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/Abstract: The rational control of the electrochemical proper-
ties of polyoxovanadate-alkoxide clusters is dependent on
understanding the influence of various synthetic modifica-
tions on the overall redox processes of these systems. In this
work, the electronic consequences of ligand substitution at
the heteroion in a heterometal-functionalized cluster was ex-
amined. The redox properties of [V;O4(OCH,);,FeCl] (1-
[VsFeCl]) and [V;O4(0OCH,),,FelX (2-[VsFe]X; X=ClO, OTf)
were compared in order to assess the effects of changing
the coordination environment around the iron center on the
electrochemical properties of the cluster. Coordination of a
chloride anion to iron leads to an anodic shift in redox

N

events. Theoretical modelling of the electronic structure of
these heterometal-functionalized clusters reveals that differ-
ences in the redox profiles of 1-[VsFeCl] and 2-[VFelX arise
from changes in the number of ligands surrounding the iron
center (e.g., 6-coordinate vs. 5-coordinate). Specifically, bind-
ing of the chloride to the sixth coordination site appears to
change the orbital interaction between the iron and the de-
localized electronic structure of the mixed-valent polyoxova-
nadate core. Tuning the heterometal coordination environ-
ment can therefore be used to modulate the redox proper-
ties of the whole cluster.

/

Introduction

Polyoxometalates (POMs) are molecular metal oxide clusters
that have shown great utility in many areas of research, includ-
ing medicinal chemistry,"’ material science,” molecular mag-
netism,® catalysis,” and energy storage.’’ The rich electro-
chemical properties and stability exhibited by these polynuc-
lear assemblies make them good candidates for a variety of
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electrochemical applications. For example, POMs have dis-
played great promise as electrocatalysts for the reduction of
protons and oxoanions (e.g., nitrite, chlorate, and bromate)
and the oxidation of alkanes, alkenes, alcohols, sulfoxides, and
phosphines.””” Recent work has also demonstrated their com-
petency as charge carriers in redox flow batteries.”

A popular method for modifying the electrochemical proper-
ties of polyoxometalates is to incorporate other elements into
the cluster framework. For example, in the case of the Keggin
polyoxomolybdate cluster [XMo,,0,]"" (X=P", Si¥, etc), re-
placement of the central phosphorus atom with silicon shifts
the redox events toward more reducing potentials.”®

While much is known of strategies to modify the redox
properties of molybdate and tungstate clusters, considerably
less is understood relating to strategies for modulating the
electrochemical profiles of vanadium-oxide derivatives. This is
often attributed to the fact that the structural flexibility of va-
nadium makes precise and controlled modification to polyoxo-
vanadate frameworks challenging.” A few examples of func-
tionalized vanadium oxide clusters in the literature illustrate
that, like their molybdate and tungstate congeners, the mag-
netic, photochemical, electrochemical, and catalytic properties
of these assemblies can be tuned.'® However, the develop-
ment of a general theoretical framework linking systematic
molecular modifications to the resulting redox behavior dis-
played by polyoxovanadates has been outside the scope of
these studies.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Toward building a library of polyoxovanadate clusters with
tunable physicochemical properties, part of our research team
has been studying the synthesis and characterization of
Lindqvist polyoxovanadate-alkoxide (POV-alkoxide) clusters,
[V40,(0R);,] (R=CH,, C,H,).'" We have demonstrated that the
solubility and electrochemical properties of these clusters can
be varied through a number of modifications to the cluster
core, rendering this family of molecular vanadates useful
motifs for probing electrochemical consequences of these
structural perturbations (Figure 1). In particular, integration of
transition metal or metalloid ions within the cluster core
(IVsOs(OCH:),,M], M=Ti**, Zr**, Hf*", Fe’", Ga’>") has been
shown to serve as an effective method for tuning the redox
properties of POV-alkoxides,"? similar to previous studies on
heterometallic tungstates and molybdates.

While we have provided extensive evidence that the afore-
mentioned variations of heteroion and bridging alkoxide
ligand identity can modify the physicochemical properties of
the assembly, the effects of modifying the ligand environment
surrounding a heteroion embedded within a POV cluster have
not been reported. This gap of knowledge is striking when
considering the importance of ligand field considerations in
dictating the electronic structure of monometallic, transition
metal complexes. Herein, we report the electrochemical conse-
quences of halide coordination to the heterometal of an iron-
functionalized POV-alkoxide cluster, [Vs;O4(OCH;),,FeCl], and
comparing its redox properties to that of previously reported,
iron-installed POV-alkoxide clusters (Figure 1). A combination
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Figure 1. Previously reported synthetic modifications for POV-alkoxide clus-
ters.”13
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of experimental and theoretical investigations is used to devel-
op a more complete understanding of the comparative elec-
trochemical effects of incorporating coordinating (e.g., chlo-
ride) versus non-coordinating (e.g., perchlorate) ligands at the
site-differentiated metal center.

Results and Discussion
Electrochemical characterization of 1-[V;FeCl]

The isolation of the chloride-functionalized analogue of the
iron-containing species, [Vs;O4(OCH,),,FeCl] (1-[VsFeCl]), was
previously reported by some of us, using an adapted synthetic
procedure to that reported for the gallium-functionalized var-
iant, [Vs04(OCH,),,GaCl].">¥ Briefly, self-assembly of the hetero-
metallic Lindqvist cluster occurs following heating of a tetrahy-
drofuran solution of [VO(OCH,),] (5 equiv.) and FeCl; (2 equiv.)
in the presence of NaBH, (1 equiv.). Spectroscopic investiga-
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tions and charge balancing revealed the oxidation state distri-
bution for complex 1-[VsFeCl] to be VV,V',Fe". While the elec-
tronic structure of the neutral species was rigorously character-
ized, the electrochemical profile of 1-[VsFeCl] was not ex-
plored. Thus, we set out to understand the consequences of
halide-coordination to the heteroion in 1-[VsFeCl] on its redox
chemistry and electronic structure.

