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Synthesis, characterization and crystal structure

determination of iron(III) complexes containing

4,40-dimethyl-2,20-bipyridine, dimethyl sulfoxide and

chloride, [Fe(dmbipy)Cl4][dmbipyH] and

[Fe(dmbipy)Cl3(DMSO)]

VAHID AMANI, NASSER SAFARI*, BEHROUZ NOTASH

and HAMID REZA KHAVASI

Chemistry Department, Shahid Beheshti University, G. C., Tehran, Iran

(Received 6 July 2008; in final form 19 September 2008)

[Fe(dmbipy)Cl4][dmbipyH], 1 (dmbipy is 4,40-dimethyl-2,20-bipyridine), was prepared from
reaction of FeCl3 � 6H2O with 4,40-dimethyl-2,20-bipyridine in 0.1 molar aqueous HCl.
Treatment of 1 with dimethyl sulfoxide in methanol produced [Fe(dmbipy)Cl3(DMSO)],
2 (DMSO is dimethyl sulfoxide). Both complexes were characterized by IR, UV-vis, and
1H-NMR spectroscopies and their structures were studied by single crystal diffraction.
Compounds 1 and 2 are high-spin with spin multiplicity of six.

Keywords: Iron(III); 4,40-Dimethyl-2,20-bipyridine; Chloride; Dimethyl sulfoxide; Crystal
structure

1. Introduction

Products formed by the reaction of iron(III) chloride with bidentate nitrogen

donor ligands (L) like 1,10-phenanthroline (phen) and 2,20-bipyridine (bipy) have

been widely studied [1–11]. However, only a few of the resulting compounds such

as [Fe(L)2Cl2][FeCl4] [12–14], [FeCl3(phen)X] [15] (X¼CH3OH, H2O, Cl�],

[Fe(bipy)3][Cl3FeOFeCl3] [16], and [Fe2O(phen)4Cl2]Cl2 [16] have been fully

characterized, in particular with the help of crystallographic studies. Owing to the

lability of high-spin iron(III) species, few iron(III) complexes with three different

ligands are known. We recently reported synthesis and crystal structure of

[Fe(bipy)Cl3][bipyH], [Fe(dmbipy)2Cl2][FeCl4] [17] (dmbipy is 5,50-dimethyl-2,20-

bipyridine), [Fe(bipy)Cl3(DMSO)], [Fe(phen)Cl3(DMSO)] [18], and [Fe(phen)

Cl3(CH3OH)] �CH3OH [19].
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In this article we introduce a new complex, [FeIII(dmbipy)Cl3(DMSO)], obtained

from reaction of [FeIII(dmbipy)Cl4]
�[dmbipyH]þ (dmbipy is 4,40-dimethyl-2,20-bipyr-

idine) with DMSO in methanolic solution.

2. Experimental

2.1. Materials and instruments

All reagents and solvents were purchased from chemical sources and were used

without purification. 1H-NMR spectra were recorded on a Bruker AC-300MHz

spectrometer operating in the quarter mode. The spectra were collected over a

50-kHz bandwidth with 16K data points and a 5-ms 45� pulse. For a typical

spectrum, between 1000 and 5000 transients were accumulated with a 50-ms delay

time. The signal-to-noise ratio was improved by apodization of the free induction

decay. Infrared spectra (4000–250 cm�1) of solid samples were taken as 1%

dispersion in CsI pellets using a Shimadzu-470 spectrometer. UV-vis spectra were

recorded on a Shimadzu 2100 spectrometer using a 1 cm path length cell. Melting

point is uncorrected and was obtained by a Kofler Heizbank Rechart type 7841

melting point apparatus. Elemental analysis was performed using a Heraeus CHN–O

rapid analyzer.

