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Abstract

Photolysis of deoxygenated acetonitrile solution of a ferrocenoyl-functionalized thiourea ligand, N-ferrocenylcarbonyl-N %-(2-
pyridyl)thiourea (HFT–py) with visible light leads to the formation of a novel (O, N%, N%%) coordinated iron(II) complex
[Fe(FT–py)2], in which two deprotonated ligands (FT–py−) are bound to one iron(II) centre through a carbonyl oxygen O,
deprotonated thioamidic (–C(S)–N%H–) nitrogen N% and pyridyl nitrogen N%% atoms to form a distorted octahedral complex. In
the photolysis process, the photochemical activation plays an important role in the deprotonation of the intramolecular hydrogen
bond (O···H–N%) to provide both O, N% donor sites. The molecular structures of the ligand and its photoproduct were determined
by X-ray diffraction, which unequivocally confirmed the photochemical behaviour and the coordination feature. © 1999 Elsevier
Science S.A. All rights reserved.
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1. Introduction

Ferrocene is well known to be photo-inert. However,
we [1,2] and others [3,4] have demonstrated that the
ferrocenoyl-containing compounds exhibit remarkable
photo-activity due to photo-induced charge transfer
from ferrocenyl to the electron-drawing carbonyl
group, leading to the cleavage of the bonds between
iron(II) and acylcyclopentadienyl rings in the ferro-
cenoyl. Therefore, if such a group as a photo-active
centre is incorporated into ligands, they may behave as
photoresponsive complex systems, and hence have po-
tential as photosensitive materials, just as ferrocene-
containing ligands, in which the ferrocene acts as a
redox-active centre, have been shown to have useful
properties for new materials and have attracted consid-
erable attention in recent years [5–8].

With the aim of elucidating the photo-activity of this
class of ligands, we have recently studied the photoreac-
tion of a ferrocenoyl-functionalized thiourea ligand,
N-ferrocenylcarbonyl-N %-(2-pyridyl)thiourea (HFT–
py), Fc–C(O)–NH–C(S)–N%H–(C5H4N%%), and struc-
turally characterized the ligand (HFT–py) and its
photoproduct [Fe(FT–py)2] to reveal the photochemi-
cal behaviour and the unusual coordination feature.

2. Experimental

2.1. Materials and analytical equipment

All the chemicals used in this study were of analytical
grade without further purification. All the solvents were
dried and distilled prior to use [9]. Infrared spectra were
recorded on a Shimadzu IR-435 instrument using KBr
pellets in the 400–4000 cm−1 region. Elemental analy-* Corresponding author. Fax: +86-371-7970475.
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ses were carried out on a MOD 1106 analyzer. UV–vis
spectra were taken on a Hitachi 220A spectrophotome-
ter with 1 cm matching quartz cell.

2.2. Synthesis of HFT–py

HFT–py was prepared using a similar procedure
described in the literature [10] by the reaction of ferro-
cenoyl chloride with KSCN in anhydrous acetone to
produce ferrocenoyl isothiocyanate followed by con-
densation with 2-aminopyridine. The product was re-
crystallized from acetone and characterized by
elemental analysis. Yield: ca. 82%. Anal. Calc. for
(C17H15FeN3OS): C, 55.89; H, 4.11; N, 11.51%. Found:
C, 55.86; H, 4.17; N, 11.66%. IR data were presented in
Table 7.

2.3. Photolysis of HFT–py

A solution of HFT–py (40 mg) in 10 cm3 of CH3CN
was deoxygenated prior to photolysis and irradiated at
0°C in an ice bath for 1 h under visible light from a 200
W xenon lamp. After the irradiation, the solution was
put aside overnight. One of the photoproducts,
[Fe(FT–py)2] was crystallized from the solution, which
afforded the analytical sample and single crystals suit-
able for X-ray crystallography. Yield: ca. 12%, m.p.
194°C (dec.). Anal. Calc. for (Fe(C17H14FeN3OS)2): C,
52.07; H, 3.57: N, 10.72%. Found: C, 51.79; H, 3.71; N,
10.73%. IR data were presented in Table 7. Mass
spectrum: the molecular ion peak was not detected,
probably due to its ready dissociation; the fragmentary
mass data are deposited in the supplementary material.

