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Synthesis and Characterization of Nickel Dithiocarbamate Complexes
Bearing Ferrocenyl Subunits

Kenichi Oyaizu,!®! Kimihisa Yamamoto,!”! Yurie Ishii,'*! and Eishun Tsuchida®*!*!

Abstract: Syntheses of a unique mole-
cule, nickel(ir) dithiocarbamate bearing
two ferrocenyl groups (3), and its oxi-
dized product, nickel(tv) dithiocarba-
mate bearing three ferrocenyl groups
(4%), are reported. Spectroelectrochem-
ical investigations have shown that the
complex 4" undergoes a three-electron
oxidation process, according to two
quasireversible steps ([Ni'V(Fe");]*=
[NilV(Fell),Fell]> +-e-, [NilV(Fell),-
Fel]>* = [Ni!V(Fe"),]*4+2e-), whose

2[Ni'VFe!(Fe'"),]**) and results from the
combination of a statistical contribution
and a term which reflects the electro-
static repulsive interaction between the
metal centers. In spite of the chemical
equivalence of the three ferrocenyl
groups, the mixed-valence state [Ni'V-
Fe(Fel),]** (4#) substantially persists
in solution. Model studies with ethylene-
bridged bis(ferrocenylimine) (6) have
revealed that the electrostatic term

is much lower in the absence of the
nickel(1v) center. Preliminary force-field
simulations on 4" have shown that
enhanced electrostatic repulsion caused
by the oxidation of the ferrocenyl sub-
units affects the conformation of the
molecule, which results in a significant
dimensional increment. Stereochemical
features of the molecules are related to
the electrostatic interaction and AG°
associated with the comproportionation
process is affected by such strong defor-

redox potentials are separated by
AE =250 mV. The value AE is related
to the comproportionation equilibrium

ligands -
([Ni'V(Fe™),]*+[NilV(Fe!l),Fel]>* = &

Introduction

In an attempt to obtain molecular systems capable of
exchanging more electrons with an electrode, the coupling
of multiple, identical metal-centered fragments that individ-
ually display fast and reversible one-electron exchange has
been performed.'l A u-oxo divanadium(iv) complex was
previously shown by the authors to induce a two-electron
transfer process.?l In these systems, variation of the nature of
the molecular framework that links the redox-active centers
enable the extent of communication between the centers to be
modulated, as reflected in the electrochemical response.?! For
instance, if electron communication between the two redox-
active centers is not allowed and the distance between the two
centers is large enough to minimize electrostatic repulsive
interactions, the system will exchange two electrons through
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mation that a decrease in electrostatic
repulsion results.

two one-electron processes whose potentials £, and E, are
separated only by the statistical term AE=E, — E; =35.6 mV
at 298 K. On the other hand, intramolecular communication
between the two metal centers causes the AE value to
increase.l”) Such redox coupling has been discussed to occur
through two main paths: (1) through-bond interactions, such
as inductive effects, electron hopping, and electron delocal-
ization through a bridging coordinating unit, and/or (2)
through-space electrostatic and magnetic interactions. The
extent of communication usually decreases as the distance
between the metal centers is increased according to a
hyperbolic mode. Indeed, molecular design of a framework
that supports electronic interaction is an issue of recent
interest as possible components of not only molecular
electronic devices but also electron-storage systems.l

The redox behavior of linear triferrocenes in which
ferrocenyl subunits are in close enough proximity to permit
redox coupling has been described by a model in which initial
oxidation occurs at both termini.’l In contrast, reports on
molecules that contain three or more ferrocenyl subunits in
which the subunits are not linearly linked but appended to a
central core are considerably less frequent.[! We report here
the synthesis and characterization of a nickel(tv) dithiocarba-
mate complex bearing three ferrocenyl subunits in which each
ferrocenyl group is covalently linked to a central nickel(1v)
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core, and its very convenient electrosynthesis by use of a
nickel(ir) analogue bearing two ferrocenyl subunits. Electro-
chemical investigations revealed that, in spite of the chemical
equivalence of the ferrocenyl groups, a mixed-valence state
substantially persists in solution. An explanation for the
stabilization of the mixed-valence state is provided in terms of
the electrostatic effect.

Results and Discussion

Synthesis of the ligand 2 and Ni"' complexation: Our synthesis
of the title complex hinged on the use of the new ligand 2,
which was prepared from ferrocenecarboxaldehyde by pre-
cedented Schiff-base formation and dithiocarbamation strat-
egies (Scheme 1). Admixture of a 1:2 ratio of NiCl, and 2 in
H,O yielded analytically pure 3 in 90% yield as a green
powder.

S&CHO - NH ?N /NH  KoH, cs,
Fi - —_
> MeOH < H,0
1
=D\ N NiCl A=ran N
e, N sk ——* _ Fe N s
> S H,0 < Ni g =
s< N Fe
N
2 3 Q

Scheme 1. Preparation of 3.

Metal dithiocarbamate complexes show a characteristic IR
band in the region 1450-1550 cm~!, which has been assigned
to a partially double C—N bond (thioureide bond).”! The IR
spectrum of 3 showed a marked high-frequency shift (A7 =
96 cm™!) of the signal of the C—N stretch with respect to the
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Figure 1. 270 MHz HETCOR (a) and HOMCOR (b) of 3 in CDCl;.
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uncomplexed ligand 2. Such a feature is commonly observed
for the formation of dithiocarbamate complexes.’! The
'H NMR spectrum showed three methylene peaks which
were successfully assigned by means of HETCOR and
HOMCOR techniques (Figure 1). The FAB-MS spectrum
displayed a set of peaks that corresponded to the parent
molecule and its fragment (see Experimental Section).

