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Methyltrioxorhenium(vi) (MTO) is a widely employed catalyst for metathesis, olefination, and most impor-
tantly, oxidation reactions. It is often preferred to other oxometal complexes due to its stability in air and
higher efficiency. The seminal papers of K. B. Sharpless showed that when pyridine derivatives are used as
co-catalysts, MTO-catalyzed olefin epoxidation with H,O, as oxidant, a particularly useful reaction, is
accelerated, with pyridine speeding up catalytic turnover and increasing the lifetime of MTO under the
reaction conditions. In this paper, combined experimental and theoretical results show that the occur-
rence of o-hole interactions in catalytic systems extends to MTO. Four crystalline adducts between MTO
and aliphatic and heteroaromatic bases are obtained, and their X-ray analyses display short Re---N/O con-
tacts opposite to both O—Re and C—-Re covalent bonds with geometries consistent with c-hole inter-
actions. Computational analyses support the attractive nature of these close contacts and confirm that
their features are typical of o-hole interactions. The understanding of the nature of Re---N/O interactions
may help to optimize the ligand-acceleration effect of pyridine in the epoxidation of olefins under MTO

rsc.li/dalton catalysis.

Introduction

Catalysis plays a primary role in virtually all aspects of life and
in the majority of manufacturing processes that produce
materials supporting the development of society." A transition
metal is frequently present at the catalytic active site, and the
interactional landscape around the metal substantially
impacts the efficiency, selectivity, and other aspects of the cata-
lytic process. For a given metal, this landscape varies as a func-
tion of the oxidation state and the nature and number of
ligated groups. A detailed understanding of the features of
interactions formed by the metal is instrumental in identifying
optimal reaction conditions and designing highly efficient
catalysts.

c-Hole interactions are weak bonds between an atom donat-
ing electron density (e.g., a neutral or anionic atom function-
ing as the nucleophile) and a region with deficient electron
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density and positive electrostatic potential (the o-hole) present
on another atom (functioning as the electrophile) opposite to
a ¢ covalent bond it is involved in. The role and relevance of
these weak bonding interactions in catalysis have been recently
the subject of intense research. For instance, many catalysts
accelerating a variety of reactions are based on c-hole inter-
actions, wherein the electrophile is an element of 17,> 16,* and
15* groups of the periodic table of elements.

It is well-known that a metal centre can act as an electrophi-
lic site in key steps of the catalytic or stoichiometric pro-
cesses.” For instance, OsO, is a benchmark catalyst in the
enantioselective dihydroxylation of olefins, and the reaction
rate increases in the presence of pyridine derivatives, which
act as co-catalysts.® We recently reported’ that the binding of
pyridine derivatives to osmium tetroxide occurs via c-hole
interactions wherein osmium is the electrophile. Tetroxides of
group 7 elements give similar interactions. For instance,
manganese and rhenium atoms in MnO,~ and ReO," form the
so named matere bond (MaB), namely the o-hole bonding
wherein Re and Mn are the electrophiles, and neutral and
anionic atoms are the nucleophiles.® Rhenium shows an elec-
trophilic character and forms MaBs also in perrhenate silyl
esters.’

Several oxorhenium derivatives are widely employed cat-
alysts thanks to their versatility. They are often preferred to
oxometal complexes of Mo, V, or W due to their longer shelf-
life and higher efficiency. Their use span isomerization
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Fig. 1 Left: molecular structures of Lewis acids and bases 1 and 2
forming matere bonded adducts studied in this work. Right: MEP sur-
faces of MTO (1) at the PBEO-D3/def2-TZVP level of theory. Isovalue
0.001 a.u. The energies at selected points of the surface are given in
kcal mol™.

reactions, olefin metathesis, epoxidation, and deoxydehydra-
tion." Much attention was given to methyltrioxorhenium
(MTO).** The compound was first described in 1979 and it
became a widely employed catalyst in olefin epoxidation'® after
K. B. Sharpless'®'” showed that MTO-catalyzed olefin epoxida-
tions in the presence of pyridine derivatives as co-catalysts are
a remarkable example of effective ligand-accelerated catalysis.
In the reaction solution, pyridines form adducts with MTO,
and the observed acceleration of the epoxidation rate'®>°
occurs thanks to the increased catalyst lifetime and catalytic
turnover.'®"”

