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Thiolate- bridged complexes of iron(II) with 2-[(2-aminoethyl)amino]ethanethiol (HLa), 2-[(3-ami-
nopropyl)aminolethanethiol (HLy), and 2-[[2-(2-pyridyl)ethyllamino]ethanethiol (HL.) — [Fe{Fe(La)2}2]-
(Cl0O4)2-CH30H (1), [Fe{Fe(Ly)2}2]Cl2-2CH30H (2), and [Fez(Lc)2(NOs)2] (3), respectively — have been
synthesized and characterized by elemental analyses, and infrared and electronic spectroscopies as well as
magnetic susceptibilities (80—300 K). The crystal structures of all of these complexes have been measured by
single-crystal X-ray diffraction. Each of complexes 1 and 2 has a thiolate-bridged trinuclear iron(II) structure
showing a linear arrangement of the three iron atoms with a geometry that may be described as Oh- T'd- Oh.
Complex 3 is a thiolate-bridged dinuclear iron(II) molecule, in which each iron atom is coordinated in a
distorted octahedron. The electronic spectroscopic and magnetic properties are discussed in relation to the

crystal structures.

Owing to the abundance of iron—sulfur clusters as
prosthetic groups in a wide range of metallo-pro-
teins, thiolate-bridged iron complexes are of tremen-
dous interest.!® Such interest in the iron thio-
lates has resulted in syntheses and characterization
of mononuclear,'? dinuclear,!*% trinuclear,2°—2%
and tetranuclear'—%25—2") jron thiolates. However,
compared to the tetranuclear complexes, relatively few
dinuclear or trinuclear species have been reported for
iron thiolates.)™® One of the difficulties in the syn-
theses of thiolate-bridged dinuclear or trinuclear com-
plexes is due to the tendency of thiolic ligands to form
polymeric complexes. Hence alkane thiols with triden-
tate NNS donor atoms such as 2-[[2-(2-pyridyl)eth-
yljJamino]ethanethiol are useful ligands to avoid such
polymerization. In fact, we have shown that thiolate-
bridged dinuclear nickel(II) complexes are formed by
this type of ligands, and have confirmed their struc-
tures by X-ray crystal analysis.?® 3% Using the same
type of ligands, HL, Handa ‘et al. synthesized some
thiolate-bridged iron(II) complexes (where HL denotes
2-[(2-aminoethyl)amino]ethanethiol, 2-[(2-pyridylmeth-
yl)amino]ethanethiol, and 2-[[2-(2-pyridyl)ethyl]amino]-
ethanethiol.®® They proposed a dinuclear structure,
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[Fea(L)2Cly], for each of the iron(II) complexes obtained
from the reaction of equimolar amounts of iron(II) chlo-
ride and HL. However, since their study was limited to
only the chloro complexes and one method of synthe-
sis, they were unable to obtain the trinuclear species.
Furthermore, in the absence of X-ray crystallographic
data, there was no definitive evidence for the structures.
Therefore, in this study, we have aimed at establishing
the structures of these thiolate-bridged iron(II) com-
plexes. We have shown crystallographically that the re-
actions of Fe(II) with HL are dependent on the anionic
ligands present in solution. The X-ray crystallographic
work has shown the existence of novel thiolate-bridged
trinuclear species besides the dinuclear complexes in
this system. Here, we report the syntheses, X-ray
crystal structures, spectral, and magnetic properties of
the thiolate-bridged iron(II) complexes, [Fe{Fe(L,)2}2]-
(ClO4)2-CH30H (1), [Fe{Fe(Ly)2}2]Cl-2CH30H (2),
and [Fea(Lc)2(NO3)2] (3), where the thiolic ligands are
2-[(2-aminoethyl)aminolethanethiol (HL,), 2-[(3-amino-
propyl)amino]ethanethiol (HLy,), and 2-[[2-(2-pyridyl)-
ethyl]amino]ethanethiol (HL.) (Chart 1). It is notewor-
thy that complex 3 is in line with the dinuclear species
proposed earlier by Handa et al., the only difference be-
ing that it contains a nitrato ligand instead of a chloro
ligand.
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HLy:  HoNCH,CH,NHCH,CH,SH

HLp:  HaNCH,CH,CHoNHCH,CH,oSH

HL:: (/) CHzCHNHCH,CH,SH
N

Chart 1.

