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Abstract

Two dinuclear iron(11) complexes of formulac | Fe,(bpym)(C:O4),(H:0),] -2HJC (1) and {Fe,(bpym)(C,0,):(H,0).1-2H:0 (2)
(bpym = 2,2-bipyrimidine, C;0.* = dianion of croconic acid (4.5-dihydroxycyclopent-4-ene-1.2,3-trione) and C,0,° = dianion of squaric
acid (3.4-dihydroxycyclobut-3-ene-1,.2-dione ) ) were prepared and their crystal structures (at 103 K) determined by X-ray diffractionmethods.
The structure of 1 consists of neutral centrosymmetric [Fe,(bpym) (C<Os)2(H.0),] units and water molecules of erystallization which are
linked by an extensive network of hydrogen bonds. The coordination geometry around each iron atom is that of a compressed octahedron
with bpym nitrogen atoms and croconate oxygen atoms in the equatorial positio..., .nd water molecules in the axial positions. The croconate
and bpym ligands adopt bidentate and bisbidentate coordination modes respeciively. Compound 2 exhibits two different polymorphic forms,
denoted 21 und 2ii. The two molecular structures are made up of neutral centrosymmetric [Fe,(bpym)(C,0,):(H,0),] units and water of
hydration, the main difference between the two forms being in the packing and hydrogen bond pattern. Each iron atom has a highly distorted
actahedral geometry with bpym nitrogen atoms, one squarate oxygen and a water molecule in equatorial positions, and water molecules in
axiul positions. Squarate and bpym ligands adopt monodentate and bisbidentate coordination modes respectively. The intradimer metal-metal
sepurations are 5.829(2) (1), S.869(1) (21) and 5.941(3) A (2i1). The mugnetic behaviovr of 1 and 21 in the temperature range 290-2 K is
characteristic of an intradimer antiferromagnetic coupling, the susceptibility curves exhibiting maxima at 11.5 (1) und 185 K (21). A
mugnetostructural comparison with other bpyme-bridged iron(1l) complexes is carvied out, © 1998 Elsevier Science S.A. All nipht
reserved.

Kevwords: Crystal structures; Magnetic properties; lron complexes: Croconate complexes; Squarate complexes

1. Introd.. :tion methods of syathesis of stable croconate salts using either
MnO; | 19] or H,0, [20] as the oxidant agent towards rhod-

Although the first preparations of the monocyclic oxocar- izonate  (5,6-dihydroxycyclohex-5-ene-1.2,3.4-tetronate ),
bon dianions squarate (dianion of 3,4-dihydroxycyclobut-3- opened new perspectives to coordination chemists. Both
ene-1.2-dione, H,C,0,) and croconate (dianion of 4,5-di- ligands react with divalent transition metal jons to yield

hydroxy:yclopent-4-enc-1,2,3-trione, H,C404) date from chain compounds of formula [ M(C,0,) (H,0).] [ 10b] and
1821 [1] and 1959 |2}, their coordination chemistry has [M(C405) (H,0),] [15a,c.17a) where the wmetal ions are

been the subject of current research activity in the last two bridged by squarate or croconate, the former acting as a 1.3
decades [3-17). It deserves to be noted that a successful bis(monodentate) ligand and the latter adopting simultane-
general method for the synthesis of the so-called aromatic ously monodentate and bidentate coordination modes.
oxocarbon dianions, C,0,°~ (n=3-6), which uses di-tert- Curiously, the squarate exhibits a tetrakismonodentate

butoxyethyne as starting product, was proposed only in 1983 coordination mode in  the compounds of for'm.ulu
[18]. The fact that squaric acid is a stable and commercially ~ [M(C,0,)(H;0);] (M=Mn, Fe, Co. Ni and Zn) leading

available product, and the knowledge of simple but efticient to a sheetlike structvre | 11a]. The use of chelating ligands
precludes the formation of these insoluble polymers and

* Corresponding author. Tel.: +47-5558 3562; fax: +47-5558 9490: allows the preparation of nuclearity tailored complexes
e-mail: jorunn.sletten@kj.uib.no [ 10a,11e,12b-h.15b,17b-1].
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The present work is devoted to analysis of the blocking
role of a bischelating ligand such as 2,2'-bipyrimidine
(bpym), aiming at precluding the formation of the corre-
sponding squarate [10b] and croconate [15c] iron(Il)
chains and designing discrete polynuclear species. We pres-
ent here the preparation and the structural and magnetic char-
acterization of two dinuclear iron(II) complexes of formulae
{Fey(bpym) (Cs05).(H,0),4] - 2H,O (1) and [Fe,(bpym)-
(C404)2(H20)o] '2H20 (2)-

2. Experimental
2.1. Materials

2,2'-Bipyrimidine, squaric acid and anhydrous iron(II)
chloride were Alfa, Aldrich and Fluka chemicals and were
used as received. Potassium croconate was synthesized
according to the literature [ 19,20].

