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Amide FcCCONHC(CH,OH); (1; Fc =

ferrocenyl), prepared from fluorocarbonylferrocene

and tris(hydroxymethyl)methylamine, reacts with (BuyN);[H3V(O5g] in N, N-dimethylacetamide
to afford a salt containing a bis(triolato) capped hexavanadate anion bearing two ferrocenyl
groups at its periphery, (BuyN),[{FcC(O)NHC(CH,0)3},Vs013] (2). Compounds 1 and 2

were characterised by elemental analysis, spectroscopic methods (IR, NMR, and MS)

and by cyclic voltammetry; the crystal structures of 1-1/2CH3;CO,Et and
(BugN),[{FcC(O)NHC(CH;0)3},V6013]:2Me;NCHO were determined by X-ray diffraction
analysis. Single-point DFT calculations performed for the isolated hexavanadate anion revealed
the presence of 3-centre 4-electron (3cde) O—V-O bonds on the hexavanadate cage, which are
responsible for the high energy of the occupied frontier orbitals. The upper eleven occupied
molecular orbitals including the HOMO are all delocalized over the hexavanadate cage and,

therefore, any electrochemical oxidation can be expected to occur preferentially at the
hexavanadate anion without affecting the pendant ferrocene moieties.

Introduction

Early transition metal polyoxoanions, commonly called poly-
oxometalates,! have been studied originally as structurally
attractive and synthetically challenging compounds. More
recently, the interest in these compounds renewed, being
stimulated by attempts to find new cluster types and large
cages mimicking the properties of metal oxides. Further
motivation comes from the applications of polyoxometalates
and their derivatives in a broad range of fields ranging from
material science and catalysis to biology and biomedicine.>
Hexavanadate clusters are no exception and a number of
compounds having the parent hexavanadate core modified via
incorporation of late transition metal organometallic units® or
a (formal) replacement of the bridging oxygen atoms with
alkoxo groups* have been reported. Compounds in which
triolate units replace the bridging oxygen atoms at the open
tetrahedral cavities of the parent {V4019} core are particularly
attractive due to their synthetic accessibility.> For instance, the
bis-capped anions [V40,3{(OCH,);CR}]*~ can be prepared via
condensation of [H;V,oOx]’~ with triols (HOCH2)3C7R5"
with a range of functional groups at the periphery (variation
of R).>“® The practical potential of such materials was already
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demonstrated by the preparation of coordination networks
showing catalytic activity in oxidation reactions.®

Aiming at the preparation of hitherto unknown ferrocenyl-
modified polyvanadates, we utilised the mentioned synthetic
approach using N-{[tris(hydroxymethyl)methyl]carbamoyl}-
ferrocene as a source of the ferrocenyl (Fc) unit. Herein, we
describe the synthesis of a novel hexavanadate bearing two
amidoferrocene pendants and its structural characterisation
via a combination of spectroscopic methods, X-ray diffraction
analysis, cyclic voltammetry and DFT calculations.

Results and discussion

Syntheses and structural characterisation

The starting triol derivative, FECONHC(CH,OH); (1), was
prepared (Scheme 1) by reacting fluorocarbonylferrocene
with tris(hydroxymethyl)methylamine in the presence of
4-(dimethylamino)pyridine and triethylamine using dry
N,N-dimethylformamide (DMF) as a solvent. Isolation by
column chromatography followed by crystallisation
from ethyl acetate-hexane afforded an unstable solvate 1-1/
2CH;CO,Et (1a). Upon drying under vacuum, this adduct
partly liberated the solvent of crystallisation being converted
to a non-stoichiometric though somewhat more stable solvate
analysed as 1-1/3CH;CO,Et (1b), which was used in the
subsequent reactions.

Compound 1b was characterised by elemental analysis and
by spectroscopic methods. In its IR spectrum, it displays
diagnostic amide bands’ at 1619 and 1535 cm™!, and a
carbonyl stretching band of the solvating ethyl acetate at
1740 cm™~'. The NMR spectra of 1b show signals attributable
to the ferrocenyl moiety and the amide pendant. The amide
C=0O0 signal is seen at dc 170.10, similarly to an analogous
2-hydroxyethyl substituted amide, FEFCONHCH,CH,OH.?
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Scheme 1 The synthesis of 1 and 2 (DMAP = 4-(dimethylamino)-
pyridine, DMA = N,N-dimethylacetamide, DMF = N,N-dimethyl
formamide).

The molecular structure of la as determined by X-ray
crystallography (Fig. 1) is rather unexceptional. The ferrocene
unit possessed a regular geometry, showing negligible tilting of
its cyclopentadienyl rings (dihedral angle being only 1.2(1)°)
and variation in the individual Fe—C(ring) distances
(2.032(1)-2.055(2) A). The distances of the iron atom to the
cyclopentadienyl ring centroids are 1.6465(8) and 1.6505(9) A
for the substituted and unsubstituted rings, respectively. The
geometry of the amide group does not differ much from that of
the mentioned 2-hydroxyethyl amide,® or the non-functional
amides FCCONHR, where R = i-Pr,” n-Bu, C¢H;, Ph,'® and
CH,Ph.!!