Electrochemistry of nickel@) dithiocarbamate bearing two
ferrocenyl subunits (3): The capability of dithiocarbamate
ligands to favor access to unusually high oxidation states is
well documented.l'” In particular, studies on the irreversible
oxidation —reduction process of the nickel(i1) dithiocarbamate
subunit have been reported'] in which a series of dialkyldi-
thiocarbamate complexes were used. The products from the
oxidation of nickel(t) diethyldithiocarbamate [Ni'(Et,dtc),]
have been characterized and the overall process has been
shown to be 3[Ni(Et,dtc),] —2[NiV(Et,dtc);]*+Ni*t+4e.[1
As to the complex 3, the initial oxidation wave labeled peak I
in Figure 2b (dotted line) is irreversible with a complex
electrode process involving a ligand exchange reaction.
Analogy to [Ni(Et,dtc),] and the following experimental facts
on 3 establish the stoichiometry and the products of the
oxidation to be a nickel(1v) complex bearing three ferrocenyl
subunits [Eq. (1)].

3[Ni"(Fel),] —2[NilV(Fel),] "+ N2 +de - )

Figure 2 a shows the UV/Vis spectroelectrochemical oxida-
tion and reduction of 3. Spectrophotometric monitoring of the
initial oxidation at peak I showed progressive development of
a broad peak at 500 nm assigned to nickel(1v)['!l at the expense
of the parent Ni' species ([Ni''(Fe™),], Amax =325, 390 nm).
Controlled potential coulometry at 0.5 V afforded the non-
integral n value of 1.3 electrons per mole of 3. The nickel
dithiocarbamate complex bearing three ferrocenyl groups was

b) f d a
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0947-6539/99/0511-3194 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 11



Dithiocarbamate Nickel Complexes

3193-3201

found in the electrolyzed solution by FAB mass spectrometry
(m/z 1137). In addition, the cyclic voltammogram developed
an irreversible reduction wave at E,.=—0.40 V (peak IV in
Figure 2b), as observed for the irreversible reduction of
[Ni(Et,dtc);]™ ([Ni'V(Et,dtc);]"+e~ — [Ni'l(Et,dtc),] + 2 Et,-
tds, where Et,tds =Et,NCS,S,CNEt, (thiuram disulfide)).["!
Indeed, spectroelectrochemistry measurements (Figure 2a)
revealed that reduction at potentials more negative than
—0.4 V produced the parent Ni'l(Fe™), complex 3 [Eq. (2)].

[Ni™V(Fel),]*+e~ —[Ni"(Fe™),]+ V5 (Fe),tds V)

The wave I substantially disappears after the first scan and a
cyclic voltammogram scanned continuously between 0 and
14V converges onto a steady-state curve as shown in
Figure 2b (solid line). The curve corresponds to the redox
behavior of the nickel(1v) complex bearing three ferrocenyl
subunits and reveals a two-wave profile, labeled II and III.
Controlled potential electrolysis of 3 at 0.8 and 1.1 V resulted
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Figure 2. a) UV/Vis spectral changes during the spectroelectrochemical
oxidation and reduction of 3 in CH;CN. The supporting electrolyte
contained 0.1 molL~" tetrabutylammonium tetrafluoroborate. b) Cyclic
voltammograms for a 0.5 mmolL~! solution of 3 in anaerobic anhydrous
CH;CN. Dotted line, first scan; solid line, steady state. Scan rate=
100 mVs~.. A 6 mm diameter glassy carbon electrode was used. ¢) Cyclic
voltammogram for a 0.33 mmol L~ solution of [47]BF,~. Other conditions
were as in (b).
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in transfers of 0.66 and 2electrons, respectively, per mole of
total nickel, which corresponded to 1 and 3 electrons per mole
of the electrogenerated nickel(1v) complex. Spectroelectro-
chemistry at potentials more positive than 0.6 V revealed that
oxidations at IT and III gave rise to a broad band near 480 nm
(LMCT) and a shoulder at 260 nm due to the ferrocenium
moiety (Figure 2a). Accordingly, the waves IT and III are both
to be assigned to the redox process of the three ferrocenyl
subunits.

Added support for the coulometric titration experiments
have been provided by rotating disk voltammetry. The
current-potential curve in Figure 3a exhibits three waves
which correspond to the three oxidation peaks I, II, and III in
the cyclic voltammogram. The magnitudes of the three
plateau currents have been labeled iy, ij;, and iy in Figure 3 a.

e tmm

E(V vs, Ag/AgCl)
1 1 |

0 1.0

Figure 3. a) Current-potential curve recorded at a rotating disk electrode
for a 0.5 mmolL'solution of 3 in anaerobic anhydrous CH;CN. Scan
rate =5 mV s~ Electrode rotation rate =250 rpm. A 6 mm diameter glassy
carbon electrode was used. The supporting electrolyte contained
0.1 molL~! tetrabutylammonium tetrafluoroborate. b) Current - potential
curve for a 0.33 mmol L~! solution of [47]BF,~. Other conditions were as in

(a).

The Levich plots of each plateau current versus (electrode
rotation rate)'?> were linear. By employing the number of
electrons per mole of total nickel (n,,/[Ni];) for each
electrode process (Table 1), the diffusion coefficients of 3
and the electrogenerated nickel(1v) complex are calculated
from the magnitude of i; and i;; (Table 2). A slightly smaller
diffusion coefficient for the nickel(tv) complex compared to
that of 3 is consistent with the increased molecular dimen-
sions, which support the stoichiometry of the electrode
process [Eq. (1)].