2.2, Preparation of compounds

2.2.1. [Fe){bpym)(Cs0s)x(H,0),]-2H,0 (1)

1 mmol of FeCl, was dissolved in water (50 ml) together
with 2 mmol of bpym. To the resulting dark red solution an
aqueous solution containing 1 mmol of K,CsO, was added
dropwise under constant stirring, The reddish brown solution
was filtered and left at room temperature for slow evapora-
tion, Irregularly shaped, brown crystals appeared after | day.
They were collected by filtration, washed with diethyl ether
and dried on filter paper in the open air. X-ray crystallo-
graphic structure determination (see below) proved the iden-
tity of this compound 1. Evaporation of the remaining
solution leads to yellow needles of K,CyO5 und to hexagonal
red plates of formula [ Fe(bpym),]Cl,: 7TH,0 (3). The latter
complex is a low-spin species which is already known [21].
The structure of the corresponding perchlorate salt has been
reported very recently [22].

2.2.2. [Fey(bpym)C,0,){H;0),]- 2H,0(2)

| mmol of FeCl, was dissolved in ‘vater (50 ml) together
with 2 mmol of bpym. To the resulting dark red solution an
aqueous solution containing ! mmol of Li,C,0, (prepared
in situ by mixing stoichiometric amounts of H,C,0, and
LiOH'H,0) was added dropwise under constant stirring.
The reddish brown solution was filtered and leRt at room
temperature for slow evaporation. Brown crystals appeared
after | day. The crystals were collected by filtration, washed
with diethyl ether and dried on filter paper in open air. Optical
inspection indicated that two different types of crystals, trun-
cated pyramids and thin parallelepipeds, were present. X-ray
crystallographic structure determinations (see below)
showed that these were two different polymorphic forms of
compound 2, formula [Fe;(bpym)(sq).(H,0)] -2H,0,
hereafter noted 21 and 24i. After collection of the first crop of

brown crystals, the filtrate was left for further evaporation.
After a few days thin, red, needle shaped crystals appeared
{compound 4). The chemical analysis (C, 36.76; H, 3.64;
N, 15.49; Fe, 12.3; Ci, negative (%)) points towards an
impure compound containing a 2:3:2 iron:bpym:squarate
molar ratio. Further evaporation of the filtrate, to almost com-
plete dryncss, yielded the same red, hexagonal plates as
observed in the previous synthesis (3). Compound 3 was
later synthesized directly by mixing aqueous solutions of
FeCl, and bpym in a molar ratio 1:3. Crystals of the latter
two products, 3 and 4, were not of X-ray quality.

2.3. Physical measurements

IR spectra were recorded on a Nicolet Impact 410 spectro-
photometer as KBr pellets in the 4000400 cm ™' region.
Electronic spectra in DMSO (1, 2 and 4) and aqueous (3
and 4) solutions were recorded (200-900 nm) using a Varian
Cary 1 spectrophotometer. 'H and '*C NMR spectra were
recorded with a Bruker 200 MHz instrument. The variable
temperature magnetic susceptibility measurements were car-
ried out on polycrystalline samples of 1 and 2i in a field of
0.1 T using a Quantum Design SQUID magnetometer. The
susceptometer was calibrated with (NH,).Mn(SO,),*
12H,0.

2.4. Crystal structure determinations and refinements

The crystals were sealed and mounted in paraton-n oil.
Diffraction data were in euch case collected with an Enraf-
Nonius CAD-4 diffractometer equipped with a liquid-nitro-
gen cooling device, using graphite-monochromated Mo Ka
radiation. Data collection conditions, erystal parumeters and
refinement results are summarized in Table 1. Cell dimen-
sions were determined based on setting angles of 25 reflec-
tions in the 26 ranges 28-38° (1), 30-41° (21) and 30-38°
(21l). Intensity data were recorded using the w/26 scan tech-
nique. Three reference reflections monitored throughout each
data collection showed no significant decay for 1 and 2i; for
2ii there was a slight decay of 2.2% on average. The data
were corrected for Lorentz polarization effects and for linear
decay (2li). For compound 2ii the intensity profiles were
unsymmetric and pronounced splitting of reflections was
observed. Room temperature data collection was attempted
to avoid cracking, but the extremely thin crystals thea disin-
tegrated quickly in the X-ray beam. Absorption corrections
based on Y-scan measurements were carried out for 1 and 2i
using 5 and 6 reflections respectively [23]. The structures
were solved in space group Pl (space group chosen based
on intensity distributions) by the Patterson method (1 and
2ii) and by direct methods (21), and refined by full-matrix
least-squares. For compounds 1 and 2 non-hydrogen atoms
were refined anisotropically. Hydrogen atoms bonded to car-
bon were included at idealized calculated positions. Hydro-
gen atoms bonded to oxygen atoms were located in difference
Fourier maps and were refined isotropically. For compound
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Table |

