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Abstract 

The title complex crystallized as the BF4- salt in 
the orthorhombic space group Fdd2, with unit cell 
parameters a = 21.749 (CJ = 0.004) b = 27.788- 
(0.006), c = 8.900(0.002) A. The iron(H) atom has 
slightly distorted octahedral coordination, in which 
the ligands are bound in a cis-facial configuration. 
The electronic properties of this brightly coloured 
low-spin complex are briefly discussed in relation- 
ship to the determined structure, and commentary 
is made upon the relationship between the lengths of 
Fe-N(aliphatic) and Fe-N(heteroaromatic) bonds in 
sexacoordinate iron complexes and the spin state 
of the iron. 

Introduction 

Heterocyclic nitrogen donor and o-diimine com- 
plexes of iron(I1) continue to receive considerable 
attention in the literature, principally because of the 
thermal spin-state equilibria (S = 0 * S = 2) which 
they often exhibit. These frequently cooperative 
equilibria have been studied occasionally in solution 
[l , 21, but more often in the solid state by tech- 
niques traditionally including magnetic susceptome- 
try, optical [l, 21 and infrared [3] absorption 
spectroscopies and X-ray crystallography [4], and 
more recently, by these former techniques coupled 
with optical pumping of the complex into an allowed 
ligand-to-metal charge-transfer (LMCT) excited state 
which can relax into a long-lived metal spin-excited 
state [I, 3,5]. 

We report here on the crystal and molecular struc- 
ture of the iron(I1) complex of the tridentate nitro- 
gen donor ligand 2,2’dipicolylamine (bis[2-pyridyl- 
methyllamine; Dipica) shown in Fig. 1, and note 
some other structure-related properties of this 
complex cation. 

*Author to whom correspondence should be addressed. 
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Fig. 1. The Iigand Dipica. 

Experimental 

The complex was prepared by addition of a slight 
stoichiometric excess (Fe:Dipica = 1:2.1) of an 
aqueous ligand solution to aqueous iron(I1) chloride 
tetrahydrate solution. The iron(I1) solution contained 
ascorbic acid (ca. 5 mol.%) to reduce adventitious 
iron(III), and both solutions were continuously 
purged with Nz gas during the procedure. Addition of 
excess sodium tetrafluoroborate led to a virtually 
quantitative yield of [Fe(Dipica)s](BF4)s as deep 
red prisms which were suitable for diffraction 
experiments. 

Data were collected by standard methods on a 
Nicolet P3m microprocessor-controlled four-circle X- 
ray diffractometer operating in the 0-20 mode with 
scans 1.2” above and below Kcri and Koz of the MO 
X-radiation monochromated with a graphite crystal at 
a wavelength of 0.71069 A. The data were processed 
using standard routines. All non-equivalent reflection 
intensities for which 3.8” < 8 < 60” were collected. 
The intensities of four standard reflections monitored 
every 96 reflections showed no greater fluctuations 
than would be expected from Poisson statistics. The 
2082 raw intensity data were corrected for Lorentz- 
polarization effects and absorption, and those 1065 
reflections for which 1> 30, were used in the final 
structural refinement. A three-dimensional Patterson 
synthesis was used to determine the heavy-atom posi- 
tions, which phased the data sufficiently well to 
permit the location of the remaining non-hydrogen 
atoms from difference Fourier synthesis. Full-matrix 
least-squares refinement of the model was carried out 
as previously described [6], anisotropic temperature 
factors being introduced for all non-hydrogen atoms. 
Further difference Fourier calculations enabled the 
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location of the hydrogen atom positions, which were 
include in the refinement for four least-squares cycles 
and then held fixed. The model converged with R = 
3.92% and R, = 4.45%. A final Fourier difference 
map was featureless. Values for scattering factors and 
anomalous dispersion terms were taken from standard 
sources [7-91. 

are in Tables 2 and 3. An ORTEP drawing of the 
Fe(Dipica)22+ complex ion is given in Fig. 2. 

Results 

The tetrafluoroborate salt crystallizes in the 
orthorhombic space group Fdd2, with unit cell 
parameters Z = 8, a = 21.749 (u = 0.004), b = 27.788- 
(0.006), c = 8.900(0.002) A, V= 5379 A3, pcalc= 
1 S61 g cme3 ,c(=6.391 cm-‘. 