Experimental

Syntheses of Complexes. The thiolic ligands — HLs,
HLs, and HL. — were synthesized by applying a method de-
scribed in the literature.>” All operations were done under
an atmosphere of argon using standard Schlenk techniques.

[Fe{Fe(Lq)2}2](Cl04)2-CH3OH (1). To a solution
of HL, (12 mg, 0.10 mmol) and sodium perchlorate (13 mg,
0.10 mmol) in methanol (4 cm®) was added a methanol so-
lution (1 cm®) of iron(I) chloride tetrahydrate (20 mg, 0.10
mmol). The mixture was allowed to stand overnight to give
brown plates. They were collected by filtration (yield 8.8
mg, 40%). Found: C, 22.81; H, 5.40; N, 12.59%. Calcd
for Cl7H4gclgFesNSOgS4Z C, 23.33; H, 5.53; N, 1280% IR
(KBr) v/em™! »(NH) 3330(m), 3228(m); v(CH) 2918(m),
2860(m); v(ClO4) 1143(s), 1105(s), 1087(s), 1028(s). Dif-
fuse reflectance spectrum: Amax/nm 310, 500sh, 750sh, 1135.
pest (297 K)/B.M. 7.23.

[Fe{Fe(Lp)2}2]Clz-2CH3sOH (2). To a solution of
iron(II) chloride tetrahydrate (75 mg, 0.38 mmol) in meth-
anol (3 cm®) was added a solution of HL; (51 mg, 0.38
mmol) in a mixture of methanol (1 em®) and dimethyl-
formamide (2 cm®). The resulting solution was left for a
few days to give brown plates. They were collected by fil-
tration (yield 33 mg, 42%). Found: C, 31.28; H, 7.29; N,
13.11%. Calcd for 022H60012F83N80284: C, 31.63; H, 7.23;
N, 13.41%. IR (KBr) v/em™! v(NH) 3215(m), 3160(m);
v(CH) 2930(m), 2860(m). Diffuse reflectance spectrum:
Amax/nm 300, 370sh, 720sh, 1040. pes (290 K)/B.M. 7.15.

[Fez (Lc)2(NOs)2] (3). To a methanol solution (4
cm®) of iron(II) chloride tetrahydrate (75 mg, 0.38 mmol)
and HLc (69 mg, 0.38 mmol) was added a solution of sodium
nitrate (32 mg, 0.38 mmol) in methanol (2 cm®). The solu-
tion was left overnight to form brown plates (yield 43 mg,
38%). Anal. Found: C, 36.41; H, 4.59; N, 13.00%. Calcd
for C19H30F62N607SQ: C, 36.21; H, 4.80; N, 13.33%. IR
(KBr) v/ecm™! v(NH) 3218(m); v(CH) 2916(m), 2864(m);
v(NOg) 1442(s), 1368(s), 1290(s). Diffuse reflectance spec-
trum: Amax/nm 260, 400, 1000. pes (299 K)/B.M. 6.69.

Measurements. Elemental analyses (C, H, and N)
were done out using a Perkin~Elmer 2400 Series II CHNS/O
Analyzer. Infrared spectra were measured with a JASCO In-
frared Spectrophotometer Model IR700 in the region 4000—
400 cm™! as KBr disks. Diffuse reflectance spectra were
recorded on a Shimadzu UV-vis-NIR Recording Spectropho-
tometer Model UV-3100. Magnetic susceptibilities were
measured by the Faraday method over the 80-—300 K tem-
perature range. The apparatus was calibrated using [Ni-
(HoNCH,CH2NH2)3]S203.3®) The susceptibilities were cor-
rected for diamagnetism of the constituent atoms using
Pascal’s constants.3” The effective magnetic moments were
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calculated from the equation pes=2.828v/xm T, where xm
is the magnetic susceptibility per mole.

