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ABSTRACT: The oxidation of [n]nickelocenophanes [Ni(n*-
CsH,),(CH,)s] (3), [Ni(n°-CsH,),(SiMe,),] (10), [Ni(n®-
CsH,),(SiMe,),0] (11), [Ni(7*-CsH,),(CH,),] (12), and poly-
(nickelocenylpropylene) [Ni(5°-CsH,),(CH,);], (4) to both the
monocationic and dicationic species was investigated in dichloro-
methane by cyclic voltammetry (CV) and square-wave voltammetry.
The presence of acetonitrile on the oxidation potentials of 3 in
dichloromethane was also investigated by CV. The
[n]nickelocenophanes 3 and 10—12 exhibited two single-electron
Nernstian redox processes, and the monocations [3]*, [10]%, [11]%,
and [12]* were isolable as [B(C4Fs),]~ salts after chemical oxidation,
and were structurally characterized. Ni—Cp,,,, distances in all four

=m

w]*

monomers decreased upon oxidation, with a structural distortion manifested in the ring-tilt angle, &, among other angles. CV studies
of the reversible first oxidation process to the polyelectrolyte {[Ni(>-CsH,),(CH,);]*}, ([4]"*) were used to estimate the
molecular weight of the polymeric material (M,, = 5300 g mol™") by comparing its diffusion coeflicient with that of a monomeric
analogue, and the second electrochemical oxidation of polymer 4 was found to be only partially chemically reversible.

B INTRODUCTION

The rich redox chemistry of metallocenes is exemplified by
ferrocene (FcH), which possesses a reversible one-electron
oxidation [FcH]"/FcH at 0.64 V versus the standard hydrogen
electrode (SHE) and is used as a reliable standard in
electrochemistry." Paramagnetic decamethylcobaltocene,
[Co(17°-CsMes),], which exhibits a reduction potential of
—1.94 V versus FcH, is commonly used as a strong reducing
agent." Both oxidation to the monocationic “metallocenium”
and further oxidation to the dicationic species have only been
observed for the metallocenes of iron, cobalt, and nickel. Very
positive potentials (1.71 and 2.72 V versus FcH, respectively)
are required to access the dication of ferrocene and cobaltocene
via cyclic voltammetry (CV),”” and the resulting 16 and 17 VE
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Figure 1. Metallocene-containing molecules.

(valence electron) species are highly electrophilic and
oxidizing.4 20 VE nickelocene (1) can be oxidized to both the

monocationic 19 VE nickelocenium ion (2) and the respective
18 VE dicationic species, which is thermodynamically more
accessible than related iron and cobalt species (requiring a
potential of 1.06 V versus FcH).>

Polymers based on redox-active metallocenes have attracted
considerable interest from a materials science perspective.®””
Recently, we reported numerous macromolecular systems based
on nickelocene-containing repeat units.'°~'> These involve the
ring-opening polymerization (ROP) of a cyclic [n]-
nickelocenophane monomer such as 3 to yield poly-
(nickelocenylpropylene) 4 (Figure 1)."° The lability of the
Ni—Cp bonds (Cp = cyclopentadienyl) in both the moderately
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strained monomer (3) and the polymer (4) results in a system
that is dynamic in nature, where at a low concentration or at an
elevated temperature in a coordinating or polar solvent,
depolymerization occurs.'” Although this provides useful insight
into the thermodynamic propensity for ROP in the strained
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monomer (3: AH%op = —10 k] mol™}, AS%qp = —21 J K™
mol™!, AG%op = —4.0 kJ mol™ at 20 °C), it renders the
polymeric material difficult to characterize and process as a
result of its facile depolymerization in common solvents.

The oxidation of nickelocene (1) to the nickelocenium cation
in 2 involves a decrease in metal—Cp bond length (1: Ni—Cp .n
= 1.8167(13) A, 2: Ni—Cp,y; = 1.700(4) A) and a presumed
increase in bond strength (cent = centroid).'*'® The
strengthening of Ni—Cp bonds in neutral polymers via the
oxidation of nickelocene units to nickelocenium cations may
render the resulting polyelectrolyte static and, therefore, stable
to depolymerization. The ROP of novel strained
[n]nickelocenophanium cations also provides an alternative
route to these types of polyelectrolytes.

Several cationic [n]metallocenophanium ions (Figure 1) have
been synthesized from various iron and cobalt
[n]metallocenophanes,16_20 and the structural and electronic
effects upon oxidation are markedly different for each metal."”
For example, the highly strained 17 VE silicon-bridged
[1]ferrocenophanium ion ([S]*) is synthesized via oxidation
of the neutral 18 VE sila[1]ferrocenophane precursor §, and the
tilt angle o (the dihedral angle between the two Cp rings; Figure
1) increases significantly (from 18.69(9)° to 28.9(13)°) as a
result of the increase in the Fe—Cp.,, distance.”” This structural
distortion can be related to the removal of a valence electron
from the e’, bonding orbital in the ferrocene unit (Figure 2). In
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Figure 2. A simplified representation of the frontier molecular orbitals
in metallocenes of Fe, Co, and Ni (neglecting the effects of zero-field
splitting). Upon oxidation of the neutral metallocene to the
monocationic species, the electron shown in red is removed.

contrast, upon oxidation of the 19 VE cobaltocene unit and
removal of an electron from the e”, antibondin% orbital (Figure
2), the opposite effect is observed.'™'®'??*" [4]-
Cobaltocenophanium ions (18 VE diamagnetic species) feature
shorter Co—Cp,,,, distances and smaller tilt angles than their
neutral precursors (e.g., dicarba[2]cobaltocenophanium [6]*: &
21.4(2)° as compared to the neutral dicarba[2]-
cobaltocenophane 6: a = 27.1(4)°)."