2.2. Synthesis of [Fe(dmbipy)Cl4][dmbipyH] (1)

4,40-Dimethyl-2,20-bipyridine (0.30 g, 1.62mmol) in 16.2mL 0.1M HCl was added to a

solution of FeCl3 � 6H2O (0.22 g, 0.81mmol) in water (5mL) and the resulting red

solution was stirred at 55–60�C for 3 h. The orange precipitate was recrystallized from

CH3CN. After three days, orange prismatic crystals of 1 were isolated (yield 0.34 g,

74.4%, m.p. 195�C). IR (CsI, cm�1): 3432m, 3199w, 3058s, 2918m, 2851w �(CH),

1620s, 1596s, 1550m, 1523m, 1483m, 1450s, 1412m, 1379w, 1308m, 1281m, 1246w,

1216m, 1112w, 1041w, 1016m, 999w, 943w, 904w, 826s, 756w, 738w, 658w, 549m,

522m, 468m, 422m, 302s �(Fe–Cl), 288s �(Fe–Cl), 255s �(Fe–N). Anal. Calcd C, 50.78;

H, 4.41; N, 9.87. Found: C, 50.61; H, 4.32; N, 9.73.

2.3. Synthesis of [Fe(dmbipy)Cl3(DMSO)] (2)

DMSO (0.24mL, 3.52mmol) was added to a solution of [Fe(dmbipy)Cl4][dmbipyH]

(0.25 g, 0.44mmol) in CH3OH (30mL) and the resulting orange solution was stirred

at 40–45�C for 2 h. This solution was left to evaporate slowly at room temperature.

After 1 week, yellow prismatic crystals of 2 were isolated (yield 0.14 g, 74.8%,

decompose5189�C). IR (CsI, cm�1): 3551w, 3468w, 3068m, 2998m, 2912m �(CH),

1706m, 1613s, 1555m, 1485m, 1446m, 1406m, 1324w, 1303m, 1283w, 1240m, 1214w,

1021m, 983s, 947s, 923m, 841s, 739w, 718w, 549m, 522m, 447m, 424m �(Fe–O), 388w,

346m, 308s �(Fe–Cl), 282s �(Fe–Cl), 256m �(Fe–N). Anal. Calcd C, 39.57; H, 4.24;

N, 6.59. Found: C, 39.41; H, 4.16; N, 6.43.
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2.4. Crystal structure determination and refinement

The X-ray diffraction measurements were made on a STOE IPDS-II diffractometer

with graphite monochromated Mo-Ka radiation. For [Fe(dmbipy)Cl4][dmbipyH], 1,

an orange prismatic crystal with dimensions 0.20� 0.17� 0.10mm and for

[Fe(dmbipy)Cl3(DMSO)], 2, a deep yellow prismatic crystal with dimensions

0.30� 0.30� 0.12mm were mounted on a glass fiber and used for data collection.

Cell constants and an orientation matrix for data collection were obtained by least-

squares refinement of diffraction data from 6802 for 1 and 4740 for 2 unique reflections.

Data were collected at a temperature of 120(2) K to a maximum 2� value of 58.48� for
1 and 58.46� for 2 in a series of ! scans in 1� oscillations and integrated using the Stoe

X-AREA [20] software package. The numerical absorption coefficients, m, for Mo-Ka
radiation are 1.038mm�1 for 1 and 1.425mm�1 for 2. A numerical absorption

correction was applied using X-RED [21] and X-SHAPE [22] software. The data were

corrected for Lorentz and polarization effects. The structures were solved by direct

methods [23] and subsequent difference Fourier maps and then refined on F2 by full-

matrix least-squares using anisotropic displacement parameters [23]. All hydrogen

atoms were located in a difference Fourier map and refined isotropically. Subsequent

refinement converged with R factors and parameter errors significantly better than for

all attempts to model the solvent disorder. Atomic factors are from International

Tables for X-ray Crystallography [24]. All refinements were performed using the

X-STEP32 crystallographic software package [25]. A summary of the crystal data,

experimental details, and refinement results is given in table 1.

