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SYNTHESIS, ELECTROCHEMISTRY AND CRYSTAL STRUCTURE OF
A NOVEL CIS-CONFIGURATION BIFERROCENE TRINUCLEAR
NICKEL (I ) COMPLEX

Liu Yongjiang® Liu Zehua Wu Dehong
(Courdination Chemustry Institute , State Key Laboratory of Courdinatwn Chemustry ,
Nanjing | mversity, Nanjmg 210093)

The Synthesis and characterization of a novel biferrocene trinuclear nickel ( I ) complex with
Schiff base ligand, S-methyl-N (ferrocenyl-1-methyl-methylidene) dithiocarbazate (hereafter abbrevi-
ate as HL), are described, X-ray diffraction studies established that the coordinated geometry of
Ni( I ) is close to square planar and in novel cis-configuration with two ferrocene moieties in the same
side. Electrochemical measurements suggest that the square planar configuration cf the Ni( I ) can ef-

fectively transmit the redox effects of the ferrocenc inoieties.
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0 Introduction

Bridged biferrocenes have been proven to be good candidates for mixed-valence compounds owing
to their variability in structure and suitability for study with several physical techniques such as * Fe
Mdssbauer spectra, EPR, Near-IR and IR spectral!*?), It has been postulated that the intervalence
transfer may be accomplished in two different ways, through ligand and through spacel®. The first
take places through a bridge or a single bond between the ligands of two ferrocene units. The second oc-
curs via direct metal-metal interaction. It is often difficult to determine which mechanism is dominant
in a particular case. By the proper choice of model system, one should be able to distinguish qualitative- .
ly as to which is mote important mechanism for electron transfer in the ferrocene-ferricenium system.

1t is the purpose of this paper to report the design, synthesis and structural characterization of met-
al bridged biferrocene trinuclear nickel ( I ) complex derived from the schiff-base ligand, HL, S-
methyl-N- (ferrocenyl- 1-methyl-methylidene)- dithiocarbazate, the relative long iron-iron distance
could minimize the through space interaction, the extensive electron delocalization of the whole
molecule might maximize the through ligand interaction, and the variety coordination configuration of
different bridging metal moieties can also help us to determine the possible mechanism of the electron

transfer.
1 Experimental

1.1 General comments

All chemicals are reagent grade and used without further purification. S-methyl-dithiocarbazate
was synthesized according to the literature method™*). Electronic absorption spectra were obtained on a
Shimadzu 3100 spectrophotometer in dichloromethane solution. Solid state electronic spectra were ob-
tained by reflectance technique on a Shimadzu UV-240 spectrophotometer using MgO as reference ma-
terial. IR spectra were recorded on a Nicolet FT-IR 170SX instrument (KBr discs) in the 400-400
cm ™! region, The far-IR spectra (500-100 em™') were recorded in Njuol mills between polyethylene
sheets. Elemental analyses of carbon, nitrogen, and hydrogen were performed on a Perkin-Elmer 240
analytical instrument.
1. 2 Synthesis of the free liand [ Cp,FeC(CH;)NNHCSSCH;, HL

Five drops of acetic acid were added to a mixture of S-methyl-dithiocarbazate (1.22 g, 10
mmol) and acetylferrocene (2. 28 g, 10 mmol) in refluxing ethanol (50 mL). The solution was fur- .
ther refluxed for 2 h and on cooling a red-brown solid was formed. The solid was collected by filtra-
tion and washed with ethanol and dried under vacuum. Yield, 2. 80 g(85%). Anal. Found. C,
50.8; H, 4.8; N, 7.9. CyH;(N,S,Fe Cale. :C,50.6;H,4.8; N, 8.4%.
1.3 Synthesis of the metal complex ,NiL, -

Ethanol solutions (25 mL) of the ligand (0. 66 g, 2 mmol) and Ni(CH3C0O0),4H,0(0. 24 g, 1

mmol) were mixed. The brown crystalline solid formed after refluxing for 4 h was collected by filtra-
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tion, washed with ethanol and dried under vacuum. Yield 0.50 g(69%). Anal. Found. C, 46.7;
H, 4.5; N, 7.5. CxHiN,S;Fe;Ni Cale. ; C, 46.6; H, 4.2; N, 7.8%.
1.4 Electrochmeistry measurements