Herein, we report the combined experimental and theore-
tical studies proving that the relevance of c-hole interactions
to catalytic systems extends to MTO. It is shown how the
binding of nitrogen and oxygen Lewis bases to MTO occurs via
Re---N/O matere bonds. Specifically, the adducts, 3a-d, formed
by MTO (1) with 1,2-di(pyridin-4-yl)ethane (2a), 1,4-diazabicyclo
[2.2.2]octane (2b), 4,4-bipyridine-1,1’-dioxide (2c¢), and pyra-
zine 1-oxide (2d) have been obtained (Fig. 1) and characterized
through single crystal X-ray analyses. All these adducts display
short Re---N/O contactsi on the elongation of one of the
covalent bonds involving the metal (Fig. 2). Theoretical investi-
gations (ie., molecular electrostatic potential studies,
quantum theory of “atoms-in-molecules” analyses combined
with the noncovalent interaction plot analyses) confirm the
attractive nature of Re:--N/O contacts and the electrophilic
character of rhenium. Experiments of competitive self-assem-
bly prove the ability of MaBs formed by MTO to identify the
tectons preferentially involved in selective co-crystal formation.
The understanding of the nature of the Re---N/O bonding gives

1In this paper, contacts are designated short or close when the distance between
the involved atoms is smaller than the sum of their van der Waals (vdW) radii of
involved atoms. Recommended crystallographic vdW radii (pm) proposed by
S. S. Batsanov are used: O, 155; N, 160, Re, 205 (S. S. Batsanov, Inorg. Mater.,
2001, 37, 871). There are limitations to the validity of this type of analysis. For
instance, the use of vdW radii assumes that atoms in molecules are spherical,
while radii along the extension of covalent bonds are typically smaller than per-
pendicular to the bonds (T. N. G. Row, R. Parthasarathy, . Am. Chem. Soc., 1981,
103, 477; S. S. Batsanov, Struct. Chem., 2000, 11, 177-183). This type of analysis
is nevertheless adopted in this paper, as it is the universally employed approach
to identify the hallmarks of interactions.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Ball and stick representation (Mercury 4.3.1) of adducts 3a-d.
MaBs are blue dotted lines; N. values and relevant C/O—Re---N/O angles
are given close to MaBs, a second trimeric adduct is present in the unit
cell of 3b, the N. values and angles are 0.67/178.4(5)° and 0.67/176.9
(5)°. Colour code: white, hydrogen; grey, carbon; indigo, nitrogen; red,
oxygen; navy, rhenium.

instrumental information to optimize the ligand-acceleration
effect of pyridine by rationally designing the subtle balance
between the bindings and equilibria'>?%*' occurring in H,0,-
based epoxidation of olefins under MTO/pyridine catalysis.

Experimental
Materials and methods

All starting compounds were purchased from commercial sup-
pliers (Merck, TCI, Abcr) and used without further purifi-
cation. *C and '°F NMR spectra in solution were recorded at
ambient temperature on a Nuclear Magnetic Resonance
Spectrometer AVANCE III, Bruker-BioSpin (400 MHz). The
Larmor frequency for *C was 100.61 MHz and for '°F, it was
376.50 MHz. All the chemical shifts are given in ppm, and
CDCl; was used as a solvent. FT-IR spectra were obtained
using a Nicolet Nexus FT-IR spectrometer equipped with a
UATR unit.

Synthesis and characterization

Methyltrioxorhenium-1,2-di( pyridine-4-yl)ethane adduct
(3a). 0.05 mmol of 1,2-di(pyridine-4-yl)ethane (2a) was added
to a solution of CH3ReO; (1, 0.1 mmol) in dichloromethane
(2 mL) in a clear borosilicate vial. White crystals of 3a suitable
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for single crystal X-ray diffraction were obtained in 24 h by
slow evaporation of the solvent. FT-IR (selected bands, cm™*)
3039, 1605, 1558, 1504, 1477, 1429, 1220, 1067, 1016, 968, 926,
546. *C NMR (400 MHz, CDCly): § 151.53 (NC), 147.68
(NCCC), 124.63 (NCC), 35.37 (CH,), 23.28 (CH).

Analogous procedures were used for the synthesis of
adducts 3b-d and 1,2-di(pyridine-4-yl)ethane-1,2-diiodotetra-
fluoro-ethane adducts (see ESIf).

X-ray diffraction analyses

The single crystal X-ray data (SC-XRD) of the adducts were col-
lected at ambient temperature (3a, 3b, 3c) or 100 K (3d) using
a Bruker SMART APEX II CCD area detector diffractometer.
Data collection, unit cell refinement, and data reduction were
performed using Bruker SAINT. Structures were solved by
direct methods using SHELXT>> and refined by full-matrix
least-squares on F* with anisotropic displacement parameters
for the non-H atoms using SHELXL-2016/6.>* Absorption cor-
rection was performed based on multi-scan procedure using
SADABS or XABS2.