3. Results and discussion

3.1. Synthesis of [Fe(dmbipy)Cl4][dmbipyH] (1) and [Fe(dmbipy)Cl3
(DMSO)] (2)

Compound 1 was obtained from reaction of one equivalent of FeCl3 � 6H2O with 2

equivalents of 4,40-dimethyl-2,20-bipyridine in 0.1M HCl aqueous solution at 55�C for

3 h, in 74% yield, equation (1):

FeCl3 � 6H2Oþ 2dmbipy ������!
55�60�C;3 h

H2O, HCl 0:1M
½FeðdmbipyÞCl4�½dmbipyH� ð1Þ

Coordination of iron(II) with 4,40-dimethyl-2,20-bipyridine leads to the highly

stable tris-dmbipy complexes, [Fe(dmbipy)3](ClO4)2 �H2O [26] and [Fe(dmbipy)3]

(SCN)2 � 3H2O [27]. However, the bis-iron(III) complex [Fe(dmbipy)2Cl2]PF6 [28] has

been reported. Here, the aqueous HCl solution is a driving force for formation of 1 in

which only one dmbipy coordinates iron and the other is a counter ion with abstraction

of proton from the acidic environment.
Addition of DMSO to methanolic solution of 1 results in formation of 2, equation

(2), in which one chloride is exchanged by DMSO.

½FeðdmbipyÞCl4�½dmbipyH� ������!
40�45�C, 2 h

CH3OH=DMSO
½FeðdmbipyÞCl3ðDMSOÞ� þ dmbipyHCl ð2Þ
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Compound 1 and analogs with general formula of [Fe(N–N)Cl4]
�[N–N �H]þ (N–N is

1,10-phenanthroline, 2,20-bipyridine, and 4,40-dimethyl-2,20-bipyridine) are excellent
precursors for production of neutral high-spin iron(III) complexes of [FeIII(N–N)
Cl3(D)] formula, where D is a donor ligand. Using this approach, compounds
such as [Fe(bipy)Cl3(DMSO)], [Fe(phen)Cl3(DMSO)] [18], and [Fe(phen)Cl3
(CH3OH)] �CH3OH [19] were previously prepared. The Fe–Cl bond distances in 1

indicate that one Fe–Cl bond is longer than the others due to hydrogen bond formation
with the cationic part of the complex, table 4; this chloride was easily removed by any
basic solvent or ligand.

A similar approach to [Fe(N–N)Cl4]
�[N–N–H]þ resulted in different compounds,

depending on the bipyridine used, equations 3–5. The structure of bipyridine and
its analogs were optimized at B3LYP/6–31G* level optimization and as recom-
mended in Gaussian help, point charge of all species have been obtained from a HF/
6–31G* single point calculation in gauss 03 using ESP based procedure. Table 2
shows 6–31G* ab initio calculation results for charge densities on nitrogens of the
bipyridine analogs. More basic character of the nitrogens of N–N ligands produces
stronger N–H bonds in the cationic part of the complexes and reduces the affinity
of bipyridine analogs for coordination to the iron. So in bipy and 4,40-dimethyl-2,20-
bipyridine there is one chelating ligand in coordination atmosphere, while for

Table 1. Crystallographic and structure refinements data for 1 and 2.

1 2

Formula C24H25Cl4FeN4 C14H18Cl3FeN2OS
Formula weight 567.13 424.57
Temperature (K) 120(2) 120(2)
Wavelength l (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n
Crystal size (mm3) 0.20� 0.17� 0.10 0.30� 0.30� 0.12
Units of dimensions (Å, �)

a 10.8567(6) 8.0916(5)
b 10.4776(7) 22.8995(13)
c 22.5132(13) 9.8841(7)
� 98.511(4) 105.136(5)

Volume (Å3) 2532.7(3) 1767.92(19)
Z 4 4
Density (Calcd) (g cm�1) 1.487 1.595
� ranges for data collection 1.83–29.24 1.78–29.23
F(000) 1164 868
Absorption coefficient (mm�1) 1.038 1.425
Index ranges �12� h� 14 �11� h� 11

