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ABSTRACT: The synthesis, characterization, and catalytic activity of
low-spin {CoNO}8 pincer complexes of the type [Co(PCP)(NO)(H)]
are described. These compounds are obtained either by reacting
[Co(PCP)(κ2-BH4)] with NO and Et3N or, alternatively, by reacting
[Co(PCP)(NO)]+ with boranes, such as NH3·BH3 in solution. The five-
coordinate, diamagnetic Co(III) complex [Co(PCPNMe-iPr)(NO)(H)]
was found to be the active species in the hydroboration of alkenes with
anti-Markovnikov selectivity. A range of aromatic and aliphatic alkenes
were efficiently converted with pinacolborane (HBpin) under mild
conditions in good to excellent yield. Mechanistic insight into the
catalytic reaction is provided by means of isotope labeling, NMR
spectroscopy, and APCI/ESI-MS as well as DFT calculations.

■ INTRODUCTION
Transition metal hydride complexes play a prominent role in
the field of organometallic chemistry. They are often key
intermediates in homogeneous catalysis and are important for
transformations such as hydrogenations, hydroformylations, or
other complex multicomponent reactions.1,2 PCP and PNP
pincer ligands, where phosphane donors are connected via
CH2, O, or NR spacers to an aromatic backbone, proved to be
extremely valuable scaffolds for the stabilization and activation
of transition metal fragments. Their prominence and popular-
ity are due to the fact that electronic and steric parameters are
adjustable and their synthesis often trivial.3 Over the past two
decades, various pincer complexes, primarily based on precious
metals, have been utilized in homogeneous catalysis. However,
the recent trend and focus lies on the replacement of noble
metals with environmentally benign and cheap base metals. In
contrast to late transition metals, first-row transition elements
can also exhibit different coordination geometries, various spin
states, and complicated electronic structures that could alter
catalytic pathways or lead to different selectivities in chemical
transformations.4 With respect to 3d transition metals, the
chemistry of nickel PCP complexes is quite comprehensive,
while studies on iron, cobalt, and manganese PCP pincer
complexes remain significantly less common. This may be
attributed to the failure of many simple salts to cleave the
Carene−H bond in the ligand and to thermodynamic instability
of the hydride complexes formed. In recent years, metal
catalyzed hydroboration has received considerable attention,
since organoboron compounds can be very useful reagents in
synthetic organic chemistry.5 Among others, the group of
Chirik provided ground-breaking work in this field and
demonstrated the proficiency of selective cobalt catalysts in

such transformations.6 It is noteworthy that complexes with
nitrosyl ligands (NO) are relatively unexplored in homoge-
neous catalysis despite their importance in biological systems.
The NO ligand exhibits redox noninnocent properties and can
therefore bind in various modes to a metal center, i.e., linear,
intermediate, and bent. This ability can be used to generate a
vacant coordination site on demand or stabilize intermediates
by supplying or detracting electron density.7 Very recently, our
group reported on a set of new {CoNO}8 PCP pincer
complexes and an initial study on their catalytic reactivity.8 In
this contribution, we describe the synthesis, characterization,
and catalytic application of new cobalt {CoNO}8 hydride
complexes in anti-Markovnikov alkene hydroboration. Two
different synthetic approaches, X-ray structures and a DFT-
modeled mechanism, are presented.

■ RESULTS AND DISCUSSION

As reported earlier, nitrosyl complex 1a was shown to be
catalytically active for the reductive hydroboration of aromatic
and aliphatic nitriles at ambient temperatures. Moreover, there
was strong evidence for a hydride species involved in the
catalytic cycle. In the following, two different convergent
approaches to such a species will be discussed. The starting
materials for the present study, [Co(PCPNMe-iPr)(NO)]BF4
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(1a) and [Co(PCPO-iPr)(NO)]PF6 (1b), were prepared
according to recent literature. Inspired by the chemical
processes involved in the hydroboration of nitriles, we reacted
1a with various hydrogen sources such as pinacolborane
(HBpin), NH3·BH3, BH3·THF, Ph2HP·BH3, or Ph3SnH in
THF and identified the product as a diamagnetic {CoNO}8

hydride complex similar to that proposed in a preceding study
by Tonzetich and co-workers (Scheme 1).9 Stoichiometric

reaction of 1a or 1b, respectively, with NH3·BH3 in THF led to
formation of the desired hydride pincer complexes 2a and 2b
in 68 and 58% isolated yield. No reaction was however
observed when Me2HN·BH3, Me3N·BH3, or NaH was used
instead. Treatment of hydride complex 2a with HBF4 in Et2O
resulted in back-formation of cationic 1a, as confirmed by
31P{1H} NMR and ATR-IR spectroscopy.
The new species was fully characterized by a combination of

