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" Two dihydropyrazole-bridged ferrocenyl-substituted derivatives were synthesized in high yields.
" Ordered two-dimensional structure was promoted by weak hydrogen-bonding interactions and p–p stacking interactions between neighboring

molecules.
" DFT calculation results explain the electron transfer mechanism of typical compound.
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a b s t r a c t

Dihydropyrazole-bridged ferrocene-based derivatives were prepared by corresponding chalcones with
hydrazine hydrate, then acylation with 3-(ethoxycarbonyl)propionyl chloride directly in high yields
and purity. All of these compounds were characterized by MS, IR, 1H NMR, 13C NMR and elemental anal-
ysis. The relationship between the structure and redox properties was investigated based on the results of
single crystal X-ray structure determinations and cyclic voltammetry. The mechanism of the electron
transfer for representative compound 4b was verified by density functional theory (DFT) calculations.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction substituted derivatives in high yields. The relationship between
Recently, great interest has been generated in the synthesis and
study of heterocyclic derivatives containing one or more ferrocenes,
since these derivatives have potential applications as new func-
tional materials in several areas [1–5]. It is well known that pyrazole
derivatives have been arousing lots of interest for the construction
of new heterocyclic compounds in which dihydropyrazole (Pz) com-
poses the core structure of various compounds [6–11]. As a stable
and readily oxidizable organometallic complex, ferrocene has been
widely employed in multifunctional systems [12], which have
exhibited potential utilizations in electrochemical sensors [13,14],
molecular recognition [15,16] and highly efficient burning rate
catalysts [17].

Combining the considerations above, we designed a simple and
general approach to synthesis dihydropyrazole-bridged ferrocenyl-
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hemistry, Fuzhou University,

), yaofeng_yuan@fzu.edu.cn
the structure and redox properties was investigated based on the
results of single crystal X-ray structure determinations, electro-
chemical investigations and theoretical calculations (DFT). The
mechanism of the electron transfer for typical compound 4b was
studied during the redox process [18].
2. Experimental

2.1. General

All experiments were carried out under an atmosphere of dry
nitrogen. All solvents employed were dried by routine procedures.
Melting points are uncorrected. NMR spectra were obtained on a
Bruker AV600 spectrometer at ambient temperature in CDCl3.
Infrared spectra were measured on a Spectrum 2000 FTIR
spectrometer in KBr pellets and reported in cm�1. Electrospray ion-
ization mass spectrometry (ESI-MS) was performed using an X7
ICP-MS instrument. 1-Aryl-3-ferrocenyl-2-propen-1-on (2) was
prepared according to the previously reported methods [17,19].

http://dx.doi.org/10.1016/j.molstruc.2012.05.026
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X-ray structural measurements were made using a Rigaku RAX-
IS-IV CCD diffractometer with graphite-monochromated Mo Ka
radiation (k = 0.071073 nm) at 293(2) K. All diffraction data were
collected by scanning in a certain mode and refined in Lp factor.
The structures were solved by the direct method and refined by
the full-matrix least-squares method on F2 using the SHELX-97
program suite [20].

Cyclic voltammetry (CV) was performed with a CHI620C elec-
trochemical workstation in a conventional three-electrode electro-
chemical cell using glassy carbon as the working electrode,
platinum electrode as counter electrode, and Ag/AgCl (3.0 M KCl)
as reference electrode at room temperature. The bare glassy carbon
electrode was polished successively with 0.3 and 0.05 lm a-Al2O3

slurry on emery paper and rinsed with doubly distilled water. Ace-
tonitrile containing [n-Bu4N] PF6 (c = 0.10 M) was applied as a sup-
porting electrolyte. Before each electrochemical measurement, the
experimental solution in the cell was purged with highly purified
nitrogen gas for at least 10 min to remove dissolved oxygen and
then a nitrogen atmosphere was kept over the solution during
measurements.

