
Page 1/17

The Intramolecular Electronic Interaction Regulated
by Five-membered Heterocycle Spacer
Yuqiang Hu 

Inner Mongolia University of Technology
Limin Han 

Inner Mongolia University of Technology
Na Wang 
(

wangna_lisa@126.com
)

Baotou Teachers’ College

Research Article

Keywords: diferrocenyl derivatives, intramolecular electronic interaction properties, central heterocycle
spacer species

Posted Date: March 8th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-283721/v1

License:


This work is licensed under a Creative Commons Attribution 4.0 International
License.
 
Read Full License

https://doi.org/10.21203/rs.3.rs-283721/v1
mailto:wangna_lisa@126.com
https://doi.org/10.21203/rs.3.rs-283721/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/17

Abstract
The spacer in diferrocenyl derivatives has significant effects on intramolecular electronic interaction
properties. In this work, nine diferrocenyl five-membered heterocyclic molecules are synthesized as
models to investigate the effect of intramolecular electron-transfer properties systematically, including
2,5-diferrocenyl-1-phenyl-pyrrole (1), 2,5-diferrocenylfuran (2), 2,5-diferrocenylthiophene (3), 2,5-
diferrocenyl-1H-imidazole (4), 2,5-diferrocenyloxazole (5), 2,5-diferrocenylthiazole (6), 2,5-diferrocenyl-
1,3,4-triazole (7), 2,5-diferrocenyl-1,3,4-oxadiazole (8) and 2,5-diferrocenyl-1,3,4-thiadiazole (9). The
molecules were prepared in cyclization reaction and characterized by Elemental analysis, FT-IR, MS and
NMR. Moreover, the molecular structures of 2,5-diferrocenylthiazole and 2,5-diferrocenyl-1,3,4-oxadiazole
were determined by the single crystal X-ray diffraction. The intramolecular electronic interactions were
investigated through cyclic voltammetry in combination with density functional theory (DFT)
calculations. The results revealed that the electronic interaction decreased with the increase of
heteroatoms in central heterocycle spacer, and the electron-transfer property could be regulated by
regulate central heterocycle spacer species.

Introduction
The ferrocene (Fc) is widely used in investigating the intramolecular electron transfers due to its redox
activity and electrochemical stability, and the research on intramolecular electron transfers could provide
simple and convenient for designing prospective ferrocene-containing molecular wires and conducting
polymers1-4. Generally, two or more ferrocenyl units assembled through various conducting spacers to
construct molecular models for studying intramolecular electron transfers5, the various kind spacers
involving of the atom6, alkenyl7, alkynyl8 and various aromatic rings9. When one of ferrocene unit occur
electrochemical oxidize, an intramolecular donor-acceptor system is formed, the charge may be transfer
to the other ferrocene units through the spacers, and the spacers’ types10, structures11 and chemical
properties12 can influence the electron transfers capability. For example, when a single C atom spacer13

or a single N atom spacer14 link two-ferrocene units, the charge transfer capability of the C atom is better
than that of the N atom. In addition, diferrocenyl derivatives containing π-conjugate spacers such as the
alkenyl15 and alkynyl8, the electronic interaction capability of the alkenyl is better than that of the alkynyl.
These electronic interaction properties can be associated with the atomic outer boundaries, ionization
degree, and hybridization structure factors16-18. However, when diferrocenyl derivatives containing
aromatic rings spacers, the charge transfers are influenced by various complex factors, including metal-
metal center distance19, position of substituent20, center ring geometric properties21, topology22 and
aromatic properties23,24, which influencing factor is the primary factor of intramolecular electron transfer
is still an academic debate. In order to further explore this problem, more and more researchers are
engaged in numerous heterocycle spacers’ studies, especially the five-membered aromatic heterocycle
spacers25,26, because these spacers involves π-conjugate structure and heteroatom, which can provide
changing chemical structure for studying.
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In our research group previous works, the spacers’ charge density, properties of substituent and
coplanarity of block connections were identified as key factors of intramolecular electron-transfers27-30.
In recent work, the single-heteroatom-five-membered-heterocycle bridged diferrocenyl derivatives were
examined, which exhibited the charge transfer highly depend on the short-range heteroatom bridge31,32,
but this research had not systematically accomplished. One of inadequacies was the charge transfer
properties on the central five-membered heterocycle spacer containing two and more heteroatoms were
still unknown.