1H, 13C{1H}, and 31P{1H} NMR spectroscopy, ATR-IR
spectroscopy, and HR-MS analysis. The proton decoupled
31P spectrum of 2a exhibits a broad resonance at 175 ppm and
displays a triplet resonance at −9.23 ppm (JHP = 57 Hz) in the
proton NMR spectrum, consistent with a cobalt hydride.
Moreover, one strong absorption band for the characteristic
NO stretching mode is detected at 1660 cm−1 in the IR
spectrum and a weak band at 1847 cm−1 attributable to the
Co−H vibrational mode. In order to unequivocally establish
the ligand arrangement around the metal center, the solid-state
structure of 2a was determined by X-ray diffraction. Suitable
single crystals were grown from a saturated pentane solution
kept at −20 °C. A view of the molecular structure is depicted
in Figure 1 with selected bond distances and angles reported in
captions. The complex adopts a distorted square pyramidal
geometry (τ5 < 0.2)10 with the metal center surrounded by
three donor atoms of the PCP ligand and the NO group

occupying the apical position. The mean N−O bond distance
is 1.182(3) Å, and the Co−N−O angle of 165.5(2)° is in the
range expected for an intermediate to bent configuration. The
hydride atom itself could be located in the difference Fourier
maps. The mean Co−H distance was refined to 1.39(5) Å. A
direct structural comparison can be drawn to isoelectronic
[Co(PNP-tBu)(NO)(H)] that was reported recently by
Krishnan et al. to have a Co−N−O angle of 151.7(5)° and a
N−O bond distance of 1.195(7) Å.9

It is worth mentioning that penta-coordinate {MNO}8

complexes naturally tend to show bent M−N−O arrangements
when adopting a square-pyramidal geometry and a rather linear
arrangement in cases with a trigonal-bipyramidal geometry.11,12

Moreover, Berke and Burger concluded from a comprehensive
experimental and theoretical survey that the NO ligand leads
to a strong polarization of the M−H bond and that the
reactivity toward alkyne insertion and carbonyl reduction
chemistry is enhanced.13 A selection of other nitrosyl hydride
complexes can be found in further literature.14

Similarly, low-spin complex 2b exhibits a broad resonance at
231 ppm in the 31P{1H} NMR spectrum and a strong NO
band at 1693 cm−1 in the ATR-IR spectrum. Regarding the
electronic structure, the metal center in the {CoNO}8 species
2a and 2b is better described as Co(III) rather than Co(II).
Although the increased Co−N−O angle and stronger distorted
geometry as compared to [CoIII(PCPNMe-iPr)(NO)Cl] (cf.
Co−N−O 140.1°) could suggest a different electronic
behavior, no evidence was found to support a Co(II)
character.8 An unequivocal assignment is hindered by orbital
mixing, but the d-splitting calculated for complex 2a indicates a
d6 species (see Figure 2) and, thus, a Co(III) metal center.
Moreover, a clear negative charge on the NO ligand, CNO =

Scheme 1. Synthesis of Complexes 2a and 2b

Figure 1. Structural view of 2a showing 50% displacement ellipsoids
(Z′ = 5, H atoms except for H1A omitted for clarity). Selected bond
lengths (Å) and angles (deg): Co1−C1 1.988(2), Co1−H1 1.45(4),
Co1−P1 2.1690(7), Co1−P2 2.1543(7), Co1−N3 1.659(2), N3−O1
1.183(3), P2−Co1−P1 145.64(3), C1−Co1−H1 130.1(16), Co1−
N3−O1 163.9(2).