2.4. Crystallography

2.4.1. HFT–py
A deep-red prismatic crystal of HFT–py with dimen-

sions of 0.80×0.30×0.20 mm was mounted on a
Rigaku RAXIS-IV imaging plate area detector with
graphite monochromated Mo–Ka radiation (l=0.71
A, ) for unit-cell determination and data collection. Sum-
maries of the crystallographic data, structure solution
and refinement are given in Table 1.

A total of 23 3.00° oscillation frames with an expo-
sure time of 15.0 min per frame were used. The struc-
ture was solved by direct methods and expanded using
Fourier techniques. The data were corrected for
Lorentz and polarization effects. The non-hydrogen
atoms were refined anisotropically and hydrogen atoms
were included but not refined. The teXsan crystallo-
graphic software package of Molecular Structure Cor-
poration [11] was used for all calculations.

The principal bond distances and angles, the least-
squares planes and dihedral angles are given in Tables
2 and 3, respectively.

Table 1
Crystal data and experimental parameters a

HFT–py [Fe(FT–py)2]

C17H15FeN3OSFormula C34H28Fe3N6O2S2

Formula weight 364.85 783.55
Crystal dimensions (mm) 0.2×0.5×0.80.8×0.3×0.2
Crystal color Dark redDeep red, pris-

matic
MonoclinicOrthorhombicCrystal system

Space group C2/c (c15)Pca21 (c29)
22.09(1)14.657(4)a (A, )

19.096(4)b (A, ) 10.756(4)
c (A, ) 27.615(6)11.511(3)
b (°) 94.86(3)
V (A, 3) 3221.9 6357(5)

88Z
Rigaku RAXIS-Diffractometer Rigaku AFc5R
IV

Dcalc. (g cm−3) 1.506 1.594
m (Mo–Ka) (cm−1) 14.7810.71
2umax (°) 55.0 25
Scan mode v−2u

Scan width (°) 1.092+0.35 tan(u)
h 0–18Data collected (h, k, l) h 0–26
k 0–24 k 0–18
l 0–14 l −33–33
3300No. of reflections measured 6109

44562620No. of observed refills
(I]3s(I))

No. of refined parameters 416 424
3.2 4.3R (%)
4.3Rw (%) 5.9

Goodness-of-fit 1.20 1.59
Dr (max, min) (e A, −3) 0.24, −0.42 0.380, −0.046

a R=S(�Fo�−�Fc�)/S�Fo�; Rw= [SW(�Fo�−�Fc�)2/wFo
2]1/2.

2.4.2. [Fe(FT–py)2]
A dark-red–black crystal of [Fe(FT–py)2] with di-

mensions of 0.2×0.5×0.8 mm was mounted on a
Rigaku-AFc5R diffractometer to perform X-ray dif-
fraction work using graphite monochromatized Mo–Ka

radiation (l=0.71069 A, ). The unit-cell parameters
were determination and refined by a least-squares treat-
ment of the setting angles of 20 automatically centred

Table 2
Principal bond distances (A, ) and angles (°) for HFT–py

Bond length (A, )
1.613(9)S(1)–C(1) S(1)–C(1)–N(2) 129.2(7)
1.23(1)O(1)–C(2) S(1)–C(1)–N(3) 118.7(6)
1.41(1)N(2)–C(1) N(2)–C(1)–N(3) 112.0(7)

N(2)–C(11) 1.36(1) 119.6(9)O(1)–C(2)–N(3)
N(3)–C(1) 1.42(1) O(1)–C(2)–C(51) 125.9(9)