In the crystal, the molecules of the amide associate via
conventional O-H---O hydrogen bonds (Fig. 2). The mole-
cular array can be described such that the molecules related by
the crystallographic two-fold axes assemble into pairs by
04-H40- - -O3 contacts, whilst the dimers formed aggregate

Fig. 1 PLATON'? plot of the amide molecule in the structure of 1a
showing the atom labelling and displacement ellipsoids at the 30%
probability level. Selected distances and angles (in A and °):
CI-Cl11 1.477(2), C11-0O1 1.244(2), C11-N 1.343(2), N-CI12 1.474(2),
CI12-Cl13 1.544(2), C12-Cl14 1.534(2), C12-C15 1.530(2), C13-02
1.416(2), C14-03 1.423(2), C15-04 1.426(2); O1-C11-N 122.8(1),
CI1-N-C12  124.4(1), N-CI12-C(13/14/15)  106.6(1)-112.8(1),
C12-C(13/14/15)-0(2/3/4) 110.8(1)-115.2(1).
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Fig. 2 A section of the hydrogen bonded array in the structure of 1a
as viewed along the crystallographic b axis. For clarity, the ferrocenyl
units have been replaced with filled black squares. Hydrogen bond
parameters are as follows: N-HIN---02°, N---02 = 3.076(2) A,
angle at HIN = 148°;, O2-H20---0O1, 0O2---0O1 = 2.649(2) A, angle
at H20 = 152° 03-H30---04°, 03...04° = 2.663(2) A, angle at
H30 = 164° 04-H40---03%, 04---03® = 2.671(2) A, angle at H40 =
147°. Symmetry operations: 4 = (x, y, z), B = (=x, y, 1/2 —z2), C =
(x, 1=y, =12+ 2,D=(x,1 =y, 1)2+ 2),E=(—x,1 -y, —2),
F=(-x1-y1-2).

further into infinite ribbons oriented parallel to the ac plane
by means of the O3-H3O---04 and N-HIN---O2 lateral
hydrogen bonds. Besides, the mutual orientation of the
polar groups allows for the formation of structure-stabilising
intramolecular 02-H20---O1 contacts.'*> Molecules of the
solvent occupy structural voids defined by the relatively
bulkier amide molecules and do not interact apparently with
the mentioned molecular assembly.

When reacted with (BugN);[H3V¢O5g] in dry N,N-dimethyl-
acetamide (DMA) at elevated temperatures, amide 1
behaved similarly to other tris(hydroxymethyl)methyl
derivatives, affording the respective cationic hexavanadate,
(BuyN),[FcC(O)NHC(CH,0);V40;3(OCH,);CNHC(O)Fc] (2;
Scheme 1). Compound 2 could be conveniently isolated by
column chromatography (silica gel/MeCN). However, a better
defined, air-stable red crystalline solvate 2-:2Me,NCHO (2a)
resulted via a subsequent crystallisation from a MeCN-
DMF—diethyl ether mixture (15% isolated yield of analytically
pure product after chromatography and two crystallisations).

The formulation of 2a is consistent with elemental analysis
data and also with electrospray mass spectra indicating the
presence of the ionic constituents through the signals due to
BuyN " (m/z 242), [{FCCONHC(CH,0)5},V(O015]*~ (m/z 587),
and [{FCCONHC(CH20)3}2V6013 + Na]7 (m/z 1197) The IR
spectra of 2a suggest the presence of the vanadate unit and
carbonyl groups. A very strong ry—o band is seen at
952 cm™'. Amide bands attributable to the amidoferrocene
pendants appear at 1655/1652 and 1536/1533 cm ™. Notably,
the former band, largely vc—o (amide I), is shifted to higher
energies as compared to 1b, reflecting the differences in
hydrogen bonding patterns. On the other hand, the
other (amide II, ony) band remains virtually unaffected. An
additional vc—o band due to solvating DMF occurs at
1674 cm ™"
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Fig. 3 PLATON'? plot of anion 1 in the structure of 2a showing displacement ellipsoids with 30% probability. The primed atoms are generated
by the crystallographic inversion. The structure and atom labelling scheme of anion 2 in the structure of 2a are essentially identical. Atomic labels

in anion 2 are obtained by adding 20 to the respective label in anion 1.