X-Ray Crystal Structure Analysis. Diffraction data
were collected on an Enraf-Nonius CAD4 diffractometer us-
ing graphitemonochromated Mo K« radiation at 25+1 °C.
Crystal data and details concerning data collection are given
in Table 1. The lattice constants were calculated by a least-
squares refinement based on 25 reflections with 20<20<30°.
The intensity data were corrected for Lorentz-polarization
effects, but not for absorption. The structures were solved
by direct methods. Refinements were done by the full-ma-
trix least-squares methods. Hydrogen atoms of 1 and 2
were fixed at their calculated positions. For 3, hydrogen
atoms were not included in the calculation. The weighting
scheme, w=1/[02(|F,|)+ (0.02|F,|)2+1.0], was employed.
The final discrepancy factors, R=Y_| |Fo|—|F:| |/>| Fo| and
Ru=[Sw(|Fo|—|Fc|)?/Sw|Fs|*])*/?, are listed in Table 1.
All of the calculations were done on a Micro-VAXII com-
puter using an Enraf-Nonius SDP program package.’® The
atomic coordinates and thermal parameters of the non-hy-
drogen atoms are listed in Table 2. The anisotropic thermal
parameters of the non-hydrogen atoms, the atomic coordi-
nates and temperature factors of the hydrogen atoms, and
the Fo— F. tables were deposited as Document No. 68001 at
the Office of the Editor of Bull. Chem. Soc. Jpn.

Results and Discussion

Description of the Structures. [Fe{Fe(L,)2}2]-
(Cl04)2-CH30H (1).  The crystal structure of 1
consists of a trinuclear cation, [Fe{Fe(L,)2}2]?", two
perchlorate ions, and a methanol molecule. A perspec-
tive view of [Fe{Fe(L,)2}2]** is illustrated in Fig. 1.
The three iron atoms are nearly linear (Fel-Fe3-Fe2=
172.0(1)°). The central iron atom, Fe3, has a dis-
torted tetrahedral geometry, while the terminal iron
atoms, Fel and Fe2, have distorted octahedral coor-
dination spheres. The Fel-Fe3 and Fe2-Fe3 distances
of 3.153(3) and 3.117(3) A, respectively, are too long
for any metal-metal bonding (Table 3). The central
Fe~S bond lengths [2.320(4)—2.341(5) A] and S-Fe-S
angles [104.3(2)—115.3(2)°] fall within the observed
ranges for Fe-S bond distances [2.324(5)—2.396(3) A]
and S-Fe-S bond angles [95.6(1)—124.9(1)°], respec-
tively, of tetrahedral Fe(II)-thiolate.®~!") The thiolic

Fig. 1.

Perspective view of trinuclear cation of [Fe{Fe-

(La)2}2](Cl04)2-CH30H (1).
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Thiolate-Bridged Iron(II) Complezes

Table 1. Crystal Data and Data Collection Details

Complexes [Fe{Fe(La)2}2](ClO4)2-CH30H (1) [Fe{Fe(Ly)2}2]Clz-2CH30H (2) [Fea(Lc)2(NOs)s] (3)
Formula C17H43012F63N80984 022H60012F63N802S4 ClgHQGFGQNG 0652
F.W. 875.3 835.5 598.3

Crystal system Monoclinic Monoclinic Monoclinic
Space group P2 /c C2/c P2;/c

a/A 16.837(3) 23.341(5) 8.504(4)

b/A 15.318(3) 9.211(3) 16.945(4)

c/A 14.294(6) 18.197(8) 8.685(4)

B/° 97.82(2) 103.50(2) 105.97(2)

Vv /A3 3652(2) 3804(2) 1203.3(8)

Z 4 4 2

D./gcm™3 1.59 1.45 1.65
Dy/gem™3 1.57 1.37 1.60

F(000) 1816 1760 616

w(Mo Ka)/em™! 15.9 15.1 14.2

Crystal dimensions/mm  0.09x0.30x0.39 0.20x0.22x0.42 0.15x0.20x0.45
20 range/° 2.0—42.0 2.0—60.0 2.0—50.0

Total no. of observed 4099 5864 2353

reflections

No. of unique reflections 1987 2106 1269

with I>30(I)

