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Abstract: Intramolecular electronic communication between electrochemically active groups con-
nected by a bridging moiety can be modified through small changes in the spatial disposition of
the redox active moieties and/or by the nature of the central core. In this study, chiral bio-based
compounds, namely isomannide and isosorbide, were employed as cheap and easy-to-functionalize
chiral scaffolds to bridge two ferrocenyl electroactive moieties. The crystal structures of both bis-
ferrocenyl diester complexes were studied and they showed that the chirality of the bridge results
in an open or tight helical crystal packing. The electron communication between the two electroac-
tive units in the mixed valent monocations was also investigated using electrochemistry (cyclic
voltammetry and differential pulsed voltammetry), and spectroelectrochemistry in the UV-Vis NIR.
A computational study through time-dependent DFT was also employed to gain greater insight into
the results obtained.

Keywords: isohexide; ferrocene; electron communication; cyclic voltammetry; differential pulsed
voltammetry; isomannide; isosorbide; spectroelectrochemistry; X-ray diffraction; crystal

1. Introduction

Intramolecular electronic communication between electrochemically active groups
connected by a bridging moiety can be modified through small changes in the spatial
disposition of the redox active moieties and /or by the nature of the central core. In these
compounds, the bridging moiety has a central role in the spatial arrangement of the redox
moieties, in addition to being a vital component in electron/hole transfer (e.g., the Creutz-
Taube ion [Ruy(NHj)s5(pz)]°*, pz = pyrazine) [1-13]. Moreover, changes in the geometry
and electron structure of the bridge generally affect the ability for electronic communication
between the two redox moieties attached [1-6,10,11,14]. In these compounds, the bridging
ligand often contains either low energy m*-orbitals or high energy m-orbitals, to allow
electrons or electron holes to freely move between the redox centers. To obtain electronic
communication between redox centers, chirality (i.e., the use of a chiral bridging unit) can
be successfully employed, to control the absolute geometry of the molecule and thus to
direct and affect the communication between two (or more) redox centers [14,15].

During the last few decades, environmental issues and the depletion of petroleum
resources turned chemists” attention toward the exploitation of renewable feedstocks. In
this context, following the rise of green chemistry, different biomasses were studied, and,
in a short space of time, various waste products became potential alternative materials.

Focusing on chiral bio-based materials, among compounds belonging to the chiral pool,
a great deal of attention was addressed to isohexides, namely isomannide and isosorbide,
used mainly in the polymer, cosmetic, and pharmaceutical industries (Figure 1) [16-21].

Crystals 2023, 13, 520. https:/ /doi.org/10.3390/ cryst13030520 https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13030520
https://doi.org/10.3390/cryst13030520
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-7239-115X
https://orcid.org/0000-0002-6805-3366
https://doi.org/10.3390/cryst13030520
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13030520?type=check_update&version=1

Crystals 2023, 13, 520

20f 11

HO y + HO {1
6% 0 OH 6~>_0
6a 0 6a HO o}
5 3a )2 (o) 5 3a )2 M
03 o 03 o
H oH H oOH
Isomannide 1 Isosorbide 2

Figure 1. Molecular structures of isomannide 1 and isosorbide 2.

Isomannide 1 and isosorbide 2, or (3R,3R,6R,6aR)-hexahydrofuro [3,2-b]furan-3,6-diol
and (3R,3R,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diol, respectively, obtained from the
dehydration of D-mannitol and D-sorbitol, are important by-products of the starch industry
and the processing of corn oil [22]. These commercially available starting materials provide
easy and inexpensive access to optically pure functionalized compounds, [23-25] mainly
exploiting the two hydroxyl groups at C3 and C6, both endo in isomannide 1, whereas
OH at C6 is exo and OH at C3 is endo in isosorbide 2 (Figure 1). These functional groups
can be easily derivatized, to obtaining a plethora of derivatives whose properties depend
both from the characteristics of the introduced functional groups and from the different
stereochemical arrangement of the hydroxyl groups [23,26-29].