The cyclic voltammogram (CV) of 1-[VsFeCl], collected in
acetonitrile, displayed four, evenly spaced redox events (E,,=
—0.68, —0.21, +0.31, +0.83V vs. F”"; Figure 2); CV experi-
ment with expanded electrochemical window can be found in
Figure S1 in the Supporting Information. These events are
anodically shifted compared to the hexavanadate cluster by
approximately 0.1 V. Thus, the replacement of a “V=0" unit for
a "Fe—Cl" effectively modulates the potentials of the redox pro-
cesses without compromising the rich electrochemical proper-
ties. This modulation has also been observed in other hetero-
metal-functionalized POV-alkoxides." Interestingly, compar-
ing the redox profile of 1-[Vs;FeCl] to other iron-functionalized
POV-alkoxide clusters reported by our group, namely
[VsO4(OCH;),FelX  (X=ClO,,  2-[VsFelClO,; X=OTf, 2-
[V;Fe]OTf), shows that the series of four electrochemical
events of the halogenated species is shifted by approximately
1 V. This substantial anodic shift upon coordination of the chlo-
ride is unexpected, as the additional negative charge supplied
by the anionic ligand should shift the redox profile to more re-
ducing potentials. As such, a more in-depth chemical analysis
of the electronic characteristics of 1-[VsFeCl] is required to ex-
plain this result.

1-[VsFeCl]

[VeO;(OMe),,]

2-[V,Fe]CIO,

25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential (V vs Fc%)

Figure 2. Cyclic voltammograms of 1-[VsFeCl] (Purple), [V,0,(OCH;),,] (Black),
and 2-[V;Fe]ClO, (Red) collected in acetonitrile (0.1 m [nBu,NI[PF4] as sup-
porting electrolyte, referenced to Fc”™).

Isolation of redox isomers of 1-[VsFeCl]

The striking differences in the electrochemical profiles of the
two FePOV-alkoxide clusters, 1-[VsFeCl] and 2-[V Fel]X (X=
Clo,, OTf), prompted a detailed investigation to understand
the changes in the electronic structure of 1-[VsFeCl] across all
charge states. We hypothesized that the change in coordina-
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tion number of the iron center might be influencing the ener-
getics of electron storage and release in these heterometallic
assemblies. Indeed, the neutral complex 1-[Vs;FeCl] has been
shown to retain a 6-coordinate iron center (pseudo O, geome-
try) in the solid-state and in solution."* In contrast, we have
previously reported that the coordination environment of iron
in complex 2-[V;Fe]X (X=OTf, ClO,) is best described as
square pyramidal (5-coordinate), as the weakly-coordinating
nature of OTf~ and CIO,” counter ions results in their dissocia-
tion from the cluster core.'?" These conclusions are support-
ed by Mdossbauer analysis of solid-state samples, revealing a
mixture of the 5-coordinate (62 %) and 6-coordinate (38 %) spe-
cies in complex 2-[VsFelX. Following cluster reduction, the
mixture collapses to a single set of resonances consistent with
a 5-coordinate Fe". Electrospray ionization-mass spectrometry
(ESI-MS) data also suggests that, in solution, the counter ion
(X=0Tf, ClO,) is fully dissociated from the iron-functionalized
POV-alkoxide core.

To establish whether the cathodic shift in the redox profile
of 1-[VsFeCl] relative to 2-[VsFe]X is a general phenomenon
for iron-functionalized POV-alkoxide clusters containing 6-coor-
idnate iron centers, we obtained the CV of the previously re-
ported complex [V;O4(OCH;);,Fe(OCN)], 1-[VsFeOCN] in aceto-
nitrile (Figure S2, Table S1, CV experiment with expanded elec-
trochemical window in Figure S3). The cyanate derivative was
selected because the cyanate anion has been shown to strong-
ly bind to the iron center, and thus is a good example of a 6-
coordinate species."”® The CV of the cyanate-functionalized
cluster is identical to that of 1-[VsFeCl], providing further sup-
port for our hypothesis that the observed ligand-dependent
shifts in redox potentials result from changes in coordination
number of the iron center, rather than ligand identity.

In particular, we became interested in understanding how
the coordination of a chloride ion to the heterometal (iron) af-
fects the storage and release of electron density from the clus-
ter. Synthetic isolation of the various oxidation states of 2-
[VsFelClO, and [V,0,(OR),,] (R=CH;, C,Hs) has been shown to
be an effective method at elucidating the electrochemical
properties of these heterometallic systems.""™“'?! As such, we
sought to perform a similar analysis with 1-[VsFeCl].

In our original report of the synthesis of 1-[VsFeCl], we pro-
posed that the FePOV-alkoxide cluster bears a mixed-valent ox-
idation state distribution of metal ions (V',V"V;Fe").'?! The
open circuit potential of the neutral cluster (—0.05V vs. Fc” ™)
is located between sets of two reduction and oxidation waves.
This suggests that the parent cluster 1-[VsFeCl] could be twice
oxidized and twice reduced, affording a family of five redox
isomers of the FePOV-alkoxide cluster, each differing by a
single electron.

Toward isolating the redox series of iron-functionalized POV-
alkoxide clusters, outlined in Scheme 1, we first set out to syn-
thesize the two products of oxidation. The mono-cationic clus-
ter, [Vs04(OCH,),,FeCI]OTf (3-[VsFeCl]OTf), has been previously
isolated by addition of a sub-stoichiometric amount of WCl, to
2-[V;Fe]OTf."*! To independently synthesize the mono-cationic
species from the iron-chloride functionalized POV-alkoxide
cluster, an equivalent of (N(C4H,Br-4);)SbCl, (E°=0.67 V vs. Fc”

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis and proposed structures of redox isomers of 1-[VsFeCl]. Synthesis of complexes 3-[Vs;FeCl]SbCl, 4-CoCp,[VFeCl], and 5-

(CoCp,),[VsFeCl].