1.39(1)N(3)–C(2) N(3)–C(2)–C(51) 114.5(8)
1.48(1)C(2)–C(51) C(11)–N(2)–C(1) 124.3(8)

N(5)–C(11)–N(2) 116.7(8)

Hydrogen bonding and bond angle (°)
N(2)···O(1) 2.64(1) 135.63N(2)–H···O(1)
N(2)–H 1.889O(1)···H0.939



D.-J. Che et al. / Journal of Organometallic Chemistry 584 (1999) 190–196192

Table 3
Least-squares planes and dihedral angles (°) for HFT–py

Plane 3Plane 1 Plane 2

AtomsAtoms DistanceDistance Atoms Distance

N(5) −0.01(2)N(2) C(51)−0.09(1) −0.01(1)
C(11) 0.02(2)−0.05(1) C(52)C(1) −0.01(1)

0.008(5)S(1) C(12) −0.01(2) C(53) −0.02(1)
−0.133(10)N(3) C(13) −0.02(2) C(54) 0.03(1)

C(14) 0.03(2)0.00(1) C(55)C(2) −0.02(1)
C(15) −0.01(2)O(1) 0.15(1)

Dihedral angle (°) between planes
2/31/2 27.2437.60

reflections (7°BuB10°). The intensity data were col-
lected by using v−2u scan mode in the range 25°]
u]1°. A variable scan speed was used. Total of 6286
reflections were measured and corrected for LP effects
and for the absorption using the c scan technique.
After equivalent reflection intensities were averaged. A
total of 6109 independent intensities data were ob-
tained. Of which 4456 with intensities I]3s(I) were
used in the structure solution and refinements. The
structure was solved by a combination of direct method
(MITHRIL) and difference Fourier syntheses. All nonhy-
drogen atoms were refined with anisotropic thermal
parameter. The hydrogen positions were located in the
difference Fourier maps and included in the calcula-
tions without further refinement. The pertinent crystal-
lographic data and experiment details are listed in
Table 1. All calculations were carried out on a MICRO-
VAXII computer using the teXsan crystallographic soft-
ware package of the Molecular Structure Corporation
[11]. The principal bond distances and angles, the least-
squares planes and dihedral angles are shown in Tables
4 and 5, respectively.

3. Results and discussion

3.1. Molecular structure of the ligand, HFT–py

The structure of HFT–py is very similar to those
reported by Wang [12] and Yuan [13] for analogous
acylthioureas: N-(ferrocenylcarbonyl)-N %-naphthylthio-
urea and 1,1%-bis(N-formyl-N %-p-chlorophenylthio-
urea)ferrocene. These molecules exhibit two features:
first, an intramolecular hydrogen bond (O…H—N%) is
formed between carbonyl oxygen atom and the hydro-
gen atom on N% in the planar –C(O)–NH–C(S)–N%H–
moiety (I). Secondly, both carbonyl and thiocarbonyl
groups occupy anti-positions to each other in the plane

I, which is favourable to establish the observed hydro-
gen bonding, but the pyridyl N%% atom is in syn-posi-
tions with the carbonyl oxygen atom, the pyridyl ring
has a dihedral angle of ca. 40° with the plane I. The
molecular structure of HFT–py is shown in Fig. 1.

3.2. Molecular structure of the photoproduct
[Fe(FT–py)2]

A drawing of the complex with the atomic number-
ing scheme is shown in Fig. 2 and selected bond lengths
and angles in Table 4. The structure consists of discrete
neutral molecules [Fe(FT–py)2]; in each molecule both
deprotonated ligands (FT–py−) are bound to one
iron(II) centre through carbonyl oxygen O, deproto-
nated thioamidic (–C(S)–N%–) nitrogen N% and pyridyl
nitrogen N%% atoms to give a distorted octahedral Fe(II)
complex with a FeO2N2%N2% % kernel, where the coordi-
nate bond distances (Fe–N, Fe–O) lie in the range