It is considered that because of the interactions between the
iron atoms, initial one-electron oxidation at an iron site
renders the subsequent oxidation of the remaining iron(ir)
centers energetically less favorable. Therefore subsequent
oxidation occurs at a higher potential, resulting in the
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Table 1. Electrochemical data for nickel complexes.!?]

Half reaction E, E, E, [ Happ €]
[V] [Vl \4 [Ni]y
3[Ni(Fe"),](3) —2[NilV(Fel),]* (4*)+Ni2* +de- ) (0.55) irrev. 13
[NilV(Fell),]* (4+) = [NilV(Fell),Fel >+ (42+)+e- (Im) 0.73 0.66 0.69(0.07) 0.66
[NilV(Felt),FellJ+ (42+) = [NilV(Fell), ]+ (4*++) +2¢- (Im) 0.99 0.89 0.94(0.1) 13
[Ni"V(Fe");]* (47)+e~ —[Ni"(Fe'),]+4Fe,tds xv) —0.40 irrev. 0.66
3[Ni''(Et,dtc), ! —2[Ni'V(Et,dtc);]t+Ni**+4e- (0.62) irrev. 1.3
[NiV(Et,dtc)s]*+e~ —[Ni'(Et,dtc),]+Et,tdsle! 0.13 irrev. 0.66

[a] Solvent = CH;CN, supporting electrolyte =0.1 molL~! TBABF,. [b] Oxidation peak potential in V vs. Ag/AgCl determined by cyclic voltammetry.
Sweep rate =100 mVs~'. Ferrocene/ferrocenium redox couple was 0.40 V vs. this Ag/AgCl. [c] Reduction peak potential. [d] (E,, + E,)2. AE, (= E,, — E,,
at 100 mVs™!) given in parenthesis. [¢] Number of electrons per mole of nickel. [f] Bis(diethyldithiocarbamato)nickel(t). Data from reference [11].

[g] EL,NCS,S,CNE,, thiuram disulfide.!!

Table 2. Diffusion coefficients of nickel complexes in CH;CN.l?

Complex Abbreviation 10°D [cm?s~!] )
3 [Ni"(Fe™),] 3.6
4 [NilV(Fell),] 34
42+ [NilV(Fel[)zFe[lI]2+ 33
[Ni(Et,dtc),]l Ni!! 8.2

[a] Diffusion coefficient measured in 0.I1M tetrabutylammonium tetra-
fluoroborate in CH,CN. [b] Determined by Levich plots {i/(0.62(n,,,/
[Ni]) FAwv~18[Ni] )2 n,,/[Ni]; is from Table 1. [c¢] Bis(diethyldithio-
carbamato)nickel(11).

app’

stepwise current-potential curve in Figure 3a. However, this
pattern of redox coupling does not hold for the further two-
electron oxidation process at III (Figure 2b). The peak-to-
peak separation for III was 100 mV, and in the rotating disk
voltammogram (Figure 3a) the plots of In[iy; — {i — (i+iy))/
{i — (ii+iy)}] versus E at E> 0.8V produced a straight line
whose slope corresponded to one-electron transfer,'?l sug-
gesting that two unresolved one-electron processes were
responsible. Hence we could say that the two one-electron
couples occur at very similar potentials at III. Thus the redox
behavior of the nickel(1v) complex bearing three ferrocenyl
subunits can be summarized as follows [Eq. (3) and (4)]:

[NiIV(Fe[1)3]+ : [NiIV(Fe[l)ZFelI[]2++e— (3)
[NiY(Fell),Fel* = [NilV(Fell),]* 42 e~ )

Electrochemical data for 3 and its oxidized products are
summarized in Table 1.

Synthesis and electrochemistry of nickel(@v) dithiocarbamate
bearing three ferrocenyl subunits (Ni'V(Fe');]*) (4%): Once
the stoichiometry of the oxidation of 3 had been established,
we then attempted to isolate the nickel(1v) complex bearing
three ferrocenyl subunits. After

the irreversible oxidation of 3, N

the Ni'¥ complex could be iso- <<=r— N
lated from the electrolyzed sol- Fe N = S
ution (Scheme 2). Electrolytic SN'{<S
oxidation of 3 in the presence of N
tetrabutylammonium tetra- §
fluoroborate as a supporting 3

electrolyte by the use of a
large-area carbon-felt electrode
maintained at 0.5V consumed
1.3+ 0.2 electrons per molecule

3196 ——

Scheme 2. Preparation of [47]BF,".
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of 3 dissolved in the initial solution, and the resulting
nickel(tv) complex [47]BF,” precipitated from the electro-
lyzed solution upon cooling. The product, analytically pure in
35% yield, was identified by spectroscopic methods and
elemental analysis (see Experimental Section).

The cyclic voltammogram obtained for a solution prepared
by dissolving the isolated complex [47]BF,~ in CH;CN is
shown in Figure 2 c. The voltammogram, with two quasirever-
sible waves at 0.69 and 0.94 V, is identical to the steady-state
curve obtained for 3 (Figure 2b, solid line). Figure 3b shows a
current-potential curve for 4+ recorded at a rotating disk
electrode. The lack of anodic current at 0.5V reflects the
absence of the nickel(i1) center. The two waves are assigned to
the oxidations of the three ferrocenyl centers according to the
reactions in Equations (3) and (4), and are consistent with the
results observed for the nickel(1v) complex electrochemically
generated in situ from 3.