Figure 2. d-Splitting of [Co(PCPNMe-iPr)(NO)(H)] calculated by
DFT (PBE0/6-31G**).
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−0.24, calculated by a NPA analysis (see Computational
Details) as well as a Co−NNO Wiberg index typical of a single
bong (WI = 0.96) strongly support the same conclusion.
An alternative synthetic protocol to obtain these hydride

complexes was successfully applied starting from the related
borohydride species 3a and 3b. Reaction of the paramagnetic
(S = 1/2) borohydride complex [Co(PCPNMe-iPr)(κ2-BH4)]
(3a)15 with nitric oxide and an excess of Et3N in benzene led
to a color change from pink to deep purple and to the
appearance of resonances in the negative region of the 1H
NMR spectrum. After extraction and careful workup, 2a was
isolated in 17% yield. In a similar fashion, [Co(PCPO-
iPr)(NO)(H)] (2b) was obtained in 12% yield starting from
the related borohydride species 3b (Scheme 2).

Starting material 3b was prepared according to the literature
by reacting [Co(PCPO-iPr)Cl] (4) with an excess of NaBH4 in
THF/EtOH. Complex 3b was successfully crystallized from a
saturated pentane solution at −20 °C and its structure
determined by single crystal X-ray diffraction. A structural
view is depicted in Figure 3 with selected bond distances and
angles reported in captions. The molecular structure and
metrics are in accordance with earlier reported borohydride
complexes.15,16

The demonstrated ability of 1a to hydroborate nitriles
prompted us to explore the hydroboration of aromatic and
aliphatic alkenes. Initial experiments focused on the hydro-
boration of 4-fluorostyrene with pinacolborane (HBpin) in the
presence of 2 mol % of complex 1a at 25 °C for a reaction time
of 24 h using dry benzene or THF as solvent. In each
experiment, a diagnostic color change from colorless to purple
was observed after addition of HBpin, indicating the formation

of the active catalyst. It needs to be mentioned that the
cationic precatalyst itself is insoluble in benzene but formed 2a
quickly enters the liquid phase and causes the color change.
Consequently, pure hydride complex 2a can be used directly
for all catalytic transformations without having any impact on
the outcome. Moreover, increasing the temperature from room
temperature to 40 °C resulted in full conversion of the test
substrate within 3 h. For comparison, also complex 1b was
used as precatalyst with 4-fluorostyrene and other substrates
(room temperature, 24 h) to show similar results and yields.
Based on these results, we investigated the scope and

limitations of complex 1a using various substrates (Table 1).
All catalytic experiments were conducted in the presence of 2
mol % of 1a in benzene at 25 °C and 24 h without any
additives. The precatalyst was favored over direct use of the
hydride species due to its air-stability and ease to handleScheme 2. Alternative Synthesis of Complexes 3a and 3b

Figure 3. Structural view of 3b showing 50% displacement ellipsoids
(H atoms except for B−H omitted for clarity). Selected bond lengths
(Å) and angles (deg): Co1−C1 1.923(2), Co1−B1 2.140(3), Co1−
P1 2.1797(7), Co1−P2 2.1744(7), C1−Co1−B1 164.80(11), P1−
Co1−P2 162.13(3).

Table 1. Hydroboration of Alkenes with Precatalyst 1a

aReaction conditions: 2 mol % of 1a and 0.3 mmol of substrate in 1
mL of benzene. bConversion rates based on GC-MS measurements.
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without a glovebox. The best results could be obtained for
aromatic alkenes bearing both electron-withdrawing and
-donating substituents with linear to branched ratios of 98:2
or higher and yields >95%. The hydroboration of 4-
vinylcyclohexene, a substrate bearing an internal double
bond, proceeded selectively at the terminal alkene position.
Ester functions were not affected or reduced. Transformations
of sterically more hindered substrates and aliphatic alkenes
performed well with 3−5% fully hydrogenated products and
yields >85%. One notable exception is allyltrimethylsilane
which was converted with 75% yield with a linear to branched
ratio of 85:15.
DFT calculations were carried out to establish a reasonable

mechanism for the hydroboration of styrene with hydride
complex 2a as the initial active species. The free energy profile
is shown in Figure 4. In the first step of the calculated
mechanism, olefin coordination takes place forming the π-
adduct B. The initial barrier of 27.7 kcal/mol seems rather high
and may be slightly overestimated, but it could explain the long
reaction time for full conversion. It is worth noting how the
NO group is electronically involved in the catalytic cycle:
Starting from the free hydride complex with a calculated Co−
N−O angle of 159° (exp. 165.5°), strong bending occurs
toward a value of 122° when B is reached. That bending is
associated with charge transfer to NO, that has a charge of C =
−0.35 in B, compared with C = −0.24 in complex 2a, showing
the “noninnocent” character of the ligand. The olefin complex
is a high-energy intermediate that transforms with no barrier to
the alkyl intermediate C via insertion into the Co−H bond. In
the next steps, HBpin approaches the alkyl intermediate (D)
and regenerates the hydride complex while a B−C bond is
formed. This step is associated with a barrier of 20.7 kcal/mol
and eventually leads to the final products. Closing the cycle,
from E back to A, with release of product and addition of a
new styrene molecule is an almost thermoneutral process, with
ΔG = −0.2 kcal/mol.