* in acetonitrile)™ was added to 1-[VsFeCl] in acetonitrile. The
"HNMR spectrum of the product, [VsO4(OCH,),,FeClISbCl, (3-
[VsFeClISbClg), in CD;CN revealed two paramagnetic resonan-
ces at 14.5 (24H) ppm and 12.5 (12H) ppm (Figure S4). Based
on the pseudo-C,, symmetry of the cluster, one would expect
three resonances in the 'H NMR spectrum of 3-[VsFeClISbCl;.
However, a two-peak pattern with broad resonances that pos-
sess a 2:1 ratio suggests that two sets of chemically equivalent
methoxide ligands overlap in this spectrum. Similar patterns to
those observed in the 'H NMR spectrum of 3-[VsFeClISbCl
have likewise been reported for other iron-functionalized, POV-
alkoxide clusters."**" These signals are substantially shifted
from those of the starting material (60=23.3 ppm and
13.3 ppm), suggesting complete conversion to the desired oxi-
dized cluster. Furthermore, the 'HNMR spectrum of 3-
[VsFeClISbCl, collected in [Dg]THF matches that of previously
reported 3-[V;FeCl]OTf (Figure S5). The product composition
was further confirmed by elemental analysis and ESI-MS
(Figure S6).

The CV of complex 1-[V;FeCl] suggests a second, more-oxi-
dized product should be accessible via the two-electron oxida-
tion of the parent cluster. However, addition of two equiva-
lents of NOPF, to 1-[VsFeCl] in dichloromethane (NOPF in di-
chloromethane, E°=1.00V vs. Fc” )" resulted in the forma-
tion of the mono-cationic species, [VsO4(OCH,),,FeClIPF, (con-
firmed by 'HNMR and infrared spectroscopic analyses,
Figure S7). Attempts to electrochemically access the di-cationic
species, via bulk oxidation in acetonitrile, resulted in decompo-
sition (Figure S8). Indeed, the poor chemical reversibility of this
second oxidation event is illustrated when the redox process is
isolated at varying scan rates from 10 to 1000 mVs™' in aceto-
nitrile (Figure S9). As the scan rate is increased, the peak-to-
peak separation between the oxidative and reductive features
increases and the redox event becomes ill defined. These re-
sults suggest that the most oxidizing event is actually an irre-
versible process. The inability to synthetically or electrochemi-
cally access the di-cationic species of 1-[VsFeCl] is not wholly
surprising, as we have previously reported the oxidative insta-

In principle, the E,, value of the most oxidizing event of
complex 1-[VsFeCl] occurs at a potential at which chloride oxi-
dation is possible. To assess whether the irreversibility of this
redox event was due to chloride dissociation and subsequent
oxidation, we titrated a solution of (nBu,N)Cl into a CV cell
containing 1-[VsFeCl] (see supporting information for experi-
mental details, Figure S10). Heterogeneous chloride oxidation
results in a distinct electrochemical event at a potential of
0.79 V (vs. F¢” ™), as indicated by an increased current response
proportional to increased concentrations of (nBu,N)Cl in the
first scan rate of the sample. Third scan analysis, allowing for
the sample to reach chemical equilibrium, reveals chloride con-
sumption, and retention of the four redox processes native to
complex 1-[VsFeCl] (Figure S10), indicating that Cl, production
does not correlate with cluster decomposition. As such, we hy-
pothesize that the observed lack of reversibility is indicative of
complete cluster degradation, and not dissociation/oxidation
of the chloride ligand.

To access the two reduced forms of complex 1-[VsFeCl] ob-
served by CV, stoichiometric reductions of the neutral FePOV-
alkoxide cluster were performed. Previously, we have reported
isolation of a series of reduced, FePOV-alkoxide clusters result-
ing from addition of various equivalents of potassium graphite
(KCy) to 2-[VsFelCl0,." To mirror these synthetic procedures,
one or two equivalents of KC; were added to 1-[VsFeCl]. In
the case of the mono-reduced derivative, the desired product,
K[V;04(OCH;),,FeCl] (4-K[VsFeCl]), was isolated in good yield
(87 %). Formation of 4-K[VsFeCl] was verified by 'H NMR spec-
troscopy (23.8 (24H) and 18.1 (12H) ppm; Figure S11), ESI-MS
(Figure S12), and elemental analysis.

While the reduction of 1-[VsFeCl] with one equivalent of KCg
cleanly afforded the mono-reduced cluster, attempts to isolate
the di-reduced species proved challenging. Addition of two
equivalents of KCq to 1-[VsFeCl] resulted in the removal of the
chloride ion, as confirmed by 'H NMR and infrared spectros-
copies (Figure S13). The spectra of the crude reaction com-
pares favorably to that previously reported for the mono-
anionic, iron-functionalized POV-alkoxide cluster,

bility ~of the homometallic  POV-alkoxide  cluster,  K[VsO4(OCH,),,Fe]."*’ We hypothesized that the removal of the
[V40,(OCH,),,].74 1 chloride ion from the surface of the cluster is promoted by the

preferential formation of potassium chloride under highly re-
Chem. Eur. J. 2020, 26, 9905 - 9914 www.chemeurj.org 9908  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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reductant with an appropriate redox potential to isolate the di-
reduced species. Gratifyingly, the addition of two equivalents
of cobaltocene (CoCp,, E°=—1.33V vs. Fc”" in acetonitrile) to
1-[VsFeCl] afforded the fully-reduced, heterometallic Lindqvist
cluster, (CoCp,),[VsO4(OCH,),,FeCl]  (5-(CoCp,),[VsFeCll), in
good yield (42%), as confirmed by 'H NMR spectroscopy (Fig-
ure S14, 0 =24.1 and 22.1 ppm) ), ESI-MS (Figure S15), and ele-
mental analysis. Retention of the chloride-bound, iron-func-
tionalized, Lindqvist formulation upon reduction to 5-
(CoCp,),[V5FeCl] was unambiguously confirmed through
single crystal X-ray structural analysis (Figure S16; Table S2).
The cobaltocenium derivative of the mono-reduced cluster,
CoCp,[V504(OCH,),,FeCl] (4-CoCp,[VsFeC]), could also be isolat-
ed by reacting one equivalent of CoCp, with 1-[V;FeCl]. Char-
acterization of 4-CoCp,[VsFeCl] via '"H NMR (Figure S17) spec-
troscopy and ESI-MS (Figure S18) matches that of 4-K[VsFeCl].
Furthermore, structural analysis of the mono-reduced species,
4-CoCp,[VsFeCl], via single-crystal X-ray diffraction revealed
the expected halide-functionalized Lindqvist structure (Fig-
ure S19, Table S2).