The >'V NMR spectrum of 2a recorded in CD3CN exhibits
a single broad resonance at 5y —498. The 'H and '*C NMR
spectra confirm the presence of the amidoferrocene pendant,
the counterions and the solvating DMF. Whereas the reso-
nances of the FcC(O) moiety remain virtually intact upon
‘complexation’ (¢f. dc(C=0) 170.90), those due to the
C(CH,0); are affected significantly. The signals of the CH,O

groups are shifted to lower fields in both the 'H and '*C NMR
spectra (Ady =~ 1.7 ppm, Adc = 23 ppm), and the C-13
resonance of the C(CH,0); carbon moves by ca. 8§ ppm upfield
(N.B. the spectra of 1b and 2a were recorded in different
solvents).

The solid-state structure of 2a was determined by single-
crystal X-ray diffraction analysis (Fig. 3 and Table 1). It

Table 1 Selected distances and angles for the hexavanadate anions in the structure of 2a (in A and )4

Anion 1 Anion 2

V1-0l1 (c) 2.2491(5) V21-021 (¢) 2.2362(5)
V1-02 (a) 2.057(2) V21-022 (a) 2.046(2)
V1-03 (a) 1.983(2) V21-023 (a) 1.991(2)
V1-04 (b) 1.771(2) V21-024 (b) 1.779(2)
V1-05 (b) 1.886(2) V21-025 (b) 1.876(2)
V1-06 (t) 1.603(2) V21-026 (1) 1.605(2)
V2-0I (¢) 2.2276(5) V22-021 (c) 2.2320(4)
V2-02 (a) 1.982(2) V22-022 (a) 1.992(2)
V2-07 (a) 2.064(2) V22-027 (a) 2.063(2)
V2-04' (b) 1.887(2) V22-024' (b) 1.864(2)
V2-09 (b) 1.761(2) V22-029 (b) 1.773(2)
V2-08 (1) 1.605(2) V22-028 (t) 1.611(2)
V3-01 (c) 2.2439(5) V23-021 (c) 2.2594(5)
V3-03 (a) 2.062(2) V23-023 (a) 2.052(2)
V3-07 (a) 1.975(2) V23-027 (a) 1.989(2)
V3-09’ (b) 1.886(2) V23-029’ (b) 1.882(2)
V3-05' (b) 1.761(2) V23-025' (b) 1.777(2)
V3-010 (t) 1.605(2) V23-030 (t) 1.603(2)
V-O(a)-V 109.23(8)-110.05(8) 109.02(8)-110.13(8)
O(c)-V-0O(t) 171.88(8)-171.89(8) 172.66(7)-172.76(7)
Fel-Cgl 1.650(2) Fe21-Cg21 1.650(2)
Fel-Cg2 1.654(2) Fe21-Cg22 1.651(2)
£ Cpl,Cp2 2.0(2) £ Cp21,Cp22 1.8(2)
C11-011 1.227(4) C31-031 1.232(4)
C11-NI1 1.349(4) C31-N21 1.352(4)
O11-C11-N1 123.9(3) 031-C31-N21 123.8(3)
NI-CI12 1.470(4) N21-C32 1.476(4)
C12-Cl13 1.541(4) C32-C33 1.532(4)
C13-02 1.431(3) C33-022 1.424(3)
Cl12-Cl14 1.537(4) C32-C34 1.535(4)
Cl14-03 1.428(3) C34-023 1.434(3)
Cl12-Cl15 1.534(4) C32-C35 1.541(4)
C15-07 1.421(3) C35-027 1.429(3)
V-O(a)-C 117.4(2)-120.2(2) 117.9(2)-120.0(2)

“ For atom labelling scheme, see Fig. 1. The prime-labelled atoms are generated by inversion operations. Definitions: a = alcoholate oxygen atom
(02, 03, and O7), b = bridging oxido ligands (04, 05, 09), ¢ = central oxygen atom (O1), t = terminal oxido ligands (06, 08, O10). Cpl and
Cp2 are the substituted and unsubstituted cyclopentadienyl rings, respectively. Cgl and Cg2 stand for their respective centroids.
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Fig. 4 Hydrogen bonds formed between cation 1 and the solvating
DMF in the structure of 2a. The hydrogen bonding pattern generated
by cation 2 is similar. Hydrogen bond parameters: cation 1,
NI-HIN-:--080, N1---080 = 3.114(4) A, angle at HIN = 175°
cation 2, N21-H2IN---090, N21---090 = 3.042(4) A, angle at
H2IN = 167°; t = molecules generated by lattice translations.

consists of discrete BuyN* ions and hexavanadate anions,
which bind two DMF molecules via FcCON-H- - -OC(H)NMe,
hydrogen bonds (Fig. 4). Notably, there are two structurally
independent albeit practically identical'* hexavanadate ions in
the crystal structure, each residing on the crystallographic
inversion centres (for an overlap and a ‘full view’, see ESI¥).
As a result, the asymmetric unit contains two BuyN ™ cations,
two halves of the hexavanadate anions and two molecules of
solvating DMF.

