] was reported. It consists of one-dimensional 
iron(rr) chains in which oxalate acts as a bis(bidentate) bridging 
ligand. Although no structure for dhbq-bridged iron(I1) 
complexes has been published, structural information concern- 
ing other metal complexes of dihydroxybenzoquinones, 19-23 

reasonably support the bis(che1ating) co-ordination mode for 
dhbq in the polymer of formula Fe(dhbq)(H20)2.24 As far as 
the complexes [ { Fe( ox)( H 20)2 In] and Fe(dhbq)( H20)2 are 
concerned, the metal ions are antiferromagnetically coupled 
with J values of -8.8 and -2.8 cm-’, r e ~ p e c t i v e l y . ~ ~ . ~ ~  The 
trend exhibited by the J values in this family of iron(r1) 
complexes is lJlox > lJlbipym > IJldhbq. The larger coupling 
would correspond to bipym because the less electronegative the 
atoms of the bridge are, the higher the delocalization of the spin 
density on them, and consequently, the greater the antiferro- 

magnetic coupling 26*27 everything being equal. However, the 
greater stabilization by resonance of the symmetry-adapted 
highest occupied molecular orbitals (HOMOS) of bipym that 
overlap with the in-phase and out-of-phase combinations of the 
d,, magnetic orbitals of iron(I1) causes a smaller overlapping in 
this case with respect to that of oxalate, and accounts for the 
weaker coupling. Another factor to be taken into account is the 
metal-metal separation through the This factor is 
not relevant for bipym and oxalate because such a separation 
varies between 5.6 and 5.9 A. However, an iron-iron separation 
through dhbq larger than 7.6 8, can be easily calculated and 
such a large separation is most likely at the origin of the lower 
efficiency of dhbq with respect to ox. 
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