Su:iir.na:y of crystal data and structure refinement for | Fex(bpym)(CsO4)2(H;0)4}-2H:0 (1), [Fes(bpym)(C,0,):(H:0)} - 2H,0 (2) polymorphs i
anan

Compound 1 2 2ii

Empirical formula CsH\wFeaNOye CeHa2Fe.NO,q CieH2Fe.N,O,,
Formula weight (g mol ') 658.06 638.08 638.08
Temperature (K) 103(2) 103(2) 103(2)
Wavelength (A) 0.71073 0.71073 0.71073

Space group Pl Pl Pl

a(A) 6.798(2) 7.312(1) 7.618(2)

b(A) 9.231(3) 8.111(2) 8.595(4)

c(A) 9.377(3) 9.989(2) 10.211(5)
a(®) 89.09(3) 84.99(2) 67.61(3)

B 77.83(3) 81.75(1) 76.87(3)

7(®) 89.25(2) 78.85(1) 75.63(3)

V(AY 5§75.1(3) 5§74.1(2) 592.2(5)

Z 1 | 1

Penc (Bem ™) 1.900 1.845 1.789
u(mm™") 1.356 1.354 1.308

F(000) 334 326 326

Crystal size (mm) 0.14x0.11 x0.04 0.17%0.12x0.10 0.25x0.09 x0.01
Max. 260 (°) 50 50 50

Independent reflections 2000 2008 2054

Data, restraints, parameters 1998, 0, 205 2008, 0, 184 1651,0,77
Reflections with > 2a( 1) 1873 1900 1651

R (I>2(D)) 0.0292 0.0453 0.0887

wR2 (1>20(1)) 0.0741 0.1211

Goodness of fit Son F* 1.135 1.045 2.884

RU=LIIF, | = IFA/EIF]: wR2a {DIw(F} = F2P U E[wF )% S={LIw(F. - F )1/ (n=p)}'"%. For 1 and 2l we 1/ (F,}) + (aP)* +bP,
where a is 0.0339 (1) and 0.0916 (20). b is 0.7567 (1) and 0.4699 (21), P=[0.3333(maximum of 0 or F,2) +0.6667F*). For 2ii we= 1. For compounds 1
and 21 refinement hus been performed on F? including all reflections, for compound 21 refinement on F has been used, including reflections with 1> 2a(/).

211 the experimental ¢~scan absorption correction was not
adequate: instead a Fourier series empirical absorption cor-
rection | 24] was doen: after isotropic refinement of all non-
hydrogen atoms. Because of the type of ubsorption correction
used, the final refinement was also isotropic. Hydrogen atoms
bonded to carbon were included at idealized calculated posi-
tions, while hydrogen atoms bonded to water oxygen atoms
were not included as they could not be located from Fourier
difference maps. For compound 2ii refinement in space group
P1 was attempted, but was not successful. Refinements of 1
and 21 were based on F? and included all reflections. For
compound 2ii the refinement was based on F, including
reflections with 7> 20(/); furthermore, 20 reflections with
very uneven background were omitted from the caiculations.
The refinements converged at conventional R-values of
0.0292 (1), 0.0453 (21) and 0.0887 (2il); in all cases the
values refer to reflections with 1> 20(/).

For compounds 1 and 2i the data reduction and absorption
correction were performed with the Blessing programs [25],
and all other calculations with the SHELXS-86, SHELXL-
93 and XPL programs [26]. For compound 2li the MolEN
program system [27] was used, in order to allow the Fourier
series type absorption correction. Selected bond distances
and angles and hydrogen bond parameters are given in
Tables 2-7.

3. Results und discussion
3.1 IR and NMR spectra

The IR spectra of 1 and 21 + 21 are dominated by a strong
and broad bund centred at around 1510 em =, which is char-
acteristic of salts of the C,0,2~ (n=4-6) ions and is attrib-
uted to vibrational modes representing mixtures of C-O and
C-C stretching motions [28]. Weak bands at 1796 and 1790
cm ™', respectively, are associated with stretching vibrations
of non-coordinated C=0O bonds [29). The IR spectrum of
compound 4 is again dominated by a broad band centred
around 1500 cm ™', showing the presence of squarate in this
compound. This feature obscures the ring stretching modes
of bpym, and precludes the use of this region to identify the
coordination mode of bpym [30]. A single sharp peak in the
1200-1250 cm ™' region has also been used to identify the
bis(chelating) coordination mode of bpym [ 17f], however,
in the present case the features in this region are weak and
broad and do not give any conclusive evidence. In compound
3 two sharp peaks at 1573 and 1560 cm ™' show the presence
of chelating, terminal bpym {30}, and show that no squarate
is present, These features of the IR spectrum of compound 3
are similar to those observed for [Fe(bpym),]}(ClO,),-
1/4H,0 [22].
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Table 2
Sclected bond lengths (A) and angles (°) for [Fea(bpym)(CiOs).-
(H0),!-2H,0 (1)

Table 4 .
Sclected bond lengths (A) and angles (°) for {Fe:(bpym)(C,0y)2-
(H;0)41-2H,0 (2ii)