Synthesis and electrochemistry of model complexes: To
examine the effect that nickel(iv) center has on the redox
properties of 4+, ferrocenylimine S and bisferrocenylimine 6
were synthesized as model compounds according to Scheme 3
by means of C=N bond formation upon the reaction of
ferrocenecarboxaldehyde and primary amine nucleophiles.
Figure 4 a shows the cyclic voltammogram of 5. The wave is
quasireversible (i,/i,, = 0.8 at a scan rate of 100 mV's™' where
ira and i, are anodic and cathodic peak currents in cyclic
voltammetry) which compare well with that of 4% (i,./i,,=0.7
(Il) and 0.8 (III) at 100 mVs~! (Figure 2¢)). Controlled
potential coulometry at 0.8 V afforded the n value of 1+0.1
electron per mole of 5. Like ferrocene itself, the complex 5
undergoes one-electron oxidation to the corresponding ferro-
cenium. The half-wave potential of 5§ determined by cyclic
voltammetry is given in Table 3. The ferrocenyl subunits in 4%,

(=) v ~—N
e N7 &5 s &
=>4 NIV N N
N Fe
_/_\\_ S\%S s &
~™N
Oxidation
E=0.5Vvs. Ag/AgCl N 4% BF,

0947-6539/99/0511-3196 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 11



Dithiocarbamate Nickel Complexes

3193-3201

<S> -CHO HZNJ\ @N
E - e
= MeOH <=
5
A=)
<& CHO A~ NH, S N Fe
= LA A N
MeOH <>
6
Scheme 3. Preparation of 5 and 6.
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Figure 4. a) Cyclic voltammogram for a 0.5 mmolL~! solution of 5 in

anaerobic anhydrous CH;CN. Scan rate=100 mVs~'. A 6 mm diameter

glassy carbon electrode was used. The supporting electrolyte contained

0.1 molL~! tetrabutylammonium tetrafluoroborate. b) Cyclic voltammo-

gram for a 0.5 mmolL~! solution of 6. Other conditions were as in (a).

Table 3. Electrochemical data for ferrocenylimines.[?

Half reaction E, M EJ1 E4 Happ (€]
[V [Vl [V] [Fely
Fell] (8) = [Fe"]* (5%)+e~ 064 054 059 (0.1) 1
(Fe),] (6) = [Fe'Fe"]* (67)+e~ 0.57 0.50 0.54 (0.07) 0.5

0.67 (0.06) 0.5

a] Solvent = CH,;CN, supporting electrolyte=0.1 molL~! TBABF,.
b] Oxidation peak potential in V vs. Ag/AgCl determined by cyclic
voltammetry. Sweep rate =100 mV s~!. Ferrocene/ferrocenium redox cou-
ple was 040V vs. this Ag/AgCl. [c] Reduction peak potential.
[d] (E,.+E)2. AE, (=E,,— E,, at 100 mVs™) given in parenthesis.
[e] Number of electrons per mole of iron.

[
[
[FellFell]* (6%) —[(Fe!l),]** (6*)+e~ 0.70 0.64
[
[

with an appended nickel(1v) center, induce a slight increase in
the initial oxidation potential compared to the ferrocenyl-
imine 5 as a result of an electron-withdrawing effect
propagated through the dithiocarbamate moiety and/or an
electrostatic effect which reflect the local solvation mode that
can be influenced by the +1 charge on the nickel(lv)
dithiocarbamate center.

Biferrocenes generally undergo reversible one-electron
oxidations with the number of waves determined by the
number of ferrocenyl units. The complex 6 undergoes two
successive quasireversible one-electron oxidations to yield the

Chem. Eur. J. 1999, 5, No. 11
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mono- and dications. Controlled potential electrolysis at 0.5
and 0.8 V consumed 1.0 + 0.1 and 2.0 £ 0.2 electrons, per mole
of 6. The well-resolved one-electron waves in cyclic voltam-
metry (Figure 4b) allowed assignment of peak potentials as
summarized in Table 3.

Comproportionation equilibria: The intriguing aspect of the
redox behavior of the complex 4" is the significant redox
coupling between three ferrocenyl subunits, as evidenced by
the electrochemical data. An estimate for the extent of the
ferrocene —ferrocene interactions is obtained from the value
of the comproportionation constants, K.(5) and K(6), for
equilibria (5) and (6), respectively.

[NiIV(FeII)3]++[NiIV(FelII)zFeIl]3+ =2 [NiIVFeIII(FelI)2]2+ ;KC(S) (5)

[NiIVFeIII(FeII)2]2++[NiIV(FeIII)3]4+ = 2 [NilV(FeIII)ZFeII]3+; K‘_(6) (6)

For oxidations of ferrocenyl subunits, the waves labeled II and
III are well resolved by cyclic voltammetry (Figures 2b and c).
The value of K (5) is related to the extent of redox coupling;
the separation between the two consecutive redox potentials
AE'= E(IIT) — E(IT), by the expression InK(5) = FAE"/RT.
The value of AE,,=E,,(II) — E,,(II), due to the electro-
chemically quasireversible nature of the process, approxi-
mates AEY The obtained value of AE,, of 250 mV corre-
sponds to a K (5) value of 1.7 x 10*. On the other hand, the
absence of redox coupling at the wave III containing two
superimposed one-electron transfers at the two electrochemi-
cally equivalent ferrocenyl subunits suggests that K.(6) is
significantly smaller than K (5). The relatively low resolution
of electrochemical techniques means that accurate determi-
nation of K, values smaller than about 33 (corresponding to a
AE" value of ca. 90 mV) are difficult. However, one could say
that K(6) is much closer to the statistical limit (33 > K (6) ~
4) than K (5).