Electronic structure of the redox isomers of 1-[V;FeCl]

With the oxidized and reduced clusters in hand, we turned to
elucidating the electronic characteristics of these compounds.
In particular, we were interested in understanding the partici-
pation of transition metal ions in the reduction and oxidation
events observed in the CV of complex 1-[VsFeCl]. Fourier-
transform infrared (FT-IR) and electronic absorption spectros-
copies are complementary techniques that have been used to
give valuable insight into the oxidation state distribution
within POV-alkoxide clusters.""™™<'*! Thus, we applied these
spectroscopic methods to analyze the electronic structures of
1-[VsFeCl], 3-[VFeCl]SbCl,, 4-K[VFeCl], and 5-
(CoCp,),[VsFeCl].

The FT-IR spectra of 1-[VsFeCll, 4-K[ViFeCl], and 5-
(CoCp,),[VsFeCl] (Figure 3a, Table S3) display two intense
bands located at 941-969 cm™' and 1043-1003 cm™', corre-
sponding to the terminal oxido, v(V=0,), and the bridging
methoxide, v(O,-CH,), vibrations, respectively. The presence of
a singular v(V=0,) and v(0,-OCHj;) band in the FT-IR spectra of
POV-alkoxide clusters is characteristic of the Robin and Day
Class Il delocalized electronic structure displayed by these as-
semblies.""™ Therefore, the FT-IR spectra of the 1-[VsFeCl]
redox series show that both the Lindqvist motif and the elec-
tronic delocalization are retained as electrons are added and
removed.

As the cluster is oxidized from the di-anionic to the neutral
species, the v(V=0,) band shifts to higher energy. This is con-
sistent with the strengthening of the terminal V-0 bond as
electron density is removed from the cluster core. In contrast,
the v(O,-CH;) band shifts to lower energy upon oxidation as a
result of the decrease in the partial negative charge on the
bridging oxygen atoms. The FT-IR spectrum of 3-[V;FeCl]SbCl,
only displays one broad band at 984 cm™', which is due to the
v(V=0,) and v(O,-CH,) vibrations shifting upon oxidation such

Chem. Eur. J. 2020, 26, 9905 - 9914 www.chemeurj.org

9909

/
3-[V,FeCl|SbCl, L \

2400 2000 1600 1200 800

Wavenumber (cm-1)

b) 14000
|
~ 12000
T \ — 1-[VsFeCl]
5 10000 - — 3-[VsFeCl|SbClg
=3 ' e 4-K[VFeCl]
Z 8000 -~ 5-(CoCp,), [VsFeCl]
B \
S 6000 ‘i
Q
e \
5 4000
=
2000
__———_-—_-"imml..-=
0 N g e e T e T

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3. a) infrared spectra and b) electronic absorption spectra (collected
in acetonitrile) of 1-[VsFeCl], 3-[V;FeClISbCl,, 4-K[VFeCl], and 5-
(CoCp,),[VsFeCl].

that they overlap. Similar shifts in the v(V=0,) and v(O,-OCH,)
bands upon oxidation have been observed in other iron-func-
tionalized, POV-alkoxide clusters."®" For these systems, the
redox activity was shown to be localized on the vanadium cen-
ters, while the Fe" center did not show any redox-activity
across the redox series. The chloride-functionalized derivatives
reported here appear to behave in a similar manner.

Next, electronic absorption spectra of the redox isomers of
the halide-functionalized clusters were collected in acetonitrile
(Figure 3b, Table S4). Complexes 1-[Vs;FeCl], 3-[VsFeClISbCl,,
and 4-K[ViFeCl] all have absorbance features at 382 and
990 nm, diagnostic of mixed valent (VV/V"), POV-alkoxide clus-
ters. The higher energy feature corresponds to the V'V(dxy) —
VV(dxz,yz) intervalence charge transfer (IVCT), while the lower
energy is assigned to a V(d,) — V'(d,,) IVCT event."'*'?*< The
intensity of the electronic transitions between V" and V" cen-
ters vary with the number of V¥ and V" within the clusters,
thus giving insight into the oxidation state distribution of the
metal centers. For example, if the reduction of 1-[VsFeCl] to 4-
K[VsFeCl] is vanadium-based, the molar absorptivity of the
two IVCT bands should be halved, as the number of V" ions
decreases from two to one; we note that this prediction is ob-
served. Furthermore, the absorbances of the 382 and the
990 nm bands of the 3-[V;FeClISbCl, are similar to those of 1-
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[VsFeCl]. This is consistent with V";VY,Fe" and V"Y,V';Fe" as-
signments for 1-[Vs;FeCl] and 3-[V;FeClISbCl, respectively, as
there are two pairs of V¥ and V" ions for charge transfer to
occur in both clusters.

In the case of complex 5-(CoCp,),[VsFeCl], the absence of
the characteristic V¥ — VY IVCT in the electronic absorption
spectrum indicates an isovalent oxidation state distribution of
vanadium ions within the cluster, that is, [V"sFe"]. In line with
this oxidation state assignment, a low intensity absorption fea-
ture at 598 nm (235 cm'm ") is observed. Similar absorption
features have been observed in other hexavanadate and heter-
ometallic POV-alkoxides, where all the vanadium ions are in
the tetravalent state, and has been assigned as a transition lo-
calized on a single V" center.""™<120:d

An additional intense feature between 294 and 316 nm is
observed for all redox isomers. In our previous work with het-
erometal-functionalized POV-alkoxide clusters bearing a chlo-
ride ligand (1-[VsFeCl] and [V;04(OCH,),,TiCl]), this has been as-
signed as a Cl:—M ligand-to-metal charge transfer (LMCT)
event."™' The presence of this feature in each redox isomer
confirms that the chloride ion remains bound to the cluster in
solution. Notably, as the halide-functionalized FePOV clusters
are reduced, a hypsochromic shift in the Cl:—Fe" transition
occurs. This implies that while the redox activity of 1-[VsFeCl]
is localized to the vanadium ions, the surrounding POV-alkox-
ide framework affects the electronic structure of the Fe-Cl
moiety. Specifically, as the metalloligand becomes more elec-
tron rich, the ability of the Fe" center to accept electron densi-
ty from the chloride anion decreases. While oxygen-to-vanadi-
um LMCT bands might also occur in these high-energy re-
gimes, the absence of these bands in the spectra of POV-alkox-
ide clusters lacking halide ligands suggests that this feature
indeed derives from an electronic transition from Cl to the het-
eroion (Figure S20).