The triolate units in the anion of 2a are mutually trans as
dictated by the imposed symmetry and the overall geometry
compares well with that reported for the structurally related
anions [{RC(CH,0)3},V015]° ", where R = NO,,>* CH;,%
NHC(O)CH=CH,,>* or CH,OH.> Likewise these reference
compounds, the V-O distances in 2a follow the trend:
V-O(terminal) < V-O(oxo bridge) < V-O(alkoxide bridge) <
V-0I (central oxygen), which in turn leads to an alternation of
the V-0 distances within the three V40, rings encircling the
central oxygen atom Ol.

The geometry of the V4O (O = O1) core is quite regular,
only with the V2-O1 distance being slightly longer than those
involving vanadium atoms V2 and V3. The in-cage V-O1-V
angles amount either to ca. 95° or ca. 85°, accordingly as the
respective vanadium atoms belong to an alkoxide- or oxide-
bridged edge of the V4 octahedron. Another deformation is
detected at the outer surface of the hexavanadate core because
the terminal oxygen atoms, O(6,8,10), are all displaced from
the respective O1-V axes and moved away from the closest
triol-capped face. Nevertheless, this deformation is relatively
minor (¢f. the O1-V-O(t) angles being ca. 171.9° [172.7°)"°
and very likely reflects steric interactions of the terminal V=0
groups with the CH,O arms.

Despite these distortions and unlike V-O distances, the
oxygen atoms forming the ‘central layer’, viz. O1, O(7/7'),
0(8,8"), 0(9,9’) and O(10,10"), are coplanar within ca. 0.06 A
[0.04 A], whilst the V2 and V3 atoms deviate from this central
plane by 0.044(1) A and 0.132(1) A [0.058(1) and 0.124(1) A],
respectively. The oxygen atoms constituting ‘equatorial’ Oy4
planes, which are roughly perpendicular to the O=V-01 axes
(i.e., O(2-5) for V1, 0(2,7,9,4") for V2, and O(3,7,5',9) for V3),
are coplanar within less than 0.01 A. However, their ‘central’

vanadium atoms, V(1-3), are displaced from these planes
away from the central oxygen OIl. The distances from the
respective mean Oy4-planes are 0.356(1) A [0.348(1) A] for V1,
0.337(1) A [0.341(1) A] for V2, and 0.350(1) A [0.363(1) A] for
V3. The O(2-5) plane is almost coplanar with the central plane
(the dihedral angle being 0.49(6)° [0.48(6)°]), whereas the
remaining two Og-planes are oriented perpendicularly
(the dihedral angles are 89.71(6)° [89.86(6)°] for O(2,7,9,4"),
and 89.65(6)° [89.59(6)°] for O(3,7,5".9")).

The arms of the triolato unit constitute three OVOCCC
metallorings, which assume similar chair conformations
and bear the pivotal N-C(O) bond in equatorial positions.
Structural parameters of the ferrocenyl pendant differ only
marginally from those of 1a. The ferrocene cyclopentadienyls
in 2a are negligibly tilted and bind symmetrically to the iron
atom. Notably, the amide planes {CON} are rotated with
respect to their bonding cyclopentadienyl ring by 25.9(4)°
[23.6(4)°], with the oxygen atom being moved away from the
ferrocene core. On the other hand, changes in the arrangement
of the amide moiety as well as the variation in the C-CH,O
and CCH»—O bond lengths are rather insignificant. All other
parameters (including those of the BusN™ cations and the
solvating DMF)'® are unexceptional.

Electrochemistry

Compounds 1b and 2a were studied by cyclic voltammetry at
Pt-disc electrode using ca. 5 x 10~ M acetonitrile solutions
containing 0.1 M BuyNPFg as the supporting electrolyte. The
amide expectedly showed a single, one-electron reversible
wave attributable to ferrocene/ferrocenium couple. This wave
was observed at more positive potentials than for ferrocene
itself (E°° = 0.20 V), which is, indeed, in accordance with
the electron-withdrawing nature of the carbamoyl unit
(¢f. op = 0.36 for CONH,)."”

Compound 2a also displayed a single oxidative wave in the
potential window provided by the solvent (Fig. 5). However,
this wave was found to be electrochemically irreversible
(anodic peak potential, E,, = +0.12 V at the scan rate of
100 mV s~'; no reduction counter-peak was seen up to 10 Vs=").
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Fig. 5 Cyclic voltammogram of 2a as recorded on a Pt-disc electrode
in MeCN (¢ = 0.5 mM in 0.1 M BuyNPF). The first scan (full line)
and the following scans are distinguished by the line type (second scan
in dashed line, third in dotted line).
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Moreover, a stripping-like peak (probably desorption) developed
upon back scanning which shifted to slightly less positive
potentials during the following scans (Fig. 5). This indicates
some structural changes to be associated with the primary
electron-transfer process that makes the redox change electro-
chemically (and also chemically) irreversible.