Final no. of variables 388 186 154

Final rediduals

R 0.058 0.069 0.060

Ry 0.061 0.073 0.069

ligand, L,, forms a meridional bis-chelate with one thio-
late sulfur atom and two amino nitrogen atoms coordi-
nated to the terminal iron atom forming two adjacent
five-membered chelate rings. The terminal Fe-S dis-
tances [2.497(5)—2.552(5) A] are significantly longer
than those of the central Fe-S. To date, there has
been no report on structure analysis of octahedral Fe-
(IT)-thiolates. The Fe-N bond lengths [2.18(1)—2.25(1)
A] compare well with those observed for the thiolate-
bridged dinuclear iron(II) complexes of the tetraden-
tate ligands with an N,S; donor atom set [2.20(1)—
2.337(7) A].*® To our knowledge, this is the first exam-
ple of a structurally characterized linear trinuclear iron-
(II) complex displaying the geometry Oh-T'd-Oh. The
perchlorate ions are in the vicinity of the amino nitrogen
atoms of the thiolic ligand as indicated by the distances
03(Cl0y4)---N6 3.28(3) A, 04(ClO4)---N4 3.27(2) A,
05(Cl04)---N5 3.16(2) A, and 09(ClOy)---N4 3.17(2)
A which suggest the occurrence of hydrogen bonding.
The methanol molecules are located near the perchlo-
rate ions [06(Cl0O4)---O9(CH3;0H) 2.81(3) A).
[Fe{Fe(Lyp)2}2]Cl2-:2CH3;0H (2). The crys-
tal structure of 2 consists of a trinuclear cation,
[Fe{Fe(Ly)2}2)**, two chloride ions, and two methanol
molecules. A perspective view of [Fe{Fe(Ly)2}2)?" is
illustrated in Fig. 2. The molecular structure of the
complex cation is similar to that of 1. The three iron
atoms are linear (Fe2-Fel-Fe2'=180°). The cation has
Cy-symmetry with the crystallographic two-fold axis
passing through Fel and the midpoint of S1 and S1'.
The primed and unprimed atoms are related by Cs-

Fig. 2. Perspective view of trinuclear cation of [Fe{Fe-
(Lb)2}2]Clz-QCH30H (2).

symmetry. The central iron atom, Fel, has a dis-
torted tetrahedral geometry, while the terminal iron
atoms, Fe2 and Fe2’, have distorted octahedral geome-
tries. The Fel-Fe2 distance [3.311(1) A] is significantly
longer than those of 1 [3.153(3) and 3.117(3) A]. The
central Fe-S bond lengths [2.349(3), 2.362(3) A] and
S—Fe-S angles [106.88(9)—120.8(1)°] are comparable to
those of tetrahedral Fe(II)-thiolates.®~'" Each thiolic
ligand, Ly, forms a fused 6—5 membered chelate ring in
a meridional fashion. The terminal Fe-S distances are
2.546(3) and 2.584(3) A. The Fe-N bond lengths are
2.18(1)—2.223(9) A. These values are similar to those
of 1. However, the Fe-S—Fe angles [85.0(1), 83.9(1)°] are
significantly larger than those of 1 [79.2(2)—81.7(1)°],
resulting in the longer Fe-Fe distances. This may be due
to the different size of the fused chelate ring. The chlo-
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Table 2.
Standard Deviations in Parentheses
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Fractional Positional Parameters and Thermal Parameters of Nonhydrogen Atoms with Their Estimated

Atom T y z Beq/A2 2) Atom T y z Beq/A2 2)
[Fe{Fe(La)g}g](ClO4)2- CH3;0H (1) [Fe{Fe(Lb)z}z]Clz-ZCHe,OH (2)