By contrast, the oxidation chemistry of [n]nickelocenophanes
is far less explored. Nickelocene itself displays the reversible
electrochemical sequence Ni'/Ni™/Ni"¥ upon oxidation in a
range of organic solvents, in addition to a reduction
corresponding to a Ni''/Ni' redox couple, which is only partially
chemically reversible.””*~>* The naphthalene-bridged [n]-
nickelocenophane 7 (Figure 3) undergoes two oxidation
processes as observed by CV, the first to the monocation, with
electrochemical reversibility, and the second to the dication,
which was only partially reversible.”® A similar behavior was
noted for the unsaturated tetracarba-bridged 8 (Figure 3).%° The
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Figure 3. Examples of [n]nickelocenophanes 7—12.

only isolated [n]nickelocenophanium ion is the distanna[2]-
nickelocenophanium hexafluorophosphate salt ([9][PFq]).”’
The 20 VE nickelocene unit in neutral 9 features two electrons
occupying formally antibonding e”; orbitals (Figure 2).
Oxidation affords the 19 VE nickelocenium species, where the
Ni—Cp,.p distance is decreased (9: a = 4.60 (8)°, Ni—Cp,.,; =
1.8141(8) A, [9]": a = 3.67 (13)°, Ni—Cpeeye = 1.7186(14)
A).*" Further oxidation, to yield the 18 VE species [9]*, was
demonstrated via CV>' and is well-documented for related
substituted nickelocenes.”**~***’

Currently, the ROP of [n]metallocenophanium cations has
not been demonstrated. Although the sila[1]ferrocenophanium
ion [5]* is highly strained, efforts to polymerize this monomer
resulted in a thermally induced fluoride transfer reaction with its
[SbF¢]™ anion.”® A thermal treatment of diaryl-substituted
dicarba[2]cobaltocenophanium cations again does not lead to
ROP but to a rupture across the dicarba bridge.** Recently, our
group has reported the ROP of neutral [n]nickelocenophanes 3,
10, and 12 under particularly mild conditions,'*™** suggesting
that oxidized [n]nickelocenophanium cations may also be
susceptible to ring-opening reactions. [n]Nickelocenophanium
cations bearing significant ring strain have not yet been realized
synthetically, but the Ni—Cp bond in these 19 VE species is
expected to be weaker than the analogous Co—Cp bond in
charged [n]cobaltocenophanium ions, making these species
interesting candidates for ROP.

In this report we detail an electrochemical investigation of
four [n]nickelocenophanes and the synthesis of their respective
[n]nickelocenophanium salts. In addition, we perform an
electrochemical oxidation of the nickelocene-based polymer 4.

B RESULTS AND DISCUSSION

1. Electrochemistry of [n]Nickelocenophane Mono-
mers. The electrochemical behavior of the four mononuclear
complexes 3, 10, 11, and 12 (Figures 1 and 3) was investigated
in a dichloromethane solution, employing [NBu,][B(C4Fs),] as
the supporting electrolyte (0.0S M). The syntheses of these
neutral [n]nickelocenophanes all utilize a salt metathesis route,
involving the reaction of a dilithiated “fly trap” ligand and
nickel(1I) salt.">*” Only oxidative processes to form the Ni' and
Ni' species of 3 and 10—12 were investigated, in attempts to
strengthen the Ni—Cp bond upon oxidation and investigate
these monomers as potential charged precursors for ROP.

The voltammetric responses for all four species were
reproducible and are displayed in Table 1 (all electrochemical
potentials are reported relative to the ferrocene/ferrocenium
couple, [FcH]”*). Each complex exhibited two quasi-Nernstian
one-electron oxidation waves, which obeyed the diagnostic
criteria for diffusion-controlled redox processes (there was no
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Table 1. E, ;, Values (V Versus FcH) for
[n]Nickelocenophanes, Related Nickelocenes, and
Poly(nickelocenylpropylene) in 0.05 M [NBu,][B(C4Fs),]/
CH,Cl,

E, (1) (Vversus E,;;(2) (Vversus AE, )"
compound FcH) Ni'/Ni'™  EcH) Ni'l/Ni'V V) ref
7o -0.52 0.49¢ 1.01 25
b —0.59 0.31¢ 0.90 26
9" —0.52 0.49 1.01 21
3 —-0.70 0.86 1.56
10 —0.46 0.86 1.32
11 —0.41 0.97 1.38
12 —0.61 0.94 1.55
4 —0.69 (—0.47) 0.88 1.57
[Ni(#°-C4H), ] —0.46 1.06 1.52 5
[Ni(*-CsH,Me),]  (—0.56) (0.96) (1.52) 31
(estimated)®
[Ni{sp- —0.44 1.04 1.48 31
C5H4(S'1M3;)}z]
(estimated)”

“AE,), = E,»(2) — E,;(1). ?[Bu,N][PF] electrolyte used. “CV
performed in acetonitrile. “Second step only partially reversible. “CV
performed in THF. fSmaller feature: see discussion. Values for
[Ni(5>-CsH,Me),] are estimated based on a negative shift of 0.05 V
per methyl group. "alues for [Ni{i’-CsH,(SiMe;)},] are estimated
based on a positive shift of 0.01 V per SiMe; group.

evidence of adsorption onto the electrode surface by the analytes
or their anodic products). The first wave corresponds to an
oxidation of the [n]nickelocenophane (Ni', 20 VE) to the
monocation (Ni', 19 VE), and the second corresponds to a
further one-electron oxidation to the dication (Ni'¥, 18 VE) as
shown in Scheme 1.

Scheme 1. Reversible One-Electron Oxidation Processes for
Nickelocene-Based Molecules to the Respective Monocation
and Dication”

— e

Ni''L [Ni"MLg* [Ni'VL)?*
Eq2(1) E12(2)

““L” denotes the bridged Cp-based ligand backbone.