Notably, no reduction peak was seen for 2a down to —2.4 V
vs. the ferrocene/ferrocenium reference. This contrasts with
the behaviour of [{RC(CH20)3}2V6013]27, where R = CH3;,
CH,CH3;, CH,Ph, NO,, and NMe,, that all display
one-electron reversible reductions in the potential range of
ca. —0.65 to —1.2 V (vs. ferrocene/ferrocenium) depending
on R.>*? An explanation of the overall redox response of 2a
can be sought in the electron-donating character of the
ferrocenyl group, which makes the hexavanadate unit
(relatively) electron rich and thus renders any reduction more
difficult while facilitating oxidation processes.

DFT calculations

The solid state structure of the anion in 2 has been subjected to
single-point DFT studies in order to obtain some insight into
the bonding relations within the hexavanadate unit.

The peculiar structure of the hexavanadate cage owes its
existence to a rather complicated bonding scheme, which is
impossible to describe properly by the ‘classical’ Lewis terms
(i.e., via o- and m-bonds between atoms and nonbonding
electron lone pairs). Although the natural charges of the
individual vanadium atoms were found to be practically
the same (1.54 for V1/1’ and V3/3’; 1.53 for V2/2), those of
the hexavanadate oxygen atoms exhibited a large variation
depending on the number of the bonding partners (Table 2). In
addition, the Mayer bond orders'® were dependent on the
chemical nature of the individual oxygen atoms (Table 3),
while the fractional values obtained for the V-O bonds
suggested that only a resonance description of the bonding
could be adequate.

The nearly regular octahedron around the central oxygen
atom O1 cannot be the result of any dominant O-V covalent
interactions, since an octahedral arrangement is achievable by
the formation of a sp>d® hybrid, which is however beyond the
possibilities of the second-row oxygen atom. The primary role
of the O1 atom is thus to act as an ‘anchor’ for the surrounding
vanadium cations by means of its marked negative charge,
alleviating the repulsion between the metallic centres and

Table 2 Natural charges (¢,.) of the hexavanadate oxygen atoms

Atom(s) Gnat Atoms Gnat

Ol —1.11 09/9’ —0.68
02/2', 03/3', 07/7 —-0.74 06/6’ —-0.53
04/4', 05/5' —0.69 08/8’, 010/10' —0.56

Table 3 Mayer bond orders (BO) for the VOg4 octahedron around V2

Bond Mayer BO Bond Mayer BO
V2-Ol(c) 0.634 V2-08(t) 0.235
V2-02(a) 0.776 V2-09(b) 1.673
V2-07(a) 0.686 V2-04'(b) 1.153

providing some necessary electrostatic stabilization for the
hexavanadate cage.

Owing to their octahedral environment, the Ol 2s and 2p
orbitals remain unmixed and despite being virtually nonbonding,
they still provide some covalent bonding contributions to the
surrounding metallic centres. However, due to the large
interatomic O1-V separations, these covalent contributions
are rather weak; thus the Natural Bond Orbital'® (NBO)
default search reported four lone pairs on O1 with the covalent
overlaps treated as perturbations (delocalizations). The largest
delocalization energies were found for the six V-O bonds
between the six cage vanadiums and their terminal oxido
groups. The most significant delocalization energies were
observed for the 2s orbitals of O1 (Table 4).

Attempts to describe the bonding of the bridging alcoholate
and oxido oxygen atoms by means of ‘classical’ two-centre
bonds have all failed and the formalism of the 3-center
4-electron (3c4e) ‘hyperbonds’ had to be adopted instead.
The concept of 3cde bonding, introduced originally by
Pimentel,?® considers interactions of this type as a bonding
between a triad of atoms (denoted henceforth as Al, A2,
and A3), whose hybrids form three molecular orbitals (MO) of
which the lowest two are populated by four electrons. Since a
3cde interaction is usually of an na; — o*a5_ a3 delocalization,
the second populated orbital is quite high in energy. Using
Coulson’s description,?! one can regard a 3cde bond as a
resonance between two limiting Lewis structures A1-A2:A3
and A1:A2-A3, denoted usually as A1FA24A3.

Actually, the bridging oxygen atoms in the hexavanadate
anion of 2 are all bonded by the 3c4e bonds (Table 5) with the
vanadium atoms acting as centres for these three-centre inter-
actions. Although the ratios between the two Lewis forms of
the resonance triads are based on estimation and should be
regarded as correct qualitatively,? the fractional bonding of
the individual oxygen atoms is very well apparent.

The incorporation of o* interactions in the second
(and populated) orbitals of all the 3c4e hyperbonds leads to
their energy becoming high. The oxygen nonbonding lone
pairs remain also virtually nonbonding and as a consequence

Table 4 Delocalization energies (in kcal mol™') of the O1 2s orbital
based on second-order perturbative estimates

Acceptor Ejgeroc LP(25) Acceptor Egeloc LP(2s)
V1-06 21.97 V3-010 23.30
V'-06’ 22.17 V3’010’ 24.01
V2-08, V2'-08’ 26.17 — —

Table 5 The 3c4e hyperbonds in the hexavanadate anion?