Iron cvordination sphere

Fe-0(7) 2.025(2) Fe-N(D) 2.186(2)
Fe-0(6) 2.084(2) Fe-N(23' 2.201¢2)
Fe-0(5) 2.157(2) Fe-O(1) 2.215(2)
0O(7)-Fe-0(6) 176.67(7) O(5)-Fe-N(2)' 1630
O(7)-Fe-0(5) 87.35(7) N(D)-Fe-N(2)' 76.11(7)
0(6)-Fe-0(5) 95.31(7) O(T)-Fe-0O(1) 90.46(8)
O(7)-Fe-N(1) 91.63(8) 0(6)-Fe-O(1) 88.02(7)
0(6)-Fe-N(1) 90.11(7) 0(5)-Fe-O(1) 80.31(6)
O(5)-Fe=N( 1) 95.59(7) N(1hH-Fe-O(1) 175314
O(7)=Fe=N(2) 88.26(5) N(2)a-Fe-0(1) 108.15(7)
0O16)=Fe-N(2)’ 89.38(7)

Croconate group

OH=C(5) 1.265(3) C(5-C; 1.449(3)
0(2)-C(6) 1.244(3) C(5)-C(6) 1.456(3)
oNH-C(N 1.236(3) C(6)-C(7) 1.477(3)
O(4)-C(8) 1.239(}) C(N-C(8) 1.484(3)
o$H-C(M 1.262(}) C(8)-C(9) 1.466(3)
Ct5)-0(1)-Fe 105.90(14)  O(3H-C(N-C(B) 127.1(2)
CiN=0(5)-Fe 107.8(2) C(6)=C(T)-C(8) 108.7(2)
O(N=C(5)-C(9 122.9(2) 04 =C(8)-C(9 127.1(2)
O(=C(5)=C(6) 128.4(2) O($)-C(8)=C(7) 127.0(2)
C(9)-C(5)=C(6) 108.7¢2) C(N-C(B)-C(N 105.9(2)
0(2)=C(6)=C(5) 128.9(2) O(5-C(N-C(H 122.8(2)
O(2)=C(6)=C(T) 124.0(2) O(5H=CNH-C(¥) 122.7¢2)
C($H=C(6)=C(7) 107.1(2) C(5)=C(9)=C(8) 109.5(2)
O(N=C(N=C(6) 124.2(2)

Symmetry trunsformation used to generate equivalent atoms () =x, | =y,

=3
s

Table 3 _
Selected bond lengths (A) and angles () toe [Fe,thpymiC,0,),
(HQO)'JQHQO(:‘)

Iron coordination sphere

Fe=0(1) 2082 Fe=O(1 2.136(2)
Fe=0(06) 204y Fe=N(2y' 2196()
Fe=0(3) 2120 Fe=N(1) AN
O(1)=Fe=016) 93.26(8) 0(6)-Fe-N(2) 91.29(8)
O(1)=Fe=0(3) 103.75(8) O(5)=Fe=N(2) 166.29(9)
016)=Fe=0(}) BY.89(8) O{N)=Fe=N(2)' 92.38(8)
O 1)=Fe=0( ) 82.89(8) O 1)=Fe=N(1) 168.08(9)
O(8)=Fe=0( T 146N 016)=Fe=N{ 1) RR.11(RY
O(5)=Fe-0(7) 87.46(8) O(Hr-Fe=Nt1) LIRETE S
Qrl)=Fe=N(2) 89.82(8) O(7)-Fe-Ni 1) 96.57(®)
Squarate group

0 T3y 1.284¢4 Ci5) i) 1453
012)=Ct6) 1.282(4) C(H-C(R) 1.463(4)
IR o 3} 1.2 C16)-Ct7) 147804)
Oth-(8) 12860y CiH=Ci®y IRYLTEY)
C(3)=011)=te 1209 O H)=C(7)=Cn) 134.6t3)
O H=LC15)=C(6) 133.3(3) O(3)-C(7=C(R) 136.3(3)
OH=LC(5)-C(¥) 135.8() C6)=C(H=C(¥) .112)
Ci6)=Ci5)-LCi®) 90.6(2) O)-C(R)-C(5) 134.4¢3)
012)=-C16)-C(3) 1349 O(4)-C(¥)-C(7) 135.8(2)
N 2)-C(6)=C(7) 134.8(2) C(5)-C(8)-C(7) 39.8(2)
CHH-C(6)=-LC(7) 90.3(2)