For various mixed-valence biferrocenes bridged by sp?
carbons, no intervalence transfer transition has been observed
in the near-infrared region. Such compounds are character-
ized by the small redox coupling: the electrochemistry of a
series of dicopper complexes with N,N-linked bis(cyclam)
ligands has been reported by Fabbrizzi et all™® in which the
redox coupling was 115 mV for a —(CH,),— bridge, 80 mV for a
—(CH,)s- bridge, and 54 mV for a —(CH,),~ bridge. The value
for the model complex, bisferrocenylimine 6, is 130 mV
(Table 3) which is comparable to that of the dicopper complex
with the ethylene-bridged bis(cyclam) ligands.[' Surprisingly,
the ferrocenyl subunits bridged by the nickel(1v) center in 4*
showed a substantially larger value (250 mV) of redox
coupling. Considering that the resonance forms of the ligand
2 as depicted in Scheme 4 indicate that four sp® carbons are
involved between ferrocenyl subunits in 4™ and hence no low-
energy transition due to intervalence electron delocalization

S +)

Ao\ —N _ N N
Fe. N~ »s FGi—;\lf »s
> S S-

Scheme 4. Resonance forms for the ferronenyldithiocarbamate ligand 2.
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is found, one could safely state that the significant deviation of
K.(5) with respect to the statistical limit is due to the
electrostatic interaction between the ferrocenyl groups.'¥
The value of K.(5) indicates that the mixed-valence state
[Ni'VFe(Fel"),]** (4?*) substantially persists in solution.
However, attempts to isolate the [Ni'VFe(Fe™),]** complex
from the electrolyzed solution of 4+ at 0.8 V failed because of
the difficulties in the isolation of molecules that display
electrochemical quasireversibility by the bulk electrolysis
method.

Preliminary force-field simulations: conformations and ener-
getics: Two questions may arise: 1) Why are K (5) and K,.(6)
so different? 2) Why is K. (5) so large? A tentative explan-
ation is provided by consideration of the estimated molecular
structures of 4t and its oxidized products as follows. Although
the crystal structures of [Ni(Et,dtc),],["! [Ni{(nBu),dtc};]Brl!
and ferrocenel'! are known, X-ray analyses of 3 and its
electrooxidized product 4" were unsuccessful. Reasoning that
crystallization might be disfavored because of the flexibility of
the ethylene groups in the molecule, we turned to structure
estimation by force-field calculations. Figure 5 shows the

Figure 5. A perspective view of the energy-minimized conformation of 4*
obtained by repeated force-field minimization and annealing dynamics
simulations projected along the approximate C; axis passing through the
central nickel(tv): Ni (blue), Fe (red), C (white), H (gray), S (yellow), N
(purple).

energy-minimized conformation of 4* obtained by repeated
force-field minimization and annealing dynamics calculations.
A favorable cisoid conformation of the ethylene bridge makes
the molecule approximately C; symmetric. Figure 6 shows the
snapshots of 4 and its oxidized molecules which are
equilibrated at 298 K during molecular dynamics simulation.
It was confirmed that, during the calculations, no significant
divergence from the C; symmetric conformation is produced
which could cause the splitting in the redox waves. However,
one could note that molecular dimensions are larger at higher
oxidation states. The question arises what sort of energy
causes the total energy decrease in the dimensional incre-

3198 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

a) b)
4N 27
o ‘v. &
3

Figure 6. Snapshots of a) [Ni'V(Fe!);]* (4*), b) [NilVFe"(Fel"),]>* (4%),
c) [Ni'VFe!(Fe!),]** (4%*), and d) [Ni'V(Fe');]*+ (4*") during the molecular
dynamics simulations at 298 K. The dielectric value was set at 1.0. The
structural parameters of the N-CS, group were fixed at the value of the
crystal structure of nickel(i1) diethyldithiocarbamate!'! so that conforma-
tional changes were mainly caused by the free rotations around C—C and
C—N bonds.

ment. By dividing the total energy, we have determined that
the energy decrease is mainly caused by the electrostatic
effect. This tendency is clearly indicated in Figure 7 which
shows plots of mean Fe—Fe distance versus Coulomb energy
of the molecule over the time at which each oxidation state
was maintained at 298 K during simulation. The Coulomb
energy is calculated at a unit dielectric constant. Except for 47,
the Coulomb energies have negative hyperbolic dependence
on the mean Fe—Fe distances. The Coulomb energy in 4" is
almost independent of the molecular geometry because of the
absence of electrostatic repulsion between the neutral sub-
units. When at least one of the three ferrocenyl subunits is
oxidized on the contrary, the Coulomb energy becomes
geometry-dependent due to the repulsion between the
oxidized ferrocenyl subunits and the nickel(v) center, both
bearing + 1 charge.