Differential-pulse voltammetry was done with an EG and GPAR model 273 instrument, which
has a 50ms pulse width, with current sampled 40ms after the pulse was applied. A sweep rate of 2
mV /s was used in all pulse experiments with a drop time of 0. 5s. Cyclic voltammetry were also per-
formed using EG and GPAR model 273 potentiostats, in conjunction with a three-electrodes cell fits
with a purged dinitrogen gas inlet and outlet, a platinum-wire working electrode. The potentials quot-
ed in this work are relative a Ag/AgCl electrode at 25'C and a platinum auxiliary electrode. Current-
potential curves were displayed on an IBM computer using model 270 electrochemical analysis soft-
ware. Data were recorded on a Hewlett-Packard recorder. The voltammograms of the complexes were
obtained in dichloromethane with n-Bu,;NC10,(0. 1 mol « dm*) as the electrolyte and ferrocene (2. 0
X 10 *mol + dm™?) as internal standard.

1.5 X-ray data collection and solution

The relevant crystal data and structural parameters are summarized in Table 1. The intensities
were collected at 294K on a Rigaku RAXIS-IIC imaging- plate diffractmeter using MoKa radiation
(A=0.71073 A ) from a rotating-anode generator operating at 50 kV and 90 mA (26..=55. 0°), 60
oscillation frames and in the range of 0~ 180°, exposure 8 min per frame for the complex[®-¢J,

The structure of title compound was solved by the direct methods. All non-hydrogen atoms were
refined anisotropicaily by full-matrix least-squares. Hydrogen atoms were placed in calculated posi-
tions (C-H 0.96 A ), assigned fixed isotropic thermal parameters and allowed to ride on their respec-
tive parent atoms. The contributions of these hydrogen atoms were include in the structure-factor calcu-
lations.

All computation were carried out on a PC-486 computer using the SHELXL-PC program‘’) pack-
age. Analytical expressions of neutral-atom scattering factors were employed and anomalous dispersion
corrections were incorporated™®), Table 2 give the atomic coordinates and equivalent isotropic displace-

ment parameters.
Table 1 Crystal data and the refine patameters of the nickel complex