Table 4
Principal bond distances (A, ) and angles (°) for [Fe(FT–py)2]

2.050(3)Fe(3)–O(1) O(2)–C(4) 1.228(5)
Fe(3)–O(2) 2.082(3) N(1)–C(21) 1.393(5)
Fe(3)–N(1) 1.343(5)N(6)–C(21)2.091(3)

N(2)–C(11) 1.400(5)2.118(3)Fe(3)–N(2)
2.179(4)Fe(3)–N(5) N(5)–C(11) 1.351(5)
2.242(4)Fe(3)–N(6) N(2)–C(1) 1.314(5)

N(1)–C(3) 1.309(5) N(3)–C(1) 1.421(5)
1.420(5)N(4)–C(3) O(1)–C(2) 1.240(5)

N(4)–C(4) 1.375(5) S(1)–C(1) 1.678(4)
1.361(5)N(3)–C(2) S(2)–C(3) 1.680(4)

97.3(1)O(1)–Fe(3)–O(2) N(1)–Fe(3)–N(2) 168.4(1)
O(1)–Fe(3)–N(1) 103.3(1) N(1)–Fe(3)–N(5) 113.1(1)

81.1(1) 61.1(1)O(1)–Fe(3)–N(2) N(1)–Fe(3)–N(6)
62.0(1)N(2)–Fe(3)–N(5)O(1)–Fe(3)–N(5) 143.1(1)

96.4(1)O(1)–Fe(3)–N(6) N(2)–Fe(3)–N(6) 108.0(1)
82.4(1)O(2)–Fe(3)–N(1) N(5)–Fe(3)–N(6) 96.1(1)

107.9(1)O(2)–Fe(3)–N(2)
93.1(1)O(2)–Fe(3)–N(5)

143.1(1)O(2)–Fe(3)–N(6)
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Table 5
Least-squares planes and dihedral angle (°) for [Fe(FT–py)2]

Plane 2Plane 1

Atoms Atomsdistance distance

O(1)O(2) −0.1128−0.1111
C(2)C(4) 0.0541−0.0288
N(3)0.0664 0.0854N(4)
C(1)C(3) 0.05420.1765
N(2)−0.0216 −0.0182N(1)

0.1323N(6) N(5) 0.0934
−0.0146C(21) C(11) −0.0278

C(12)−0.2111 −0.1306C(22)
C(23) −0.2055 C(13) −0.1034

C(14)−0.0216 0.0268C(24)
C(15)C(25) 0.12770.1481

Additional atoms Additional atoms
0.1819Fe(3) Fe(3) 0.0313

S(1)0.5825 0.1482S(2)
−0.0351C(31) C(51) 0.2125

H(02) 0.0558 H(01) 0.2232
90.82Dihedral angles (°) between planes 1/2

is apparently different from those in conventional N-
acylthiourea coordinate compounds. Therefore, a struc-
tural comparison was made among them (Table 6). It is
apparent that most of the acylthiourea ligands coordi-
nate to the metal ions bidentately via oxygen and sulfur
donor sites, exhibiting square-planar (such as nos. 1–5
in Table 6), tetrahedral or octahedral coordination
geometry (nos. 7–9), and a few of them coordinate
monodentately through sulfur donor only, displaying a
linear coordination (no. 10). But today, very little is
known about the coordination with O, N%, N%% sites as
in the photopoduct, [Fe(FT–py)2]. Of particular inter-
est to us is Bourne’s works about the structure of
cis-bis(N–benzoyl-N %-propylthiourea) dichloroplatinu-
m(II) (no. 6) in which the two ligand molecules bind to
Pt(II) via sulfur atoms only, the carbonyl oxygen atom
being locked into a ring by a N–H···O hydrogen bond.
However, our result was contrary to that. In [Fe(FT–
py)2], the carbonyl oxygen and thioamide N% donors
participating in the coordination were not locked by the
hydrogen bond N–H···O in the ligand (Fig. 1). There-
fore, it is reasonable to postulate that the photochemi-
cal activation may play an important role in
deprotonation of the hydrogen bond to provide both O
and N% donor sites for coordination. We have at-
tempted to prepare [Fe(FT–py)2] directly through the
reaction of iron(II)chloride with HFT–py beyond irra-
diation, but were unsuccessful. In addition, each of the
chelating moieties consist of three rings, one hetero-
cyclic and two chelates; the presence of the tricyclic ring
system gives a planar structure around the metal which
contributes to the stability of the iron(II) state [14].