Hyperbond A1+A24A3 Y%A1-A2/%A2-A3 Occupancy
O3+V1404 37.4/62.6 3.9220
O3+V1405 47.1/52.9 3.9259
04+V14102 60.4/39.6 3.9833
O5+V1403 59.3/40.7 3.9351
02+V2109 39.6/60.4 3.9047
O9+V2407 61.1/38.9 3.9389

“ Only contributions involving the oxygen atoms in the asymmetric
part are listed.
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Fig. 6 Electrostatic potential mapped onto the 2% probability iso-
surface of 2a (top) and orientation of the molecule in the isodensity
contour (bottom). Blue regions are electrophilic, green electroneutral,
and the red nucleophilic.

of both these phenomena, the highest occupied canonical
orbitals delocalize over the hexavanadate cage. Due to the
presence of the highly electronegative oxygen atoms, the overall
electrostatic potential is also markedly negative (Fig. 6).

Since the upper 11 occupied molecular orbitals (including
the HOMO) are delocalized over the hexavanadate cage, any
oxidation processes will affect the anionic part of the molecule
without the involvement of redox changes on the ferrocene
units. The HOMO orbital particularly is a combination of the
nonbonding lone pairs on the six bridging oxido atoms, each
contributing with comparable fractions. The next occupied
orbitals, still close in energy to the HOMO, incorporate
already the bonds to the vanadium atoms. The irreversible
oxidative wave observed during cyclic voltammetry (oxidation)
thus probably reflects structural reorganisation at the hexa-
vanadate cage, possibly due to changes occurring in the
O+VAO triads.

Conclusions

This contribution demonstrates that the synthetic methodology
developed for the synthesis of triolato-capped hexavanadates
can be advantageously used for the preparation of well-defined
compounds bearing the ferrocenyl groups as redox-active
organometallic pendants. Electrochemical data and, mainly,
theoretical computations indicate the ferrocenyl groups to
behave largely as auxiliary modifiers without any pronounced
electronic interaction with the anionic hexavanadate core.
DFT calculations also reveal the presence of 3-centre
4-electron (3c4e) O-V-O bonds and delocalised bonding
within the polyoxometalate cage where the central oxygen
atom acts as an electrostatic pivot.

Experimental
Materials and methods

Syntheses were performed under argon atmosphere in the
dark. Fluorocarbonylferrocene® and (BuyN);[H3V;oO,s]*

were synthesised according to literature procedures. Dry aceto-
nitrile, DMF and DMA were purchased from Fluka and
Aldrich. Other chemicals and solvents were used as received
(Fluka, Aldrich; solvents from Lach-Ner).

NMR spectra were measured with a Varian UNITY Inova
400 spectrometer ('H, 399.95; '3C, 100.58; 'V, 105.18 MHz)
at 298 K. Chemical shifts (6/ppm) are given relative to internal
SiMe, ('H and 'C) or to external neat VOCl; (°'V). In
addition to the standard notation of the signal multiplicity,
vt is used to denote virtual triplets arising from magnetically
non-equivalent AA’BB’ spin systems formed by the protons at
the substituted cyclopentadienyl rings (CsHg4). IR spectra
were recorded with an FTIR Nicolet 7600 (Thermo Fisher
Scientific) instrument in the range 400-4000 cm™'. Electro-
spray ionisation mass spectra (ESI MS) were recorded with a
Esquire 3000 (Bruker) spectrometer in methanol.

Electrochemical measurements were carried out with a
computer-controlled multipurpose potentiostat uhAUTOLAB
IIT (Eco Chemie) at room temperature using a standard three-
electrode cell with platinum disc electrode (AUTOLAB RDE,
3 mm diameter) as the working electrode, platinum sheet
auxiliary electrode, and saturated calomel reference electrode
(SCE), which was separated from the analysed solution by a
salt-bridge (0.1 M BuyNPF¢ in MeCN). The analysed
compounds were dissolved in MeCN (Aldrich, absolute) to
give a solution containing ca. 5 x 10~* M of the analyte and
0.1 M BuyNPF¢ (Fluka, puriss for electrochemistry) as the
supporting electrolyte. The solutions were deaerated with
argon prior to the measurement and then kept under an argon
blanket. The redox potentials are given relative to the
ferrocene/ferrocenium reference.