A representative CV scan for disila-bridged 10 (Figure 4a)
demonstrates two redox processes at E;, = —0.41 and 0.97 V
versus FcH. All of the redox processes for 3, 10, 11, and 12
exhibit i /i, (i. = peak cathodic current, i, = peak anodic current)
values near unity for CV scan rates between 1.0 and 0.2 Vs7},
indicating full chemical reversibility of both oxidation processes
on the voltammetric time scale. CV scans of compound 3 at low
temperature (258 K) also exhibit full reversibility (Figure S1).
Square-wave (SW) voltammograms were also recorded for each
redox process. Although the peak widths at half-maximum are
somewhat greater than expected (see Figure 4b for an example
scan of 11), the SW scans were also consistent with one-electron
quasi-Nernstian redox processes. Previous investigations of the
redox behavior of [n]nickelocenophanes 7 and 8 showed only a
partial reversibility of the Ni'/NiV couple; a difference that is
probably attributable to the nature of the electrolyte anion
([PF¢]~, which is known to react with sufficiently electrophilic
complexes) compared to the [B(C¢F),]” anion used in this
study. 252050
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Figure 4. (a) Cyclic voltammogram for 10 (2 mM) in 0.05 M
[NBu,][B(CFs),]/CH,Cl, with a 2 mm glassy carbon electrode (gce),
scan rate 0.2 Vs, T = 295 K. (b) SW voltammogram (60 Hz) for 11
(2.5 mM) in 0.05 M [NBu,][B(C4F;),]/CH,Cl, with a 2 mm gce, T =
295 K.

To aid the comparison with the parent nickelocene, the
reported potentials of 1 in this medium (dichloromethane)®
were adjusted to take into account the standard shift in E, /,
introduced by the replacement of a ring proton with a methyl
group (Table 1).*' There is a significant thermodynamic
stabilization (ca. 140 mV) of the tricarba-bridged Ni'
monocation [3]* versus [Ni(1*-CsH,Me),]*, which is far less
pronounced in the related tetracarba-bridged species [12]* (ca.
50 mV). Otherwise, the potentials of the first (Ni"/Ni'™")
oxidations fall within a range that is consistent with normal ring
substituent effects (substitution of the Cp ring with silicon
results in a positive shift of only 0.01 V per SiMe; group
introduced).”" The potentials of the second couple (Ni'"/Ni'V)
of the hydrocarbon-bridged species display a similar trend to
that of the first couple (Ni"/Ni'™). The Ni'V dication [3]** again
exhibits a significant thermodynamic stabilization (ca. 100 mV)
compared to [Ni(1’-CsH,Me),]*, whereas for [12]** this
stabilization is reduced to ca. 20 mV. A stabilization effect is also
observed for the disila/siloxane-bridged species within this
second redox couple. The dication of the disila-bridged
compound [10]** exhibits a greater stabilization versus the
[Ni{n®>-CH,(SiMe,)},]** dication (180 mV) than that of
siloxane-bridged [11]** (100 mV).

In general, it seems that a trend is observed between an
increased thermodynamic stabilization of the cations and an
increased tilt angle a. In a comparison of the hydrocarbon-
bridged species, neutral 3 is significantly more tilted than 12 (a
= 16.6° and 1.0° respectively), and for the silicon-containing
bridges, 10 is more tilted than 11 (& = 9.4° versus 3.5°). This
increased tilt/stabilization relationship has also been observed in
work by Braunschweig et al,”' and although the effect of tilting
on the frontier orbitals in ferrocene is well-understood,** further
theoretical investigation is required to justify this observation in
ansa-nickelocenes.
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To provide further insight into the effect of Cp ring tilt on the
ease of oxidation in these monomers, computational studies (see
the Supporting Information for details) were performed to
compare the first oxidation potential of hydrocarbon-bridged
species, where the electronic influence of the bridge is expected
to be similar across the three species probed. Both the tricarba-
and tetracarba-bridged monomers 3 and 12 were investigated as
well as the theoretical dicarba[2]nickelocenophane 13 (see
Supporting Information, Table S2), the synthesis of which has
not yet been realized. The calculations correctly predict that the
one-electron oxidation of the neutral 20 VE [n]-
nickelocenophane is more facile for tricarba-bridged 3 than
tetracarba-bridged 12 (Table 2). The expected lowering of

Table 2. Experimental and Calculated E, /, Values (V Versus
FcH) for Hydrocarbon-Bridged [n]Nickelocenophanes

calculated
experimental values values
tilt angle Eip(1) (V Eipn(2) (V Eyp(1) (V
compound (deg versus FcH versus FcH versus FcH)
13 33 —0.50
3 16.6 —0.70 0.86 —0.75
12 1.0 —0.61 0.94 —0.64

“Determined from an optimized structure.

oxidation potential with increased tilt is, however, not observed
for the theoretical molecule 13, which features a calculated tilt
angle of ca. 33°. The calculated value for the first oxidation to
[13]*is —0.50 V versus FcH, suggesting that this highly strained
species is more easily oxidized than its longer-bridged analogues
(Table 2).