�14� k� 12 �31� k� 30
�30� l� 30 �13� l� 12

Data collected 17676 13,282
Unique data (Rint) 6802 (0.0775) 4740 (0.0254)
Parameters, restraints 302, 0 202, 0
Final R1, wR2

a (Obs. data) 0.0548, 0.1282 0.0317, 0.0750
Final R1, wR2

a (all data) 0.0667, 0.1346 0.0347, 0.0763
Goodness-of-fit on F2 (S) 1.127 1.127
Largest differential peak and hole (e Å�3) 0.899, �0.673 0.589, �0.704

aR1¼�||Fo|�|Fc||/�|Fo|, wR2¼ [�(wðF2
o � F2

c Þ
2)/�w(F2

o)
2]1/2.
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5,50-dimethyl-2,20-bipyridine, which is less basic, is coordinated to the iron. Steric

hindrance in methyl substituted bipy ligands shows no effect in this regard and

crystal structures reveal no hindrance for these complexes.

FeCl3 � 6H2Oþ 2ð4,40 � dmbipyHClÞ ! ½Feð4,40 � dmbipyÞCl4�½4,4
0 � dmbipyH� ð3Þ

FeCl3 � 6H2Oþ 2ðbipyHClÞ ! ½FeðbipyÞCl4�½bipyH� ð4Þ

FeCl3 � 6H2Oþ 2ð5,50 � dmbipyHClÞ ! ½Feð5,50�dmbipyÞ2Cl2�½FeCl4� ð5Þ

3.2. 1H NMR investigation

Paramagnetic 1H-NMR of some bipyridine and phenanthroline iron complexes show

coordinated methanol protons around 100 ppm downfield, DMSO protons at 40 ppm

and coordinated bipyridine or phenanthroline protons in the 6–9 ppm region.
1H-NMR of 1 and 2 are presented in Supplementary Material. The spectrum of 1

right away after dissolution in 99.8% CD3OD shows coordinated CH3OH as a

broad signal at 100 ppm and 4-methyl of bipyridine at 20 ppm. This spectrum shows

exchange of CH3OH with chloride in the methanolic solution as a fast process

giving [Fe(dmbipy)Cl3(CH3OH)], 3. Addition of a 30mole ratio of DMSO to the

methanolic solution of 1 shows a major broad peak at 40 ppm. The methyl of

dmbipy for 2 and 3 are seen at 20 ppm. Trace C is a pure sample of 2 dissolved in

methanol and confirms the presence of 2 and 3 due to lability of DMSO in

methanolic solution as expected for high-spin Fe(III) complexes. The NMR shows

that the plane of symmetry for 2 or 3 in the solid state passing through carbon of

DMSO or methanol, Fe and Cl3 still holds in solution. The similar chemical shifts

for methyl protons of DMSO, methyl protons on 4,40-dimethyl-2,20-bipyridine, and

three separate signals for protons on coordinated bipyridine are attributed to this

symmetry element. Protons on the 6 and 60 positions, closest to iron, are broadest

signals at 8–9 ppm. However, proton signals for other bipy protons in the equatorial

position have small bandwidth compared to protons of methanol or DMSO at the

axial position. It seems the dominant mechanism for spin transfer is dipolar for axial

position and contact for equatorial protons.
Magnetic susceptibility measurements for 1 and 2 by Evans method confirm the high-

spin character of these complexes (meff¼ 5.8 B.M) [29].

Table 2. HF/6–31G*//B3LYP/6–31G* calculation using ESP-based procedure
for charge densities on nitrogens of the bipyridine analogs.