In previous studies [30-35], some of us successfully employed these compounds as
starting materials for the synthesis of new chiral auxiliaries [30-33] and light-emitting
materials [34]. These studies highlighted the importance of the chiral backbone, which
leads to an interaction between the functional groups linked to the central scaffold, with a
great influence on the final properties, both in isomannide 1 and isosorbide 2. Moreover,
some peculiar derivatives showed interesting applications in electrochemistry-related
studies [31].

Starting with these results, and prompted to expand on the applications of these inter-
esting chiral bio-based compounds, we focused our attention on designing new materials
for electronic communication.

In this study, starting from isomannide 1 and isosorbide 2, the corresponding ferro-
cenyl diesters 3 and 4 were easily synthesized (Figure 2). These new derivatives were
selected to have easy access to isohexide-containing compounds characterized by the pres-
ence of two ferrocenyl moieties spatially close within the same chiral molecule (i.e., at least
in principle). We focused our attention on derivatives 3 and 4 due to their ease of prepa-
ration, by simple double esterification of the free hydroxy groups, and to gain a deeper
insight into the different dispositions of the two ferrocene moieties around the central chiral
scaffold, an interesting feature to have a deeper insight in the influence of stereochemistry
on electron communication. Compounds 3 and 4 were synthesized following the known
protocols developed for the preparation of other isohexide diesters [30,31,36]. These new
derivatives, obtained as crystalline solids, were fully characterized through X-ray diffraction
analysis (XRD) to gain more insight into their properties in the solid state. Then preliminary
electrochemical and spectroelectrochemical studies were performed to assess the presence
of electrochemical communication between the two ferrocenyl electroactive moieties.

3 @ 4 @

Figure 2. Structures of the ferrocenyl diesters of interest: compound 3 prepared from isomannide,
and compound 4 obtained from isosorbide.

The experimental results were supported by a time-dependent DFT (TD-DFT) study.
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2. Materials and Methods

All the reactions involving sensitive compounds were carried out under dry Ar, in
flame-dried glassware. If not noted otherwise, reactants and reagents were commercially
available and used as received from Fluorochem, TCI-Chemicals, Sigma-Aldrich and Acros
Organics. TLC analyses were carried out with Merk 60 Fos4 plates (0.2mm). 'H NMR
spectra were recorded in methylene chloride-d;, on a Bruker 400MHz NMR spectrometer.
The following abbreviations are used: s = singlet, d = doublet, dd = double doublet,
dt = double triplet, dtt = double triple triplet, m = multiplet. 3C NMR spectra were
recorded at 101 MHz. 'H and '3C NMR chemical shifts (ppm) are referred to TMS as
external standard. Elemental analyses were obtained using Elementar Vario MICRO cube
equipment.

2.1. General Procedure for the Synthesis of the Bis-Ferrocene Carboxylates 3 and 4 [30]

Under an Ar atmosphere, N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide (EDC)
(2.3 mmol) and N,N-4-dimethylaminopyridine (DMAP) (0.5 mmol) were added to a brown
heterogeneous mixture of isohexide 1 or 2 (1.0 mmol) and ferrocene carboxylic acid (2.3 mmol)
in CH,Cl, (2.5 mL) at 0 °C. The mixture was stirred at room temperature and the reaction was
monitored by TLC analysis (hexane:ethyl acetate 1:1). After 24 h the solvent was removed
under reduced pressure and the crude was purified through flash chromatography on silica
gel (hexane:ethyl acetate 1:1) and recrystallized from hexane/ethyl acetate, giving the pure
product as orange crystals. Further experimental details and full characterization of the
products are given in the Supporting Information (Section 1.2).