3.3. UV/6is spectral changes upon irradiation

The UV–vis spectrum of HFT–py prior to irradia-
tion, shown in Fig. 3(a), exhibits three moderately

2.05–2.42 A, , and the coordinate bond angles deviate
considerably from the regular octahedral geometry
(Table 4). The thione (=S) sulfur atom does not
participate in the coordination, because it extends to
the reverse direction with the carbonyl (C�O) and
pyridyl groups. Each chelating (–C(O)–NH–C(S)–N%–
(C5H4N%%)–) moiety is almost planar (Table 5). The
dihedral angle between both chelating planes is near
vertical (90.82°).

It should be pointed out that the coordination mode
in the photoproduct [Fe(FT–py)2], as mentioned above,

Fig. 1. An ORTEP diagram of HFT–py, showing the atomic-number-
ing (hydrogen atoms are omitted for clarity).

Fig. 2. An ORTEP diagram of [Fe(FT–py)2], showing the atomic-num-
bering (hydrogen atoms are omitted for clarity).
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Table 6
Some structural comparisons for transition-metal complexes of substituted acylthioureasss a

R2 R3 Central ion Coordination atom Coordination geometry Ref.No. R1

Et c Et Ni(II)1 O, SFc b Cis-square planar [20]
2 Ph d Et Et Ni(II), Pd(II) O, S Cis -square planar [21,22]
3 ButylPh Butyl Pt(II) O, S Cis -square planar [23]

Et Et Ni(II)Cl–Ph O, S4 Cis -square planar [24]
Naph e5 Butyl Butyl Pt(II) O, S Trans-square Planar [26]
Ph6 Propyl H Pt(II) S, (Cl) Cis -square planar [25]

Et Et Cu(II)Ph O, S7 Tetrahedral [27]
8 Ph Et Et Ag(I) O, (HS) Tetrahedral [28]

Et Et Ru(III), Rh(III)Ph O, S9 Octahedral [29,30]
Alkyl Alkyl Au(I) S Linear [31]10 Ph
Py f H Fe(II) O, N%, N%% Octahedral This workFc11

a The molecular structures (no. 1–10) have been elucidated by previous X-ray studies.
b Fc, ferrocenyl.
c Et, ethyl.
d Ph, phenyl.
e Naph, naphthyl.
f Py, pyridyl.

intense absorbances at ca. 469 (band I), ca. 387 (II) and
ca. 348 nm (III), which are the characteristic absorption
bands of ferrocene derivatives [32] and have been at-
tributed to metal–ring charge transfer [33]. During
irradiation with visible light, the bands I and II shift to
lower energy from 469 to 502 nm and 387 to 398 nm
(Fig. 3(b)). These spectral changes observed are indica-
tive of a clean photochemical reaction giving rise to a
single visible region absorbing product; no new absorp-
tion bands are observed in this region. Fortunately, the
photoproduct can be isolated as a single crystal from
the irradiated CH3CN solution of HFT–py. The UV-
vis absorption spectral changes are consistent with the
results of crystal structure and provide further informa-
tion concerning the photochemical reactions of HFT–
py in CH3CN solution.