Final atomic positional coordinates are listed in 
Table 1, while bond lengths and angles of significance 

The low-spin iron atom is essentially octahedral 
in coordination geometry, having the two ligands 
bound in the facial configuration. With its two tive- 
membered chelate rings, each ligand apparently 
pinches together somewhat the three bonds of its 
corresponding octahedron face, so that the three 
N.Fe.N angles are each about 4”-8” less than the 90” 
ideal. The complex molecules are at positions of 
crystallographic C2 symmetry, so there is no tenden- 
cy toward trigonal prismatic geometry. All four five- 
membered chelate rings are in the ‘envelope’ con- 
formation, with the picolyl-CH,carbon defining the 
apex of the ‘flap’. There are two types of donor 
atoms: four heterocyclic nitrogens and two secondary 
aliphatic amino nitrogens: the C2 symmetry is asso- 

TABLE 1. Positional Parametersa and Isotropic Thermal Parametersb 

Atom xla r/c B(B?)’ 

Fe 
Fl 
F2 
F3 
F4 
Nl 
Nl’ 
N2 
Cl 
Cl’ 
C2’ 
c2 
c3 
C3’ 
C4’ 
c4 
C5 
C5’ 
C6’ 
C6 
B 

H(N2) 
H2’ 
H2 
H3 
H3’ 
H4 
H4’ 
H5 
H5’ 
H61’ 
H61 
H62 
H62’ 

0.0000 0.0000 0.0000 3.41(l) 
0X+40(2) -0.0059(l) 0.5158(Y) 10.8(l) 
0.1565(2) 0.0544(2) 0.3545(6) 10.5(l) 
0.0664(2) 0.0298(2) 0.4518(5) 8.5(l) 
0.1359(2) 0.0673(2) 0.5969(5) 8.6(l) 
0.005 l(2) 0.0547(l) -0.1377(S) 4.08(Y) 

-0.0874(2) 0.0.186(l) 0.021 l(5) 4.2(Y) 

0.0137(2) 0.0531(2) 0.1574(S) 5.0(l) 

0.0250(3) 0.0964(2) -0.0743(g) 5.8(l) 

-0.0996(2) 0.05 13(2) 0.1278(6) 4.8(l) 

-0.1593(3) 0.0685(2) 0.1524(g) 6.3(l) 

0.0192(4) 0.1401(2) -0.1470(l) 9.2(2) 
-0.0068(4) 0.1423(2) -0.2850(l) 11.4(2) 
-0.2060(3) 0.0512(2) 0.07 1 l(9) 6.7 (2) 

-0.1945(3) 0.0194(2) -0.0436(Y) 6.7(2) 
-0.0256(4) 0.1016(2) -0.3437(Y) 8.7(2) 
-0.0219(3) 0.0571(2) -0.2725(7) 5.6(l) 
-0.1335(3) 0.0028(2) -0.0666(8) 5.4(l) 
-0.0468(3) 0.0683(2) 0.2181(7) 6.0(l) 

0.0493(3) 0.0901(2) 0.0818(Y) 7.0(2) 
0.1283(3) 0.0365(2) 0.4793(g) 5.1(l) 

0.0270(2) 0.0410(2) 0.2160(7) 6(l)* 
-0.1630(2) 0.0930(2) 0.2030(7) 7(l)* 

0.0320(3) 0.1640(2) -0.0900(1) 1 l(2)* 
-0.0210(3) 0.1670(3) -0.3330(Y) 1 l(2)* 
-0.2460(2) 0.0700(2) 0.0970(7) 8(2)* 
-0.0500(2) 0.0970(l) -0.3930(4) 1.4(7)* 
-0.2180(2) 0.0080(2) -0.1040(7) 6(l)* 
-0.0370(2) 0.0290(2) -0.3030(7) 6(l)* 
-0.1270(2) -0.0210(l) -0.1370(5) 4(l)* 
-0.0450(2) 0.1060(2) 0.2150(6) 6(l)* 

0.0480(3) 0.1140(2) 0.1220(g) Y(2)* 
0.0930(2) 0.0790(2) 0.0720(6) 5(l)* 

-0.0450(2) 0.0700(2) 0.3110(S) 5(l)* 

*Starred items are refined isotropically. aRemaining atoms of the molecular unit are at (-x, -y, z). be.s.d.s given in 
parentheses expressed VS. last significant digit. CAnisotropically refined atoms are given in the form of the equivalent isotropic 
thermal parameter: 4[a2B11 + b*B22 + c*B33 + ab(cosy)Blz + ac(cosp)Bls + bc(cosor)Bs]/3. 
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TABLE 2. Bond Lengths (A) 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 