Symunctry transformation used to generate cquivalent atoms (') -3, v,
=2+

Tron coordination sphere

Fe-O(1) 2.109(7) Fe-0(7) 2.102(7
Fe-0(5) 2.167(8) Fe-N(t) 2.247(10)
Fe-0(6) 2.071(7) Fe-N(2)' 2.196(9)
O(1)-Fe-0(5) 97.9(3) O(5)-Fe-N(2)" 174.3(3)
O(1)-Fe-0(6) 88.2(3) 0(6)-Fe-0(7) 174.2(3)
O(1)-Fe-O(7) 93.2(3) 0(6)-Fe-N(1) 92.5(3)
O(1)-Fe-N(1) 160.8(3) 0(6)-Fe-N(2)' 89.3(3)
O(1)-Fe-N(2y 86.7(3) O(7)-Fe-N(1) 87.7(3)
0O(5)-Fe-0(6) 88.4(3) O(7)-Fe-N(2)' 96.4(3)
O(5)-Fe-0(7) 85.8(3) N(1)-Fe-N(2)' T4.0(3)
O(5)-Fe-N(1) 10L.3¢(3)

Squarate group

O(1)-C($5) 1.25¢) C(5)-C(6) 1.47(2)
0(2)-C(6) 1.26¢1) C(5)-C(8) 146(2)
O(N-C(N 1.26(2) C(6)-C(N 1.45(2)
0(4)-C(8) 1.25(1) C(N)-C(¥) 1.46(2)
Fe-0(1)-C(5) 133.2(6) 0(3)-C(7)-C(6) 135.4(8)
O(1)-C($5)-C(6) 133.8(9) 0(3)-C(7)-C(8) 134.5(9)
O(1)-C(5)-C(8) 136.7(9) C(6)-C(7)-C(8) 90.0(9

C(6)-C(5)-C(8) 89(1)
O()-C(6)-C(5) 1341
0()-C(6)-C(7y  135(D)
C(5)-C(6)-C(7 90.4(8)

0O(4)-C(8)-C(5) 134(1)
0(4)-C(8)-C(7) 136(1)
C(5)-C(8)-C(7) 90.2(8)

Symmetry transformation used to gencrate equivalent atoms (') =x, =y,

-
~

The signals in the 'H spectra of 1 and 2 in DMSO-d,,
solutions are broadened owing to the effect of the paramag-
netic, high-spin Fe* * ion. However, in each case the spectrum
clearly shows the presence of two different types of protons
(9.05/7.72 ppm for 1 and 8.98/7.6Y ppm for 2), the ratio
between the integrals of the signals being 2:1, in accordunce
with the bpym bridging mode found in the crystal structures.
The 'H spectrum of compound 4 shows essentially the sume
features, showing that bpym bridges are also present in this
compound. As the chemicul analysis indicates a 2:3 Fe:bpym
ratio in this compound. it is likely that there is also terminal
chelating bpym and/or uncoordinated bpym present. The
signals from these terminal or free bpym groups may be
obscured owing to rapid exchange in solution, hence the
NMR data do not exclude the simultancous presence of
bis(cheluting) und chelating bpym. 'H and ''C spectra of
compound 3 feature sharp peuks, showing that this is a dia-
magnetic, low-spin Fe(ll) complex. There are three proton
signals with 1:1:1 ratios between the integrals of the signals,
und four ditferent curbon signals. The spectra agree well
with those reported previously for [Fe(bpym),|Cl,,
[ Fe(bpym) ] (ClO,) , and for other low-spin d® complexes
with bpym as terminal ligand {21.31].

3.2. On the preparation of the complexes

The excess of bpym used in the syntheses of 1 and 2
protects iron(1l) from being oxidized to iron(111) and pre-
vents the precipitation of the polymeric squarato and cro-
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Table §
Hydrogen bonding for | Fe,(bpym) (C(0:):(H,0),] - 2H,0 (1)

Donor-H

DA (A)

Acceptor H-AA) D-H-A)
0O(6)-H(61) oM (—-x. —-v1-2) 2.742(3) 2.00 165
0(6)-H(62} Ot (—x =y —2) 2.820(2) 202 163
O(7)-H(71) O(8) (auy.2) 2571(3) 1.79 175
O(N-H(72) O(2) (1—x, =y, -2 2.656(3) 1.88 164
0O(8)-H(81) O3 (x, 1+v2) 2949(3) 229 158
O(8)-H(82) 03 (1-x. —v. 1-2) 2.768(3) 2.00 177
Table 6
Hydrogen bonding for | Fe,(bpym) (C, 0,).(H,0),]-2H,0 (2i)
Donor-H Acceptor DA (A) HA(A) D-HAC)
O(5)-H(S5hH O(3) (x,¥=1.2) 2.891(3) 2,10 148
0O(5)-H(52) O(4) (xov2) 2.690(3) 1.93 175
0O(6)-H(61) O (—-x 1=y -2 2687(3 1.87 170
0(6)-H(62) O (—x 1=y 1-2) 2.676(3) 1.90 170
O()-H(™H O(2) (x.¥=1.2) 2.630(3) 1.98 169
O(7)-H(72) O (= 1=y =2) 2.736(3) 1.79 167
O(8)-H(81) O(2) vy 2) 2.740(3) 1.96 153
0O(8)-H(82) O =n 1=y 1=-2) 2.862(3) 1.96 156