Theoretical calculations were performed at the DFT level using
the B3LYP functional [21–23]. Geometry optimization of the sin-
glet ground state was calculated using the 6–31G(d,p) basis set
for H C N O atoms and the ECP Lanl2dz basis set for the Fe atom
[24–26]. Vibrational frequency calculations were performed at
the same level of theory to verify the nature of the stationary
points. The DFT calculations were carried out with the Gaussian
03 program package [27].

2.2. Synthesis of the 5-aryl-1-(3-(ethoxycarbonyl)propionyl)-3-
ferrocenyl-4,5-dihydro-1H-pyrazole derivatives

To a stirred solution of 3-(4-bromophenyl)-1-ferrocenyl-2-pro-
pen-1-on or 1,3-diferrocenyl-2-propen-1-on (2a or 2b, 2.4 mmol)
in ethanol (10 mL), 98% hydrazine hydrate (100.0 mmol) was
added at room temperature. After addition the reaction mixture
was further stirred at 80 �C for 0.5 h. The solvent and excess hydra-
zine hydrate was evaporated under reduced pressure to give an or-
ange viscous substance. The unstable compounds 3a and 3b were
not purified but directly used for the following reaction. The or-
ange viscous solid was dissolved in CH2Cl2 (10 mL), and a solution
of 2.8 mmol 3-(ethoxycarbonyl)propionyl chloride of CH2Cl2

(10 mL) was added dropwise at room temperature. After addition,
the mixture was further stirred for 10 min. The solution was
poured into water (100 mL) and extracted with CH2Cl2

(3 � 10 mL). Combined organic phases were dried with magne-
sium sulfate and evaporated. The product was purified by column
chromatography.
Reaction conditions:  (i) 4-bromobenzaldehyde or

NH2NH2 H2O, 80 °C; (iii) 3-(ethoxycarbonyl)prop

Scheme 1. Synthesis of co
2.2.1. Synthesis of 5-(4-bromophenyl)-1-(3-
(ethoxycarbonyl)propionyl)-3-ferrocenyl-4,5-dihydro-1H-pyrazole
(4a)

Elution of the chromatogram with 25% ethyl acetate in petro-
leum ether afforded 4a as a brown solid, 1.06 g (82.2%); m.p.
110–112 �C. 1H NMR (600 MHz, CDCl3) d 7.48 (2H, d, J = 7.7 Hz,
PhAH), 7.13 (2H, d, J = 7.6 Hz, PhAH), 5.49 (1H, HX, dd,
JXB = 11.2 Hz, JXA = 4.8 Hz, PzAH), 4.67 (1H, s, CpAH), 4.57 (1H, s,
CpAH), 4.42 (2H, s, CpAH), 4.14 (5H, m, CpAH), 3.65 (1H, HB, dd,
JBA = 17.1 Hz, JBX = 11.2 Hz, PzAH), 3.09 (2H, m,CH2), 2.94 (1H, HA,
dd, JAB = 17.2 Hz, JAX = 4.8 Hz, PzAH), 2.68 (2H, m, CH2), 2.63 (2H,
m, CH2), 1.26 (3H, t, CH3). 13C NMR (150 MHz, CDCl3) d 173.12
(C@O), 169.14 (C@O), 156.08 (PzAC), 141.04 (PhAC), 132.06
(PhAC), 127.16 (PhAC), 121.47 (PhAC), 75.01 (CpAC), 70.58
(CpAC), 70.48 (CpAC), 69.43 (CpAC), 67.74 (CpAC), 67.31 (CpAC),
60.57 (PzAC), 58.97 (ACH2A), 43.41 (PzAC), 29.06 (ACH2A), 28.83
(ACH2A), 14.20 (ACH3). IR (KBr) m, cm�1: 2980, 1732, 1656, 1497,
1440, 1375, 1211, 1161, 820. MS (ESI) m/z: 537.16, [M + 1]+ calcd.
537.23. Analysis (%): C, 55.72; H, 4.78; N, 5.41 (C25H25BrFeN2O3 re-
quires C, 55.89; H, 4.69; N, 5.21).