It has been previously shown that the separation between the
Ni"/Ni"™ and Ni""/Ni'V oxidation potentials, AE, ,, [=E ,(2) —
E,5(1)], for nickelocene is very solvent-sensitive,” with large
increases in oxidation potential (as much as 0.5 V)
accompanying a decrease in solvent donor strength. This effect
is demonstrated for the oxidation of 3 in dichloromethane
(Figure S). An increased acetonitrile content of the solution has
little effect on the value of E;,,(1) but results in a significant
decrease in the value of E;,(2) corresponding to the oxidation
to the dication (0.86 V without MeCN versus 0.59 V with 10%/
vol MeCN). The value of AE,, therefore also decreases with
increasing acetonitrile content, indicative of a thermodynamic
stabilization of the electrophilic dication via the formation of

—Without MeCN
—+ 20 eq MeCN
—+ 1%/vol MeCN
—+ 10%/vol MeCN

0.5 0 -0.5 -1 -1.5
E (V vs. Fc+)

1.5 1

Figure S. Cyclic voltammogram for 3 (1 mM) in 0.0 M
[NBu,][B(C4Fs),]/CH,Cl, with additional MeCN, scan rate 0.2 V
sTL T=295 K
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solvent adducts. In addition, as the acetonitrile content
increases, the oxidation and reduction peaks of Ni""/Ni" are
of lower intensity than the Ni''/Ni™" couple, indicating either
slower charge transfer or a further chemical reaction with the
solvent, which is coupled to the second redox process.

The large AE,/, values observed when dichloromethane is
employed as the solvent correlate with increased kinetic
stabilities for the nickelocene dication. The AE,,, values
measured for the hydrocarbon-bridged [n]nickelocenophanes
(3and 12: 1.56 and 1.55 V, respectively) are similar to that of the
parent nickelocene (1.52 V). The lower AE, ,, values for the
disila/siloxane-bridged complexes 10 and 11 (1.32 and 1.38 V,
respectively) may indicate a stronger solvation or ion-pairing
interaction with the Ni'V dications, but they still fall within a
range in which the Ni" complex is kinetically stable. As can be
seen in Table 1, the previously reported AE,, values for
[n]nickelocenophanes with an unsaturated carbon or tin-based
bridges (7, 8, and 9) are even smaller. The second oxidation
potential of these complexes, in particular, is far more negative
than the other [n]nickelocenophanes, and this is attributed to
the electronic influence of the bridge, which renders the nickel
center more electron-rich.”**

The kinetic stabilities of the oxidized [n]nickelocenophanes
(both monocationic and dicationic) were confirmed by bulk
electrolysis experiments at 20 °C. For example, neutral 11 was
oxidized at an applied voltage (E,,,) of 1.25 V (sufficient to
oxidize the complex to the dication) with a two-electron process
being confirmed by the net coulomb count (n,,, = 1.8 ¢~, 95%
electrolysis). Linear scan voltammograms taken after the
completion of the oxidation process confirmed the presence of
the dication in solution, and the neutral complex was
regenerated by cathodic back-electrolysis at E,,; = —1.0 V.

The CV scan in Figure 6 was recorded after this two-electron
anodic electrolysis of 11. In addition to showing the dominance

+ o

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
E (V vs. Cp,Fe®*)

Figure 6. Cyclic voltammogram after bulk anodic oxidation of 11 (1.5
mM) at B,y = 125 V in 0.05 M [NBu,][B(C¢Fs),]/CH,CL, with a 2
mm gce, scan rate 0.2 V s, T=295K

of [11]** in solution, it reveals the presence of a small wave (ca.
—0.7 V), which presumably appears as a result of a side reaction
of the [11]** dication.”> The NiV dications of these [n]-
nickelocenophanes are expected to be sensitive to attack by trace
water or other adventitious nucleophiles, as similar observations
have been made for the parent nickelocene dication.**

2. Electrochemistry of Poly(nickelocenylpropylene).
An investigation of the anodic behavior of poly-
(nickelocenylpropylene) 4, which possesses one nickelocene-
based moiety per repeat unit, showed main electrochemical
features that are similar to those of the [n]nickelocenophane
monomers. Thus, two apparent one-electron oxidations were
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Figure 7. Cyclic voltammograms for 4 (0.5 mM) in 0.05 M [NBu,][B(C¢F;),]/CH,Cl, with a 2 mm gce, scan rate 0.2 Vs™', T =295 K, at time, t = (a)
S min, (b) 50 min, (c) 4 b, and (d) 30 h after dissolution of the polymer.

detected for the polymer in dichloromethane at E, /, values of
—0.69 and 0.88 V in the cyclic voltammogram (Figure 7a),
corresponding to formal Ni"/Ni"" and Ni"/Ni'V redox couples
of the nickelocenylpropylene repeat unit, respectively (Scheme
2).

Scheme 2. Oxidation of Polynickelocene 4 to Polyelectrolytes
with Monocationic and Dicationic Repeat Units

-e
Ni Ni
Eq2(1)
n n
4 [4]"+
-e L E12(2)
2+
Ni
n
[4]2n+

Although the Ni'/Ni" wave (involving the oxidation of [4]"*
to [4]*"*) exhibits some chemical reversibility, the process is
significantly less reversible than that of its precursor monomer 3.
The small cathodic feature on the reverse scan at E,. ~ — 0.93 V
is thus ascribed to a follow-up reaction after the formation of the
highly reactive dicationic Ni" species. The increased reactivity
of the dicationic polymer [4]*"* can be explained by the close
proximity of Ni** centers along the chain relative to the
independent solvated [3]** monomeric dications.

In addition to the two expected redox processes at —0.69 and
0.88 V (for the Ni"'/Ni'™ and Ni'/Ni'V couples), an additional
smaller feature was present at E,,, = —0.47 V, which may be
assigned to either (1) the oxidation of nickel centers within the
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polymer chain, which are electronically distinct, or (2) the
presence of an additional product in the polymer sample. The
first possibility involving distinct nickel centers is feasible for a
number of reasons, including the likely presence of both linear
and cyclic material> and the difference in electronic environ-
ment of nickel centers in the center of the polymer chain versus
at either end (for a linear material). However, a more convincing
argument for the latter case involving an additional independent
species can be made based on the effects of increased CV scan
rates on this system. At higher scan rates, the cathodic portion of
this small feature at —0.47 V shows a sharp spike, indicative of an
adsorption-controlled process. However, the second major wave
at 0.88 V remains diffusion-controlled, indicating the essential
independence of these redox processes. Although the feature at
—0.47 V cannot be assigned to either the monomer or polymer,
its identity is unclear.