The reaction mechanism was probed using deuterium
labeling experiments and spectroscopic methodology (see the
Supporting Information).
Using benzene-d6 as solvent allowed for a continuous

monitoring of the reaction showing the prevalence of the
hydride species for hours until quenching to air. When the
hydroboration of styrene-d8 with HBpin was performed in
benzene-d6, the anti-Markovnikov product was formed
exclusively with the hydrogen atom being in the benzylic
position. Moreover, addition of Hg did not affect the overall
conversion or selectivity. High-resolution mixed mode ESI-/
APCI mass spectrometry17 was then used to detect possible
catalytic intermediates: With 1-hexene as a test substrate
instead of styrene, the proposed insertion product [Co-
(PCPNMe-iPr)(NO)(C6H13)] (vide supra, intermediate C)
was successfully detected as [M−H]+ with m/z 540.2679 in
THF solution (see Figure 5). All findings support the proposed
mechanism.

Figure 4. Free energy profile calculated (PBE0-D3/6-31G**) for the hydroboration of styrene with HBpin catalyzed by active species 2a. The free
energy values (kcal/mol) are referenced to the initial reactants, and relevant distances (Å) are indicated in gray color.

Figure 5. Mixed mode APCI-ESI mass spectrum ([M−H]+) of the
intermediate formed in THF after hexene insertion into 2a during a
catalysis experiment. The MS spectrum was measured after 1 h using
the direct infusion technique.
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■ CONCLUSION
We reported on the synthesis of two novel {CoNO}8 nitrosyl
hydride complexes of the type [Co(PCP)(NO)(H)] sup-
ported by PCP pincer ligands that are connected via NMe/O
spacers to an aromatic backbone. There are two synthetic
approaches to obtain these compounds: one using a
borohydride precursor and an alternative, more efficient one
starting from [Co(PCP)(NO)]+. All compounds were fully
characterized by means of NMR and IR spectroscopy, HR-MS,
and single crystal XRD. It was shown that cationic 1a can be
used as a precatalyst for the efficient hydroboration of aromatic
and aliphatic alkenes. We presented detailed mechanistic
investigations proving that the hydride complex is an active
species and showing that insertion products can be trapped by
means of high-resolution mass spectrometry. Furthermore,
DFT calculations were used to support the experimental
findings and explain the effect of the electronically “non-
innocent” NO group.

■ EXPERIMENTAL SECTION
General Information. All manipulations were performed under

an inert atmosphere of argon by using Schlenk techniques or in an
MBraun inert-gas glovebox. The solvents were purified according to
standard procedures.18 The deuterated solvents were purchased from
Aldrich and dried over 4 Å molecular sieves. Nitric oxide (NO 2.5)
was purchased from MESSER GmbH (Gumpoldskirchen, Austria).
The synthesis of the complexes, [Co(PCPNMe-iPr)(NO)]BF4 (1a),
[Co(PCPO-iPr)(NO)]PF6 (1b), [Co(PCPNMe-iPr)(κ2-BH4)] (3a),
and [Co(PCPO-iPr)Cl] (4), was carried out according to the
literature.8,15 All 1H, 13C{1H}, and 31P{1H} NMR spectra were
recorded on Bruker AVANCE-250 and AVANCE-400 spectrometers.
1H and 13C{1H} NMR spectra were referenced internally to residual
protio-solvent and solvent resonances, respectively, and are reported
relative to tetramethylsilane (δ = 0 ppm). 31P{1H} NMR spectra were
referenced externally to H3PO4 (85%) (δ = 0 ppm). Infrared spectra
were recorded in attenuated total reflection (ATR) mode on a
PerkinElmer Spectrum Two FT-IR spectrometer.
Synthesis. [Co(PCPNMe-iPr)(NO)(H)] (2a). Method A. Nitric