2.2.2. Synthesis of 1-(3-(ethoxycarbonyl)propionyl)-3,5-diferrocenyl-
4,5-dihydro-1H-pyrazole (4b)

Elution of the chromatogram with 25% ethyl acetate in petro-
leum ether afforded 4b as a brown solid, 1.10 g (80.9%); m.p.
157–158 �C. 1H NMR (600 MHz,CDCl3): d 5.44 (1H, HX, dd,
JXB = 11.2 Hz, JXA = 2.8 Hz, PzAH), 4.68 (2H, d, CpAH), 4.50 (1H, s,
CpAH), 4.44 (2H, s, CpAH),4.23 (5H, s, CpAH), 4.18 (5H, m, CpAH),
4.15 (2H, m, CpAH), 4.05 (1H,s, CpAH), 3.56 (1H, HB, dd,
JBA = 17.1 Hz, JBX = 11.2 Hz, PzAH), 3.32 (1H, HA, dd, JAB = 17.2 Hz,
JAX = 2.8 Hz, PzAH), 2.99 (2H, m,CH2), 2.68 (2H, m, CH2), 1.66
(2H, s, CH2), 1.26 (3H, t, CH3). 13C NMR (150 MHz, CDCl3) d
173.24 (C@O), 168.99 (C@O), 155.95 (PzAC), 87.69 (CpAC), 75.58
(CpAC), 70.39 (CpAC), 69.50 (CpAC), 68.68 (CpAC), 68.20 (CpAC),
67.56 (CpAC), 65.22 (CpAC), 60.44 (PzAC), 54.99 (ACH2A), 40.93
(PzAC), 29.22 (ACH2A), 29.03 (ACH2A), 14.23 (ACH3). IR (KBr) m,
cm�1: 3098, 2920, 1732, 1656, 1425, 1166, 1105, 858, 823. MS
(ESI) m/z: 567.11,[M + 1]+ calcd. 566.25. Analysis (%): C, 61.39; H,
5.41; N, 5.02 (C29H30Fe2N2O3 requires C, 61.51; H, 5.34; N, 4.95).

3. Results and discussion

3.1. Synthesis and characterization

The strategy (Scheme 1) for the preparation of compounds 3a
and 3b was the cyclization reaction of a,b-unsaturated ketones
with hydrazine hydrate [28]. Such cyclization is well documented
for the synthesis of 3a and 3b, which were unstable and could not
 ferrocenecarboxaldehyde, NaOH, 40 °C; (ii) 

ionyl chloride, CH2Cl2

mpounds 4a and 4b.



Scheme 2. Electron transfer mechanism of 4b.
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Fig. 1. Molecular structure of compounds 4a and 4b.
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be purified by conventional methods. The initial substances were
directly acylated for the formation of the desired compounds 4a
and 4b in high yield 82.2%, 80.9%, respectively.

The structures of 4a and 4b were characterized by IR, 1H, and
13C NMR spectral data. In the IR spectrum, the ester carbonyl
absorptions were seen at 1732 cm�1. The strong bands at
1656 cm�1 of all the compounds can be attributable to the car-
bonyl group stretching vibrations. The NMR spectra also confirmed
the structures of compounds 4a and 4b (Fig. 1). The signals of
unsubstituted cyclopentadiene (Cp) ring protons of both 4a and
Fig. 2. (a) The molecular structure of 4a
4b have approximated position in 1H NMR spectra [29]. We
concentrate our attention on d: 5.49–5.44 ppm (ACHA of the 4,5-
dihydropyrazole ring) and d: 3.65–2.94 ppm (ACH2A of the 4,5-
dihydropyrazole ring), which belong to the characteristic ABX
proton spin systems. The presence of the 4-bromophenyl substitu-
ent at position 5 of the dihydropyrazole ring 4a is typical of the
pronounced upfield shift of the H(A) proton (d: 2.94 ppm), the dif-
ference (dH(B) � dH(A)) being equal to 0.71 ppm. In the spectra of
dihydropyrazole 4b with the ferrocenyl group at position 5, the
H(A) proton was present at lower fields (d: 3.32 ppm).