2.2. Electrochemical and Spectroelectrochemical Measurements

UV-Vis NIR absorption spectra were recorded on a J&M TIDAS spectrophotometer. IR
spectra were obtained using a Nicolet 6700 FT-IR instrument. Cyclic voltammetry (CV) and
differential pulsed voltammetry (DPV) were carried out in 0.1 M BuyNB(Art),/CH,Cl,
(BArf = tetrakis[3,5-bis(trifluoromethyl)phenyl]boron) solutions using a three-electrode
configuration (glassy carbon working electrode, Pt wire counter electrode, and Ag quasi-
reference electrode) and were performed using a Metrohm Autolab potentiostat. The
ferrocene/ferrocenium (FcH/*) couple served as an internal reference to all potentials
reported. Spectroelectrochemistry was performed using an Optically Transparent Thin
Layer Electrochemical (OTTLE) cell [37].

2.3. Computational Studies

The geometry for the neutral species was optimized from the X-ray crystal structure
data when available using the ORCA 4.0 program package [38]; further details are provided
in the Supporting Information (Section 1.4). Computational analysis was performed using
restricted Kohn-Sham density functional theory (DFT) at the B3LYP [39] level of theory
with Becke-Johnson damping (D3B]J) [40] using the def2-TZVP [41] basis set and Weigend
J [28,29] as an auxiliary basis set on a m°® grid and TightSCF (AE 1.0 x 1078 au) [38]. The
geometry of the different oxidation states was obtained by removing one or two electrons,
respectively, using unrestricted Kohn-Sham DFT along with the same parameters for the
neutral species. TD-DFT calculations were performed with a maximum dimension of 5,
and the conductor-like polarizable continuum mode (CPCM) for CH,Cl, was used for
solvent modeling [42]. The Kohn-Sham orbitals of the complexes were analyzed.

3. Results and Discussion
3.1. Synthesis of Ferrocenyl Derivatives

The ferrocenyl (Fc) derivatives of the isohexides were synthesized as reported in
Scheme 1. The two bis-ferrocenyl derivatives 3 and 4 were obtained in high yield
by reacting isomannide 1 and isosorbide 2, respectively, with ferrocenecarboxylic acid
in the presence of N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide (EDC) and
N,N-4-dimethylaminopyridine (DMAP).



Crystals 2023, 13, 520

40f11

Ferrocenecarboxylic acid (2.3 eq) O H

EDC (2.3 eq), DMAP (0.5 eq), Y

CH,Cly, 0°CtoR.T., 24 h . 0
! o

1 (6R), Isomannide 3 (6R) Fe
2 (6S), Isosorbide 4 (6S)

Scheme 1. Synthesis of the ferrocenyl derivatives 3 and 4.

3.2. Crystal Structure of Ferrocenyl Derivatives 3 and 4

The ferrocenyl (Fc) derivatives 3 and 4 were obtained as orange crystals after recrystal-
lization from hexane/ethyl acetate. The analysis of their structure through X-ray diffraction
(XRD) showed that both 3 and 4 crystallized in chiral space groups, with 3 crystallizing
in P272;2 space group while the isosorbide derivative 4 crystallized in the space group
P21212; (Figure 3). More details regarding the pertinent metric parameters of the crystal
structures are reported in the Supporting Information (Section 1.3).

‘Jc
H

Or‘e
@o

Figure 3. Molecular structure of diferrocenyl ester of isomannide (3, left) and isosorbide (4, right).
Both compounds crystallized in chiral space groups, with 3 crystallizing in a P212;2 space group,
whereas isosorbide derivative 4 crystallized in a P212;2; space group.

The molecular structure of 3 obtained from XRD, showed that the two Fc moieties
are oriented parallel, one to the other, around the central chiral scaffold with respect to
their Cp-Fe-Cp axis (Figure 3, left). Moving to the crystal structure, the results showed that
each molecule of 3 packs with one neighboring molecule, with one of the Fc moieties of the
second molecule of 3, entering the chiral cavity of the other molecule orthogonally to its
symmetry (i.e., the Cp-Fe-Cp axis of the two molecules are one orthogonal to the other and
one of the Fc moieties of the second molecule of 3 is located in between the chiral cavity
and the Fc units of the first one). The second Fc moiety is located outside the chiral pocket
generating a V-type dimer, as shown in Figure 4. The next layer of molecules forms a helical
structure along the b-axis (Figure 5).