To reply the above-mentioned problem, a series of 2,5-diferrocenyl imidazole, oxazole, thiazole, triazole,
oxadiazole and thiadiazole derivatives were synthesized as model molecules in this paper (Figure 1), and
the intramolecular electron-transfers processes of these model molecules were systematically studied
through cyclic voltammetry (CV) and density functional theory (DFT) calculations. The result revealed
that the species and the numbers of heteroatom in central spacers could regulate intramolecular
electronic transfer processes.

Results And Discussion
The molecular structures and the corresponding data of 1-3 are referenced form our academic paper31.
The 4-9 were confirmed by FT-IR, 1H-NMR, 13C-NMR, Elemental analysis, and MS (corresponding data are
given in synthetic methods). The molecular structure of 6 and 8 were determined by single-crystal X-ray
diffraction and shown in Figure S1 and Figure S2. Crystal data and relevant structural parameters
enumerate in Table S1. The selected bond lengths, the selected angles and the selected torsion angles list
in Table S2 and Table S3. The molecular structure of 9 is referenced form Heinrich Lang published
academic paper33.

Electrochemistry

The redox potential of compounds 1-9 is determined through cyclic voltammetry, and the electrochemical
data is listed in Table 1. The compounds 1-6, 8 and 9 display two redox well-resolved waves in the range
of 0-0.8 V (Figure 2-4), which are assigned to the two FeII/FeIII redox couples, from the Ipa/Ipc (≈1)
values of each couple, it can be concluded that the redox processes are electrochemical reversible one-
electron-transfer processes31. The 7 as an exceptional case display one redox well-resolved wave (Figure
2), and it is electrochemical reversible two-electron-transfer process32.

The first oxidation potentials (Ea1) of ferrocenyl unit in 1-9 increase, with the increase of heteroatoms in
central five-membered heterocycle spacer (Table 1). The Ea1 of 1 is 58 mV and the Ea1 of 4 is 138 mV, the
Ea1 of 7 even increase to 344 mV, with the central heterocycle form pyrrole change into imidazole and
triazole. The Ea1 of 2, 5 and 8 are 184 mV, 328 mV and 321 mV, respectively, the central heterocycle form
furan change into oxazole and oxadiazole. The Ea1 of 3, 6 and 9 are 217 mV, 304 mV and 308 mV,
respectively, the central spacer form thiophene change into thiazole and thiadiazole. The π-conjugation
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effects of 3, 6 and 9 were investigated through comparing the dihedral angles to explore the Ea1

changing trend. The two dihedral angles formed by cyclopentadiene planes to the central thiophene plane
both are 8.93° of 3. The two dihedral angles formed by cyclopentadiene planes to the central thiazole
plane of 6 are different, the one formed by plane S1-C6-N1-C7-C8 to C1-C2-C3-C4-C5 is 3.52°, the other
formed by plane S1-C6-N1-C7-C8 to C9-C10-C16-C17-C18 is 5.30°. The two dihedral angles formed by
cyclopentadiene planes to the central thiadiazole plane both are 17.08° of 9 (Figure S3). In theory, the
smaller dihedral angle indicate more coplanarity between the cyclopentadienyl planes and the central
plane, which suggests there are stronger π-conjugation effects with each other, and the Ea1 should be

lower32. Hence, the π-conjugation effect order is 6 > 3 > 9 indicate by dihedral angles, the order of Ea1

should be 6 (Ea1=304 mV) < 3 (Ea1=217 mV) < 9 (Ea1=308 mV), but this result was disagreement with our
experiment. Therefore, the embedded N atoms in 6 and 9 debase charge density of central heterocycle
with its stronger electron withdrawing effects, and block the charge transfer between two ferrocenyl units.