oxide (4 mL, 1 atm) was injected into the headspace of a solution of
[Co(PCPNMe-iPr)(κ2-BH4)] (30 mg, 0.06 mmol) and Et3N (30 μL)
in benzene (2 mL). After an immediate color change to purple, all
volatiles were removed under reduced pressure. The remaining dark
colored solid was extracted into pentane and the extract filtered
through a syringe filter. The solvent was removed to obtain a purple
solid. Yield: 4 mg (15%). Method B. To a solution of NH3BH3 (2.3
mg, 0.07 mmol) in THF (3 mL) was added solid [Co(PCPNMe-
iPr)(NO)]BF4 (40 mg, 0.07 mmol). The reaction mixture was stirred
for 5 min at room temperature, and then, all volatiles were removed
under reduced pressure. The remaining brownish green solid was
extracted into pentane and the extract filtered through a syringe filter.
The solvent was partially removed in a vacuum and the solution put in
a freezer at −20 °C to yield a dark purple crystalline solid. Yield: 23
mg (68%). 1H NMR (250 MHz, δ, C6D6): 7.27 (t, J = 7.8 Hz, 1H,
ph), 6.21 (d, J = 7.8 Hz, 2H, ph), 2.62 (s, 6H, CH3), 2.27 (m, 3H,
CH3), 1.74 (m, 3H, CH3), 1.36 (app. q., J = 7.6 Hz, 6H, CH3), 1.17
(app. q., J = 7.6 Hz, 6H, CH3), 0.92 (app. q., J = 7.6 Hz, 6H, CH3),
0.52 (app. q., J = 7.6 Hz, 6H, CH3), −9.24 (t, J = 59.6 Hz, 1H, H).
13C{1H} NMR (151 MHz, δ, C6D6): 151.6 (t, J = 14.7 Hz), 125.8,
99.1, 30.8 (t, J = 8.6 Hz), 30.4 (t, J = 3.0 Hz), 29.3, 28.0 (t, J = 15.7
Hz), 17.8 (t, J = 2.7 Hz), 17.5 (m), 17.06. 31P{1H} NMR (101 MHz,
δ, C6D6): 175.0. IR (ATR, cm−1): 1660 (vNO), 1847 (vCoH). HR-MS
(ESI+, MeOH): m/z calcd for C20H38CoNO3P2 [M]+ 457.1822,
found 457.1825.
[Co(PCPO-iPr)(NO)(H)] (2b). Method A. The synthesis was

performed in a similar fashion to 3a with [Co(PCPO-iPr)(BH4)]
(30 mg, 0.07 mmol), Et3N (30 μL), and NO (4 mL, 1 atm) in
benzene (2 mL). Yield: 6 mg (21%). Method B. The synthesis was

performed in a similar fashion to 3a with [Co(PCPNMe-iPr)(NO)]PF6
(40 mg, 0.07 mmol) and NH3BH3 (2.1 mg, 0.07 mmol) in THF (3
mL). Yield: 17 mg (58%). 1H NMR (400 MHz, δ, C6D6): 6.90 (t, J =
7.8 Hz, 1H, ph), 6.78 (d, J = 7.8 Hz, 2H, ph), 2.56−2.43 (m, 2H,
CH), 1.91−1.79 (m, 2H, CH), 1.31 (app. q., J = 7.0 Hz, 6H, CH3),
1.23 (app. q., J = 6.0 Hz, 6H, CH3), 0.90 (app. q., J = 7.0 Hz, 6H,
CH3), 0.78 (app. q., J = 7.3 Hz, 6H, CH3), −9.75 (t, J = 58.3 Hz, 1H,
H). 13C{1H} NMR (101 MHz, δ, C6D6): 165.1, 104.6, 32.0 (t, J =
10.8 Hz), 30.6 (t, J = 13.9 Hz), 30.1, 29.8, 17.2 (t, J = 3.5 Hz), 17.1,
16.9, 1.0. 31P{1H} NMR (162 MHz, δ, C6D6): 231.8. IR (ATR,
cm−1): 1693 (vNO), 1831 (vCoH). HR-MS (ESI+, THF): m/z calcd for
C18H31CoNO3P2 [M−H]+ 430.1110, found 430.1102.