The crystal packing of 3 forms a zig-zag pattern generated from the V-shaped dimers
that are repeated along the c-axis, with the following layer along the b-axis being rotated
at 180° (Figure 6). The crystal of 3 forms a tight molecular staggering following the a-axis.
Looking down the c-axis the staggering of the layers formed by the Fc moieties could be
easily seen (Figure 6). This crystallographic feature of the Fc moieties is controlled by the
geometric constraints imparted by the chiral isomannide bridge due to the orientation of
both Fc moieties on the same side of the molecule (i.e., the two Fc moieties are located on
the same side of the chiral cavity generated by the fused bicyclic structure). These geometric
constraints generate a sort of pocket that allows two molecules to form a supramolecular
dimer, and that lead to the extended helical supramolecular packing along the b-axis
shown in Figure 5. The Fc moieties showed an orthogonal C-H to Cp face approximation
(e.g., CH approximation to the 7t system of adjacent molecules), similar to C-H to n-stacking
observed in classic aromatic systems [43].
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Figure 4. Supramolecular V-dimer generated by two interlocking molecules of 3. The two molecules
are highlighted with different colors (blue and white-gray). Fe atoms are depicted in orange. As can
be seen more in detail, in each molecule of 3 the Cp-Fe-Cp axis of the two Fc units are parallel.
Considering the two different molecules forming the intermolecular dimer, the Cp-Fe-Cp axes of the
two molecules are orthogonal from one to the other. Moreover, one Fc moiety of a molecule (i.e., the
one depicted in white-gray) enters the chiral pocket of the other one (i.e., the one depicted in blue),
locating between its two Fc units.

A

Figure 5. Compound 3. Crystal packing of supramolecular dimers and the helical packing of
molecules. Blue denotes one of the molecular pares along the b-axis, while white-gray denotes the
other one. Different views of the helical packing: looking down the a-axis (A), looking down the
b-axis (B), and looking down the c-axis (C).

Figure 6. Crystal packing of 3 along the g-axis (red), the b-axis (green), and the c-axis (blue), layers
highlighted. The figure clearly shows the main features of the crystal packing of 3: (1) a zig-zag
pattern generated by the dimers that are repeated along the c-axis, with the following layer along the
b-axis being rotated 180°; (2) tight molecular staggering following the a-axis; (3) staggering of the
layers formed by the Fc moieties looking down the c-axis.

In contrast to 3, the molecular structure of 4 showed that one of its Fc moieties is
oriented above both the planes of the two fused tetrahydrofuran cycles of the molecule,
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while the other Fc is oriented almost in the plane of the neighboring five-term cycle. More
clearly, the two Fc units are located on opposite sides of the chiral cavity generated by the
fused bicyclic structure of isosorbide. This geometric change from the isomannide bridge in
3 to the isosorbide bridge in 4 leads to the intertwining of adjacent molecules since they lack
the pocket found in the packing of 3 (Figures 4 and 5). The configuration of the isosorbide
bridge in compound 4 resulted in an open helical structure along the b-axis, as depicted in
Figure 7. Looking down the a-axis of 4, the molecules form a much looser zig-zag pattern
where the Fc moieties are oriented parallel to their neighboring partner along the c-axis,
and with its Fc moieties packing orthogonally along the b-axis (Figure 8). The Fc moieties
are also aligned to form different “sheets”, highlighted in light blue in Figure 8, along the
b-axis, where each Fc moiety is oriented orthogonal to the neighboring Fc moiety in the
next molecule, similar to the C-H to Cp face interaction observed in 3. Looking down the
b-axis, the sheets of Fc moieties are also oriented along the g-axis (highlighted in red in
Figure 8). The particular and diverse orientation of the two Fc moieties in compound 4,
described above, results in a more open packing where the Fc moieties could arrange in a
series of planes that stack one over the other (Figure 7).

Figure 7. Compound 4. Helical packing (blue) along the a-axis, looking down the a-axis (A), looking
down the b-axis (B), and looking 45° down the c-axis (C).