formula C28H1oN S FeaNi u(em~—1) 18.6
formula weight 721.21 d(caled. ) (g » em—3) 1. 577
colour /habit dark-brown prism F(000) 2960
size(mm) 0.34X%0.32X0.25 temp. (K) 294
crystal system orthorhombic ACA) 0.71073
space group Poca reflections collected 5668
alA) 19. 850(1) reflections unique 5457 (Rint=12%)
b(A) 19.982(1) reflections observed 2862(Fo>4. 0a(F))
c(A) 15. 314(1) R 0.07
VA 6074. 2(6) Rw 0. 12(w==0%(F))
4 8 (Ap)max.min(e» A ~%) 0.31, —0.31
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Table 2 Atomic Coordinates and Thermal Parameters
atom z ¥ z lieq(B)
Ni(1) 0.0015(1) 0. 1690(1) 0.4828(1) 5.9(1)
Fe(1) 0.1896(1) 0. 3024(1) 0.6001C1) 6.2(1)
Fe(2) 0.0914(1) 0.1184(1) 0. 1903(1) 6.4(1)
S() —0.1009(1) 0.2023(1) 0. 4690(1) 8. 0(1)
S(2) —0.1480(1) 0. 3167(1) 0.3631(1) 9.9(D)
S(3) —0.0241(1) 0. 0927(1) 0.5767(1) 9. 3(
S(4) 0. 0704(1) —0.0081(1) 0.6475(1) 10. 8(1)
N(1) —0. 0220(1) 0.2876(2) 0.3779(3) 11.2(2)
N(2) 0.0279(2) 0. 2520(2) 0.4414(3) 5. 1(1)
N(3) 0.1055(1) 0.0732(2) 0.5299(2) 12.6(1) .
N(4) 0. 0833(2) 0. 1142(2) 0. 4580(3) 4.7(1)
C() —0.0811(1) 0. 2680(2) 0. 3988(2) 6.7(1)
C(2) 0.0887(3) 0.2814(3) 0. 4460(4) 6.3(2)
C(3) 0. 0999(2) 0. 3454(2) 0. 3934(4) 6.1(2)
C(4) 0.1306(2) 0.2219(2) 0.5815(3) 4.9(2)
C(5) 0.1939(2) 0.2019(2) 0.6129(4) 6.2(2)
C(6) 0.2423(2) 0. 2236(2) 0.5528(3) 6.5(2)
C(7 0.2102(2) 0. 2595(3) 0. 4864(3) 6.5(2)
C(8) 0.1404(2) 0.2562(3) 0.5022(3) 6.1(2)
c9 0.2232(2) 0. 3534(3) 0.7097(4) 12.1(3)
cao0) 0. 2566(3) 0.3750(4) 0.6399(4) 20.0(5)
cun 0.2110(2) 0.4043(3) 0. 5872(5) 13.3(3)
c(12) 0.1481(3) 0. 3972(3) 0. 6239(4) 12.6(3)
Cc(13) 0.1557(3) 0.3649(4) 0.6991(4) 14.5(4)
c(14) —0.1100(2) 0. 3825(2) 0. 3046(3) 12.8(2)
C(15) 0. 0563(2) 0.0571(2) 0.5786(2) 8.5(1)
C(186) 0.1223(2) 0.1176(3) 0. 3916(3) 1.7(2)
cUn 0. 1894(2) 0. 0803(3) 0.3918(4) 6.7(2)
C(18) 0. 1452(2) 0.1878(2) 0.2577(3) 6.3(2)
Cc(19) 0.1070(2) 0.2181(3) 0. 1848(4) 7.7(2)
C(20) 0.0348(2) 0.2024(3) 0. 2043(4) 8.0(2)
cezh 0.0330(2> 0.1615(2) 0.2826(3) 5.4(2)
C(22) 0.1015(2) 0. 1480(3) 0.3166(3) 6.6(2)
C(23) 0.1504(2) 0. 0364(3) 0.1584(4) 9.4(2)
C(24) 0. 1361(3) 0.0718(3) 0. 0859(4) 9.8(2)
C(25) 0. 0686 (3> 0. 0699(3) 0. 0755(4) 13.5(3)
C(26) 0.0433(3) 0. 0346(3) 0. 1409(3) 11.0(2) .
C(27) 0.0932(3) 0.0145(3) 0. 1954(4) 11.7(3)
C(28) 0.1550(2) —0.0295(2) 0. 6221(3) 13. 4(2)

2 Results and discussion

2.1 Synthesis and characterization

The title complex can easily form by refluxing the mixture of the ligand HL and the metal salt in

ethanol solution. The IR spectra of HL exhibit strong bands at ca 3164 and 3092 cm ™!, which can be
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assignes as the » (N-H). These bands disappear in the IR spectra of the metal complex which suggest
that the proton on the a-nitrogen atom is lost upon complex formation with a metal ion. A strong band
at 1060 cm™' in the IR spectrum of HL is assigned to »(C=S). The band is red shift ca 60 cm~"' in
the spectra of the metal complex. This observation can be explained by the change in the nature of the
C =S bond on coordination of the ligand through the sulfur atom, which is proven t?y crystal structure
determination of the relative ligand, S-methyl- (1-ferrocenyl-methylene) dithiocarbazate and the met-
al complex containing dithiocarbazate as well as the relative free ligands'*:*~''1, This tendency of HL
to deprotonate may be attributed to the stabilization of the deprotonated form by conjugation of the -C
=N-N=C- group!'?l. The far-IR spectra (500-100 cm~*) of the complex display a medium to strong
band in the region 365 cm~' which can be assigned to the metal-nitrogen stretching vibrationst'*-!11,
and in most case, another band in the range 334 cm™', may be assigned to the metal-sulphur band!'®],