Fel 0.3102(1) 0.0817(1) 0.5124(1) 4.78(5) Fel 0.000 0.0047(2)  0.250 2.85(3)
Fe2 0.1520(1) —0.2882(1) 0.4679(1) 4.57(5) Fe2 0.12449(5) 0.0042(2) 0.38214(6) 2.76(2)
Fe3 0.2203(1) —0.0994(2) 0.4961(2) 5.45(5) Cl —0.8002(1) 0.5154(4) 0.4407(2) 5.84(7)
Cl1 0.1042(3) 0.3751(3) 0.4015(4) 8.3(1) S1 0.0253(1)  0.1305(3) 0.3654(1) 4.23(6)
Cl2 0.4692(3) 0.6418(4) 0.7183(3) 8.4(1) S2 0.0881(1) —0.1238(3) 0.2533(1)  3.92(6)
S1 0.1640(3) 0.0385(3) 0.4637(3) 6.3(1) (0] —0.887(1) 0.402(2) 0.5374(9) 22.5(8)
S2 0.3529(2) —0.0709(3) 0.5553(3) 5.4(1) N1 0.1508(4)  0.205(1) 0.3360(5)  5.0(2)
S3 0.2179(3) —0.1853(3) 0.3610(3) 7.2(1) N2 0.2131(4) -0.091(1) 0.3892(5) 5.1(2)
S4 0.1475(3) —0.1759(3) 0.5979(3) 6.0(1) N3 0.0983(4) —0.204(1) 0.4260(5)  4.2(2)
01 0.1633(9) 0.418(1) 0.374(1) 20.9(6) N4 0.1543(4)  0.086(1) 0.4992(5) 5.1(2)
02 0.098(1) 0.397(1) 0.489(1) 23.9(7) C1 0.0547(5)  0.306(1) 0.3448(8)  5.9(3)
03 0.035(1) 0.397(1) 0.350(2) 24(1) C2 0.0973(6)  0.292(1) 0.2959(7)  5.9(3)
04 0.109(1) 0.2898(9) 0.390(1) 15.4(7) C3 0.1937(6)  0.195(2) 0.2878(8)  8.7(4)
05 0.4189(8) 0.693(1) 0.663(1) 12.6(4) C4 0.2497(6)  0.116(2) 0.3266(8)  7.5(4)
06 0.521(1) 0.601(1) 0.670(1) 19.3(6) C5h 0.2459(5) —0.043(2) 0.3315(7)  6.9(4)
o7 0.513(1) 0.689(1) 0.787(1) 19.3(8) C6 0.0815(5) —0.298(1) 0.2970(7)  5.3(3)
08 0.432(1) 0.583(1) 0.765(1) 21.1(7) C7 0.0564(5) —0.286(1) 0.3657(7)  5.0(3)
09 0.417(1) 0.339(1) 0.492(1) 16.0(6) C8 0.0730(6) —0.188(2) 0.4954(7) 7.7(4)
N1 0.3038(8) 0.074(1) 0.3542(9) 7.9(4) C9 0.1179(6) —0.118(2) 0.5611(6)  8.1(4)
N2 0.4319(7) 0.1292(8) 0.499(1) 6.7(4) C10 0.1226(6)  0.042(2) 0.5574(6)  7.4(4)
N3 0.3125(7)  0.0935(8) 0.6658(8) 5.5(3) C11 —-0.912(1) 0.443(3) 0.591(1) 17(1)
N4 0.2698(8) 0.2201(8) 0.5249(9) 6.6(4)

N5 0.2763(8) —0.3379(8) 0.499(1) 7.1(4) [Fe2(Le)2(NOs)2] (3)

N6 0.1371(9) —0.3989(8) 0.5658(9) 7.5(4) Fe 0.5811(2)  0.03960(7) 0.3597(2)  3.29(2)
N7 0.0265(7) —0.2501(9) 0.4355(9) 6.3(4) S 0.3384(3) —0.0448(2) 0.3446(3) 4.03(5)
N8 0.1121(8) —0.3723(8) 0.3425(8) 6.1(3) 01 0.4387(8)  0.1523(4) 0.2898(9) 5.3(2)
C1 0.161(1) 0.048(1) 0.338(1) 9.1(6) 02 0.4754(9) 0.0808(5) 0.1040(9) 6.1(2)
C2 0.226(1) 0.096(1) 0.311(1) 8.6(5) N1 0.6621(9) —0.0664(4) 0.270(1) 4.5(2)
C3 0.370(1) 0.123(1) 0.335(1) 8.9(6) N2 0.7965(8)  0.1038(4) 0.3283(9) 3.3(2)
C4 0.442(1) 0.118(2) 0.394(1) 11.4(7) N3 0.4135(8)  0.1393(3)  0.1550(8)  2.2(1)
C5 0.354(1) —0.060(1) 0.683(1) 6.6(5) 03 0.327(1) 0.1821(6)  0.048(1) 8.6(3)
C6 0.297(1) 0.010(1) 0.707(1) 7.2(5) Cl 0.818(1) 0.1772(6)  0.391(1) 4.2(2)
C7 0.256(1) 0.164(1) 0.681(1) 7.9(5) C2 0.945(1) 0.2255(6)  0.381(1) 4.8(3)
C8 0.272(1) 0.243(1) 0.626(1) 8.4(6) C3 1.052(1) 0.1963(7)  0.301(1) 4.7(3)
C9 0.316(1) —0.241(1) 0.376(1) 10.0(5) C4 1.030(1) 0.1211(6)  0.236(1) 4.6(2)
C10 0.313(1) -0.332(1) 0.409(1) 8.7(5) C5 0.900(1) 0.0759(6)  0.251(1) 3.2(2)
Cl11 0.274(1) —0.423(1) 0.531(1) 8.1(5) Cé6 0.879(1) —0.0055(6) 0.178(1) 4.1(2)
Ci12 0.219(1) —0.427(1) 0.608(1) 10.1(6) C7 0.838(1) —0.0690(6) 0.285(1) 4.2(2)
C13 0.0448(9) —0.140(1) 0.560(1) 7.4(5) C8 0.605(1) —0.1349(6)  0.328(2) 6.4(3)
Ci14 0.016(1) —0.158(1) 0.454(1) 8.1(5) C9 0.423(1) —0.1365(6) 0.289(1) 5.3(3)
C15 -0.001(1) —-0.274(1) 0.338(1) 8.1(5)