Compound Nitrogen atom

Bipyridine �0.661
4,40-Dimethyl-2,20-bipyridine �0.669

�0.729
5,50-Dimethyl-2,20-bipyridine �0.644

�0.618
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3.3. IR and UV-vis investigation

IR absorptions of the free ligands and 1 and 2 are presented in table 3. Two strong
bands in 1 at 302 and 288 cm�1 were assigned to Fe–Cl and the band at 255 cm�1 to
Fe–N based on literature reports [30, 31]. Fe–N stretching vibration for 2 is at 256 cm�1

and Fe–Cl at 308 and 282 cm�1. A new signal at 983 cm�1 for 2 is assigned to �(S¼O).
Other iron(III) DMSO complexes reported in the literature have �(S¼O) in the
910–960 cm�1 region [32]. The band at 424 cm�1 was assigned to Fe–O stretch in 2 [32].

UV-vis spectra of 1–3 (Supplementary Material) lack spin allowed d–d transitions in
the visible region, but have distinct charge transfer spectra in the UV region. Intensities
of low-energy bands increase upon coordination of oxygen donors.

3.4. Description of the molecular structure of [Fe(dmbipy)Cl4][dmbipyH] (1)
and [Fe(dmbipy)Cl3(DMSO)] (2)

Orange prismatic crystals of 1 were obtained by recrystallization of micro crystals of
1 in CH3CN and yellow prismatic crystals of 2 were obtained by recrystallization
of micro crystals of 1 in DMSO and CH3OH. Crystallographic data for 1 and 2 are
given in table 1 and selected bond lengths and angles are presented in table 4.
The structure of 1 consists of [Fe(dmbipy)Cl4]

� anion and protonated dimethylbipyr-
idine cation, figure 1. The iron(III) environment consists of four chlorides and one
dimethylbipyridine, giving a distorted octahedral geometry. The different bond
length values of the Fe(1)–Cl bonds trans to Cl and those trans to N (dmbipy),
accompanied with the short bite angle of dmbipy [74.65(9)� for N(1)–Fe(1)–N(2)], are
the main factors accounting for this distortion. The Fe–N (dmbipy) average bond
distance is 2.184(1) Å and the Fe–Cl average bond distance is 2.3552(7) Å. These
bond distances are longer than those observed for similar low-spin complexes [33].
The longer bond distance in 1 confirms that this complex is high-spin with S¼ 5/2, in
accord with data obtained by magnetic moment measurements. Good agreement
is observed between the Fe–Cl bond distances of 1 and those reported for other
chloro-containing mononuclear high-spin iron(III) complexes [17–19, 34]. The unit cell-
packing diagram of 1 is presented in figure 2. From this packing diagram, the
intermolecular bond distances and angles for N–H � � �Cl (H � � �Cl¼ 2.4500(5)� and
N–H � � �Cl¼ 145.00(6)�) confirm hydrogen bond formation between the counter
ions. These intermolecular hydrogen bonds seem to be effective in stabilization of the
crystal structure. The Fe(1)–Cl(1) bond distance is longer than the others (table 4)
due to hydrogen bonding with the counter ion, making it more labile.

The crystal structure of 2 consists of three chlorides, one chelating dimethylbipyridine
and one DMSO. ORTEP view with numbering scheme and packing diagram for
2 are shown in figures 3 and 4, respectively. This complex has distorted octahedral
geometry. The different coordinated ligands, different bond distances for chloride
cis, and trans relative to diimine are main factors accounting for these distortions,
table 4. Fe–N average distance for 2 is 2.186(2) Å and the Fe–Cl average bond distance
is 2.3088(5) Å. DMSO is coordinated to Fe(III) from the oxygen with Fe–O bond
distance of 2.070(1) Å.

Metal–ligand bond lengths were used to obtain the spin state of the metal
center, table 5. The Fe–N average bond distances in high-spin iron(III) phenanthroline
and bipyridine complexes are 2.2 Å in high-spin complexes and less than 2 Å in low-spin

1944 V. Amani et al.
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Figure 1. The labeled diagram of [Fe(dmbipy)Cl4][dmbipyH] (1). Thermal ellipsoids are at 50% probability.

Table 4. Selected bond distances (Å) and angles (�) for 1 and 2.