Taken together, the spectroscopic data of complexes 1-
[VsFeCl], 3-[VsFeClISbCl,, 4-K[VsFeCl], and 5-(CoCp,),[VsFeCl],
confirm that the redox activity of the cluster is localized within
the vanadate cluster core. This is consistent with our previous
reports investigating the redox chemistry of heterometal-func-
tionalized POV-alkoxide clusters."® % We can thus assign the
oxidation states distributions of transition metal ions in the
chloride-functionalized, iron-functionalized POV clusters as fol-
lows: 5-(CoCp),[VsFeCll=[V"Fe"], 4-K[V FeCl]=[V",V'Fe"], 1-
[VsFeCll=[VV,VY,Fe"], and 3-[VsFeClISbCl,=[V",V';Fe"]. These
assignments allow for a more appropriate comparison of the
electronic structures of complex 1-[VsFeCl] and 2-[VsFeX] (X=
OTf, ClO,) (vide infra).

Theoretical analysis of the electrochemical properties of 1-
[VsFeCl] versus 2-[V;Fe]CIO,

With the oxidation state distributions for the redox isomers of
1-[VsFeCl] identified, we became interested in gaining a funda-
mental understanding of how the coordination environment
around the iron center imparts the different electrochemical
behaviors observed in the CV of 1-[VsFeCl] and 2-[VsFe]ClO,.
As such, theoretical calculations were employed. First, the
redox transitions of 1-[VsFeCl] (CN=6) and 2-[VsFe]lCIO, (CN=
5) were obtained by DFT-level calculations using the B3LYP
functional via the Jaguar program suite (see Sl for details)."
As shown in Table 1, the theoretically calculated reduction po-
tentials for processes 1’, 2’, and 3’ for 1-[VsFeCl] are in excel-
lent agreement with the experimentally observed values, with
maximum deviations < 0.1 V. However, for process 4’, the ex-
perimental data (—0.68 V) differs significantly from our calculat-
ed value (—0.37 V). This is possibly related to solvation effects,
where the acetonitrile solvation shell surrounding 1-[VsFeCl] is
bound rather strongly as the negative charge is increased.”)
For 2-[VsFe]ClO,, where we expect dissociation of the perchlo-
rate ion in solution, the calculations were performed for the 5-
coordinate iron center. The reduction potentials for the experi-
mentally observed processes 2’, 3’, and 4’ are in excellent
agreement with the calculated values, with maximum devia-
tions < 0.1 V. However, for process 5’, we note a significant dif-
ference in calculated and experimental reduction potentials
(AE ca. 1.7 V). This deviation is currently not understood and
still under investigation. We hypothesize that it might be relat-
ed to changes of the coordination environment around the
iron center upon accessing the di-anionic species.

Frontier molecular orbital analysis of the highest occupied
molecular orbitals (HOMO) of all five possible redox isomers
observed in the CV of 1-[VsFeCl] (Figure 4) indicate that all re-
duction processes 1’, 2, 3/, and 4’ lead to the reduction of the
vanadium centers in 1-[VsFeCl]. This results in a retention of
the ferric center throughout the series of redox isomers. Similar
observations were made upon analysis of complex 2-
[VsFelClO, (Figure S21), where the calculation showed the
redox activity to be localized to the POV scaffold. Furthermore,
the atomic spin densities from Mulliken analysis for the com-
plete set of redox-isomers for both clusters shows that iron
center remains as high-spin iron(lll) ion Sg.="°/, (Table S5, S6).
These assignments are consistent with the experimental results
described above.

With the validity of these calculations established, the indi-
vidual redox profiles of 1-[Vs;FeCl] and 2-[V;Fe]CIO, were ana-
lyzed theoretically by DFT-level computations to gain insights

Redox process VWY, Fell/ VY VY Fel VIV VYSFe VY VY el

Table 1. Experimental and calculated reduction potentials for 1-[VsFeCl] and 2-[V;FelClO,. All potentials referenced against Fc

0/+

VIV3vV2FeHI/VIV4VvFeIH VIV4VVFem/VW5Fe”| VIVSFeI\I/VI\Ile4FeII\

Step Number 1 2’ 3 4 5
Eep/V Ecarca/V Eep/V Ecarca/V Eexp/V Ecarca/V Eexp/V Ecarca/V Eexp/V Ecarca/V
1-[V;FeCl] (CN=6) 0.83 0.83 031 0.34 —0.21 —-0.28 —0.68 -0.37 — —
2-[VsFelClO, (CN=5) — — 0.21 0.21 —0.36 —-0.33 —0.94 —0.85 —1.46 —3.23
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a-HOMO

B-HOMO

[FelllleV4Vc|]2+

[FeIIIVZIVv3Vc|]1+

[Fe"V,"Vv,VCl]

[FelllquVVVclll- [FeIIlVSIVc”Z-

®Fe 6V 6CI®O0GC H

Figure 4. Frontier molecular orbital plots showing the highest occupied molecular orbitals (HOMO) for the complete set of redox-isomers of 1-[VsFeCl]. Red
numbers mark the reduction steps experimentally observed in cyclic voltammetry (Table 1).

into the different behavior observed upon oxidation from the
[Fe"VV,VY,] form. These oxidative processes were selected to
be interrogated since calculations were shown to model the
E,, values for these processes better than their reductive coun-
terparts. In particular, we calculated the HOMO energies of the
clusters upon oxidation starting from the parent [V";V',Fe"]
state. As shown in Figure 5, we observe that for 1-[VsFeCl] the
first and second oxidations are energetically more accessible
when compared to the first and second oxidations of 2-
[VsFelClO,. This suggests that within the accessible solvent
window, the first and second oxidation of 1-[Vs;FeCl] are ener-
getically possible. In contrast, for 2-[VsFe]ClO,, only the first
oxidation is observed, while the second oxidation—while ther-
modynamically possible—is located outside the solvent stabili-
ty window. These results are consistent with the increased neg-
ative charge provided by the chloride (or cyanate) anion stabi-
lizing the oxidative processes.