3.4. Infrared spectroscopy

The main vibrational bands of HFT–py and
[Fe(FT–py)2] are listed in Table 7 for comparison. The
IR spectra of HFT–py show a broad absorption be-
tween 3300 and 3100 cm−1 with a maximum at 3200
cm−1, assignable to the stretching vibrations of the NH
groups n(NH) and pyridine ring n(CH). The displace-
ments to higher wavenumbers illustrate the participa-
tion of pyridine and imine nitrogen atoms in the
coordination [15]. The strong stretch at 1660 cm−1,
assigned to the carbonyl stretch of the –C(O)–NH–
moiety in uncomplexed ligand, is present at 1680 cm−1

for the complex. The coordinated pyridine ring can be
distinguished from free one by the coupled n(C�C) and

Fig. 3. Variation of the UV–vis spectra of HFT–py in degassed
CH3CN solution upon irradiation with visible light at 0°C, total
HFT–py concentration, 2.25 mmol dm−3. Curve a is the initial
solution and curve b is for 1.5 h exposure. The spectra were recorded
at 4–20 min intervals.
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Table 7
Selected vibrational bond (cm−1) of HFT–py and [Fe(FT–py)2]

n(C�O) py n(C–N)+n(C�C) n(N–C�S)n(NH)+n(CH) n(C�S) n(C=S)+n(N–C–N)

1660 1580HFT–py 1430–14953200(br) 1294 1160, 820
1680 1600 1460–1540 1300 1160,820Fe(FT–py)2] 3500

n(C�N) vibration from 1580 to 1600 cm−1 [16]. The
bands at 1495–1430 cm−1 assigned to n(–N–C�S)
vibration [17] for the free ligand are displaced to 1540–
1460 cm−1 for the complex. The medium band at ca.
1300 cm−1 is supposed to be n(C�S) as reported before
[18]. The vibrational bands at 1160 and 820 cm−1 in
the spectra of the ligand may be attributed to the
n(N–C–S) stretching mode, or to a n(C�S) and n(N–
C–N) coupling [19], which do not shift in the IR
spectra of the complex, indicating that the thione group
does not participate in the coordination. Therefore, the
data mentioned above show that each ligand coordina-
tion in a tridentate manner via the pyridine and
thioamidic nitrogen, and carbonyl oxygen atoms in
good agreement with the structural results.

3.5. Mechanistic consideration

According to the mechanism proposed previously [2]
and the results in this work, the photochemical reac-
tions of HFT–py probably involve three steps (Scheme
1): the first is the photo-induced charge transfer from
metal to carbonyl group, resulting in the deligation of
HFT–py to free iron(II) ion, deprotonated N-cyclopen-
tadienecarbonyl-N %-(2-pyridyl)thiourea anion (CT–
py−), and the unbonded cyclopentadienyl ring (Cp−)
(Eq.(1)). The second process is the proton-transfer from

HFT–py to CT–py− and Cp−, yielding FT–py−

anion, HCT–py and 1,3-cyclopentadiene (Eqs.(2) and
(3)). Apparently, the proton affinity of CT–py− and
Cp− may be larger than HFT–py, this would be
favorable to the proton-transfer process, and the third
process is the formation of the complex between
iron(II) cation and FT–py− anion. (Eq.(4))

4. Conclusions

The results of this work clearly illustrate that HFT–
py as a ferrocenoyl-functionized thiourea ligand dis-
plays good photochemical behaviour, yielding a
novel(O, N%, N%%) coordinated iron(II) complex [Fe(FT–
py)2], which is apparently different from the coordina-
tion mode as in conventional N-acylthiourea
coordination compounds and not available by usual
thermochemical method. Therefore, further studies on
such photoactive ligand system may be of interest in
organometallic photochemistry and photosensitive
materials.

5. Supplementary material

A complete table of crystallographic data, bond dis-
tances, bond angles, dihedral angles, atomic positional
and thermal parameters, IR spectra of HFT–py and
[Fe(FT–py)2], as well as 1H-NMR spectra of [Fe(FT–
py)2] are available from the authors.
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