The electronic communication effects of 1-9 were discussed through comparing the oxidation potential
differences (∆E) with two ferrocenyl units. The ∆E of 1 is 315 mV, the ∆E of 4 is 210 mV. However, the 7
has only one redox wave, of which ∆E cannot be measured. The ∆E of 2 is 161 mV, the ∆E of 5 is 130
mV and the ∆E of 8 is 88 mV. Moreover, the ∆E of 3 is 139 mV, the ∆E of 6 is 124 mV and the ∆E of 9 is
86 mV (Table 1), respectively. Clearly, the values of ∆E are trending downward obviously, which exhibit
the embedded N atoms in central spacers have debased electronic communication between two
ferrocenyl units.

In general, the shorter distance of bimetal center indicated stronger electrostatic interaction and express
larger ∆E19,31. However, the order of Fe1-Fe2 distance is 1 (8.518 Å)> 6 (8.420 Å) > 9 (8.047 Å) > 3 (7.084
Å)> 2 (6.599 Å) > 8 (6.581 Å) measured from crystal structure (Figure S4), which is disagreement with the
∆E variation trend 9 (86 mV) < 8 (88 mV) < 6 (124 mV) < 3 (139 mV) < 2 (161 mV) <1 (315 mV) in our
experiment. Hence, the electronic communication of 1-9 is not affected by the Fe-Fe distance.

The π-conjugation effect of ∆E was discussed by crystal structure data. The torsion angles Fe1-C1-C11-
O1 (-80.05°) and Fe1′-C1′-C11′-O1 (80.05°) of 231 are bigger than torsion angles O1-C13-14-Fe1 (-66.93°)
and O1-C12-C9-Fe2 (73.20°) of 8 (Table S3), which express the π-conjugation effect of diferrocenyl and
central spacer is stronger in 2 than in 8, the electronic communication is stronger in 2 (∆E=161 mV) than
in 8 (∆E=88 mV). In theory, the stronger π-conjugation effects indicate the better electronic
communication between two ferrocenyl units32. However, the π-conjugation effect deduced by torsion
angles is 6 (Table S3) > 331 > 933, the electronic communication order should be 6 (∆E=124 mV) > 3
(∆E=139 mV) > 9 (∆E=86 mV), but this result is not inagreement with our experiment, which indicates the
embedded N atoms in central spacer is more important than π-conjugation effect for electronic
communication.

NMR studies confirmed that the aromaticity of central spacers not affect electronic communication. The
β-H chemical shifts of 1-6 are 6.383 ppm, 6.152 ppm, 6.806 ppm, 7.272 ppm, 6.941 ppm and 7.523 ppm
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(Figure S5-S10), respectively. Hence, the aromaticity order of centre heterocycle is 6 > 4 > 5 > 3 > 1 > 2. In
theory, the central spacer bridge has stronger aromatic properties, and there is more strongly intermetallic
electron transfer interaction35,36. The order of ∆E value should be 6 > 4 > 5 > 3 > 1 > 2 according to
aromaticity. However, this result is also not consistent with experiment. Furthermore, the NMR studies
cannot be used in confirming the aromaticity of 7, 8 and 9, because there have no C-H bonds in central
heterocycle. Consequently, the central spacers’ aromaticity confirmed by using the Nucleus Independent
Chemical Shifts (NICS)37,38. The NICS are -14.7369, -14.0069, -14.0642, -12.6821, -12.1474, -11.5493,
-19.8319, -19.6180 and -20.4250 corresponding to pyrrole, imidazole, triazole, furan, oxazole, oxadiazole,
thiophene, thiazole and thiadiazole, respectively. Hence, the aromaticity order is thiadiazole > thiophene >
thiazole > pyrrole > triazole > imidazole > furan > oxazole > oxadiazole, and the ∆E order should be 9 > 3 >
6 > 1 > 7 > 4 > 2 > 5 > 8 deduce by NICS. However, it is not consistent with the ∆E variation trend 7 (none
∆E) < 9 (86 mV) < 8 (88 mV) < 6 (124 mV) < 5 (130 mV) < 3 (139 mV) < 2 (161 mV) < 4 (210 mV) < 1 (315
mV) in this work (Table 1). The NMR and NICS studies confirm that the aromaticity of the central spacers
not affect the electronic communication.