e 1-[VsFeCl] 4. 2-[VsFe]CIO,
6 [Fe"V,"VV,Cl] 5
* =1 [Fe'v,Vy, V]t
Fell'v. vy Vel]+ Fellv,Vv,V]i+
2 101 [Fe™VMVS'AI 3 0]
~ ~
8 ] 8 ] Iy IVyy_V]2+
s [Fe"VVV,VCI)* & [Fe"V,VV,V]
w [°%)
14 4 14 4
16 4 16 4 [FeVVy,V]3+
[FeV,VCI]>*
-18 4 -18 4

Figure 5. HOMO energies of 1-[VsFeCl] and 2-[V;FelClO, upon oxidation,
showing that the oxidation of 1-[VsFeCl] is energetically less demanding
compared with 2-[V;Fe]ClO,.
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Rationalizing shifts in half-wave potentials in transition
metal functionalized POV-alkoxide clusters

Comparing the CV of 1-[VsFeCl] to other previously reported
heterometal-functionalized POV-alkoxide clusters (Figure S22,
Table S7), the E,,, values 1-[VsFeCl] and the gallium derivative
are essentially identical. This is notable, as Ga" has been used
as a redox innocent surrogate for Fe" in bioinorganic studies
due to their similar charge and ionic radii."® The redox profiles
of these clusters are anodically shifted from the parent,
hexavanadate cluster, [V40,(OCH;),,], by about 0.10V and
cathodically  shifted from the group 4 derivatives,
[Vs06(OCH,),,M(OCH,)] (M=Ti", Zr", Hf"), by about 0.40 V.

In an effort to develop a model that rationalizes and predicts
the observed shifts in the CV of heterometallic POV-alkoxide
clusters, we looked for correlations between quantitative pa-
rameters describing physical properties of the heteroions and
the E,,, values of the POV-alkoxide compounds. Lewis acidity
has been shown to be a good predictor for shifts in the elec-
trochemical profiles of bimetallic"”’ and multi-metallic’® sys-
tems. Specifically, the aqueous pK,, pK,(H,0), of the installed
heteroion has been used as a measure of the Lewis acidity in
order to quantify these effects. Taking inspiration from these
studies, the electrochemical potentials of the [V"Y;M1/[V",V'M]
redox event for [VsO4(OCH;),,MX] (M=Hf*", zr*t, Ti*", X=
OCH;™; M=Fe*", Ga*", X=Cl"; M=V*", X=0%) clusters, in
acetonitrile, were plotted against the pK,(M(OH,),) of the instal-
led heteroion (Figure 6, Table S7). Similar plots comparing E,,
vs. pK, (M(OH,),) for the other redox events were analyzed and
are reported in the supporting information file (Figure S23,
Table S7). Good correlations between the positions of the va-
nadium-based redox events and the Lewis acidity of the heter-
oion were observed (R?=0.79-0.90). The E,,, values decreased
by an average of —150+9 mV per pK, unit, which is consistent
with our previous analysis of redox dependence on Lewis acid-
ity for these Lindqvist POV systems."*¥ Interestingly, the steep-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.201905624

0.20
030 -
Hfs" Ti**
5 : Y =-0.1426x - 0.1887
: 0.50 R'=09
g
S o0
[ . g
ul 070 Fe‘;, Ga?
4+

030 (CN=6) N v

0.90

oy D S S S S

0 1 2 4 5 6

3
pKa M(aquo)™ion

Figure 6. Plot of the half wave potential of the V;M/V",V'M redox couple
(M=HF*", Ze* T, Ti*", Fe*™ Ga®*, and V**) of POV-alkoxide clusters (acetoni-
trile, 0.1 m [nBu,N][PF4] as supporting electrolyte, referenced to Fc”*) versus
the pKa of the aqueous heteroion (M). CN refers to the coordination
number around Fe**. 2-[V;Fe]ClO, (CN=5) is excluded from this analysis.

ness of the slope steadily increases from about —140 mV/ pK,
for the most cathodic [V"YsM]/[V",V'M] couple to —160 mV/ pK,
for the most anodic [V",V';MI/[VMVY,M] couple. This suggests
that the Lewis acidity of the heteroion has a greater influence
on the redox properties of the more oxidized species of these
clusters. Furthermore, these slopes are significantly steeper
than those reported previously for heterometallic systems, spe-
cifically bimetallic, Schiff base cobalt (ca. —50 mV/pK,)"’? and
nickel (ca. —70 mV/ pK,)"’? complexes and tetranuclear iron
oxide (ca. —70mV/pK,)™¥ and manganese oxide (ca.
—100 mV/ pK,)"® < clusters. Thus, for the heterometal-func-
tionalized POV-alkoxide clusters, the electrochemistry of the
surrounding vanadium centers appears to be particularly sensi-
tive to the Lewis acceptor capability of the incorporated heter-
oion.

Notably, iron-functionalized POV-alkoxides with weakly coor-
dinating anions, namely 2-[V;Fe]ClO, and 2-[V Fe]OTf, deviate
substantially from the linear relationship between the Lewis
acidity of the installed heteroion established for all other heter-
ometallic, POV-alkoxide clusters reported to date (Figure S24,
Table 57).%% For example, 2-[VsFelClO, exhibits E,,, values at
significantly more reducing potentials (shifted by ca. —0.17 V)
compared to that of 1-[VFeCl]. This is likely due to the fact
that the aqua species used for these pK, determinations are
six-coordinate iron centers, thus rendering these values poor
representations of the Lewis acidity of the 5-coordinate iron
center.

The differences in the electronic profiles of the 5-coordinate
and 6-coordinate iron-functionalized clusters run deeper than
the overall shift in the redox profiles of the two clusters. For
example, complex 2-[V;Fe]ClO, supports an additional catho-
dic event at —1.46V, which was assigned to a [V"sFe")/
IV""Y,Fe"l couple, that does not occur in 1-[VsFeCl]. These re-
sults are counter-intuitive, given that, based on the cathodic
shift in the CV, 2-[VsFelClO, is clearly more electron rich as
compared to its 6-coordinate congener. Furthermore, only one
oxidized species of 2-[VsFelClO, ([V",V';Fe"]*") has been ob-
served experimentally, while the CV of 1-[VsFeCl] displayed
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two oxidation processes ([VV;VY,Fe"l/[VY,V';Fe"'"  and
VY, VYR /IVMVY,Fe"? ). Overall, the ligand environment
surrounding the iron influences the electrochemical behavior
of these iron-functionalized clusters in a complex manner such
that simple electrostatic and Lewis acidity arguments cannot
predict. In the cobalt-doped polyoxotitanate cages,
[Ti,O(OC,H;),sCoX] and [Ti,O5(OC,Hs),,CoX] (X = OC,Hs, F, CI,
Br, and I), the ligand field of cobalt center has a significant
effect on the optical band gap of these clusters."” Similarly,
ligand field effects could also be significant for the open-shell
Fe" center in the iron-functionalized, POV-alkoxides reported
herein. We still do not fully understand the cause for the differ-
ences in the electrochemistry of 1-[VsFeCl] and 2-[V;Fe]ClO,,
which is the subject of ongoing investigations by our research
team.