Table 7
Possible hydrogen bonding for [ Fe,(bpym) (C,04),(H;0)4| - 2H,0 (2ih)

Donor Aceeptor DA (A)
OS) O4) (x3.2) 2624(12)
MS) OB (1, v -2 284090
Ou6) O ==y, =) 27131
0(6) [STRINEACES W) 2.665(Y)
oh O ==y, = 2) 26812
Ot?) OBy (V= 1w ) 2K
O(X) D (-l l=0 LR TR B
Ot8) Otd) v 2788¢11)

conato iron(1l) chains; n fuct, if stoichiometric ratios.

bpym:Fe(1l) of 1:2 weie used, a partially oxidized product
resulted. Side products 3 and 4 with higher bpym contents
were also formed in the syntheses. Mixing FeCl, and bpym
in a ratio of 1:3 produced a product with IR and NMR spectra

identical with 3. The product is |Fe(bpym),]Cl,-7H,0
whose preparation and spectral characterization have been
reported carlier [21]. Compound 4 has not been fully char-
acterized. though solubility. chemical analysis and spectro-
scopic results (IR and NMR) indicate that this may be a
bpym bridged dimer which also contains terminal and/or
uncoording ed bpym. Compound 4 was not formed in the
synthesis of the croconato compound, probably because it
takes a very large excess of bpym to substitute the bidentate
croconate ligand. When such a substitution is achieved. the
mononuclear compound 3 is formed.

2.8 Crvstal structures

3.3.1. Description of [Festbpym)(C.Qs)5(H:0),] 2H,0 (1)
The molecular unit and two waters of hydration are shown
in Fig. 1. Bpym serves as a bis(chelating) bridge between

Fig. 1. The [Fe;(bpym)(Cs0,)5(H,0),]+2H,0 (1) unit. Thermal elipsoids are ploited at the 50% prohability level. Symmetry transformtion used to

generate cquivalent atoms (a) —x, 1~y =2,
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the two iron(Il) atoms; croconate is a terminal, chelating
ligand. Iron has a distorted, clearly compressed octahedral
coordination geometry, with bpym nitrogen atoms (2.186(2)
and 2.201(2) A for Fe-N) and croconate oxygen atoms
(2.215(2) and 2.157(2) A for Fe-O) in the equatorial plane,
and water molecules (2.025(2) and 2.084(2) A for Fe-O)
in the axial positions. The equatorial plane has a slight tet-
rahedral distortion, and Fe deviates only marginally, 0.022
A.ftomthasplanemtheduechontowardsO(6) The dihedral
angle between the equatorial plane and the bridging N,C,
group is 3.9°, and between the equatorial plane and the cro-
conate ligand 5.3°, The iron-iron distance across the bpym
bridge is 5.829(2) A.

Hydrogen bonds link the molecular units in a three-dimen-
sional network (Table 5). In particular one may notice that
the coordinated water molecule O(6) of unit x, y, z is hydro-
gen bonded to the coordinated croconate oxygen O( 1) in unit
-x, =y, =2, creating an O( 1)-Fe-O(6)-0(1)-Fe-0(6)
ring where the intermolecular Fe-:-Fe distance is 5.335(2)
A

3.3.2. Description of [Fe(bpym)(sq)»(H,0)s]- 2H,0 (2i)
and (28)

The molecular unit and two waters of hydration are shown
for the two structures in Figs. 2 and 3. The two molecular

deu

structures are very similar. Bpym serves as a bis(chelating)
bridge between metal centres, and squarate is a terminal,
monodentate ligand. The iron atom in each case has a dis-
torted, octahedral geometry, with bpym nitrogen atoms
(2.210(2), 2.196(2) A (2i) and 2.247(10), 2.196(9) A
(2ii) for Fe-N), squarate oxygen (2.052(2) (2i) and
2.109(7) A (2ii) for Fe—O( 1)) and a water molecule
(2.132(2) (24) and 2.167(7) A (2ii) forFe-O(5)) inequa-
torial positions, and water molecules in axial positions
(2.104(2),2.156(2) A (2i) and 2.071(7),2.102(7) A (2i)
for Fe-O). The equatorial plane in 21 does not deviate sig-
nificantly from planarity, while the plane in 2ii has a slight
tetrahedral distortion; the iron atoms deviate by 0.028 and
0015 A, respectively, from these planes. The dihedral angles
of the equatorial plane/bridging N,C. group and equatorial
plane/squarato ligand are 2.3 and 19.2° for 2i, 1.9 and 6.8°
for 24i. in each case there is an intramolecular hydrogen bond
between the equatorial water molecule O(S) and an uncoor-
dinated squarate oxygen, O(4). The iron-iron distance across
the bpym bridge is 5.869(1) in 2i and 5.941(3) A in 2ii, the
longer distance in the latter complex being reflected in a
longer Fe-N( 1) bond and a smaller N-Fe-N angle.