As determined previously, the dichloromethane solvent
allows for significant depolymerization of 4 over time (Figure
S14),"* with some occurring in the first hour (at which time 10%
of 4 has depolymerized). Monomer 3 and its respective polymer
4 exhibit similar redox potentials for both the Ni'/Ni"! and
Ni""/Ni" couples (—0.70/—0.69 and 0.86/0.88 V, respectively),
so the relative quantities of 3 and 4 in solution cannot be
definitively determined based on E,/, values. However, kinetic
studies were performed in which the electrochemical profile of a
dilute dichloromethane solution of 4 was monitored over time
(Figure 7a—d). Regarding the first oxidation at —0.69 V, the
peak current increases over the time span of these experiments,
the oxidation remains reversible, and the pre- and postpeaks
diminish or disappear, respectively, over time. The small feature
at —0.47 V does not appear to change much over time.
Regarding the second oxidation at 0.88 V, the anodic peak
current increases over time, and the reversibility also increases
over time.

These observations are consistent with two processes
occurring over time: (1) the polymer is slowly dissolving and
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(2) the polymer is depolymerizing. The anodic peak currents of
the first and second oxidations increase over time as a result of
the increased concentration of polymer upon its dissolution, and
the reversibility of the second oxidation increases over time as
the polymer depolymerizes to form monomer 3. The pre- and
postpeaks near the first oxidation diminish over time, as the
second oxidation of the monomer is reversible, and therefore no
follow-up reactions occur.

An estimate of the molecular weight of polymer 4 can be
made, based on its apparent diffusion coefficient (D), compared
with that measured for a monomeric analogue. This approach
was originally described for poly(vinylferrocenes)** and more
recently employed for ferrocene-based polyesters with the same
electrolyte, [NBu,][B(C4Fs),], as used in this case.*® It relies on
the interpretation of simple statistics for molecules that contain
n identical, noninteracting centers (where each center has the
same potential and adheres to the Nernst equation). The shape
of the current—potential curve for the polymer has the same
shape as that of a species where n = 1, but the diffusion-limiting
current is larger by a factor of the degree of polymerization, n. Eq
1 can be used to determine n by relating the diffusion coeflicients
for the monomer and polymer (D,, and D, respectively).

(1

Diffusion coeflicients for the nickel complexes were evaluated
by employing the Cottrell equation (eq 2) to evaluate
chronoamperometry data obtained with a step time of five
seconds for a species j (see the Supporting Information for
details).*’

nFAc? \/Bj
Jrt ()

Values 0f 9.2 X 107 and 1.6 X 10~° cm* s ™! were obtained for
11 and 4, respectively, in 0.0S M [NBu,][B(C¢F;),]/CH,CL,.
These values were employed in eq 1 to estimate the molecular
weight (assuming that the monomers 11 and 3 exhibit very
similar diffusion coefficients). Polymer 4 is predicted to have a
molecular weight of 5300 g mol™" by this method and a
corresponding degree of polymerization of 23. This molecular
weight is significantly lower than the absolute molecular weight
calculated by small-angle X-ray scattering (SAXS) (M, = 20 000
g mol™),"” and therefore it is likely that the polymer has
undergone significant depolymerization over the time span of
the CV experiment.

3. Synthesis of [n]Nickelocenophanium Salts. Three
[n]nickelocenophanium cations were prepared via the respec-
tive oxidations of monomers 3, 10, and 11 with [AcFc][B-
(CgFs),)] in dichloromethane (AcFc = acetylferrocene)
(Scheme 3). [AcFc][B(C4Fs),)] exhibits a formal redox
potential of 0.27 V versus FcH in this solvent' and is, therefore,
a suitable oxidant to target these one-electron oxidation
products (oxidation potentials of 3, 10, and 11 are —0.70,
—0.46, and —0.41 V versus FcH, respectively).

An immediate color change from green to orange/brown was
observed in all cases upon addition of the oxidant, as the neutral
20 VE [n]nickelocenophanes were oxidized to the respective
cationic 19 VE [n]nickelocenophanium tetrakis-
(pentafluorophenyl)borate salts. UV—Visible spectroscopy
(Supporting Information) showed that the lowest energy
absorption for the cationic species is hypsochromically shifted

i =
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Scheme 3. Oxidation of [n]Nickelocenophanes 3, 10, and 11
to Form Respective [n]Nickelocenophanium
Tetrakis(pentafluorophenyl)borate Salts

i
/ [FCACIB(CeFs)al / ~
Ni (ERy)y —>CH o 24 h 20°C Nlb (ERy)y | [B(CeFs5)l
2v12, ) : ?/
FcAc = Fe(n®-CsHy)(n®-CsH4C(O)CH3)
3: (ERy)y = (CHy)3 [31[B(C6F5)al: (ERy)y = (CH2)3
10: (ER,)y = (SiMey), [10][B(CeFs)4l: (ERy)y = (SiMey),
11: (ER,)y = (SiMe;),0 [11]1[B(CeFs)al: (ERy)y = (SiMe3),0

relative to the neutral species (e.g, [3]": Ape = 434 nm (e =
1584 M em™),3: A, =673 nm (e =220 M~ cm™)"?). The
products were washed with hexanes to remove the neutral
orange acetylferrocene side product. The cation of
tetracarba[4]nickelocenophane 12 was instead prepared via an
oxidation with the arylaminium salt [N(C¢H,Br-4),][B(CF;),]
to afford the corresponding tetrakis(pentafluorophenyl)borate
salt (Scheme 4).