Structural analysis was aided using the program PLATON.>*
The hydrogen atoms were calculated in ideal positions with
isotropic displacement parameters set to 1.2U.q of the attached
atom.

Results and discussion
X-ray analyses and competitive co-crystallizations

Trimeric or dimeric adducts assembled via short Re-:-N/O con-
tacts are distinctive structural motifs in all four systems 3a-d.
In co-crystals 3a,b, these adducts are assembled through
Re---N MaBs formed opposite to the H;C-Re bond (Fig. 2).
These interactions are much shorter than the sum of the van
der Waals radii of involved atoms, with normalized contacts
(N.)§ in the range 0.66-0.67. The C-Re---N angles are almost
linear (>177°), meeting typical requirements of o-hole inter-
actions. In all previous cases, wherein the electrophilic charac-
ter of rhenium was reported to result in MaBs formation,®°
the interaction developed opposite to oxygen, namely a highly
electronegative atom. Here, the interaction develops opposite
to a carbon, indicating that c-holes at rhenium can be strong
enough to drive the formation of short contacts in the solid
also when they are opposite to mildly electronegative elements.

Adducts 3e¢,d display MaBs at the extension of an O-Re
bond; these contacts are shorter (N, 0.63 and 0.65) and expect-
edly stronger than analogous contacts in 3a,b, consistent with
the well-known direct correlation between the electronegativity
of an atom and the positive electrostatic potential at the c-hole

§ The “normalized contact” Nc for an interaction involving atoms i and j is the
ratio Dy/(rvdW,i + rvdW,j) where Dj; is the experimental distance between i and j
and rvdW,i and rvdW,j are the van der Waals radii of / and j. Nc allows different
interaction lengths to be compared in a more reliable way than by using absolute
separation values. Nc values smaller than 1 correspond to attractive interactions,
and usually, the smaller the Nc, the stronger the interaction.
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opposite to a covalent bond it is involved in (namely the for-
mation of short o-hole interactions opposite to the atom). In
3c,d, the O-Re---N/O angles (169.0(1)° and 169.1(1)°) are less
close to linearity than in 3a,b. Of note, the formation of these
adducts do not result in a pronounced distortion of the O-Re-
O angles involving the oxygen atom opposite to the incoming
nucleophile (104.7(1)-105.7(1)°), so that the tetrahedral geome-
try of pure 1> is substantially maintained.

FTIR spectra in the solid state of compound 3a-d (see ESIt)
display v Re=O bands that are red-shifted (e.g., 968 and
926 cm™' in 3a) compared to pure 1 (994 and 938 cm™').
Similar effects in analogous MTO---nucleophile®® and
0s0,---nucleophile” adducts have been related to the donation
of electron density from the ligand to the metal. Also, the v
H;C-Re band of 1 (570 ecm™ in the pure compound) is red-
shifted in 3a,b (546 and 550, respectively), consistent with a
charge transfer from the nitrogen lone pair to the C-Re anti-
bonding orbital when MaB is formed. Blue-shifts of signals
associated with v C=C of aromatic Lewis bases 2a,c,d
(1400-1600 cm™) and with § C-H of aliphatic base 2b
(1300-1500 cm™") confirm the n — o* donation. Analogous
hypsochromic shifts have been reported for similar c-hole
bonded adducts wherein the electrophile is a halogen.?”

When *C NMR spectra of pure 1 are registered in different
solvents containing N and O atoms, which can function as
donors of electron density (i.e., MaB acceptors), the §c(CH;-
ReO3) signal moves progressively to lower fields on increasing
the electron donor ability of the solvent (Table S1f).
Tetrahydrofuran and acetonitrile dissociate 1---pyridines
adducts®*®?° and these 8 signal shifts can be mainly attributed
to MaB formation rather than to a generic solvent effect. **C
NMR spectra of adducts 3a-d in diluted CDCI; present a peak,
for CH3-ReOs3, at lower fields than the peak of pure 1. For
instance, the §c chemical shift change shown by 3a and 3b is
4.24 and 4.93 ppm, respectively. These shifts indicate that 3a-
d, similar to analogous adducts,'®?%?%3! are present, at least
in part, as undissociated species. A single and sharp 6c(CH;-
ReO;) signal was also observed when pure 1 was added to the
adduct solutions, namely when the 1:nucleophile ratio was
>1. This proves that, at room temperature, the association
equilibrium is rapid at the NMR timescale and supports the
rationalization of the observed MaBs as non-covalent
interactions.