Syntheses

{N-[Tris(hydroxymethyl)methyl]carbamoyl}ferrocene D).
(Fluorocarbonyl)ferrocene (1.160 g, 5.0 mmol), tris(hydroxy-
methyl)methylamine (0.787 g, 6.5 mmol) and 4-(dimethylamino)-
pyridine (0.122 g, 1.0 mmol) were dissolved in a mixture of dry
DMF (20 mL) and triethylamine (1 mL), and the resulting
mixture was stirred at 60 °C for 16 h. Then, the volatiles were
removed under reduced pressure, and the solid residue was
purified by column chromatography (silica, CH,Cl,~methanol,
10 : 1 v/v). Two bands were collected. The second band
containing the desired product was evaporated and the residue
was crystallised from hot ethyl acetate (20 mL) by slow cooling
down to —18 °C. Yield of 1-1/3AcOEt: 0.358 g (20%), orange
brown crystalline solid.

'H NMR (DMSO): 6 1.18 (t, *Jyy = 7.1 Hz, 1 H,
CH;CO,CH,CHjs), 1.99 (s, 1 H, CH;CO,Et), 3.64 (d, >Jyn =
5.7 Hz, 6 H, CH,OH; the signal collapses into a singlet upon
addition of D,0), 4.03 (q, *Juu = 7.1 Hz 2/3 H,
CH;CO,CH,CHj;), 421 (s, 5 H, CsHs), 4.36 and 4.76
(2x virtual t, J ~ 2.0 Hz, 2 H, CsHy); 4.88 (t, *Jyy =
5.9 Hz, 3 H, CH,OH, the signal disappears after the addition
of D,0), 6.63 (s, 1 H, CONH). *C{'"H} NMR (CDCls):
0 1398 (CH3CO,CH,CH3), 20.65 (CH3CO,Et), 59.64
(CH3CO,CH,CH3), 60.58 (CH,OH), 62.06 (CNH), 68.19
(CH of CsHy), 69.49 (CsHs), 70.03 (CH of CsHy), 76.56
(Cipso of CsHy), 170.10 (C=O; only one C=O resonance
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was observed). IR (neat): v/em™' 3260 br s, 3108 m, 2959 m,
2938 m, 2896 w, 2872 w, 1740 s, 1619 vs, 1535 s, 1459 w,
1449 w, 1412 w, 1375 m, 1344 m, 1307 m, 1286 w, 1240 m, 1190 m,
1122 m, 1106 w, 1074 w, 1054 s, 1036 m, 1020 s, 930 w,
906 w, 872 w, 847 w, 831 m, 773 m, 730 br m, 620 w, 584 w,
560 w, 529 m, 499 m, 484 m, 467 w cm~'. Anal. Calc. for
CsH9FeNO,4- 1/3CH3;CO,Et  (359.6): C 54.11, H 6.00,
N 3.90%. Found: C 53.74, H 5.97, N 3.75%.

Compound 2. A solution of amide 1b (0.321 g, 0.9 mmol) and
(BugN);3[H3V¢02] (0.502 g, 0.3 mmol) in dry DMA (10 mL)
was heated at 90 °C for 60 h, whereupon the colour turned
from orange to brown. The reaction mixture was cooled
to room temperature and then slowly added to diethyl ether
(100 mL). The separated brown precipitate was filtered off and
purified by column chromatography (silica gel, MeCN). The
first brown and green coloured bands were discarded, and the
following red band was collected and evaporated under
vacuum. The solid residue, which was shown to be essentially
pure unsolvated 2 by NMR spectra, was dissolved in dry DMF
(2 mL). The solution was carefully layered with MeCN (1 mL)
and diethyl ether (20 mL), and the mixture was allowed to
crystallise over several days to afford crystalline 2a, which was
isolated by suction. The isolated product was recrystallised
once again to afford analytically pure 2a as a dark red
crystalline solid. Yield: 81 mg (15%).

'"H NMR (CD5CN): 6 0.98 (br t, 12 H, NCH,(CH,),CH3),
1.38 and 1.63 (2x br s, 8 H, NCH,(CH>),CH3); 2.78 and 2.90
(2x s, 3 H, Me;NCHO); 3.14 (br s, 8 H, NCH,(CH,),CHj;),
4.16 (s, S H, CsHs), 4.32 and 4.71 (2x virtual t, / = 1.9 Hz,
2 H, CsHy); 537 (s, 6 H, NHC(CH,0)3), 5.77 (s, 1 H,
NHC(CH,0)3), 7.95 (br s, 1 H, Me,NCHO). “C{'H}
NMR (CD;CN): 6 13.94 (NCH,(CH,),CH3), 20.45 and
24.47 (NCH,(CH,),CH3); 31.34 and 36.62 (Me,NCHO);
5426 (CNH), 59.44 (t(1:1:1), J(N,’C) ~ 3 Hz
NCH,(CH,),CH3), 69.52 (CH of CsHy), 70.80 (CsHs), 71.35
(CH of CsHy), 77.61 (Cipso of CsHy), 83.88 (CH,0), 170.90
(FcCO); the C=0 signal due to Me,NCHO was not observed.
'V NMR (CD;CN): 6 —498 (br s, Avy & 530 Hz). ESI+ MS
(CH;0H): m/z 242 (BuyN™); 587 ([{FCCONHC(CH,0)s}»-
V¢05]°7) and 1197 ([{FcCONHC(CH,0);},V¢0,3 + Na]™).
IR (neat): v/em™" 3337 m, 3308 m, 3101 w, 3084 w, 2962 m,
2938 m, 2873 m, 2856 m, 1674 s, 1655/1652 s, 1536/1533 s,
1471 m, 1410 w, 1386 m, 1312 m, 1275 m, 1195 w, 1170 w,
1106 s, 1060 m, 1047 m, 1020 w, 952 vs, 817/810's, 722 s, 584 s, 497
W, 481 W, 422 m. Anal. Calc. for (C16H36N)2[C30H32F62N2021V6]'
2C;H7NO (1805.0): C45.24, H 6.59, N 4.66%. Found: C 44.92, H
6.51, N 4.55%.