C16 0.024(1) —0.368(1) 0.323(1) 8.2(5)

C17 0.446(2) 0.391(2) 0.564(2) 16.1(9)

a) Anisotropically refined atoms are given in the form of the isotropic equivalent thermal parameters defined as (4/3)

[a® B11+b2 Baa+c? B3z +ac(cos 8) Bis].

ride ions and the methanol molecules are in the vicinity
of the amino nitrogen atoms of the ligand as indicated
by the distances Cl---N2 3.355(9) A, Cl..-O(CH3OH)
3.15(2) A, and O(CH30H)---N4 3.19(2) A which point
to the occurrence of hydrogen bonding.
[Fez(Lc)2(NOs)2] (3).  The X-ray crystal struc-
ture shows that complex 3 is a thiolate-bridged dinu-
clear species (see Fig. 3). The primed and unprimed
atoms are related by a center of symmetry. The

Fe<8’> Fe' core is a strict plane by the crystallographic

symmetry. The thiolate-bridging mode is an “anti”
configuration.” This is in marked contrast with the
“syn-endo” configuration™ of the thiolate-bridged dinu-

clear nickel(II) complexes where the Ni<S> Ni core has

a bent structure resulting in the short Ni—Ni distances
[2.69(1)—2.848(2) A].28:303Y The Fe-Fe' distance of
3.367(2) A is comparable to the values of 3.206(5) and
3.371(2) A found for other thiolate-bridged dinuclear
iron(II) complexes, [Fez(Ly)2] and [Fes(Ly)2], where
HyLy is N,N’-dimethyl- N, N'-bis(2-mercaptoethyl)eth-
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Table 3.
Parentheses

Thiolate-Bridged Iron(II) Complexes

Selected Interatomic Distances (I/A) and Bond Angles (¢/°) with Their Estimated Standard Deviations in

[Fe{Fe(La)z}z] (0104)2-CH3OH (1)

Fel-Fe2 6.255(3)  Fel-Fe3 3.153(3)
Fe2-Fe3 3.117(3)  Fel-S1 2.552(5)
Fel-S2 2.497(5)  Fel-N1 2.25(1)
Fel-N2 2.21(1)  Fel-N3 2.19(1)
Fel-N4 2.24(1)  Fe2-S3 2.552(5)
Fe2-S4 2.541(5)  Fe2-N5 2.21(1)
Fe2-N6 2.23(1)  Fe2-N7 2.18(1)
Fe2-N8 2.24(1)  Fe3-Sl 2.335(5)
Fe3-52 2.320(4) Fe3-S3 2.332(5)
Fe3-S4 2.341(5)

Fel-Fe3-Fe2 172.0(1) S1-Fel-S2  93.4(2)

S1-Fel-N1 78.5(3) S1-Fel-N2 158.9(4)

S1-Fel-N3  100.3(3) S1-Fel-N4  88.6(4)

S2-Fel-N1 99.8(4) S2-Fel-N2  95.2(3)