The free energy change AG? associated with the compro-
portionation equilibrium is related to the extent of redox
coupling according to AGY?=—nFAE’. The electrostatic
repulsion term AG? is defined as a deviation of AG? from
the statistical fixed term (—RT In4) according to AG?=
AGY+RT Ind4. The electrostatic contribution, AGY, reflects
the decrease in the electrostatic repulsion between metal
centers which occurs during the comproportionation process.
Many attempts have been made, for example by the use of the
complexes with N,N-linked bis(cyclam) ligands quoted
above,’l to formulate AG? by the equation AG?x1/Dr
where D is the dielectric constant of the medium and r is the
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Figure 7. The parametric plots between the mean Fe—Fe distance and the
Coulomb energy at a unit dielectric value during the molecular dynamics
simulations at 298 K: a) [Ni'V(Fe);]* (47), b) [Ni'VFel(Fel"),]** (4*%),
c) [Ni'VFe'(Fe),]** (4%), and d) [Ni'"V(Fe");]** (4*"). The solid line in
a) represents an arithmetic mean value of the Coulomb energies. The solid
lines in b), ¢), and d) represent the least-squares fitted curves according to
the hyperbolic equation (y=al/x+b) which correspond to the energy
profiles along the mean Fe—Fe distances describing the relaxation upon
dimensional increase in the molecules.

distance between the metal centers.'’] In previous studies on
the decay law of the metal —metal coupling with distance, it
has been considered that r is not dramatically changed (A <
0.1 A) upon oxidation, '8l so that isostructural sets of dinuclear
complexes with different metal—metal distances have fre-
quently been synthesized and employed to estimate the
metal — metal interaction. In contrast, our preliminary molec-
ular dynamics simulations have revealed that the oxidation
process of the ferrocenyl subunit in 4* [Eq. (3)] results in a
considerable increment in molecular dimensions because of
the electrostatic repulsion between the appended sites. Here
we do not intend to provide the decay law for Fe—Fe coupling,
but attempt to show that structural dynamics associated with
electron transfer is responsible for the characteristic electro-
chemical behavior. Figure 7 shows that, upon oxidation, the
mean Fe—Fe distance (rg._p) becomes significantly larger at
each relaxed state (Arpp.=0.9 A (4+/42%), 0.85 A (424/4%+),
1.4 A (4%+/4%)). The diffusion coefficient of 4?*, which is
slightly smaller than that of 4" (Table 2), could reflect the
increased molecular dimensions. It can be reasoned that such
an increase in rg. g, (i.e. decrease in Coulomb energy) which
accompanies the comproportionation reaction (5) affords
AG!, while the energetics in reaction (6) are dominated
mainly by the statistical term allowing two one-electron
transfers [Eq (4)] to occur at very similar potentials. Thus the
difference in K.(5) and K (6) stems from the marked contrast
of the energy profile of 4t (independent of rg._g.) to those of
4>+ 4% and 4*. Comparisons between the energy profiles
provide approximate values of the decrease in Coulomb
energy with reactions (5) and (6) at a unit dielectric constant.
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The value of DAGY calculated for reaction (5) (—73+35=
—38kJmol!) is much larger than that for reaction (6)
(=74+73=—1kJmol™!). Since the experimentally deter-
mined value is AG?=—nFAE,,+RT In4 = —20.7 kJmol~},
the local dielectric constant D is evaluated to be 1.9, which
is much lower than that of the bulk solvent (38.8 at 25°C). It
has been shownl'> I that bulk values of D are absolutely not
appropriate to describe short-range phenomena, and individ-
ual values of D that reflect the local solvation mode should be
used. The interpretation is forcibly qualitative since we are
not in the position to quantify the local dielectric value.
Simulations of the nickel(lv) complex with the ferrocenyl
subunits immersed in explicit acetonitrile molecules are the
subject of our continuing investigation.

Finally, it would be interesting to compare the results on
energetics of 4* with that of 6. Preliminary molecular
dynamics simulations on 6 have been carried out under the
similar conditions. The Coulomb energy changes that accom-
pany the comproportionation reaction ([(Fe'),] (6)+
[ (Fe),]>* (627) = 2[Fe"'Fe]* (67)) are found to be consistent
with the electrochemical data (DAG? < 0) but the geometric
parameters are almost independent of the oxidation state in
contrast to the result for 4*. This is because in the simulation
of 6, the ethylene bridge does not undergo such a large
conformational change as observed in the simulation of 4**. In
addition, the electrostatic effect in 4" also appears to reflect
the +1 charge on the nickel(1v) dithiocarbamate center which
could affect the local dielectric constant. We did not employ
molecular dynamics calculation techniques with a view to
obtain the absolute values of AG? associated with compro-
portionation reactions, but to compare the energetics of
isostructural molecules in different oxidation states. However,
it is noteworthy that two molecular dynamics simulations with
different molecules (4" and 6) provided a similar predictions
concerning the approximate energy changes associated with
the comproportionation reactions of redox states.

Conclusions

We have attempted to interpret the electrochemical behavior
of species containing three chemically equivalent ferrocenyl
groups according to an electrostatic model. Preliminary
results have shown that conformational dynamics associated
with an electron transfer is responsible for the entire electro-
chemical behavior of the molecule which exchanges three
electrons in two steps. For the quantitative description of the
electrostatic interaction, local dielectric constants need to be
employed to evaluate the shielding effect exerted by the
solvational molecules, which may be much less than the bulk
value. It is surprising to note that in spite of the long bridging
aliphatic chains, the two ferrocenyl subunits in 4+ interact
considerably. This property renders the ligand 2 of interest as
a possible component to aid communication through various
metal centers.

Experimental Section

Materials: All solvents were purified by distillation. Tetrabutylammonium
tetrafluoroborate was obtained from Wako Chem. Co. and recrystallized
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from the mixture of benzene and ethyl acetate. Ferrocenecarboxaldehyde,
N-ethylethylenediamine, potassium hydroxide, carbon disulfide, nickel(tr)
chloride, isopropylamine, ethylenediamine, and nickel(i1) dietyldithiocar-
bamate were obtained from Kanto Chem. Co. and used without further
purification.