Scheme 4. Oxidation of Tetracarba[4]nickelocenophane 12
to Form the Tetrakis(pentafluorophenyl)borate Salt
+
\ [N(C6H4Br-4)3][B(CsF5)a] ’\\‘
I

o=

[12][B(CsF )4l

[B(CeFs5)al
CH,Cly, 24 h, 20 °C

"H NMR spectroscopy of the [n]nickelocenophanium salts
revealed broad signals assignable to a- and B-Cp proton
environments in the paramagnetic region of the spectrum ([3]
[B(C4Fs),]: —36.6 and —62.9 ppm, [10][B(C,Fs),]: —30.8 and
—113.6 ppm, [11][B(CFs),]: —55.8 and —112.1 ppm, [12]
[B(C4Fs)4): —74.5 and —178.0 ppm, respectively) shown in
Figures S2—S5. These Cp resonances are observed much further
downfield than those of their neutral [n]nickelocenophane
precursors (ranging from —22S5 to —275 ppm) and are in a
similar region to those observed for [9][PF4] (—49 and —115
ppm). Protons of the Si(CHj;), groups within the ansa bridges of
[10]* and [11]" were also observed in the diamagnetic region of
the spectrum at 8.9 and 4.8 ppm, respectively. Structural
parameters for the four [n]nickelocenophanium [B(C¢Fs),]”
salts are summarized in Table 3.

Brown/orange single crystals of [3][B(C¢Fs),] suitable for
single-crystal X-ray diffraction were grown from a dichloro-
methane solution of the product at —40 °C. [3][B(CF;),]
crystallizes in the orthorhombic space group Pbca and exhibits
disorder within the ansa bridge at C(7A)/C(7B). The molecular
structure of [3]* (Figure 8) reveals that the Ni—Cp,,, distances
decrease on oxidation as expected (due to the removal of one
electron from an e”| orbital) from 1.8045(av) A (av = average)
in 3 to 1.7075(av) A in [3]*. As expected, a concomitant
reduction in the tilt angle is observed (3: a = 16.6% [3]*: a =
12.5(1)°) as the Ni—Cp,,,, distance decreases and the structural
constraints within the ring are relaxed (Table 3). The Cp rings
within the metallocene unit are eclipsed, indicating that no
additional strain is present as a result of torsional distortion.

Single crystals of [10][B(CFs),] were grown by a slow
diffusion of hexanes into a dichloromethane solution of the
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Table 3. Comparison of Important Structural Parameters of Compounds 3, 10, 11, and 12 and Their Respective Monocations”

3 [3] 10

a (deg) 16.64(13) 11.4(3) 10.10(6)
f (deg) 42(3) 2.4(8) 11.39(10)
4.9(7) 11.57(10)
5 (deg) 166.33(S) 170.23(18) 170.93(3)

7 (deg) N/A N/A 12.12(2)
Ni—Cpeey: (A) 1.8051(14) 1.710(4) 1.8116(6)
1.8039(14) 1.705(4) 1.8131(7)

[10]* 11 [11]* 12 [12]*
9.35(9) 3.76(10) 2.6(2) 1.0(3) -2.7(2)
11.73(17) 5.0(2) 4.8(4) 0.5(6) -3.3(5)
11.59(15) 43(2) 4.3(4) 1.6(5) -3.2(5)
171.84(2) 177.20(2) 177.56(7) 178.63(11) 178.04(11)
19.47(2) N/A N/A 45.6(2) 41.62(17)
1.7257(4) 1.8172(3) 1.714(2) 1.813(3) 1.729(2)
1.7271(4) 1.8180(3) 1.718(3) 1.817(3) 1.724(2)

“Geometric parameters are described in Figure 10 (& = dihedral angle between the plane of each Cp ring, # = [180° — (Cpcem—Cipso—E)] angle, 0
= CPent—Ni—Cp'ope angle, 7 = torsion angle between E—E and Cp,,—Ni—Cp’ ., plane).

Figure 8. Molecular structure of the tricarba[3]nickelocenophanium
cation [3]*. Thermal ellipsoids displayed at the 50% probability level.
Hydrogen atoms are pictured as spheres of arbitrary radii, and the
[B(CFs),]™ counteranion was omitted. The ansa bridge is disordered
at position C(7A). For clarity the position with the highest relative
occupancy is displayed (62%). Selected distances (A) and angles (deg):
Ni(1)—Cpe.ne 1.710(4)/1.705(4), C(9)—C(8)—C(7A) 117.1(3),
C(6)—C(7A)—C(8) 119.6(4), C(5)—C(6)—C(7A) 116.8(3), a =
11.4(3), 6 = 177.56(7).

product, which crystallizes in the monoclinic space group P2,/n,
and two views of the [10]" cation are shown in Figure 9. In a

Figure 9. (a, b) Two views of the molecular structure of the
tetramethyldisila[2]nickelocenophanium cation [10]*. Thermal ellip-
soids displayed at the 50% probability level. Hydrogen atoms are
pictured as spheres of arbitrary radii (some are omitted for clarity), and
the [B(C4Fs),]” counteranion was omitted. Selected distances (A) and
angles (deg): Ni(1)—Cpeene 1.7257(4)/1.7271(4), Si(1)-Si(2)
2.3635(10), C(1)-Si(1)-Si(2) 102.27(7), C(6)-Si(2)—Si(1)
103.12(7), @ = 9.37(9), = 168.27(17)/168.42(16), § = 171.84(6).

similar manner to the tricarba-bridge species 3, the Ni—Cp_,
distance decreases on oxidation, from 1.812(av) A in 10 to
1.726(av) A in [10]*. However, the tilt angles in the two species
are identical within error (10: a = 9.37(8)°% [10]": a =
9.37(9)°), which is unexpected, as a change in the M—Cp bond
length usually has a significant effect on the tilt angle in
[n]metallocenophanes. “Strain” is known to be expressed in
more than one structural parameter, including o
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(Cpcent_M_CP/cent) and ﬁ (1800 - [Ccent_cipso_E])' UPOI]
closer examination, however, the 6 angle is similar for both
molecules (10: 5 = 170.93(3)°; [10]*: 6 = 171.84(6)°), as are
the sets of  angles (10: § = 168.43(10)/168.61(10)°; [10]*:
=168.27(17)/168.42(16)°). The Si—Si bond length within the
bridge is also the same within error for both species (10:
2.3638(4) A; [10]": 2.3636(10) A).