The Natural Bond Orbital charge (NBO charge) population of heteroatom studies confirmed that
electronic communication was highly affected by shorter heteroatom-linked bridge (Table 2). The NBO
charges of N bridge in 1, 4 and 7 are -0.36285e, -0.54737e and -0.56883e; the NBO charges of O bridge in
2, 5 and 8 are -0.45454e, -0.46470e and -0.47372e; the NBO charges of S bridge in 3, 6 and 9 are
0.43772e, 0.40189e and 0.36804e, respectively. According to Allen electronegativity theory39, the
electronegativity values of C, N, O and S are 2.50, 3.07, 3.50 and 2.44 respectively. Therefore, the NBO
charges of N and O atom are negative value; the NBO charge of S atom is positive value. Therefore, the
embedded N atoms located in the 3,4-position of central spacer have stronger electron withdrawing
effects to debase density of heterocyclic.

The shorter heteroatom-linked bridge NBO charge negative mobile made the electronic communication
abated when molecules structure established by deliberately designed (Figure 5). The other atoms NBO
charges in central spacer have no obvious relationship with electronic communication (Table S4). Hence,
the electronic communication capacity was highly depend on shorter heteroatom-linked bridge NBO
charge, this conclusion was consistent with our previous work31, and the shorter heteroatom-linked bridge
NBO charges was influenced by the molecules structure of central heterocyclic. This work revealed that
the electrochemical interaction receded with increase the heteroatom number in central heterocycle
spacer, and the electronic interaction could be artificial regulated by modified molecular structure of
central heterocycle spacer.

In conclusion, nine 2,5-diferrocenyl five-membered derivatives have been discussed deeply as the
systematic electrochemical model. The results revealed electronic interaction had non-significant
relationship with the distance of bimetal, π-conjugation effect and aromaticity of the central heterocyclic.
The N atoms located in the 3,4-position of center heterocyclic could severe regulate the electronic transfer
between two ferrocenyl units, and the intramolecular electronic interaction receded with the increase of
heteroatom in centre heterocycle spacer.
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Methods
Materials

All operations were carried out in an atmosphere of purified argon. All solvents were dried and distilled
according to standard procedures. The reactions were monitored by thin-layer chromatography (TLC). 2-
bromoacetyl-ferrocene40, 1,2-bis(ferrocenecarbonyl)hydrazine41,42, ferrocenecarbonyl-hydrazine43, N-
(Ferrocenecarbonylmethyl)ferrocenecarboxamide44, ferroceneamidine45,46 and cyanoferrocene47 were
prepared according to literature methods, and the solvents were commercially available. The 1-3 synthetic
method have been report in our previous work31. The 4-9 were synthesized through cyclization reaction
and the schematic preparation procedure of compounds (Figure 6) and characterization data are
summarized in synthetic methods.

Characterization methods.

Cyclic voltammetry was performed on a platinum disk electrode in a dichloromethane solution of 1-9 with
tetra-n-butylammonium hexafluorophosphate [NBu4] [PF6] (0.1 M) as the supporting electrolyte, at a scan

rate of 100 mV s-1. The reference electrode was an Ag/Ag+ electrode and the auxiliary electrode was a
coiled platinum wire. Oxygen was purged from the one-compartment cell before each electrochemical
run. The geometry optimizations and DFT calculations of 1-9 were undertaken using the B3LYP
functional and 6-31G* basis set combination.