In order to assess the ability of MaB to prevail over other
non-covalent interactions in controlling the self-assembly pro-
cesses, we performed experiments of competitive co-crystal for-
mation, ie., slow evaporation of solutions, wherein 2a or 2c
was in the presence of equimolar amounts of 1 (MaB donor)
and a donor of HB (the benchmark noncovalent interaction) or
of HaB (the benchmark o-hole interaction). The crystallization
solvent may affect the relative ability of different interactions
to control the co-crystal formation®* and competitive co-crystal-
lization experiments were carried out using two solvents with
quite different polarities (Tables S2 and S37). Dipyridylethane
2a forms halogen bonded adducts with 1,2-diiodotetraflur-
oethane (see ESIf) and 1,4-diiodotetraflurobenzene.®® From

This journal is © The Royal Society of Chemistry 2023
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solutions containing 1, 2a, and one of the HaB donors men-
tioned above, the matere bonded adduct 3a is preferentially
formed, independent of the used solvent. This is consistent
with the fact that the N, values of the HaBs in corresponding
co-crystals are greater than the N, value of MaB in 3a
(Table S4t). Hydrogen bonded adducts are formed by dipyridyl-
ethane 2a with 1,4-dihydroxybenzene®® and 4-cyanophenol®*
and by dipyridyl dioxide 2¢ with pyromellitic*® and tartaric
acids.®® The matere bonded adduct 3a is formed from solu-
tions containing 1, 2a, and 1,4-dihydroxybenzene or 4-cyano-
phenol and the matere bonded adduct 3¢ from the solution
containing 1, 2¢, and pyromellitic acid. Differently, the hydro-
gen bonded co-crystal 2c---tartaric acid is preferentially iso-
lated on evaporation of solutions containing 1, 2¢, and tartaric
acid. While the reliability of N, values of HBs might be
limited, it is interesting to observe that the N, value of the HB
in 2c---tartaric acid adduct is smaller than the N, of the MaB
in 3c and it is the smallest of the HBs in co-crystals possibly
formed in competitive discussed above
(Table S47).9

These competitive co-crystallization experiments indicate
that 1 has a quite strong tendency to interact with nucleo-
philes.** It forms MaBs that prevail over the HaBs and HBs
involving various and fairly robust electrophiles, namely, it is
particularly effective in directing selective self-assembly
processes.

experiments

Computational analyses

Calculations were performed to further analyse and character-
ize the short contacts involving 1. The molecular electrostatic
potential (MEP) surface of MTO (Fig. 1) shows the presence of
positive o-holes on the extension of the C-Re and O-Re
covalent bonds, consistent with the geometry of the short con-
tacts observed in the co-crystals. Coherent with the electro-
negativity of the two elements, the MEP at the c-hole opposite
to the methyl group (+25.9 kcal mol™) is slightly smaller than
those opposite to the O-atoms (+30.1 kcal mol™"). These values
are similar to those of c-holes of OsO, (+36.4 kcal mol™").”
Two adducts have been fully optimized (see ESIT for DFT
details) in order to analyse the ability of 1 to establish MaBs
with two typical Lewis bases (acetonitrile and pyridine) in the
absence of crystal packing effects. Moreover, the quantum
theory of “atoms-in-molecules” (QTAIM) combined with the
noncovalent interaction plot (NCIPlot) index analyses have
been carried out to reveal the NCIs and to identify which mole-
cular regions interact. The results are gathered in Fig. 3, where
only the intermolecular interactions are represented. The
MaBs are characterized by the corresponding bond critical
points (CPs) and bond paths connecting the N atom to the Re
atom. Moreover, the MaBs are also revealed by the NCIplot
index analysis, showing isosurfaces located between the Re

§The H---O separation in 2c---tartaric acid adduct is so short that the formation
of this adduct might also be rationalized as the result of a proton transfer rather
than that of HB formation.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Top: PBEO-D3/def2-TZVP optimized geometries of acetonitrile
(@) and pyridine (b) complexes. The QTAIM analysis: bond CPs in red,
matere bonds as dashed bonds. NCIPlot: |RGB| isosurface 0.45 a.u.;
color range 0.08 a.u. (red) < (signiy)p < —0.08 a.u. (blue). Only the inter-
molecular interactions are shown. The interaction energies are indi-
cated. Bottom: NBOs corresponding to the LP(N) — ¢*(Re—C) donor—
acceptor interactions.