Fe 
Fe 
Fe 
Fl 
F2 
F3 
F4 
Nl 
Nl 
Nl’ 
Nl’ 
N2 

Nl 1.957(5) N2 C6 1.451(11) C3’ C4’ 1.374(13) 
Nl’ 1.978(4) N2 HN2 0.69(8) C3’ H3’ 1.04(8) 
N2 2.057(6) Cl c2 1.381(11) C4’ C5’ 1.421(10) 
B 1.343(9) Cl C6 1.496(12) C4’ H4’ 0.80(6) 
B 1.363(g) Cl’ C2’ 1.403(8) c4 c5 1.391(11) 
B 1.382(7) Cl’ C6’ 1.478(10) C4 H4 0.71(4) 
B 1.362(8) C2’ C3’ 1.336(11) C5 H5 0.88(6) 
Cl 1.359(8) C2’ H2’ 0.83(7) C5’ H5’ 0.92(5) 
c5 1.338(9) C2 c3 1.35(2) C6’ H61’ 1.05 (6) 
Cl’ 1.340(7) c2 H2 0.91(11) C6’ H62’ 0.83(6) 
C5’ 1.345(8) C3 c4 1.31(2) C6 H61 0.75(8) 
C6’ 1.485(10) C3 H3 0.86(10) C6 H62 l.Ol(6) 

Numbers in parentheses are e.s.d.s in the least significant digits. 

TABLE 3. Bond Angles (“) 

Atom 1 Atom 2 Atom 3 Angle 

Nl 
Nl 
Nl’ 
Fe 
Fe 

Cl 
Fe 
Fe 
Cl 
Fe 
Fe 
Fe 

C6’ 
C6’ 
C6 
Nl 
Nl 
c2 
Nl’ 
Nl’ 

C2’ 
Cl’ 
Cl 
c2 
c3 
Nl 
Nl’ 
N2 
N2 
N2 
N2 
Cl 
Cl 
H61 

Fe 
Fe 
Fe 
Nl 
Nl 
Nl 
Nl’ 
Nl’ 
Nl’ 
N2 
N2 
N2 
N2 
N2 
N2 
Cl 
Cl 
Cl 
Cl’ 

Cl’ 
Cl’ 
C2’ 
c2 
c3 
c4 
c5 
C5’ 
C6’ 
C6 
C6 
C6 
C6 
C6 
C6 

Nl’ 84.9(2) 
N2 82.0(2) 
N2 83.5(2) 
Cl 114.9(5) 

c5 125.1(5) 

c5 118.1(6) 
Cl’ 115.8(4) 
C5’ 125.1(4) 
C5’ 119.1(5) 
C6’ 108.8(5) 
C6 105.6(5) 
HN2 103.0(7) 
C6 116.2(7) 
HN2 104.0(6) 
HN2 118.0(6) 
c2 121.7(9) 
C6 113.4(6) 
C6 124.7(8) 
C2’ 121.7(7) 

C6’ 116.6(5) 
C6’ 121.7(7) 

C3’ 119.8(8) 
c3 120.2(9) 
c4 117.0(9) 
c5 124.0(l) 
c4 118.5(8) 
C4’ 120.5(7) 
Cl’ 113.6(5) 
Cl 109.0(7) 
H61 113.0(7) 
H62 110.0(3) 
H61 109.0(7) 
H62 107.0(4) 
H62 109.0(8) 

The F-B-F angles range 108.3-llO.O(O.7)“. Numbers in 
parentheses are e.s.d.s in the least significant digits. See also 
‘Supplementary Material’. 

Fig. 2. ORTEP representation of the Fe(Dipica)l?+ complex 
ion. 

ciated with a cis- rather than trans-configuration of 
the two central (amino) nitrogen donor atoms. There 
do not appear to be any unusual features associated 
with the ligands’ structures; the pyridine rings of each 
ligand are canted at 72’to one another. 

The BFd- anions are packed (Fig. 3) so that each 
of the two amino protons is only 2.29 w from the 
fluorine atom of one of the two symmetrically dis- 
posed BF.+- anions. The propensity of this NH unit 
for acting as an H-bond donor is probably related to 
the observed instability of the corresponding per- 
chlorate salt in the solid state [ 11. 