[Co(PCPO-iPr)(κ2-BH4)] (3b). To a solution of [Co(PCPO-iPr)Cl]
(100 mg, 0.23 mmol) in a 1:1 mixture of THF and EtOH (3 mL) was
added NaBH4 (18 mg, 0.45 mmol). The reaction mixture was stirred
for 3 h at room temperature, and the solvent was removed under
reduced pressure. The solid was extracted into pentane (15 mL) and
the solution filtered through a syringe filter. The solvent was partially
removed in a vacuum and the solution put in a freezer at −20 °C to
yield a dark yellow crystalline solid. Yield: 72 mg (76%). IR (ATR,
cm−1): 2300 (vBH), 2374 (vBH). Anal. Calcd for C18H35CoBO2P2
(415.16): C, 52.07; H, 8.50. Found: C, 51.92; H, 7.92.

General Procedure for the Hydroboration of Alkenes. The
alkene substrate (0.30 mmol, 1 equiv), nitrosyl complex 1a (2 mol %),
and pinacolborane (HBpin, 1.1 equiv) were mixed with 1 mL of
anhydrous benzene (or THF) in a glass vial and stirred at room
temperature for 24 h. After completion of the reaction, it was
quenched by exposure to air and the crude reaction mixture was
analyzed by gas chromatography (GC-MS). The reaction mixture was
then added to 0.1 mL of water, extracted with 3 mL of petrol ether,
and the extract filtered through a plug of silica. After evaporating all
volatiles under reduced pressure, the obtained compounds where
characterized by 1H and 13C{1H} NMR spectroscopy.

Mass Spectrometry. High-resolution accurate mass spectra were
recorded on an Agilent 6545 QTOF equipped with an Agilent MMI
ion source (Agilent Technologies, Santa Clara, CA, USA) which can
be operated in mixed ESI and APCI mode. Measured accurate mass
data for confirming calculated elemental compositions were typically
within ±3 ppm accuracy. The mass calibration was performed with a
commercial mixture of perfluorinated trialkyl-triazines (ES Tuning
Mix, Agilent Technologies, Santa Clara, CA, USA). In all experiments,
a direct infusion technique was used and samples were prepared in a
glovebox.

X-ray Structure Determination. X-ray diffraction data for 1b
and 2a (2044562 and 2044563) were collected at T = 100 K in a dry
stream of nitrogen on a Bruker Kappa APEX II diffractometer system
using graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å)
and fine sliced ϕ- and ω-scans. Data were reduced to intensity values
with SAINT, and an absorption correction was applied with the
multiscan approach implemented in SADABS.19 The structures were
solved by the dual space method implemented in SHELXT20 and
refined against F2 with SHELXL.21 Non-hydrogen atoms were refined
with anisotropic displacement parameters. The H atoms attached to C
were placed in calculated positions and thereafter refined as riding on
the parent atoms. The hydride H atoms were located in difference
Fourier maps and freely refined. Molecular graphics were generated
with MERCURY.22

Computational Details. The computational results presented
have been achieved in part using the Vienna Scientific Cluster (VSC).
All calculations were performed using the Gaussian 09 software
package23 without symmetry constraints. The optimized geometries
were obtained with the PBE0 functional. That functional uses a hybrid
generalized gradient approximation (GGA), including a 25% mixture
of Hartree−Fock24 exchange with DFT25 exchange correlation, given
by the Perdew, Burke, and Ernzerhof functional (PBE).26 The basis
set used consisted of the Stuttgart/Dresden ECP (SDD) basis set27 to
describe the electrons of cobalt and a standard 6-31G(d,p) basis set28

for all other atoms. Transition state optimizations were performed
with the synchronous transit-guided quasi-Newton method (STQN)
developed by Schlegel et al.,29 following extensive searches of the
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potential energy surface. Frequency calculations were performed to
confirm the nature of the stationary points, yielding one imaginary
frequency for the transition states and none for the minima. Each
transition state was further confirmed by following its vibrational
mode downhill on both sides and obtaining the minima presented on
the energy profiles. The electronic energies were converted to free
energy at 298.15 K and 1 atm by using zero-point energy and thermal
energy corrections based on structural and vibration frequency data
calculated at the same level. The free energy values presented were
corrected for dispersion by means of the Grimme DFT-D3 method30

with Becke and Johnson short distance damping.31 The NPA
analysis32 was performed with the NBO 5.0 program,33 and the
orbital representations were obtained with Molekel.34
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