S2-Fel-N3  82.3(3) S2-Fel-N4  161.1(4)

N1-Fel-N2  81.1(5) N1-Fel-N3 177.6(5)

N1-Fel-N4  99.0(5) N2-Fel-N3  99.9(5)

N2-Fel-N4  89.4(5) N3-Fel-N4  78.8(5)

S3-Fe2-S4 94.5(2) S3-Fe2-N5 81.6(4)

S3-Fe2-N6  159.9(4) S3-Fe2-N7  101.3(4)

S3-Fe2-N8  89.0(3) S4-Fe2-N5  102.1(4)

S4-Fe2-N6 92.2(4) S4-Fe2-N7  81.3(3)

S4-Fe2-N8  160.2(4) N5-Fe2-N6  78.4(5)

N5-Fe2-N7  175.3(5) N5-Fe2-N8  97.6(5)

N6-Fe2-N7  98.5(5) N6-Fe2-N8  91.0(5)

N7-Fe2-N8  78.9(5) S1-Fe3-S2  104.3(2)

S1-Fe3-S3  112.7(2) S1-Fe3-S4  110.1(2)

S2-Fe3-S3  108.3(2) S2-Fe3-S4  115.3(2)

S3-Fe3-S4  106.3(2) Fel-S1-Fe3  80.2(1)

Fel-S2-Fe3  81.7(1) Fe2-S3-Fe3  79.2(2)

Fe2—-S4-Fe3 79.3(1)

[Fe{Fe(Ly)2}2]Cl2-2CH;OH (2)

Fel-Fe2 3.311(1) Fe2-Fe2' 6.623(1)
Fel-S1 2.349(3)  Fel-S2 2.362(3)
Fe2-S1 2.546(3) Fe2-S2 2.584(3)
Fe2-N1 2.18(1) Fe2-N2 2.223(9)
Fe2-N3 2.222(9) Fe2-N4 2.212(8)
S1-Fel-S1’  120.8(1) S1-Fel-S2  100.88(9)
S1-Fel-S2' 107.9(1) S2-Fel-S2' 119.8(1)
S1-Fe2-S2  90.15(9) S1-Fe2-N1  84.0(3)
S1-Fe2-N2  174.6(3) S1-Fe2-N3  96.9(2)
S1-Fe2-N4 91.9(3) S2-Fe2-N1 95.9(2)
S2-Fe2-N2  88.7(2) S2-Fe2-N3  82.5(2)
S2-Fe2-N4  172.5(3) N1-Fe2-N2  90.9(4)
N1-Fe2-N3 178.2(4) N1-Fe2-N4 91.5(4)
N2-Fe2-N3 88.2(4) N2-Fe2-N4 89.9(3)
N3-Fe2-N4  90.1(3) Fel-S1-Fe2  85.0(1)
Fel-S2-Fe2  83.9(1)

[Fe2(Le)2(NO3)2] (3)®

Fe-Fe' 3.367(2) Fe-S 2.522(3)
Fe-S' 2.419(3) Fe-0O1 2.264(7)
Fe-0O2 2.227(8) Fe-N1 2.146(8)
Fe-N2 2.242(8)

S-Fe-S' 94.1(1) S-Fe-O1 94.4(2)
S-Fe-02 90.8(2) S-Fe-N1 81.9(2)
S-Fe-N2 169.2(2) S'-Fe-O1  102.9(2)
S'-Fe-02  158.0(2) S'-Fe-N1  111.8(2)
S'—Fe-N2 95.4(2) O1-Fe-02  55.3(3)
O1-Fe-N1  145.3(3) O1-Fe-N2  88.5(3)
02-Fe-N1  90.1(3) 02-Fe-N2  82.3(3)
N1-Fe-N2  89.9(3) Fe-S-Fe’ 85.87(8)

a) Primes refer to the equivalent positions (—z, y, 1/2-2).