Analysis of the 13C NMR spectra of compounds 4a and 4b (see
Supporting information) also allows one to reveal characteristic
differences for 3-ferrocenyl and 3,5-diferrocenyl-substituted pyr-
azoline. Thus signal for CipsoAFc of 4a are located at 75.01 ppm
while 4b contains two types of signals for CipsoAFc, viz. d: 75.58
and 87.69 ppm, respectively [29].

3.2. Crystal structure

Brown crystals of 4a and 4b suitable for X-ray single crystals
analysis were crystallized by slow diffusion of petroleum ether into
a solution of 4a or 4b in acetonitrile. The molecular structures of 4a
and 4b are showed in Fig. 2. A summary of the key crystallographic
information of 4a and 4b are given in Table 1. The selected bond
distances and bond angles are given in Tables 2 and 3, respectively.

Two conformations in the crystal structure of compound 4a
have been defined with respect to the flexible aliphatic chain
(Fig. 2a). The two cyclopentadienyl rings of the ferrocene moiety
are parallel in both crystal structures. Interestingly, the Cp ring
of FcI is almost coplanar with the pyrazoline ring with a dihedral
angle of 13.24�, while the Cp ring of FcII is nearly orthogonal to
the pyrazoline ring with a dihedral angle 88.30� in the crystal
. (b) The molecular structure of 4b.



Table 1
Crystallographic data and structure refinement details for 4a and 4b.

Compound 4a 4b

Empirical formula C25H25BrFeN2O3 C29H30Fe2N2O3

Crystal size (mm) 0.20 � 0.20 � 0.20 0.20 � 0.20 � 0.20
Formula weight 537.22 566.25
Temperature (K) 293(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P(�1) P(�1)
a (Å) 10.909(4) 10.387(2)
b (Å) 11.491(4) 10.813(2)
c (Å) 20.917(9) 13.215(3)
a (�) 93.531(13) 95.03(3)
b (�) 97.845(16) 106.25(3)
c (�) 112.977(12) 117.20(3)
V (Å3) 2372.5(15) 1226.4(4)
Z 4 2
Dcalc (g/cm3) 1.504 1.533
Absorption coefficient

(mm�1)
2.349 1.218

F(000) 1096 720
Index ranges �14 6 h 6 14 �12 6 h 6 13

�17 6 k 6 17 �14 6 k 6 13
�27 6 l 6 27 �17 6 l 6 12

Reflections collected 22,833 10,313
Independent reflections 10,580 RAll = 0.0419 5415 RAll = 0.0353
Completeness to h = 27.50� 97.5% 96.2%
Absorption correction Multi-scan Multi-scan
Final R indices [I > 2r(I)] R1 = 0.0672,

wR2 = 0.1771
R1 = 0.0537,
wR2 = 0.1613

R indices (all data) R1 = 0.1290,
wR2 = 0.2095

R1 = 0.0651,
wR2 = 0.1878

Goodness-of-fit on F2 1.013 0.921

Table 2
Selected bond lengths (Å) and angles (�) for compound 4a.

Bond Dist. Bond Dist.