The visible spectra are consistent with the structural formula, the broad band at ca 450-470 nm is
assigned to the MLCT band of ferrocene and the bridging metal moiety which coupled each other’®~!'J,
Three bands corresponding to the transition 'A;;<'Ay, 'A,,<'B,, and 'A4,,~'E, are expected in the
electronic spectrum of a square-planar d* complex. l-iowever, in many instances, especially with sul-
phur ligands, the bands corresponding to the transitions 'A,,<'4,,, 'A,,«'B,, and 'A,,~'E, are sub-
merged under very intense inter-ligand and charge transfer band, and only one band in the range 620-
500 nm is observed. The shoulder is around 660 nm in the solid electronic reflectance therefor may be
assigned to the 'A,,<'A,, transitionl'®),
2.2 Structure of the nickel ( I ) complex

Figure 1 shows and ORTEP dr_awing of the molecule with the atomic numbering scheme. The
Ni( I ) atom is coordinated in slight distorted square- planar configuration with two Ni- N bonds
[1.851(4) and 1. 996(4) A ] and Ni-S bonds [2. 149(1) and 2. 158(1) A ]. The dihedral angle be-
tween the two coordination plane [Ni(1)-S(1)-C(1)-N(1)-N(2), and Ni(1)-S(3)-C(15)-N(3)-N
(4) is 26. 4°. The ligand, as expected, losses a proton from the tautomeric thiol form and act as a sin-
gle negatively charge bidentate ligand coodinating to nickel ion via the mercapto sulphur and f-nitro-
gen atoms®~''1, forming an delocalized coordination plane. The complex has a quite surprising cis-con-
figuration [N(2)-Ni(1)-N(4), 101.3(2)°, S(1)-Ni(1)-S(3), 93.5(1)°, N(2)-Ni(1)-S(3),
158. 2° N(4)-Ni(1)-S(1), 157.1(1)°] with two ferrocene moieties on the same side. The structure
is much rare, to our knowledge, this might be the first example for the negatively charge bidentate
thiocarbazates coordinate is cis configuration!!’*), It is suggesting that, the cis positioning of the two
ferrocene containing ligand might be stabilized by the interactions between the substituted cyclopentadi-
enyl planes associated with difference iron atoms. The bond distances (Table 3) in the side chain are
intermediate between formal single and double bonds, pointing to electron delocalization over the entire
moiety. The Ni::-Fe distance is ca 4. 93 A , the Fe---Fe distance is ca 7. 53 A , which is much larger
than those found in most biferrocene compounds (3. 8~5.1 A ) and much closer to the average en-

counter diameter between ferrocene and ferrocenium ion in solution (7.6 A )23,
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Table 3 Selected Bond Distances ( A ) and Angles(°)

Ni(1)-N(2)
Ni(1)-N(4)
Ni(1)-S(1)
Ni(1)-8(3)
S(1)-C1)
S(2)-C(D)
S(3)-C(15)
N(2)-Ni(1)-N(4)
N(2)-Ni(1)-8(1)
N(4)-Ni(1)-8(1)

1.851(4)
1.996(4)
2.149(1)
2.
i
i
1

158(1)

.741(4)
L735(3)
.747(4)

101. 3(2)
87.5(1)
157.1Q1)

S(4)-CAS)
N(D-C(D
N(1)-N(2)

N(3)-C(15)
N(3)-N(4)
N(2)-C(2)

N(4)-C(16)

N(2)-Ni(1)-8(3)

N(4)-Ni(1)-8(3)

S(1)-Ni(1)-5(3)

.701(4)

. 278(4)
. 559(5)
.270(4)
. 442(5)
. 343(6)
. 278(6)
158.2(1)
86.0(1)
93.6(1)

o PP TP Y

Figure 1

Molecular structure and atom numbering of the title complex.
Thermal elipsoids are drawn at 30% probability level.