The main differences in the two structures are found in the
packing and hydrogen bond pattern. As shown by the densi-

1

Fig. 2. The [Fey(bpym)(C,0,);(H;0),) - 2H,0 (21) unit. Thermal cllipsoids are plotted at the 0% probability level. Symmetry transformation used to

generate equivalent atoma () =x, =y, 1 =2,

Fig. 3. The [ Fey(bpym) (3q),(H;0)4] - 2H;0 (2H) unit. Symmetry transformation used to generate equivalent atoms (a) —x, =y, —z.
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Table 8

Selected magnetostructural data for bpym-bridged iron(12) and copper(l) complexes

Compound Nuclearity M-N(bpym)* M--M" -J¢ nanet Ref.
(A) (A) (em™")

{Feo(bpym),(NCS),} dimer 227 6.050(6) 41 65.6 132}
(Fe2(bpym) (H;0),1(S0,). - 2H,0 dimer 222 5.836(1) 34 544 {331
[Fex(bpym) (H:0)6(S0,)-] dimer 222 5.909(1) 3.1 49.6 [33)
[Fe(bpym)(NCS).], chain 2.24 5.960(1) 35 56 [34]

1 dimer 2.19 5.829(2) 37 59.2 this work
2i dimer 2.20 5.869(1) 59 944 this work
[Cus(bpym) (Cs04)2(H:0).] -2H,0 dimer 202 5.384(1) 160 160 [17f]

[ Cua(bpym) (C,0,).(H.0).1 dimer 207 5.542(1) 139 139 {12h})

* Average value for the metal-to-nitrogen (bridging bpym) bond.
* Metal-metal separation across bpym.
* Exchange interaction through bridging bpym.

ties of the two polymorphs (Table 1), 2i has a slightly more
dense packing than 2ii. Despite this, the shortest intermole-
cular Fe---Fe distance in 2i, 6.624(2) A, is appreciably longer
than the shortest Fe---Fe distance in 2ii, 5.582(2) A. In 2ii
the molecules are stacked such that the squarate ring of the
reference molecule overlaps with the pyridyl ring of a sym-
metry related molecule, the closest approach being
0(2)C(1)(x 1 +y2)=3.07 A.

3.3.3. Comparison of bpym-bridged Fe(ll) compounds

To our knowledge the structures of three other Fe(ll)
bpym bridged dinuclear complexes and one chain compound
have been reported, |Fe,(bpym)(NCS),(bpym).] [32],
[Fea(H,0)y(bpym) | (SO,),-2H.0 [33]), [Fey(H,0),
(bpym) (SO,).} 133].und | Fe(bpym) (NCS),1, 1 34]. The
results of the present structures compare well with those pre-
viously reported (see Table 8). The Fe-N(bpym) distunces
runge from 2.186(2) to 2.316(6) A in the seven known
structures; both close to equal and clearly unequal Fe-
N(chelate) distances have been encountered. The intramo-
lecular Fe::-Fe distance across the bpym-bridge varies from
5.829(2) A (1) 10 6.050(6) A (note that the latter distance
is given erroneously as 5.522(6) A in Ref. [32]). In all of
the dimeric structures the dihedral angle between the Fe equa-
torial plane and the bridging unit is small, ranging from 2.4°
to 10.9° {33}.

3.4. Magnetic properties

The magnetic propertics of complexes 1 and 2 in the form
of plots of both y,y (molar magnetic susceptibility) and T
versus T are depicted in Figs. 4 and 5. Both curves are quite
similar and they are characteristic of an antiferromagnetic
interaction between the two high-spin iron(Il) ions, with a
molecular spin singlet ground state: the susceptibility curves
show maxima at 11.5 (1) and 18.5 K (21) whereas those of
xmT exhibit a rapid decrease in the low temperature region,
with x,7=7.01 (1) and 7.25 cm* mol~' K (21) at 290 K
(the calculated value for a pair of magnetically isolated high-
spin iron(Il) ions is 7.26 cm® mol~' K with g=2.20) and

an extrapolated value that vanishes when T approaches zero.
All our attempts to analyse the susceptibility data of 1 and 2i
in terms of an isotropic exchange interaction model for a
dinuclear species (the Hamiltonian being H = — JS,, - S with
Sa=Sp=2) failed. The consideration of intermolecular
interactions did not improve significantly the quality of the
fit. Most likely, the orbital contribution associated with a six
coordinate iron(1l) ion accounts for this mismatch between
the computed and experimental data. Although the metal
surroundings in 1 and 2i exhibit a significant distortion from
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Fig. 4. Temperature dependence of xy () and xuT (O) for complex 1.
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an ideal octahedron, this lowering of symmetry evidently is
not sufficient to reduce the orbital contribution to a negligible
level. Anyway, taking into account the ratio which relates the
vilue of the exchange parameter and the temperature T,.,,, for
which a maximum of susceptibility is observed (|J1/
kT e =0.462 for two interacting S=2 local spins) [35].
valuesof J= —3.7 (1) and —5.9cm ™' (2i) are easily found.