The distortion that accounts for the structural differences
between 10 and [10]* is manifested in a combination of 7
(defined as the angle between the Si—Si bond of the bridge and
the Cpen—Ni—Cp’ o plane in the nickelocene unit) and ¢ (the
extent to which the Cp ligands are staggered/eclipsed within the
nickelocene unit) (Figure 10).

Figure 10. Angles depicting the structural parameters in [2]-
nickelocenophanes (a = dihedral angle between the plane of each Cp
ring, 8 = [180° = (Cpen—Cpipso—E)] angle, 7 = torsion angle between
E—E and Cpen—Ni—Cp'cene plane, ¢ = torsion angle of Cp en—Cpipso—
Cplipso_cp/cent)'

For the neutral species 10, 7 = 12.12(2)°, whereas for the
cationic species [10]*, it is much larger (r = 19.47(2)°),
indicating a greater twisting of the disila bridge to allow for some
of the shortening of both Ni—Cp bonds. However, there is also a
greater extent of “staggering” of the upper and lower Cp rings
relative to one another (quantified by the torsion angle, ¢;
CPipso—CPeent=CPcenc—CP'ipso), and this is far greater in
cationic [10]* (¢ = 12.86(15)°) than in neutral 10 (¢ =
8.99(10)°), which contributes further to the overall twisting of
the molecule upon oxidation. A very similar effect is observed in
distanna[2]nickelocenophane 9 and its oxidation product [9]*,
where 7 increases from 12.92(4)° to 24.56(4)° and staggering of
the Cp rin%s (¢) also increases significantly from 11.00(12)° to
22.3(3)°2

Compound [11][B(C4F;),] crystallizes in the monoclinic
space group P2,/c and contains three formula units per
asymmetric unit. One of these is disordered over the
metallocene unit, the ansa bridge, and one of the C¢Fj rings of
the tetrakis(pentafluorophenyl)borate anion. The [11]* cation
shown in Figure 11 (Ni(1)) exhibits no disorder, and the
discussion will focus on this structure. The oxidation product
again exhibits both a shortening of the Ni—Cp bonds (1.716(av)
A'in [11]* versus 1.8176(av) A in 11) and a reduction in tilt
angle (@ = 2.6(2)° in [11]* versus 3.76(10)° in 11). The
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Figure 11. Molecular structure of the 1,3-tetramethyldisila-2-oxa[3]-
nickelocenophanium cation [11]*. Thermal ellipsoids displayed at the
50% probability level. Hydrogen atoms are pictured as spheres of
arbitrary radii, and the [B(C4Fs),]” counteranion was omitted.
Selected distances (A) and angles (deg): Ni(1)—Cpe, 1.714(2)/
1.718(3), Ni(1)---O(1) 3.530(4), Si(1)—O(1)-Si(2) 144.3(3), a =
2.6(2), 6 =177.56(7).

intramolecular Ni(1)---O(1) distance in [11]* (3.530(4) A) is
very similar to that of the neutral species 11 (3.5217(18) A) and
shows no interaction of the oxygen lone pairs with the nickel-
based cation.

In a similar manner to that of [10][B(C4Fs),], compound
[12][B(C¢Fs),] was isolated via a slow diffusion of hexanes into
a dichloromethane solution of the product. [12][B(CF;),]
crystallizes in the orthorhombic space group Pbca (Figure 12)

Figure 12. Molecular structure of the tetracarba[4]-
nickelocenophanium cation [12]*. Thermal ellipsoids displayed at
the 50% probability level. Hydrogen atoms are pictured as spheres of
arbitrary radii, and the [B(C¢Fs),]” counteranion was omitted. The
ansa bridge is disordered at positions C(7) and C(8). For clarity the
positions with the highest relative occupancy are displayed (85%).
Selected distances (A) and angles (deg): Ni(1)—Cpe, 1.729(2)/
1.724(2), a = =2.7(2), 6 = 178.04(11).

and exhibits disorder within the ansa bridge at C(7)/C(7A) and
C(8)/C(8A). The tilt angle @ is nominally defined as the angle
between the Cp rings, but for clarity in this text we will define
alpha relative to the ansa bridge. Thus, unusually [12]* displays
anegative tilt angle (@ = —2.7(2)°); that s, the Cp rings tilt away
from the ansa bridge. In comparison to the neutral analogue, the
oxidation product exhibits shorter Ni—Cp bonds (1.727(av) A
in [12]" versus 1.815(av) A in 12), and the corresponding
decrease in tilt angle from & = 1.0(3)° in 12 to a slightly negative
value is therefore not unexpected. In addition, the decrease in
Ni—Cp bond length gives rise to an inversion in tilt of the ipso
carbons in the ansa bridge of [12]* compared to the neutral
structure (ff = —3.3°(av) for [12]* versus 1.1°(av) for 12).
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The preparation of [n]nickelocenophanium ions with a
greater tilt is an attractive goal, and these species are expected
to exhibit a greater stability than their neutral analogues, as can
be appreciated in Figure 13. Calculations of the change in the
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Figure 13. Variation of total energy of [NiCp,], [NiCp,]*, and
[NiCp,]** as a function of the tilt angle a.