Conclusions

Herein, combined experimental and theoretical analyses of the
electrochemical features of two iron-polyoxovanadate-alkoxide
clusters have been studied, focusing on the changes in electro-
chemical behavior between five-coordinate and six-coordinate
iron sites. Coordination of a chloride to the iron(lll) center led
to an anodic shift in the redox events and stabilization of an
additional oxidative feature in the CV. Both experimental and
theoretical studies showed that storage and release of electron
density is localized within the vanadate cluster core for 1-
[VsFeCl], which was also seen in previously reported 2-
[VsFe]ClO,. Furthermore, changing the geometry of the ferric
center from square pyramidal to octahedral upon coordination
of the chloride ligand appears to tune these vanadium-based
redox events by adjusting the orbital overlap between the iron
and the POV metalloligand. Therefore, both the type and the
ligand environment of the installed heteroion will be impor-
tant in selectively designing polyoxovanadate clusters with
specific electrochemical properties.

Experimental Section

General Considerations: All manipulations were carried out in the
absence of water and oxygen in a UniLab MBraun inert atmos-
phere glovebox under an atmosphere of dinitrogen. Glassware was
oven dried for a minimum of 4 hours and cooled in an evacuated
antechamber prior to use in the drybox. Celite 545 (J. T. Baker) was
dried in a Schlenk flask for at least 14 hours at 150°C under
vacuum prior to use. 3 A molecular sieves (Fisher Scientific) were
activated using the same drying method. All solvents were dried
and deoxygenated on a Glass Contour System (Pure Process Tech-
nology, LLC) and stored over activated 3 A molecular sieves. Nitro-
sonium hexafluorophosphate (NOPF,, 96%) was purchased from
Alfa Aesar and used as received. Tris(4-bromophenyllammoniumyl
hexachloroantimonate ((N(C¢H,Br-4);)SbCl,, technical grade) and
bis(cyclopentadienyl)cobalt(ll) (CoCp,, 98%) were purchased from
Sigma-Aldrich and used as received. Tetrabutylammonium hexa-
fluorophosphate ((nBu,N)PF;, 98%) was also purchased from
Sigma-Aldrich, recrystallized three times from hot ethanol, and
stored under dynamic vacuum in the glovebox prior to use. Potas-
sium graphite (KGy), [Vs04(OCHs),,FeCl] (1-[VsFeCll),
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[V.0,(OCH;) ,Fe]CIO, (2-[VsFelClO,), and [V:O4(OCH;),,FeOCN] (2-
[VsFeOCN])were prepared according to literature precedent./'24 2%

'H NMR spectra were recorded on a Bruker DPX-400 MHz spec-
trometer locked on the signal of deuterated solvents. All chemical
shifts were reported relative to the peak of residual 'H signal in the
deuterated solvents. CD,CN and [Dg]THF were purchased from
Cambridge Isotope Laboratories, degassed by three freeze-pump-
thaw cycles, and stored over activated 3 A molecular sieves. Infra-
red (FT-IR, ATR) spectra of complexes were recorded on a Shimadzu
IRAffinity-1 Fourier Transform Infrared spectrophotometer and
were reported in wavenumbers (cm™"). Electronic absorption meas-
urements were recorded at room temperature in anhydrous aceto-
nitrile in a sealed 1 cm quartz cuvette with an Agilent Cary 60 UV/
Vis spectrophotometer. A single crystal of 4-CoCp,[VsFeCl], was
placed on the tip of a thin glass optical fiber (goniometer head)
and mounted on a Rigaku XtaLab Synergy-S Dualflex diffractome-
ter equipped with a HyPix-6000HE HPC area detector for data col-
lection at 100.00(10) K. The structure was solved using ShelXT and
refined using ShelXL. Elemental analyses were performed on a Per-
kinElmer 2400 Series Il Analyzer at the CENTC Elemental Analysis
Facility, University of Rochester.

Cyclic Voltammetry measurements were carried out at room tem-
perature in a nitrogen filled glove box, using a Bio-Logic SP 150
potentiostat/galvanostat and the EC-lab software suite. Cyclic vol-
tammograms were recorded using a glassy carbon working elec-
trode (6=3.0mm) and a Pt wire auxiliary electrode, both pur-
chased from CH Instruments, USA. An Ag/Ag* non-aqueous refer-
ence electrode with 0.01 M AgNO; in 0.05m (nBuy,N)PFg in CH,CN
was purchased from Bio-Logic and used as the reference electrode
for all cyclic voltammetry measurements. The cyclic voltammo-
grams were collected with 1 mm active species in 0.1 M ([nBu,N)PF
solutions in dry acetonitrile. All redox events were referenced
against Fc*”° redox couple.