Synthetic methods.

2,5-diferrocenyl-1H-imidazole (4): Ferroceneamidine (120.1 mg, 0.53 mmol), 2-bromoacetyl-ferrocene
(200.5 mg, 0.65 mmol), K2CO3 (75.1 mg, 0.57 mmol) and THF (25 ml) were added to a shrek reactor
under atmosphere of pure argon stirred at 90 °C for 24 h. The reaction solution was cooled to room
temperature, the solvent removed in vacuo, and the residue was subjected to chromatographic separation
on a silica gel column (2.0×30 cm) using a mixture of dichloromethane/petroleum ether (1/1, v/v) to elute
the product at room temperature. The first orange band was unreacted 2-bromoacetyl-ferrocene. The
second orange band was compound 4 (120.2 mg). Yield: 27.5%, m.p. 218-220 °C. Anal. Calcd for
C23H20N2Fe2: C, 63.34; H, 4.62; N, 6.42. Found: C, 63.77; H, 4.71; N, 7.01%. IR (KBr disk): 3083 cm-1 [Cp, νC-

H]; 1612 cm-1 [Cp, νC=C]; 1432 cm-1 [C3H2N2, νN=C]; 1414 cm-1 [C3H2N2, νC=C]; 1104, 1000 cm-1 [Cp, δC-H];

809 cm-1 [Cp, γC-H]. 1H-NMR (CDCl3, δ): 12.48 (s, 1H, C3H2N2), 7.27 (s, 1H, C3H2N2), 4.25-4.72 (m, 18H, Cp).
13C-NMR (CDCl3, δ): 161.32, 161.15 (Ci-C3H2N2), 117.39 (C3H2N2), 77.26, 77.00, 76.75, 70.61, 70.45,

69.56, 69.35, 69.17, 68.05 (Cp). MS (ESI, relative abundance): 437.1 (M+1+, 100%).

2,5-diferrocenyloxazole (5): N-(Ferrocenecarbonylmethyl)ferrocenecarboxamide (223.2 mg, 0.5 mmol)
and pyridine (20 ml) were a shrek reactor in atmosphere of pure argon stirred at 0 °C for 0.5 h, then POCl3
(0.5 ml, 5.0 mmol) was added to reactor stirred at room temperature (20 °C for 12 h. The reaction solution
poured into crushed ice, then the solvent and the precipitate extracted by ethyl acetate (15 ml×3), and
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then the organic phase removed in vacuo. And the residue was subjected to chromatographic separation
on silica gel column (2.0×30 cm) using a mixture of dichloromethane/petroleum ether (1/1, v/v) to elute
the product at room temperature. The first orange band was compound 5 (131.6 mg). Yield: 59.9%, m.p.
158-160 °C. Anal. Calcd for C23H20NOFe2: C, 63.20; H, 4.38; N, 3.20. Found: C, 63.54; H, 4.11; N, 3.51%. IR

(KBr disk): 3098 cm-1 [Cp, νC-H]; 1613 cm-1 [Cp, νC=C]; 1588 cm-1 [C3HNO, νN=C]; 1409 cm-1 [C3HNO, νC=C];

1105, 1001 cm-1 [Cp, δC-H]; 815 cm-1 [Cp, γC-H]. 1H-NMR (CDCl3, δ): 6.94 (s, 1H, C3HNO), 4.17-4.96 (m, 18H,

Cp). 13C-NMR (CDCl3, δ): 162.18, 150.16 (Ci-C3HNO), 122.18 (C3HNO), 77.29, 77.04, 76.78, 69.63, 69.28,

68.67, 67.77, 66.40, 66.38, 65.70 (Cp). MS (ESI, relative abundance): 437.1 (M+, 100%).