Br(1)AC(17) 1.896(6) Br(2)AC(42) 1.891(4)
N(1)AC(11) 1.288(5) Fe(2)AC(28) 2.054(6)
N(1)AN(2) 1.402(5) Fe(2)AC(28) 2.054(6)
N(2)AC(20) 1.342(6) Fe(2)AC(28) 2.054(6)
N(1)AC(3) 2.060(6) Fe(2)AC(28) 2.054(6)
O(1)AC(11) 1.296(5) N(1)AN(2) 1.402(4)
O(3)AC(27) 1.328(5) O(3)AC(28) 1.444(5)
N(2)AC(24) 1.358(5) N(2)AC(13) 1.475(5)
O(1)AC(24) 1.223(5) O(2)AC(27) 1.191(6)
C(9)AC(11) 1.464(5) C(11)AC(12) 1.496(5)
C(12)AC(13) 1.532(5) C(13)AC(14) 1.507(5)

Angles (�) Angles (�)
C(18)AC(17)ABr(1) 121.0(6) C(43)AC(42)ABr(2) 120.2(3)
C(16)AC(17)ABr(1) 117.8(6) C(41)AC(42)ABr(2) 118.6(4)
C(20)AN(1)AN(2) 122.2(4) C(36)AN(3)AN(4) 107.4(3)
C(20)AN(2)AC(13) 125.5(4) C(45)AN(4)AN(3) 122.7(4)
N(1)AN(2)AC(13) 112.3(4) C(45)AN(4)AC(38) 125.6(4)
C(11)AN(1)AN(2) 107.3(4) N(3)AN(4)AC(38) 111.6(3)
C(23)AO(2)AC(24) 118.9(5) C(48)AO(5)AC(49) 116.8(6)
N(1)AC(11)AC(1) 123.0(4) N(3)AC(36)AC(26) 122.6(4)
N(1)AC(11)AC(12) 113.2(4) N(3)AC(36)AC(37) 113.2(4)
C(1)AC(11)AC(12) 123.8(4) C(26)AC(36)AC(37) 124.1(4)
C(11)AC(12)AC(13) 102.1(4) C(36)AC(37)AC(38) 101.9(3)
N(2)AC(13)AC(14) 111.6(4) N(4)AC(38)AC(39) 110.7(4)
N(2)AC(13)AC(12) 99.7(4) N(4)AC(38)AC(37) 100.4(3)
C(14)AC(13)AC(12) 110.9(4) C(39)AC(38)AC(37) 111.7(4)
O(1)AC(20)AN(2) 120.3(4) O(4)AC(45)AN(4) 120.2(4)
O(1)AC(20)AC(21) 122.6(4) O(4)AC(45)AC(46) 124.2(4)
N(2)AC(20)AC(21) 117.1(4) N(4)AC(45)AC(46) 115.6(4)
C(22)AC(21)AC(20) 113.0(4) C(45)AC(46)AC(47) 111.9(4)
C(21)AC(22)AC(23) 113.1(4) C(48)AC(47)AC(46) 113.8(5)
O(3)AC(23)AO(2) 123.7(5) O(6)AC(48)AO(5) 122.8(6)
O(3)AC(23)AC(22) 125.5(5) O(6)AC(48)AC(47) 126.2(5)
O(2)AC(23)AC(22) 110.8(5) O(5)AC(48)AC(47) 111.0(5)
C(24)AC(25)AO(2) 112.4(4) C(50)AC(49)AO(5) 114.3(8)

Table 3
Selected bond lengths (Å) and angles (�) for compound 4b.

Bond Dist. Bond Dist.

N(1)AC(11) 1.296(5) N(1)AN(2) 1.402(4)
O(3)AC(27) 1.328(5) O(3)AC(28) 1.444(5)
N(2)AC(24) 1.358(5) N(2)AC(13) 1.475(5)
O(1)AC(24) 1.223(5) O(2)AC(27) 1.191(6)
C(9)AC(11) 1.464(5) C(11)AC(12) 1.496(5)
C(12)AC(13) 1.532(5) C(13)AC(14) 1.507(5)