Measurements: All measurements were performed in a dry box under an
atmosphere of dry argon. Electrochemical measurements were carried out
in a conventional two-compartment cell. A glassy carbon disk was used as a
working electrode and polished before each experiment with 0.05 um
alumina paste. The auxiliary electrode, a coiled platinum wire, was
separated from the working solution by a fine-porosity frit. The reference
electrode was a commercial Ag/AgCl electrode immersed in a salt bridge
consisting of 0.1 mol L' tetrabutylammonium tetrafluoroborate, which was
placed in a main cell compartment. The formal potential of the ferrocene/
ferrocenium couple in dichloromethane was 0.40 V vs. this reference
electrode. All potentials are quoted with respect to this Ag/AgCl reference
electrode. A Nikko Keisoku DPGS-1 dual potentiogalvanostat and a Nikko
Keisoku NFG-3 universal programmer were employed with a Graphtec
WX2400 X-Y recorder to obtain the voltammograms. Coulometric
exhaustive electrolysis was performed with a Nikko Keisoku NDCM-1
digital coulometer. UV/Vis spectra were obtained with a Shimadzu UV-
2100 spectrophotometer. A platinum mesh working electrode and a quartz
glass cell with optical path length of 2 mm were used for spectroelec-
trochemical measurements. Infrared spectra were obtained with a JASCO
FT-IR 5300 as potassium bromide pellets. FABMS spectrum was obtained
on a VGZAB-HF spectrometer with m-nitrobenzyl alcohol as the matrix
material. HETCOR and HOMCOR spectra were obtained on a JEOL
270 MHz GSX270 NMR spectrometer.

Synthetic procedures: Synthetic routes to the ferrocene-tethered nickel(tr)
(3) and nickel(v) (4) complexes are shown in Schemes1 and 2.
Ferrocenecarboxaldehydeisopropylimine (5) and bis(ferrocenecarboxalde-
hyde)ethylenediimine (6) were synthesized by conventional methods as
shown in Scheme 3.

Ligand 2: All procedures were performed under nitrogen atmosphere in
the dark. To a solution of ferrocenecarboxaldehyde (5.35 g, 2.5 x 1072 mol)
in anhydrous methanol (100 mL) was added dropwise N-ethylethylenedi-
amine (2.2 g, 2.5 x 1072 mol). Schiff-base formation was monitored by the
disappearance of the v(C=0) band of the aldehyde at 1680 cm™' in the IR
spectra and the subsequent appearance of the v(C=N) band at 1640 cm~.
The mixture was evaporated and the resulting orange-red solid was dried
under vacuum to give 1. To a suspension of 1in H,O (200 mL) held at 0°C
was added potassium hydroxide (1.41g, 2.5x1072mol) and carbon
disulfide (1.90 g, 2.5 x 10-2 mol). The mixture was stirred at 0°C overnight,
evaporated and dried under vacuum to give 2 as a dark brown powder. IR
(KBr): #=1639 (C=N), 1506 cm~! (C-N); 'H NMR (270 MHz, CDCl;,
25°C, TMS): 6 =1.20 (t, 3H; CHj), 3.63 (m, 6H; CH,), 4.29 (s, 5H; CsHj),
4.60 (d, 2H; CsH,), 4.80 (d, 2H; CsH,), 8.46 (s, 1H; CH=N); MS (70 eV):
m/z: 283 ([M+ — CS,K]); elemental analysis (%) calcd for C;;H,oFeKN,S,:
C 4823, H 4.81, N 7.03; found C 48.01, H 4.79, N 7.01.

Nickel@) dithiocarbamate bearing two ferrocenyl subunits (3): The
nickel(11) complex 3 was prepared from nickel(i1) chloride and 2 as follows.
To a filtrate of 2 (0.38 g, 1 x 1073 mol) in H,O (100 mL) was added dropwise
a solution of nickel chloride (0.06 g, 0.2 x 10~ mol) in H,O (10 mL). The
resulting green precipitate was collected by filtration, washed thoroughly
with H,O and dried under vacuum to give 3. IR (KBr): 7=1639 (C=N),
1506 (C—N), 1128 (C-S), 1086 cm~' (N—C2); '"H NMR (270 MHz, CDCl;,
25°C, TMS): 6 =1.23 (t,*/ =7 Hz, 6H; CH;), 3.69 (q, >/ =7 Hz, 4H; CH,),
3.75 (t, 3/ =7Hz, 4H; CH,), 3.83 (t, /=7 Hz, 4H; CH,), 421 (s, 10H;
CsHs), 4.40 (d, 3/ =6 Hz, 4H; C;H,), 4.62 (d, *J=6 Hz, 4H; CsH,), 8.17 (s,
2H; CH=N); "CNMR (CDCl;, 25°C, TMS): 6 = 12.18 (CHj), 45.96 (CH,),
49.62 (CH,), 58.91 (CH,), 68.43 (CsH,), 69.18 (CsHs), 69.66 (CsH,), 70.67
(CsH,), 80.03 (CS,), 163.81 (C=N); MS (70 eV): m/z: 777 ([M*]), 580
([M — C(C,\HoFe)]),327,295; UV (CH;CN): A0 = 325, 390 nm; elemental
analysis (%) calcd for Cy,H3Fe,NNiS,: C 49.45, H 4.93, N 7.21; found: C
49.57, H 4.90, N 7.23.