X-Ray crystallography

Single crystals suitable for X-ray diffraction measurements
were grown from warm ethyl acetate (1-1/2CH3;CO,Et: brown
plate, 0.20 x 0.32 x 0.40 mm®) or selected directly from the
reaction batch (2a: red-brown fragment, 0.20 x 0.25 x 0.28 mm®).
The selected specimens were mounted onto glass fibres with
poly(perfluoroalkylether) oil.

Full-set diffraction data (20 < 549 for 1, and 52.8°

for 2a; th+tk=+/, data completeness 99.9%) were collected
with a Nonius KappaCCD diffractometer equipped with a

Table 6 Selected crystallographic data and structure refinement
parameters for 1a and 2a“

Compound la 2a
Formula C17H»3FeNOs¢ CegH15FesNgOo3 Ve
M 377.21 1805.02
Crystal system Monoclinic Triclinic
Space group C2/c (no. 15)  PI (no. 2)
a/A 29.24386(4) 12.6480(2)
b/A 10.1996(1) 15.8602(2)
c/A 11.8137(1) 20.3923(3)
o/ — 84.8847(8)
B/° 103.1641(9) 79.9909(7)
/e — 78.0411(8)
VA3 3431.70(8) 3935.0(1)
VA 8 2

D¢Jg mL™! 1.460 1.523
w(MoKo)/mm™! 0.905 1.113
Diffractions collected 45736 105274
Independent/observed” diffrns  3930/3622 16120/12513
Rin (%) 2.9 5.8

R? observed diffractions (%)  3.02 4.25

R, WRDd all data (%) 3.30, 7.91 6.20, 11.3
Aple A3 0.58, —0.52 0.82, —0.55
CCDC reference number 779152 779153

@ Common details: 7 = 150(2) K. ? Diffractions with I > 26(1). ¢ Rine =
S| F,* — Fy*(mean)|/S_F,”, where F,*(mean) is the average intensity of
symmetry-equivalent diffractions. ¢ R, = SIF, |[FN/Y | Fl,
WR=[SIWE = F)Ew(F)P. € CisHigFeNOy:1/2C4Hg0,.
7 (Ci16H36N)2[C3oH32FeaN>05, V- 2C; H,NO.

Cryostream Cooler (Oxford Cryosystems) using graphite-
monochromatised MoKa radiation (A = 0.71073 /OX). The
data were analysed with the HKL program package;> absorp-
tion was neglected.

The phase problems were solved by direct methods
(SIR97)*® and the structures were refined by full-matrix
least-squares on F2 (SHELXL-97).%” The non-hydrogen atoms
were refined with anisotropic displacement parameters except
for disordered ethyl acetate in the structure of amide 1. The
NH and OH hydrogens were located on difference electron
density maps and refined as riding atoms with Ujs,(H) assigned
to a multiple of Ueq of their bonding atom. All other hydrogen
atoms were included in their theoretical positions and refined
as riding atoms.

Geometric calculations were performed with a recent
version of the PLATON program.'? All numerical values are
rounded with respect to their estimated standard deviations
(esd’s) given with one decimal; parameters involving
fixed hydrogen atoms are given without esd’s. Relevant
crystallographic data and structure refinement parameters
are presented in Table 6.

Theoretical calculations

DFT computations have been conducted at the fermi cluster of
the Computer Centre at the J. Heyrovsky Institute of Physical
Chemistry, Academy of Sciences of the Czech Republic, using
Gaussian 03, Revision E.01.% The calculations were carried
out as single point on the solid state geometry with the cationic
parts excluded. The B3P86 functional was employed and the
6-31+G(d) basis set was used for all atoms. Natural Bond
Orbital Analyses were done with the NBO 5.G*° program;
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visualization of the canonical molecular orbitals and the
overall electrostatic potential was accomplished by Molden.*
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