3.3. Electrochemical and Spectroelectrochemical Studies of Compounds 3 and 4

Once the molecular structure and the crystal structure of compounds 3 and 4 were fully
characterized, electrochemistry and spectroelectrochemistry were employed to determine
the role of the different orientations of the two Fc moieties in 3 and 4 on their electronic
communication.

The analysis, made through cyclic voltammetry (CV) and differential pulsed voltammetry
(DPV), showed the presence of two redox processes for both 3 and 4, with a AE =77 mV
for 3, consistent with a comproportionation constant K. = 101, and a AE = 154 mV for
compound 4, highlighting a K. =10%°, an order of magnitude larger (Figure 9) [23].
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Figure 8. Crystal packing of compound 4 along the a-axis (red), the b-axis (green), and the c-axis
(dark blue). The light blue line indicates layers (“sheets”) of molecules. The figure clearly shows the
main feature of the crystal packing of 4: (1) a zig-zag pattern looking down the a-axis, with the Fc
moiety oriented parallel to its next neighboring partner along the c-axis, and with its Fc moieties
packing orthogonally along the b-axis; (2) Fc moieties aligned to form different “sheets”, along the
b-axis; (3) the layers of Fc moieties are also oriented along the g-axis.

08 06 04 02 0 -02 -04
E /V vs [Cp,Fe]*®

Figure 9. Cyclic voltammograms of compound 3 (upper, gray) and compound 4 (lower, black) with
differential pulsed voltammogram overlayed (dashed lines: green for 3 and blue for 4). The two
different redox processes are highlighted by the vertical continue lines: green for compound 3
and blue for compound 4. The horizontal arrows indicate the direction of the potential scan. i,
and i, are cathodic and anodic current intensities, respectively. Electrochemical cell: Pt (working
electrode), Pt (counter electrode), Ag (quasi-reference electrode), in 0.04 M n-BuyN[BArF]/CH,Cl,.
BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl] boron.

One of the reasons to consider justifying this difference could be represented by the
non-equivalency, in terms of molecular symmetry, between the two Fc units in compound
4, due to the different stereochemistry of the original OH groups in isosorbide 2, whereas
for compound 3 the Fc moieties are symmetry equivalent.

Whilst electrochemically determined half-wave potential splitting is inconclusive
with respect to the strength of the electronic coupling in the mixed-valent state, it does
indicate that the orientation of the Fc moieties does influence the final electric properties;
surprisingly 4 shows a larger K. despite the larger spatial separation of the two Fc moieties
when attached to isosorbide as the central chiral scaffold.
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To gain a deeper insight into the origin of the larger K. observed for 4, with respect to
the one observed for compound 3, a UV-Vis NIR spectroelectrochemistry (SEC) study and
TD-DFT calculations were performed.

The UV-Vis NIR spectroelectrochemistry (SEC) of 3 (Figure 10 left) showed a band at
Amax = 635 nm that appeared upon oxidation. The second oxidation did not result in any
quenching of this band, suggesting that the electronic transition associated with this band
was related to the presence of the ferrocenium ion and not to the presence of an intervalence
charge transfer (IVCT). This band, however, is characterized by lower energy than might
be expected considering only an Fc* d-d excitation, due to an increased ligand to metal
charge transfer (LMCT) deriving from the presence of the ester group on the Fc moiety, as
showed by the time-dependent DFT (TD-DFT) analysis. Moving from the first to the second
oxidation, some minor changes in the spectrum of 3* and 3%* were observed, but the major
one was represented by the change in the intensity of the band at 303 nm. Accordingly, the
results obtained in the SEC analysis indicate that the process is fully reversible.

)
6_

en03M ' em™

C_1
400 500 600 700 300 400 500 600 700

A/nm A/nm

Figure 10. UV-vis SEC of compound 3 (left side) and compound 4 (right side) in 0.04 M n-
BuyN[BArF]/CH,Cl,. The starting spectrum is highlighted in green, the spectrum of the product of
the first oxidization is highlighted in red and the spectrum of the product of the second oxidation
is highlighted in blue. The trend in the variation of molar extinction coefficient (¢) upon the two
subsequential oxidations is highlighted by the black arrows.