Synthesis of [V;04(OCH,),,FeClISbCls:(THF)os (3-[VsFeCl]SbCly): In a
glovebox, a 20 mL scintillation vial was charged with 1-[VsFeCl]
(97 mg, 0.12mmol, 1.0equiv) and 10mL acetonitrile. Solid
(N(CgH,Br-4);)SbClg (95 mg, 0.12 mmol, 1.0 equiv) was then added
in small portions. The cloudy, dark green mixture was stirred at
room temperature for thirty minutes. The reaction mixture was fil-
tered over a bed of Celite (1.0 cm) on a medium-porosity frit, and
the volatiles were removed under reduced pressure. The resulting
dark green solid was triturated with toluene (10 mL x 5) and dieth-
yl ether (10 mL). The solid was extracted with acetonitrile (2 mL x
4) and filtered over a bed of Celite (1.0 cm) on a medium-porosity
frit. The dark green solution was concentrated to half the original
volume and was allowed to crystallize at —30°C overnight. Com-
plex 3-[VsFeClISbCl; was isolated as a shiny, green solid (48 mg,
0.04 mmol, 35% vyield based on 1-[VsFeCl]). '"H NMR (400 MHz,
CD,CN): 6=14.59 (fwhh=260Hz), 12.71 (fwhh=400 Hz). FT-IR
(ATR, cm™"): 984 (V=0,). UV/Vis [CH;CN; X, nm (g, 1x10°m 'cm )]:
316 (9.92), 382 (8.01), 992 (0.66). Elemental analysis calculated for
Cy,H360,5VsFeSbCl," '/, THF (%) (MW =1184.92 gmol™"): C, 14.19; H,
3.06; Found (%): C, 14.39; H, 2.83.

Synthesis of K[V;04(OCH;);,FeCl]-(MeCN), ,5(THF)y,5 (4-K[VsFeCl]): In
a glovebox, a 20 mL scintillation vial was charged with 1-[VsFeCl]
(199 mg, 0.25 mmol, 1.0 equiv) and 18 mL tetrahydrofuran. Solid
KCg (32 mg, 0.24 mmol, 1.0 equiv) was then added in small por-
tions. The cloudy, dark green mixture was stirred at room tempera-
ture for an hour. The reaction mixture was filtered over a bed of
Celite (1.0 cm) on a medium-porosity frit, and the volatiles were re-
moved under reduced pressure. The resulting dark green solid was
triturated with toluene (10 mL x 3), dichloromethane (10 mL x 3),
and diethyl ether (10 mL x 3). The solid was extracted with acetoni-
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trile, filtered over a bed of Celite (1.0 cm) on a medium-porosity
frit, and the volatiles were removed under reduced pressure, af-
fording complex 4-K[V;FeCl] as a dark green solid (181 mg,
0.21 mmol, 87% yield based on 1-[VsFeCl]). '"H NMR (400 MHz,
CD,CN): 6=23.76 (fwhh=396 Hz), 18.09 (fwhh=620Hz), 5.66
(fwhh=28 Hz). FT-IR (ATR, cm™"): 1020 (O,-CH,), 957 (V=0,). Ele-
mental analysis calculated for C;,H;s0;5VsFeKCI" 1'/, MeCN '/, THF
(%) (MW =992.85 gmol ): C, 20.17; H, 4.56; N, 1.90; Found (%): C,
20.27; H, 4.44; N, 2.12.

Synthesis of CoCp,[V;04(OCH,),,FeCl]-(DCM), s (4-CoCp,[VsFeCll): In
a glovebox, a 20 mL scintillation vial was charged with 1-[VFeCl]
(1176 mg, 0.14 mmol, 1.0 equiv) and 12 mL tetrahydrofuran. Solid
CoCp, (32 mg, 0.177 mmol, 1.2 equiv) was then added in small por-
tions. The cloudy, dark green mixture was stirred at room tempera-
ture for an hour. The reaction mixture was filtered over a bed of
Celite (1.0 cm) on a medium-porosity frit, and the volatiles were re-
moved under reduced pressure. The resulting dark green solid was
triturated with toluene (10 mL x 3) and diethyl ether (10 mL x 3).
The solid was extracted with dichloromethane, filtered over a bed
of Celite (1.0 cm) on a medium-porosity frit, and the volatiles were
removed under reduced pressure, affording complex 4-
CoCp,[VsFeCl] as a dark green solid (103 mg, 0.10 mmol, 73%
yield based on 1-[VsFeCl]). Crystals suitable for X-ray analysis were
grown from slow diffusion of pentane into a saturated solution of
4-CoCp,[VsFeCl] in tetrahydrofuran. '"H NMR (400 MHz, CD,CN): 8 =
23.76 (fwhh=396 Hz), 18.09 (fwhh=620Hz), 5.66 (fwhh=28 Hz).
FT-IR (ATR, cm™): 1024 (0,-CH,), 959 (V=0,). UV/Vis [CH,CN; A, nm
(e, 1x10°m 'cm™")]: 300 (9.71), 382 (3.65), 992 (0.55). Elemental
analysis calculated for Cy,H,0;5VsFeCoCl” '/, DCM (%) (MW=
1045.99 gmol™"): C, 25.84; H, 4.53; Found (%): C, 25.89; H, 4.23.
Synthesis  of  (CoCp,),[Vs04(OCH;),,FeCl]-(DCM)ys  (5-(CoCp,),-
[VsFeCll): In a glovebox, a 20 mL scintillation vial was charged with
1-[VsFeCl] (143 mg, 0.18 mmol, 1.0 equiv) and 16 mL tetrahydrofur-
an. Solid CoCp, (66 mg, 0.35 mmol, 2.0 equiv) was then added in
small portions. The teal slurry was stirred at room temperature for
an hour. The precipitate was collected over a bed of Celite (1.0 cm)
on a medium-porosity frit and triturated with fresh tetrahydrofuran
(10 mL x 3). The remaining teal solid was extracted with acetoni-
trile 2 mL x 3), and the volatiles were removed under reduced
pressure. The resulting solid was triturated with dichloromethane
(10 mL x 3), affording complex 5-(CoCp,),[VsFeCl] as a teal solid
(88 mg, 0.07 mmol, 42% yield based on 1-[VsFeCl]). Crystals suita-
ble for X-ray analysis were grown from slow diffusion of diethyl
ether into a saturated solution of 5-(CoCp,),[VsFeCl] in dichloro-
methane. 'H NMR (400 MHz, CD;CN): 6 =24.91, 21.88, 5.69 (92 Hz).
FT-IR (ATR, cm™): 1043 (0,-CH,), 941 (V=0,). UV/Vis [CH,CN; A, nm
(e, 1x10*°M 'cm ")]: 296 (7.16), 598 (0.24). Elemental analysis calcu-
lated for Cs,Hs0,5VsFeCo,Cl * '/, DCM (%) (MW =1235.12 gmol'):
C, 31.61; H, 4.65; Found (%): C, 31.62; H, 4.38.
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