Angles (�) Angles (�)
C(11)AN(1)AN(2) 106.2(3) C(27)AO(3)AC(28) 115.8(4)
C(24)AN(2)AN(1) 122.2(3) C(24)AN(2)AC(13) 125.3(3)
N(1)AN(2)AC(13) 112.2(3) N(1)AC(11)AC(9) 122.4(3)
N(1)AC(11)AC(12) 114.4(3) C(9)AC(11)AC(12) 123.3(3)
C(11)AC(12)AC(13) 101.1(3) N(2)AC(13)AC(14) 110.6(3)
N(2)AC(13)AC(12) 100.2(3) C(14)AC(13)AC(12) 110.4(3)
O(1)AC(24)AN(2) 121.0(4) O(1)AC(24)AC(25) 123.1(4)
N(2)AC(24)AC(25) 115.9(4) C(24)AC(25)AC(26) 111.6(4)
C(27)AC(26)AC(25) 112.8(4) O(2)AC(27)AO(3) 122.6(5)
O(2)AC(27)AC(26) 125.4(4) O(3)AC(27)AC(26) 112.0(4)
O(3)AC(28)AC(29) 107.1(4)
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structure of compound 4b. The bond length (4b) of N(2)AC(24)
is 1.358 Å, which is shorter than the N(2)AC(13) single bond
distance (1.475 Å) and longer than the N(1)=C(11) double bond
distance (1.296 Å), at the same time the N(1)AN(2) distance
(1.402 Å) is shorter than the corresponding NAN single bond
(1.460 Å). Similarity, the C(9)AC(11) distance is 1.465 Å shorter
than the length of C(13)AC(14) (1.507 Å).Thus, it can indicate
that there is a conjugated system in 4b between the C(24),
N(2), N(1), C(11) and the Cp ring of FcI, owing to the strong
electron-withdrawing carbonyl group has a greater effect on FcI

than on FcII.
Crystal packing of 4b is shown in Fig. 3b. It can be seen that the

adjacent molecules are stacked along the c axis through the edge-
to-face interactions (the distance of CAH� � �p is 2.703 Å) and the
weak hydrogen bond of C(2)AH(2)� � �O(2) (the length of
H(2)� � �O(2) is 2.493 Å). Meanwhile 4b is self-assembled by the off-
set face-to-face interactions between C(10) and C(11) of neighbor-
ing molecules (the distance of C(10)� � �C(11) is 3.284 Å) to form 2D
supramolecular structure along the a axis. A similar structural
arrangement of 4a was seen in Fig. 3a, the adjacent molecules
are held together by the hydrogen bond of C(19)AH(19)� � �O(4) or
C(44)AH(44)� � �O(1) (the length of H(19)� � �O(4) and H(44)� � �O(1)
is 2.461 Å, 2.504 Å, respectively) and the p� � �p stacking interaction
(the distance of Pz� � �Cp is 3.365 Å).
3.3. Electrochemistry and quantum-chemical calculations

The electrochemical behaviors of compounds 4a (see Support-
ing information) and 4b (c = 10�3 M) were investigated by the cyc-
lic voltammetric technique in acetonitrile containing [n-Bu4N]PF6

(c = 0.10 M) as a supporting electrolyte at 25 �C. In order to explain
the two redox processes of compound 4b, we focused our attention
on its electrochemical behaviors (Scheme 2).
As it can be seen from Fig. 4 and Table 4, the redox potentials of
4b were slightly influenced by the scan rate in a range from 0.1 to
0.8 V/s. The cyclic voltammogram of compound 4b shows two qua-
si-reversible oxidation waves at EII

1=2 of 0.472 V and EI
1=2 of 0.605 V.

The first one-electron wave (EII
1=2) corresponds to FeII(II) M FeII(III)

oxidation and the second one-electron wave (EI
1=2) to FeI(II) M

FeI(III) oxidation. The difference between the values of these two
potentials is arising from the strong electron-withdrawing effect
of the carbonyl group.



Fig. 3. (a) Cell packing diagram of 4a (viewed down the a axis). (b) Cell packing diagram of 4b (viewed down the c axis).