total energy of the parent nickelocene [NiCp,] and nickel-
ocenium [NiCp,]* versus tilt angle show that the total energy of
the monocation lies below that for the neutral nickelocene until
the tilt angle reaches ca. 28°. However, the only route to these
cations at present involves the oxidation of neutral [n]-
nickelocenophanes. The tricarba-bridged species 3 undergoes
a spontaneous ROP, and as a result, the synthesis of the dicarba-
bridged species 13 has been unsuccessful. As discussed, the
naphthalene-bridged species 7 exhibits a greater tilt (a = 20.2°)
than 3, although the rigidity of the fused aromatic ansa bridge
may account for the stability of this monomer toward ring-
opening. We have, however, previously investigated the
thermodynamic propensity of neutral [n]nickelocenophane
monomers 3, 10, 11, and 12 toward ring opening,1 reporting
that & is not always responsible for the ring strain in these
monomers. Further modeling of [#n]nickelocenophanium ansa-
briged species may therefore be necessary, especially given the
subtle differences in 7 and ¢ for species 10 and [10]".

4. Attempted ROP of [n]Nickelocenophanium Cation
[3]". The tilt angle of [3]* (o = 11.4(3)°), although smaller than
it neutral precursor, may still be large enough to drive ring-
opening chemistry via the release of strain. In an experiment
similar to that of the ROP of 3, [3][B(C¢F;),] was dissolved in
pyridine (0.11 M) and stirred for 24 h at room temperature, after
which time no obvious color change was observed. A
precipitation into hexanes was not a viable polymer isolation
method in this case (as any remaining charged monomer would
also precipitate from solution), so the solvent was removed in
vacuo, and the product(s) were analyzed by 'H NMR
spectroscopy in dichloromethane-d,. No signals corresponding
to the starting material [3][B(CFs),] could be observed, and
the only shifts in the paramagnetic region of the spectrum
appeared at 19.9, 10.9, and —8.3 ppm, which could not be
assigned. A small amount of material was dissolved in
tetrahydrofuran (THF) to perform dynamic light-scattering
(DLS) experiments, which showed that material of size Ry, = 1.8
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nm was present (Figure S12), although this could not
conclusively be assigned to a polymeric material based on the
[3]" unit.

5. Oxidation of Polynickelocene 4. An alternative
synthetic route to the [4]"*-based polyelectrolyte involves a
chemical oxidation of the neutral polymer. Attempts were made
to chemically oxidize polymer 4 to its monocationic repeat unit
form in much the same way as for the monomeric complexes.
The oxidation of 4 with 1 equiv of [AcFc][B(C4F;s),] in
nitromethane-d; (Scheme S, top) resulted in a color change
from green to brown and the precipitation of a brown solid.

Scheme S. Full and Partial Chemical Oxidation of Polymer 4
to Yield Polyelectrolytes [4][B(C(F;),], and [4]

B(C6F5)4 3n/4

_ [FeACIB(CeFs)a] it B
CD3N02 [B(CsFs)al
1h,20°C o

[4][B(C6F5)aln

CD3NO,, 1h, 20 °C
0.25 [FCAC][B(CgF5)4]

n @\/\an
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"H NMR spectroscopy of the nitromethane-soluble product
showed the presence of a small amount of cationic monomer,
[3]*. The precipitate was dissolved in dichloromethane-d,, and
"H NMR spectroscopy of this solution exhibited a number of
interesting features (Figure 14). First, there is no neutral
polymer 4 present, and we can assume that it has been fully
consumed during the oxidation. The broad singlets at —35.8 and
—63.6 ppm indicate that a small amount of [3]* is also present in
solution (this could be a result of the depolymerization of the
neutral polymer, followed by an oxidation, or vice versa). Most

FcAc = Fe(n5-CsH4)ZC(O)CH3

diamagnetic region

37.05

4
B-CH; ar

aand B-Cp environments

31
aand B-Cp
environments
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Figure 14. "H NMR spectrum (500 MHz, CD,Cl,) of [4][B(C¢Fs),]
with the presence of [3][B(CgFs),].

1953

interestingly, the three larger resonances at —134.5, —88.3, and
37.0 ppm are shifted downfield relative to those of neutral
nickelocenes and cannot be assigned to neutral monomer 3,
neutral polymer 4, or cationic monomer [3]*. It is possible that
these resonances correspond to Cp protons and -CH, propyl
protons in polyelectrolytic [4]"* (in a similar manner to that of
the neutral polymer, a-CH, propyl protons could not be
assigned). To ascertain whether the material present was
polymeric, DLS experiments were performed (Figure S13), and
these indicated that material of size R, = 3.8 nm was present in
the solution, consistent with the formation of polyelectrolyte
[4]1[B(C4Fs).]..

B SUMMARY

We have explored the electrochemistry of a number of
[n]nickelocenophanes with carbon-, silicon-, and oxygen-
containing ansa bridges, identifying oxidation events to
monocationic and dicationic species by cyclic voltammetry.
Monocationic species [3]*, [10]*, [11]*, and [12]* were
isolable as [B(C4Fs),]™ salts after a chemical oxidation, and they
exhibited reduced Ni—Cp,,, distances. The nickelocene-
containing polymer 4 was also subjected to an electrochemical
investigation, and the reversible first oxidation process to the
polyelectrolyte {[Ni(n>-CsH,),(CH,);]*}, ([4]™) allowed for
an estimation of the molecular weight of the polymeric material
(M,, = 5300 g mol™") by a comparison of its diffusion coefficient
with that of a monomeric analogue.
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