Fig. 3. Perspective view of [Fe2(Lc)2(NO3)2] (3).

ylenediamine and H,L, is N,N’-dimethyl- N,N'-bis(2-
mercaptoethyl)-1,3-propanediamine.'® The coordina-
tion geometry about the iron atom is a distorted oc-
tahedron. Each thiolic ligand, L., acts as a meridional
tridentate chelate forming a fused 5—6 chelate ring.
The nitrate ion binds to the iron atom in a didentate
fashion. This coordination mode is reflected in the in-
frared spectrum of 3 which shows a large splitting of

b) Primes refer to the equivalent positions (1—z, —y, 1—2).

the ¥(NO3) bands. The Fe-S and Fe-S’ distances are
2.522(3) and 2.419(3) A, respectively. These values are
comparable to those of the octahedral Fe(II)-thiolate
found in 1 and 2. The Fe-N1 [2.146(8) A] and Fe-N2
[2.242(8) A] distances compare well with the Fe-N bond
lengths observed for the dinuclear iron(II) complexes,
[Fe2(Ly)2) and [Fea(Ly)2].*® To our knowledge, this is
the first example of a crystallographically analyzed di-
nuclear iron(IT) complex with an Oh-Oh geometry.
Electronic Spectra and Magnetic Susceptibili-
ties. The diffuse reflectance spectra of these com-
plexes are shown in Fig. 4. The electronic spectra
have an intense peak in the UV region, with a shoul-
der at 370—500 nm. This feature can be attributed to
a thiolate-to-iron charge transfer transition.®—11:20:22:23)
In the visible region, a broad absorption band occurs
at 1000—1135 nm. This band can be assigned to an
iron(II) ligand field transition in Oh, *Tz—°E,.*? In
the case of the trinuclear complexes 1 and 2, an ad-
ditional peak centered at longer wavelengths than 1500
nm is observed. This may be attributed to a ligand field
transition in Td, SE—5T5.3? These electronic spectral
features are consistent with the structural data.
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Fig. 4. Diffuse reflectance spectra of [Fe{Fe(La)2}2]-
(0104)2'CH30H (1) (—), [Fe{Fe(Lb)z}z]Clz'2CH3-
OH (2) (---), and [Fez(Lc)2(NOs)2] (3) (=+-).

The effective magnetic moments of 1 and 2 are
7.23 and 7.15 B.M., respectively, at room tempera-
ture, showing values lower than the spin-only mag-
netic moment (8.49 B.M.) for a high-spin d*-d*-d* sys-
tem. The magnetic susceptibilities were measured over
the 80—300 K temperature range (Fig. 5). The mag-
netic data were analyzed by an isotropical Heisenberg
model, #= ~2J(Sl'32 + SQ'Sg) —2J1351-83 assuming
(1) the terminal and central iron(II) ions are all high-
spin (S;=S52=S53=2) and (2) the exchange interaction
between nearest neighboring iron(II) ions are identical
(J=J12=J23) and the interaction between the terminal
iron(II) ions is negligible (Ji3=0). The resulting best
fit parameters are J=-46(2) cm™!, g=2.24(1) for 1;

8
1.0
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3
§ osf] =
& 44 2
2 $
3 £
=
0.4 H
—H 2
0.2}
«—
0.0 1 | 1 1 I 1
0 50 100 150 200 250 300
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Fig. 5. Temperature dependence of the magnetic sus-

ceptibility (O) and effective magnetic moment (®) of
[Fe{Fe(La)2}2](ClO4)2-CH30H (1).
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Fig. 6. Temperature dependence of the magnetic sus-
ceptibility (O) and effective magnetic moment (@) of
[Fe2(Lc)2(NOs)2] (3).

J=-26(4) cm™!, g=1.97(6) for 2. The considerable
antiferromagnetic exchange interaction occurs through
the bridging thiolate groups. On the other hand, the
magnetic moment of 3 (6.69 B.M. at 299 K) is also
lower than the spin-only magnetic moment (6.92 B.M.)
for high-spin d*—d* system and the magnetic data could
be explained by the dimer equation (S;=S,=2) based
on the Heisenberg model, #=—2J81-S2. The best fit
with ¢=2.137(2) and J=-10.02(4) cm™! is shown as
the solid line in Fig. 6. The antiferromagnetic interac-
tion between the Fe and Fe’ atoms through the thiolate
bridges is rather weak compared with those observed for
the trinuclear complexes 1 and 2. The fairly large an-
tiferromagnetic coupling between the iron atoms in the
trinuclear complexes may be due to the shorter Fe-Fe
distances.
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