1

Fe(1)–N(1) 2.191(2) N(1)–Fe(1)–Cl(4) 168.46(7)
Fe(1)–N(2) 2.176(2) Cl(2)–Fe(1)–Cl(4) 98.28(3)
Fe(1)–Cl(1) 2.424(1) N(2)–Fe(1)–Cl(3) 85.84(6)
Fe(1)–Cl(2) 2.314(1) N(1)–Fe(1)–Cl(3) 88.00(6)
Fe(1)–Cl(3) 2.364(1) Cl(2)–Fe(1)–Cl(3) 95.25(3)
Fe(1)–Cl(4) 2.319(1) Cl(4)–Fe(1)–Cl(3) 94.24(3)
N(3)–H(3) 0.81(4) N(2)–Fe(1)–Cl(1) 84.67(6)
N(2)–Fe(1)–N(1) 74.65(9) N(1)–Fe(1)–Cl(1) 84.71(6)
N(2)–Fe(1)–Cl(2) 167.35(6) Cl(2)–Fe(1)–Cl(1) 92.94(3)
N(1)–Fe(1)–Cl(2) 92.78(7) Cl(4)–Fe(1)–Cl(1) 91.40(3)
N(2)–Fe(1)–Cl(4) 94.20(6) Cl(3)–Fe(1)–Cl(1) 169.29(3)

2

Fe(1)–N(1) 2.181(2) O(1)–Fe(1)–Cl(2) 90.46(4)
Fe(1)–N(2) 2.190(2) N(1)–Fe(1)–Cl(2) 168.30(4)
Fe(1)–O(1) 2.070(1) N(2)–Fe(1)–Cl(2) 95.18(4)
Fe(1)–Cl(1) 2.290(1) Cl(1)–Fe(1)–Cl(2) 96.269(18)
Fe(1)–Cl(2) 2.307(1) O(1)–Fe(1)–Cl(3) 167.91(4)
Fe(1)–Cl(3) 2.329(1) N(1)–Fe(1)–Cl(3) 88.92(4)
S(1)–O(1)–Fe(1) 122.73(8) N(2)–Fe(1)–Cl(3) 87.97(4)
O(1)–Fe(1)–N(1) 83.60(5) Cl(1)–Fe(1)–Cl(3) 98.27(2)
O(1)–Fe(1)–N(2) 80.85(5) Cl(2)–Fe(1)–Cl(3) 95.147(18)
N(1)–Fe(1)–N(2) 73.97(6) O(1)–S(1)–C(13) 102.49(9)
O(1)–Fe(1)–Cl(1) 91.74(4) O(1)–S(1)–C(14) 105.22(9)
N(1)–Fe(1)–Cl(1) 93.99(4) C(13)–S(1)–C(14) 98.75(10)
N(2)–Fe(1)–Cl(1) 166.40(4)
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FeIII complexes [13, 34]. Therefore, the Fe–N bond distances here show the present
complexes are high-spin d5. The Fe–O bond distance for 2 is 2.070(1) Å, considerably
shorter than in [FeIII(phen)Cl3(H2O)] and [FeIII(phen)Cl3(CH3OH)] �CH3OH (2.19 and
2.137 Å, respectively). Elongation is due to hydrogen bond formation observed
in [FeIII(phen)Cl3(H2O)] and [FeIII(phen)Cl3(CH3OH)] �CH3OH. The Fe–O bond
distance in 2 is similar to [FeIII(phen)Cl3(DMSO)] and [FeIII(bipy)Cl3(DMSO)] [18]
with no hydrogen bonding.

Figure 3. The labeled diagram of [Fe(dmbipy)Cl3(DMSO)] (2). Thermal ellipsoids are at 50% probability.

Figure 2. Crystal packing diagram for 1. Hydrogen bonds are shown as dashed lines.
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Supplementary material

Full crystallographic details are deposited with Cambridge Structural Database (CCDC

No. 679538 for 1 and 679539 for 2). Copies of the data can be obtained free of charge

on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK.

Figure 4. Crystal packing diagram for 2.
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