2,5-diferrocenylthiazole (6): N-(Ferrocenecarbonylmethyl)ferrocenecarboxamide (222.8 mg, 0.5 mmol),
lawessons reagent (244.1 mg, 0.6 mmol) and THF (20 ml) were added to a shrek reactor in atmosphere
of pure argon stirred at 80 °C for 12h. The reaction solution was cooled to room temperature, then the
solvent removed in vacuo, and the residue was subjected to chromatographic separation on silica gel
column (2.0×30 cm) using a mixture of dichloromethane/petroleum ether (1/1, v/v) to elute the product
at room temperature. The first orange band was compound 6 (177.0 mg). The single crystal of 6 was
obtained through recrystallizing from hexane/dichloromethane (4/1, v/v) at low temperature (-15 °C).
Yield: 78.1%, m.p. 221-223 °C. Anal. Calcd for C23H20NSFe2: C, 60.96; H, 4.23; N, 3.09. Found: C, 59.54; H,

4.61; N, 3.52%. IR (KBr disk): 3090 cm-1 [Cp, νC-H]; 1543 cm-1 [Cp, νC=C]; 1470 cm-1 [C3HNS, νN=C]; 1259 cm-

1 [C3HNS, νC=C]; 1104, 1029 cm-1 [Cp, δC-H]; 813 cm-1 [Cp, γC-H]. 1H-NMR (CDCl3, δ): 7.52 (m, 1H, C3HNS),

4.14-4.88 (m, 18H, Cp). 13C-NMR (CDCl3, δ): 162.82, 136.51 (Ci-C3HNS), 137.59 (C3HNS), 77.27, 77.02,
77.76, 71.22, 71.06, 70.25, 70.07, 69.96, 69.31, 68.74, 68.00, 66.72 (Cp). MS (ESI, relative abundance):
453.0 (M+, 100%).

2,5-diferrocenyl-1,3,4-triazole (7): Cyanoferrocene (211.1 mg, 1.0 mmol), sodium methoxide (216.3 mg,
4.0 mmol) and methanol (20 ml) were added to a shrek reactor in atmosphere of pure argon stirred at 75
°C for 24 h, and then ferrocenecarbonyl-hydrazine (244.2 mg, 1.0 mmol) was added to reactor stirred at
75 °C for 24 h. The reaction solution was poured into crushed ice, then the solvent and the precipitate
were extracted by ethyl acetate (25 ml×5), and then the organic phase was removed in vacuo. And the
residue was subjected to chromatographic separation on silica gel column (2.0×20 cm) using a mixture
of dichloromethane/petroleum ether (1/1, v/v) to elute the product at room temperature. The first yellow
band was unreacted cyanoferrocene. The second orange band was compound 7 (301.2 mg). Yield:
68.8%, m.p. 194-196 °C Anal. Calcd for C22H19N3Fe2: C, 60.45; H, 4.38; N, 9.61. Found: C, 61.07; H, 4.79; N,

10.01%. IR (KBr disk): 3111 cm-1 [Cp, νC-H]; 1648 cm-1 [Cp, νC=C]; 1471 cm-1 [C2HN3, νN=C]; 1104, 1025 cm-1

[Cp, δC-H]; 827 cm-1 [Cp, γC-H]. 1H-NMR (CDCl3, δ): 12.11 (s, 1H, C2HN3), 4.89-4.33 (m, 18H, Cp). 13C-NMR
(CDCl3, δ): 173.58 (Ci-C2HN2), 71.31, 71.82, 71.80, 71.19, 71.17, 70.99, 7.041, 70.09, 69.80, 69.70, 68.85

(Cp). MS (ESI, relative abundance): 437.1 (M+, 100%).