Nickel@v) dithiocarbamate bearing three ferrocenyl subunits [47]BF, :
The nickel(tv) complex 4© was prepared by the electrooxidation of 3 as
follows. The nickel(t) complex 3 (0.19 g, 2.5 x 10~* mol) was dissolved in
acetonitrile (25 mL) containing tetrabutylammonium tetrafluoroborate
(0.41 g, 1.25x 103 mol) as a supporting electrolyte. Electrolysis of the
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solution was performed by using a large-area carbon-felt working
electrode, a platinum coiled wire as a counter electrode, an Ag/AgCl
reference electrode and a conventional two-compartment electrochemical
cell. The potential of the working electrode was kept at 0.5 V throughout
electrolysis, which consumed 1.31 electrons per total amount of nickel
dissolved in the solution. After electrolysis, the resulting solution was
cooled to —20°C, which resulted in slow precipitation of [47|BF,” as a
brown powder. Analytically pure complex was successfully isolated after
washing the powder thoroughly with H,O. IR (KBr): 7= 1638 (C=N), 1505
(C—N), 1505 (C-N), 1128 (C-S), 1090 (N—C2), 1080 cm~! (BF,); 'H NMR
(270 MHz, CDCl;, 25°C, TMS): 0 =1.22 (t, 9H; CH3;), 3.6-3.9 (m, 18H;
CH,), 4.22 (s, 15H; CsH5), 4.39 (d, 6H; CsH,), 4.63 (d, 6 H; CsH,), 8.17 (s,
3H; CH=N); “F NMR (400 MHz, CDCl;, 25°C, CF,COOH (6 =—78)):
0=—155 (s, BF,"); MS (70eV): m/z: 1137 ([M*—BF,]); elemental
analysis (%) calcd for CysHs,Fe;NgSeNiBF,: C47.12, H 4.70, N 6.87; found C
46.99, H 4.71, N 6.79.

Ferrocenecarboxaldehydeisopropylimine (5): To a solution of ferrocene-
carboxaldehyde (1.07 g, 5.0 x 1073 mol) in methanol (30 mL) was added
dropwise a solution of isopropylamine (0.3 g, 5.0 x 10~° mol) in methanol
(20 mL). Schiff-base formation was monitored by the disappearance of the
»(C=0) band of the aldehyde at 1680 cm~' in the IR spectra and the
subsequent appearance of the »(C=N) band at 1640 cm~". The mixture was
evaporated and the resulting brown solid was dried under vacuum to give 5.
IR (KBr): #=1640 cm~! (C=N); '"H NMR (270 MHz, CDCl;, 25 °C, TMS):
0=115 (d, 6H; CH;), 3.76 (m, 1H; CH), 4.14 (s, 5H; CsHjs), 4.32 (s, 2H;
CsH,), 4.61 (s, 2H; CsH,), 8.15 (s, 1H; CH=N); MS (70 eV): m/z: 255
([M*]); UV (CH;CN): A0 = 273, 450 nm; elemental analysis (% ) calcd for
C,H;FeN: C 62.63, H 5.13, N 6.15; found C 62.61, H 5.12, N 6.02.

Bis(ferrocenecarboxaldehyde)ethylenediimine (6): To a solution of ferro-
cenecarboxaldehyde (1.07 g, 5.0 x 10> mol) in methanol (30 mL) was
added dropwise a solution of ethylenediamine (0.15 g, 2.5 x 1073 mol) in
methanol (20 mL). Schiff-base formation was monitored by the disappear-
ance of the »(C=0) band of the aldehyde at 1680 cm~" in the IR spectra and
the subsequent appearance of the »(C=N) band at 1640 cm~'. The mixture
was evaporated and the resulting brown solid was dried under vacuum to 6.
IR (KBr): #=1640 cm~! (C=N); 'H NMR (270 MHz, CDCl;, 25°C, TMS):
0=3.72 (s, 4H; CH,), 4.12 (s, 5H; CsH;), 4.30 (s, 2H; CsH,), 4.59 (s, 2H;
CsH,), 8.12 (s, 1H; CH=N); MS (70 eV): m/z: 452 ([M*]); UV (CH;CN):
Amax =273 nm; elemental analysis (%) calcd for C,,H,,Fe,N,: C 65.89, H
6.73, N 5.49; found C 65.01, H 6.69, N 5.38.

Computational methods: The system we simulated consisted of the
nickel(1v) cations bearing three ferrocenyl subunits 4"t (n=1-4). The
formal charge on each Fe atom was set at either +2 or + 3 according to the
oxidation state, before the partial charge assignment. The initial structures
for simulations were obtained by repeated energy minimization and
annealing dynamics calculations (100 - 1000 K) using the Discover program
from Molecular Simulations Inc. During calculation, structural parameters
of the nickel dithiocarbamate subunit were fixed at the values from the
X-ray data reported for nickel() diethyldithiocarbamate.l'” Since we
conducted an extended simulation during which molecular dimensional
changes were observed, the choice of the initial structure did not affect the
results presented in this paper. We first performed a 300 step energy
minimization. Then 0.01 ns molecular dynamics simulations were carried
out with the initial velocities randomly assigned to realize the Boltzmann
distribution at 298 K. All calculations, including the Coulomb interactions,
were calculated without cutoff. The total energy of the system was
conserved throughout the calculations. The dielectric value of the media
was set at 1.0 (defined as distance dependent). The molecular dynamics
trajectory was saved every 20 steps (20 fs interval) for subsequent analysis.
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