The two types of nitrogen atoms are associated 
with different Fe-N bond distances: the heterocyclic 



214 R. J. Butcher and A. W. Addison 

TABLE 4. Some Representative Fe(H)-N Distances 

Spin Mean 
state N(het) 

Low-spin 1.956 
Low-spin 1.956 
Low-spin 1.970 
Low-spin 1.979 
Low-spin 
Low-spin 
Low-spin 2.037 
Low-spin 2.034 
High-spin 2.250 
High-spin 2.213 
High-spin 2.193 
High-spin 
High-spin 2.229 
High-spin 2.170 
High-spin 2.223 
High-spin 2.191 
High-spin 2.120 
High-spin 2.238 
Intermediate-spin 

aEquatorial Fe-N(porphyrin) bonds excluded 

Mean 
NW) 

2.001 
2.089 
2.127 

2.290 

2.181 

2.165 

Donor 

type(s) 

terpyridyl 
bipyridyl 
phenanthroline 
amine/pyridyl 
Me&y&m 
piperidinea 
pyridinea 
pyridine/thiazole 
triazole 
triazole 
triazole 
triazacyclononane 
pyridine 
pyridine 
picolyiamine 
pyridinelthiazole 
pyrazine 
bipyrimidine 
Me4cyclam 

Reference 

10 
11 
12 
13 
14 
15 
16 
4 

17 
18 
18 
19 
20 
21 
22 

4 
23 
24 
14 

Fig. 3. View of the unit cell contents. 

nitrogens are more closely bound, while the aliphatic 
nitrogens are about 5% more distant. This presumably 
reflects the sp2 hydridization of the former, which 
may be associated with the dn-pn overlap expected 
between metal and ligand in the C2 point group. The 

low-spin character of the complex near 300 K was 
attributed to the presence of the more basic amino 
nitrogens, in comparison with other chelates with 
similar donor sets [l], but may be more subtly 
related to the ability of the pyridyl nitrogens to bond 
more closely because of the geometric attributes of 
this slightly flexible tridentate ligand. The Fe-N 
distances might be more satisfactorily contextualized 
by reference to Table 4, which contains representa- 
tive data for sexacoordinate iron(H) with aliphatic 
and heteroaromatic nitrogen atoms. These have con- 
sistently confirmed that Fe-N distances are shorter 
in low-spin than in high-spin complexes (by about 0.2 
A). They also suggest generally that (i) in low-spin 
complexes, Fe-N,,, linkages are about 0.05 A 
shorter than Fe-N,, ones, but (ii) less so in high-spin 
complexes (0.03 A difference), while (iii) the Fe-N 
distances in an intermediate-spin (S = 3/2) complex 
are themselves intermediate in character. However, 
the pyridyl/amine coordination in the ambient 
temperature high-spin form of [Fe(2-picolyl- 
amine)s] 2+ may be exceptional; the Nat-Fe distances 
are actually shorter than the Nh,,-Fe ones [22]. 

In the pertaining C2 symmetry, the doubly oc- 
cupied iron(I1) d,,, d,, and d,, orbitals transform as 
u, b and b respectively, while the four pyridyl n*- 
based LUMO combinations will also transform as a 
and b representations. The electronic spectrum of the 
Fe(Dipica)22+ cation exhibits a relatively intense band 
at 440 nm, proposed to be an LMCT transition [I 1. 
Such absorptions had traditionally been considered to 
be associated only with the linking of an adiimine 
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moiety to iron(I1) [25,26]. There is no evidence that 
the exocyclic -CH?-NH- unit has become oxidized 
(to such an imine) during synthesis the atoms Fe, N2, 
C6, C6’ are not coplanar, and the Cl.C6.N bond 
angles, for example are clearly closer to the sp3 
than sp2 value. Moreover, a low-spin macrocyclic 
pyridyl iron(H) complex exhibits the same type 
of absorption band [ 131. 

5 

6 

7 

As a consequence of the low symmetry observed, 
all the possible d + rr* type LMCT electronic transi- 
tions are symmetry-allowed. The ligand-field 
strengths of the two types of donor atoms are quite 
similar, so although non-degenerate, the relevant 
ground and excited state manifolds are each expected 
to be closely internally collated in energy, and there- 

8 

9 

10 

11 
fore no splitting of the 
is seen. 

relatively broad LMCT band 
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