atoms and the Lewis bases. The NCIplot isosurfaces present
different colours (light blue or dark blue in line with the inter-
action energies, which are —4.1 and —11.3 kcal mol ™ for aceto-
nitrile and pyridine, respectively). The interaction energies and
N, values are in good agreement with the relative basicity of
acetonitrile and pyridine. For the pyridine complex, a second-
ary C-H---O interaction is also observed, characterized by a
bond CP, bond path, and green NCIplot isosurface (weak inter-
action). We have also estimated the contribution of this ancil-
lary interaction using the energy predictor proposed by
Espinosa et al.*” (E = 0.5 x V;) that is based on the value of the
potential energy density (V;) at the bond CP that connects the
hydrogen atom to the donor atom. As a result, the contribution
of this H-bond is —2.8 kcal mol™", thus confirming that the
adduct formation is dominated by the matere bond. It can be
also observed that in this pyridine complex, the NCIplot index
shows that the outer part of the isosurface is yellow, disclosing
some N---O repulsion between the negative O-atoms and the
N-atom of the Lewis base. It is worth highlighting that the
theoretical N, value of the pyridine complex (N. = 0.68) is
similar to those observed experimentally, thus supporting the
structure-guiding role of the MaBs in the crystals and elimin-
ates the possibility that the Re---N/O contacts simply originate
from packing effects. We have analysed orbital charge transfer
effects using the NBO analysis and focusing on the second
order perturbation energies (E* values in Fig. 3). The most
important orbital contribution in both complexes is an elec-
tron donation from the filled LP orbital at the N atom to the
empty o*(Re-C) orbital (see Fig. 3, bottom). This orbital ana-
lysis strongly supports the c-hole nature of the interaction,
similar to the conventional c-hole interactions involving the
p-block elements. The E® energies are significant in both
acetonitrile and pyridine adducts. In fact, they are larger than
the interaction energies. This result discloses the relevance of
orbital effects in the matere bonds involving methyl-
trioxorhenium(vi) as a o-hole donor molecule. In addition, the

Dalton Trans., 2023, 52,1030-1035 | 1033
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large orbital contribution in the pyridine complex suggests
some partial covalent character of the MaB in this adduct in
line with the small N, value and dark blue colour of the
NClIplot isosurface.

A similar QTAIM/NCIPlot study has been performed for the
adducts characterized by X-ray analysis in order to investigate
the interactions as they stand in the solid state. The results for
the MeReO; adducts are summarized in Fig. 4. In the four
adducts, each MaB is characterized by the corresponding bond
CP and bond path connecting the N/O atom to the Re atom,
thus confirming the existence of the interaction. The analysis
also reveals the existence of weak C-H---O contacts that are
characterized by green NCIplot index isosurfaces. They also
reveal that the Re---N/O interaction is strong (dark-blue isosur-
face) in all adducts and discloses the existence of N/O---O
repulsion characterized by the red-yellow (repulsive) parts of
the surfaces. Finally, the interaction energies of the contacts
estimated using the QTAIM analysis range from —13.2 kcal
mol ™" in 3a to —16.1 kcal mol™" in 3d. The strong nature of
these interactions agrees well with the short distances and
dark blue color of the NCIplot isosurfaces, and they are com-
parable to the OsB energies of similar adducts reported by us.”
It should be noted that the QTAIM energy predictor was
initially developed for H-bonds,*” but it has also been found

(%

Fig. 4 Combined QTAIM/NClplot analysis for the adducts formed by
compounds 3a (a), 3b (b), 3c (c), and 3d (d). The QTAIM analysis: bond
CPs are represented as small red spheres. NCIPlot: |RGB| isosurface 0.45
a.u.; color range 0.08 a.u. (red) < (signi,)p < —0.08 a.u. (blue). Only the
intermolecular interactions are shown. The estimation of the MaB inter-
action energy is given in red next to the NClplot isosurface that charac-
terizes the Re---N/O contact.
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38,39

adequate for o-hole interactions like halogen,*®*° chalcogen,*’

and osme bonds.”

Conclusions

In conclusion, the combined experimental and theoretical
study reported herein demonstrates that the crystal structures
of the four MTO---Lewis base adducts display short contacts
involving rhenium acting as an electron acceptor, geometries
being fully consistent with c-hole interactions. Compounds 3a,
b are the first cases wherein MaBs are formed opposite to a
C-Re covalent bond. The computations support the attractive
nature of these contacts. Moreover, the donor-acceptor orbi-
tals describing the interactions and the positive regions
located opposite to the covalent bonds further support the o-
hole nature of the MaBs shown by the adducts in the solid
state. The understanding of the nature of Re---N/O interactions
may help to optimize the epoxidation of olefins under MTO
catalysis by rationally optimizing the MTO-pyridine adduct for-
mation and the resulting pyridine-acceleration effect. Ongoing
studies prove that other oxorhenium catalysts also display
c-hole interactions.
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