2,5-diferrocenyl-1,3,4-oxadiazole (8): 1,2-bis(ferrocenecarbonyl)hydrazine (228.1 mg, 0.5 mmol) and
pyridine (20 ml) were added to a shrek reactor in atmosphere of pure argon stirred at 0 °C for 0.5 h, then
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POCl3 (0.5 ml, 5.0 mmol) was added to reactor stirred at room temperature (20 °C) for 12 h. The reaction
solution was poured into crushed ice, then the solvent and the precipitate were extracted by ethyl acetate
(20 ml×3), and then the organic phase was removed in vacuo. And the residue was subjected to
chromatographic separation on silica gel column (2.0×20 cm) using a mixture of
dichloromethane/petroleum ether (1/1, v/v) to elute the product at room temperature. The first orange
band was compound 8 (155.4 mg), and the single crystal of 8 was obtained through recrystallizing from
hexane/dichloromethane (4/1, v/v) at low temperature (-15 °C). Yield: 70.7%, m.p. 216-219 °C. Anal. Calcd
for C22H18N2OFe2: C, 60.32; H, 4.14; N, 6.39. Found: C, 60.64; H, 4.46; N, 6.77%. IR (KBr disk): 3111 cm-1

[Cp, νC-H]; 1604 cm-1 [Cp, νC=C]; 1579 cm-1 [C2N2O, νO-C]; 1457 cm-1 [C2N2O, νN=C]; 1104, 1025 cm-1 [Cp, δC-

H]; 809 cm-1 [Cp, γC–H]. 1H-NMR (CDCl3, δ): 5.00-4.21 (m, 18H, Cp). 13C-NMR (CDCl3, δ): 165.97 (Ci-C2N2O),

77.33, 77.08, 76.82, 70.70, 69.84, 67.97, 66.89 (Cp). MS (ESI, relative abundance): 438.0 (M+, 100%).

2,5-diferrocenyl-1,3,4-thiadiazole (9): 1,2-bis(ferrocenecarbonyl)hydrazine (228.0 mg, 0.5 mmol),
lawessons reagent (244.3 mg, 0.6 mmol) and THF (20 ml) were added to a shrek reactor under
atmosphere of pure argon stirred at 80 °C for 12 h. The reaction solution was cooled to room temperature,
then the solvent was removed in vacuo, and the residue was subjected to chromatographic separation on
silica gel column (2.0×20 cm) using a mixture of dichloromethane/petroleum ether (1/1, v/v) to elute the
product at room temperature.. The first orange band was compound 9 (189.0 mg). The single crystal of 9
was obtained through recrystallizing from hexane/dichloromethane (4/1, v/v) at low temperature (-15 °C).
Yield: 83.2%, m.p. 206-212 °C Anal. Calcd for C22H18N2SFe2: C, 58.18; H, 3.99; N, 6.17. Found: C, 59.22; H,

4.22; N, 6.55%. IR (KBr disk): 3093 cm-1 [Cp, νC-H]; 1572 cm-1 [Cp, νC=C]; 1518 cm-1 [C2N2S, νS-C]; 1410 cm-1

[C2N2S, νN=C]; 1104, 1000 cm-1 [Cp, δC-H]; 820 cm-1 [Cp, γC-H]. 1H-NMR (CDCl3, δ): 5.00-4.18 (m, 18H, Cp).
13C-NMR (CDCl3, δ): 167.75, 165.95 (Ci-C2N2S), 77.28, 77.03, 76.78, 74.08, 70.68, 70.58, 70.34, 69.82,

68.89, 67.96, 66.87 (Cp). MS (ESI, relative abundance): 454.0 (M+, 100%).
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Figure 1

The structural formulas of 1-9
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Figure 2

The cyclic voltammograms of 1, 4 and 7

Figure 3
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The cyclic voltammograms of 2, 5 and 8

Figure 4

The cyclic voltammograms of 3, 6 and 9
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Figure 5

The relationship of shorter heteroatom-linked bridge NBO charge with electronic communication of 1-9

Figure 6

The schematic preparation procedure of compounds
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