Fig. 4. Cyclic voltammetry of compound 4b at different scan rates (0.1, 0.2, 0.4, 0.6,
0.8 V/s) in acetonitrile.

Table 4
The electrochemical data at the scan rate of 0.1 V/s.

Compound Epa
a (V) Epc

b (V) E1/2
c (V) DEp

d (V) DE1/2
e (V)

Fc 0.517 0.404 0.461 0.113
4a 0.652 0.579 0.616 0.073
4b I 0.641 0.569 0.605 0.072 0.133

II 0.507 0.437 0.472 0.070

a Epa: anodic oxidation potential.
b Epc: cathodic reduction potential.
c E1/2: half-wave potential, E1/2 = (Epa + Epc)/2.
d DEp = Epa � Epc.
e DE1=2 ¼ EI

1=2 � EII
1=2.
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DFT computational studies were performed to verify the
electron transfer mechanism of 4b (Fig. 5a). The schematic
representation of the molecular frontier orbitals of 4b was exhib-
ited in Fig. 5b. From Fig. 5b, we can see that the HOMO
(�5.34 eV) and HOMO-1 (�5.36 eV) of 4b are dominated by the
ferrocene unit II, while the HOMO-2 (�5.68 eV) and HOMO-3
(�5.81 eV) consist of orbitals on the ferrocene unit I moiety. These
results conform to the electrochemical behavior of 4b.

In addition, the effect of scan rate was investigated (Fig. 4), both
the anodic and cathodic peak currents are linear to the square root
of scan rates (v1/2) in the range of 0.1–0.8 V/s, which indicating a
diffusion-controlled process [30].



Fig. 5. (a) The structure of compound 4b optimized by theoretical calculations. (b) Energy diagram of the first four HOMOs of compound 4b (B3LYP/LANL2DZ).
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4. Conclusion

Two dihydropyrazole-bridged ferrocenyl-substituted deriva-
tives were successfully synthesized in high yields. The crystal
arrangements of title compounds were promoted by weak hydro-
gen-bonding interactions and p–p stacking interactions between
neighboring molecules to form 2D supramolecular structure.
Furthermore, electrochemical investigations showed that two
quasi-reversible oxidation waves were controlled by diffusion.
The difference between the values of two potentials in compound
4b is arising from the strong electron-withdrawing effect of the
carbonyl group. DFT calculation results explain the electron trans-
fer mechanism of typical compound 4b.
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Appendix A. Supplementary material
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synthesized compounds see Supporting Information. Crystallo-
graphic data for the structural analysis have been deposited with
the Cambridge Crystallographic Data Center, CCDC 853434 and
800388 for compounds 4a and 4b, respectively. Copies of this
information can be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44 1223
336033; email: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk). Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/10.1016/j.
molstruc.2012.05.026.

References

[1] M. Zora, A. Kivrak, C. Yazici, J. Org. Chem. 76 (2011) 6726–6742.
[2] Z. Jin, A. Huo, T. Liu, Y. Hu, J. Liu, J. Fang, J. Organomet. Chem. 690 (2005) 1226–

1232.

http://www.ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk
http://dx.doi.org/10.1016/j.molstruc.2012.05.026
http://dx.doi.org/10.1016/j.molstruc.2012.05.026


46 H.-D. Li et al. / Journal of Molecular Structure 1024 (2012) 40–46
[3] G.T. Cin, S. Demirel, A. Cakici, J. Organomet. Chem. 696 (2011) 613–621.
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[5] Y.-C. Shi, H.-M. Yang, W.-B. Shen, C.-G. Yan, X.-Y. Hu, Polyhedron 23 (2004) 15–

21.
[6] E. Maccioni, S. Alcaro, F. Orallo, M.C. Cardia, S. Distinto, G. Costa, M. Yanez, M.L.