2.3 Electrochemistry studies

The internal standard, ferrocene, undergoes a reversible one-electron oxidation uncomplicated re-

action as expected. (Ep.=0. 59, Ep.=0. 65V vs Ag/AgCl electrode, scanning rate, 50 mV «s™'),

The ligand HL (2. 0X 1072 mol » dm™*) undergoes a reversible one-electron oxidation uncomplicated

reaction (Ep,=0.77V, Ep.=0. 71V vs Ag/AgCl electrode, scanning rates, 50 mV ¢ s7'). The met-

al-bridged-biferrocene complex like many homobinuclear species, show two sequential reversible one-

electron oxidation £, and E,, separated by 4E (0. 13 V) (Figure 2) to yield the mono- and dications

respectively and the equilibrium constants K...(160) of equation (2).

[ Fe-Ni-Fe J——»[ Fe-Ni-Fe ]*— [ Fe-Ni-Fc ]+
[FcMFe ]+ [FeMFe ]2+ ==2[FcMFc ]*

(D
(2)
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can be calculated, by use of the Nernst equation from the AE, where Fc represents a ferrocenyl unit

and M represents the metal moiety of bridging group.

0.0 .20 0.40 0.60 0.80 100 0.0 0..40 0. 80 1. 20
0.0 ——mm—
401 —104
204
~ -— 204
< 0.0
N — 30/
€ —201
[
5 —40
2 —40
(a)
— 604 —504
b
0.0 0.20 0.40 0.60 0.80 1.00 1.20 0.0 0. 40 0.80 1.20
potential E(V) E(V)

Figute 2 Cyclic voltammogram of the complex in CH.Cl. Figure 3  Current- potential curves for differential-
containing »- Bu,NCIO, (0.1 mol « I™!) and pulse voltammetry for the complex (1. 0X
NiL.(1.0X 107¥ mol + 1~%) at scanning rate of 107*mol » 17!) in CH:Cl. containing »-Bu,-
50 mV » s~! with ferrocene (2. 0X 107*mol » NCIO, (0.1 mol » 17!) and internal stan-
1=1) as internal standard (vs AgCl/Ag). dard (ferrocene 2. 0X 107 3¥mol » 1=!) (vs

AgCl/Ag).

As in the cyclic case, a simple sum of two n-electron responses can not be used to determine AE,
except when the value is larger. It has been postulated that, when AE,>>160 mV, an error of <1 mV
will be introduec, if the peak separation is used to meansure the value. The complexity of multistep
cyclic voltammetry current-potential curves when 4E,,<C250 mV led us to evaluate application of
pulse voltammetry to the problem. Figure 3. shows the current-potential curves for different- pulse
voltammetry. The peak at ca 0. 62 V is simply assigned to redox reaction of ferrocene, the internal
standard. The other two peaks might be assinged to the redox potenital of the nickel ( I ) complex and
it is easy to obtained AF as 0. 13 for the complex. This value is accordance with the value measured in
cyclic voltammogram.

It is postulated that the 4£ with K., depends on a number of factorst®~221, ( [ ) Major structure
changes such as bond making and breaking, changes in coordination number, and severe changes in co-
ordination geometry upon charge transfer can shift composition equilibrium. ( I ) If the metal ions are
in close proximity, a through-space coulombic interaction may be important. ( ¥ ) Electronic delocal-
ization will enhance the stability of these mixed oxidation states species with resulting increases in AE.

The trinuclear complex was disigned to help quantitatively define some of these effects. ( I )
Crystallographic data on ferrocenet*) and it's saltst*] indicate that the oxidation state and charge of the
iron atom have almost no effect on the interatomic distances. Therefore, little recorganizational energy
is needed to make the mixed valence sites indentical and as a result it would be expected that properly
oriented ferrocene and ferrocenium molecules will undergo electron exchange quite readily. ( I )
Through space metal-metal coulomibic contribution to the Fe( I )/Fe( B ) oxidation potential in Fec-
M-Fc complexes are essential constant and could be canceled since the distances between iron atoms is

quite close to, 7. 6 A , the average encounter diameter between ferrocene and ferricenium ion in solu-
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tion. In fact, these metal-bridged biferrocene designed is used to minimize the through space metal-met-
al interaction between the ferrocene moieties and then determine the possible mechanism the interva-
lence transfer. ( B ) Crystal structure study shows that complex is almost planar, which might be sug-
gests that the electrochemical measurement would then do a determination of electronic delocalization

in the complex.
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