Despite their spatial proximity, the results showed a lack of communication between
the two Fc redox moieties in isomannide derivative 3; this behavior could be related to the
restricted communication between the Fc* ion and the chiral bicyclic bridge.

While the molecular structure of 4 in the crystal state showed that both Fc moieties
were oriented further apart, the CV suggested a higher degree of intermolecular electronic
communication, as highlighted by the higher value of the K. = 10?°, an order of magnitude
higher than the one obtained for derivative 3. UV-Vis SEC was employed again to determine
if the change in orientation of the two Fc moieties does affect the degree of electronic
communication. The two oxidation processes could be separated in the UV-vis SEC, as seen
in Figure 10 (right side). Oxidation to 4* showed a similar low energy band at Iyax = 630 nm,
as observed in the UV-vis NIR SEC spectrum of 3%, and this CT was also due to a LMCT
from the ester to the electron-hole on the iron. Further oxidation to 42 only caused an
increase in the intensity of the band at Amax = 630 nm, which again would indicate that this
band is not an IVCT. TD-DFT was again used to help explain the transitions found in the
UV-vis SEC spectrum. The lower energy bands are primarily due to LMCT from the Fell
to the Cp-CO,-R moiety, however, interestingly the Fc moiety in the plane of one of the
rings of the bridge showed an increased charge transfer to the ether functionality in the
isosorbide (Figure 11 as well as some mixing from the Fe'l. This increased LMCT, calculated
at 550 nm, from the isosorbide to the electron-hole showed that geometric control over the
Fc moieties can be effectively exploited to increase electronic communication.



Crystals 2023, 13, 520

9o0f 11

Figure 11. Electron difference density map from TD-DFT analysis for 3" (left side) and 4" (right
side). Light blue color indicates a gain of electron density while red color denotes a loss of electron
density. Energy of 4" bridge->Fc* calculated at A = 552 nm.

4. Conclusions

Bio-based chiral compounds, namely isomannide and isosorbide, were successfully
employed to bridge two Fc moieties through simple derivatization of the starting materials.
The use of different chiral bridges allowed us to obtain a different stereochemical disposition
of the ferrocenyl units around the central scaffold. Furthermore, the different spatial
dislocation of the Fc units was highlighted by the crystal structure of the two diesters
3 and 4. The analysis of the structures obtained by XRD showed that in compound 3,
when isomannide was the central scaffold, the Fc moieties tend to be parallel, one to the
other (considering their Cp-Fe-Cp axes), leading to the formation of a sort of chiral pocket
and V-shaped intermolecular dimers. Conversely, when isosorbide was employed as a
bridging scaffold, as for compound 4, an open structure was observed, with the helical
supramolecular organization much looser. The electrochemical and spectroelectrochemical
characterization of these compounds showed that in the mixed valent complex 4* the
electronic communication was slightly higher than in compound 3* due to the ability of
the Fc moiety to interact with the ether moiety in the isosorbide bridge. Moreover, these
results were confirmed by TD-DFT studies. In conclusion, isomannide and isosorbide
ferrocenyl derivatives 3 and 4 were shown to possess interesting structural and electronic
properties, suggesting future possibilities for obtaining interesting new compounds by
choosing not only the different moieties attached to the same central scaffold, but by
exploiting the different stereochemical features of these two bio-based, easy to derivatize,
cheap chiral scaffolds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13030520/s1, Detailed experimental procedures, 1H NMR and
13C NMR spectra of compounds 3 and 4 (Section 1.2), pertinent metric parameters for the complexes
3 and 4, characterized by single-crystal X-ray diffraction (XRD) (Section 1.3) and time-dependent DFT
(TDDFT) analysis of compounds 3 and 4 (Section 1.4) are reported in the Supplementary Information.
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