Sanna, S. Vigo, R. Meleddu, D. Secci, Eur. J. Med. Chem. 45 (2010) 4490–4498.
[7] E. Masumoto, H. Maruoka, F. Okabe, S. Nishida, Y. Yoshimura, T. Fujioka, K.

Yamagata, J. Heterocycl. Chem. 48 (2011) 96–104.
[8] Z. Xie, X. Mo, G. Liu, F. Liu, J. Heterocycl. Chem. 45 (2008) 1485–1488.
[9] Y. Suzuki, S. Naoe, S. Oishi, N. Fujii, H. Ohno, Org. Lett. 14 (2011) 326–329.

[10] M.A.P. Martins, D.N. Moreira, C.P. Frizzo, P.T. Campos, K. Longhi, M.R.B.
Marzari, N. Zanatta, H.G. Bonacorso, J. Mol. Struct. 969 (2010) 111–119.

[11] N.V. Kulkarni, A. Kamath, S. Budagumpi, V.K. Revankar, J. Mol. Struct. 1006
(2011) 580–588.

[12] G.-Z. Zhao, L.-J. Chen, C.-H. Wang, H.-B. Yang, K. Ghosh, Y.-R. Zheng, M.M.
Lyndon, D.C. Muddiman, P.J. Stang, Organometallics 29 (2010) 6137–6140.

[13] M. Pawlak, E. Grygolowicz-Pawlak, E. Bakker, Anal. Chem. 82 (2010) 6887–
6894.

[14] C.B. Jacobs, M.J. Peairs, B.J. Venton, Anal. Chim. Acta 662 (2010) 105–127.
[15] J.M. Casas-Solvas, E. Ortiz-Salmerón, J.J. Giménez-Martínez, L. García-Fuentes,

L.F. Capitán-Vallvey, F. Santoyo-González, A. Vargas-Berenguel, Chem. Eur. J.
15 (2009) 710–725.

[16] C. Valério, J.-L. Fillaut, J. Ruiz, J. Guittard, J.-C. Blais, D. Astruc, J. Am. Chem. Soc.
119 (1997) 2588–2589.

[17] Y. Gao, H.-D. Li, C.-F. Ke, L.-L. Xie, B. Wei, Y.-F. Yuan, Appl. Organomet. Chem.
25 (2011) 407–411.

[18] Q. Zhang, W.-L. Song, A.M. Showkot Hossain, Z.-D. Liu, G.-J. Hu, Y.-P. Tian, J.-Y.
Wu, B.-K. Jin, H.-P. Zhou, J.-X. Yang, S.-Y. Zhang, Dalton Trans. 40 (2011)
3510–3516.
[19] B. Wei, Y. Gao, C.-X. Lin, H.-D. Li, L.-L. Xie, Y.-F. Yuan, J. Organomet. Chem. 696
(2011) 1574–1578.

[20] G.M. Sheldrick, Acta Crystallogr. A64 (2008) 112–122.
[21] A.D. Becke, J. Chem. Phys. 98 (1993) 1372.
[22] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785–789.
[23] P.J. Stephens, F.J. Devlin, C.F. Chabalowski, M.J. Frisch, J. Phys. Chem. 98 (1994)

11623–11627.
[24] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 270–283.
[25] W.R. Wadt, P.J. Hay, J. Chem. Phys. 82 (1985) 284–298.
[26] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 299–310.
[27] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

J.A. Montgomery, T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson,
H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian,
J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O.
Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, A. Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe,
P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, Gaussian
03 (Revision B.04), Gaussian, Inc., Wallingford, CT, 2004.

[28] M.G. Mamolo, D. Zampieri, V. Falagiani, L. Vio, E. Banfi, Il Farmaco 58 (2003)
315–322.

[29] T. Klimova, E.I. Klimova, M. Martinez Garcia, J.M. Méndez Stivalet, L. Ruiz
Ramirez, J. Organomet. Chem. 633 (2001) 137–142.
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