Selected magnetostructural data dealing with bpym-
bridged iron(11) complexes are listed in Table 8. Related
copper(Il) complexes are included for the sake of compari-
son. The value of the magnetic coupling for complex 1 lies
within the range of the previously reported values, whereas
that of complex 24 is larger. This latter value is most likely
overestimated because it includes factors such as the zero-
field =plitting which can be very important for high-spin
iron(1) [{36]. The exchange pathway accounting for the
significant antiferromagnetic coupling which is observed in
the bpym-bridged metal complexes is the o in-plane overlap
between the d,: _ > type magnetic orbitals of cach metal ion
(the x and y axes being defined by the M-N(bridging bpym)
bonds) which we have discussed elsewhere { 37§. In the casc
of Cu(ll) (only one unpaired electron per metal ion and
located in a d,: _: type magnetic orbital), the o exchange
pathway is the only one which is operative, whereas in the
case of Fe(1I) (four unpaired electrons per metal ion), the
exchange pathway also participates. However, the apprecia-
ble lowering of the value of =J when going from Cu(ll) to
Fe(Il) indicates that the w contribution must be negligible.
A more appropriate analysis of this variation requires taking
into account that the experimental J parameter can be decom-
posed into a sum of individual contributions, J,,,., involved
in the exchange phenomenon | 38):

J=1nany 3 B4, ()

p=14=|

where n, und ny are the number of unpaired electrons on the
metal ions A and B. The magnitude of the net antiferromag-
netic interaction is thus properly described by n,n,,/ and not
by J. This value is much larger for the Cu(1l) family than for
the Fe(1l) series (Table 8). The occurrence of ferromagnetic
terms J,,,. in Eq. (1) for the Fe(1l) family cannot account for
this trend because they are certuinly negligible at distances
between magnetic centres as large as A {39]. Consequently,
Eq. (1) is reduced to
manpde=: oo (2)
Taking into account that the energy of the 3d > > orbitals
for Cu(10) is closer to that of the symmetry-udapted HOMOs
of bpym. a larger overlap between the magnetic orbitals
through bridging bpym is predicted in the case of Cu(ll)
versus Fe(ll). and consequently a greater —J: 2 o o
value. This explains satisfuctorily the difterent values of the
magnetic coupling shown in Table 8.

3.5. Complexity of the Fe(ll):bpym system

We would like to finish the present contribution with some
comments about the different nuclearity and spin states that
can be obtained in the Fe(1T):bpym system by using as tools
the Fe(II) to bpym molar ratio and either coordinating coun-
terions or coligands in aqueous solution. The reaction of
iron(1I) and bpym in a 1:3 metal to ligand molar ratio yields
the low-spin species [Fe(bpym);]** which has been iso-
lated either as a chloride [21] or as a perchlorate salt [22].
Bpym has an equally strong ligand field character versus
Fe(1l) as 2,2'-bipyridine (bpy) and 1,10-phenanthroline
(phen). The advantage of the tris(bpym)iron(1l) complex
over the related bpy or phen species lies in the possibility of
using i* as a stable tris(chelating) ligand to prepare poly-
metallic species. When the metal to bpym molar ratio is
decreased, the centrosymmetric dinuclear [Fe,(bpym);-
(NCS),]} (32] and the chiral [Fe(bpym)(NCS),],, chain
[34] compounds, with coordinating thiocyanate ligands in
cis positions, were obtained. The compounds are both high-
spin species with a significant antiferromagnetic coupling.
Although the metal environment in both compounds is typical
of spin crossover [40,41], they do not exhibit any spin tran-
sition, Finally, for the highest metal to bpym molar ratio used,
Fe(Il):bpym 2:1, the dinuclear [Fe,(bpym)(H,0)]-
(S0,),2H,0 and | Fe,(bpym)(H,0)4(S0,).] complexes
{33] were isolated in the presence of a poorly coordinating
anion such as sulfate. The use of the dinegative croconate and
squarate ligands yields the insoluble dinuclear complexes 1
and 2 which are the subject of the preseat work. The insolu-
bility of these species in water uppurently precludes the for-
mation of higher dimensionality compounds through
bridging croconate or squarate. However, the prospect of
obtaining higher  dimensionality compounds  with  the
iron(I1):bpym:croconate/squarate systems is not hopeless.
In this context it deserves to be noted that the formation of
the neutral sheetlike polymers of formula [Fea(bpym)-
(N1),1 [42] and | Fey(bpym)(ox).] -5H,0 {43] (N~ and
ox are azide and oxalate respectively) has becn observed,
where [Fe,(bpym){** units are polymerized through bis-
chelating oxalate or double cnd-on azido groups.

4, Supplementary materfal

Fractional coordinates for all atoms and anisotropic dis-
placement parameters have been deposited at the Cambridge
Crystallographic Data Centre, 12 Union Road. Cambridge
CB2 [EZ, UK.
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