
Improving Redox Reversibility and Intermetallic Coupling of Co(III)
Alkynyls through Tuning of Frontier Orbitals
Brandon L. Mash, Yiwei Yang, and Tong Ren*

Cite This: Organometallics 2020, 39, 2019−2025 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Reported herein are the syntheses and character-
izations for a series of butadiyndiyl-bridged CoIII(MPC) (MPC =
5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclotetradecane)
complexes, capped with chloride ([1]2+), phenylacetylide ([2]2+), or
3,5-dichlorophenylacetylide ([3]2+). The MPC ligand was chosen to
weaken the ligand field around the equatorial plane, allowing
stronger axial coordination. Cyclic voltammetry measurement
revealed the first unambiguous examples of stepwise one-electron
reductions in bridged Co(cyclam′) complexes (cyclam′ = any ligand
bearing the 1,4,8,11-tetraazacyclotetradecane framework). Further
voltammetric analysis using NBu4BArF (NBu4BArF = tetrabuty-
lammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) as elec-
trolyte resulted in well-separated reversible reduction waves with up
to 160 mV separation for [2]2+. These features hint at the possibility of application of earth-abundant metal complexes to function as
molecular wires. These complexes were also characterized with infrared and UV−vis spectroscopy, density functional theory
calculations, and single-crystal X-ray diffraction ([1](BPh4)2 only).

■ INTRODUCTION

Following the seminal work on organometallic σ-alkynyl
complexes by Nast and co-workers,1,2 considerable attention
has been given to the application of these compounds as
electronic and optoelectronic materials due to their structural
rigidity and high degree of conjugation.3−6 In particular, the
use of metal alkynyls as the prototypical molecular wires has
been investigated by the laboratories of Launay,7,8 Gladysz,9,10

Halet,11,12 Rigaut,13 and Akita.14 Compounds exhibiting
extraordinary degrees of electron delocalization include those
of Fe,15 Mn,16 Ru,17 Ru2,

18−20 and Re.21,22 Though rare,
single-molecule conductance has been measured for alkynyl
compounds of Pt,23,24 Ru,25−27 and Ru2,

28,29 and functional
devices have been fabricated as well.30−33

With the desire to use more earth-abundant elements and
cost-efficient resources, our recent efforts have focused on
cyclam complexes of 3d transition metals (cyclam = 1,4,8,11-
tetraazacyclotetradecane). Our work,34,35 along with those
from the laboratories of Shores,36,37 Nishijo,38−42 and
Wagenknecht,43−48 has significantly expanded the scope of
this previously underexplored field. While previous work on
dicobalt species bridged by oligoynes revealed the structural
features similar to highly delocalized Ru2 compounds, their
voltammetric responses were not ideal. The dicobalt species
typically displays irreversible two-electron reductions, indicat-
ing localized charges on each cobalt center and chemical
instability upon reduction,49−51 the latter of which is associated

with the lability of the axial chloro-/alkynyl ligands upon the
reduction of CoIII center.
Reversible reduction of CoIII(cyclam) complexes has been

achieved thus far only through the use of significantly electron-
withdrawing axial ligands, which are less labile on the reduced
CoII center.43,46,48,52 Recently, we reported that a CoIII

complex of a C-substituted cylam, [Co(MPC)(C2Ph)2]
+

(MPC = 5,12-dimethyl-7,14-diphenyl-1,4,8,11-tetraazacyclote-
tradecane), displays a quasi-reversible reduction,53 in stark
contrast to the irreversible reduction displayed by [Co-
(cyclam)(C2Ph)2]

+.36 Similar in effect to the use of electron-
withdrawing ligands, this change in voltammetric behavior is
achieved through the strengthening of the axial bonds, which is
the result of a weakened equatorial ligand field. Addition of
bulky phenyl groups to the cyclam skeleton appears to stiffen
the macrocyle, which results in significantly weakened Co−N
bonds and a net increase in positive charge density on the
metal, thereby allowing stronger Co−σ-alkynyl bonds.
It is the goal of the present work to determine if the

increased electrochemical stability and axial ligand bond
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strength of CoIII(MPC) complexes translate into discernible
electronic coupling between two cobalt centers bridged by an
oligoyne. To this end, a series of butadiyndiyl-bridged
complexes, [{Co(MPC)Cl}2(μ-C4)]Cl2 ([1]Cl2), [{Co-
(MPC)(C2Ph)}2(μ-C4)]Cl2 ([2]Cl2), and [{Co(MPC)(C2-
3,5-Cl-C6H3)}2(μ-C4)]Cl2 ([3]Cl2), have been prepared
(Chart 1). The syntheses and characterizations of [1]2+−
[3]2+ will be discussed henceforth.

■ RESULTS AND DISCUSSION
Synthesis. [Co(MPC)Cl2]Cl and 0.5 equiv of 1,4-bis-

(trimethylsilyl)butadiyne were refluxed in MeOH and Et3N for
24 h under N2, and the crude product from the reaction was
purified on silica gel and recrystallized to afford [{Co(MPC)-
Cl}2(μ-C4)]Cl2 ([1]Cl2) in 44% yield with [Co(MPC)Cl2]Cl
and [Co(MPC)(C4H)Cl]Cl as the major byproducts.
Increased reaction time did not significantly increase the
ratio of product to starting material. The reactions between
[{Co(MPC)Cl}2(μ-C4)]Cl2 and excess LiC2Ar (prepared from
lithium diisopropylamide) at −78 °C, using standard Schlenk
techniques under nitrogen atmosphere, resulted in near
quantitative conversion to [{Co(MPC)(C2Ar)}2(μ-C4)]Cl2
with minimal scrambling of acetylides or undesired products
(Scheme 1). When alkynylation of [1]Cl2 is performed at
room temperature, various mononuclear and dinuclear alkynyl
products of various combinations form, as determined by mass
spectrometry, and were not isolated or further characterized.
Compounds [2]Cl2 and [3]Cl2 were isolated in 68 and 52%
yields (based on [1]Cl2), respectively.
Typical for strong-field Co(III) species, complexes [1]Cl2,

[2]Cl2, and [3]Cl2 are diamagnetic and exhibit well behaved
1H NMR spectra (Figures S6−S8). The UV−vis spectra
featured the d−d bands at 520 nm for [1]Cl2, 484 nm for

[2]Cl2, and 479 nm for [3]Cl2, and intense LMCT ([1]Cl2−
[3]Cl2) and π−π* ([2]Cl2 and [3]Cl2) bands in the UV region
(Figure S10). In spite of the Co−Co coupling detected in the
voltammetric study (see below), there is no significant feature
associated with intermetallic coupling in the absorption
spectra. The IR peaks between 2000−2100 cm−1, the window
for ν(CC), were barely discernible for [1]Cl2 because of the
centro-symmetric nature of the butydiynyl bridge, but fairly
intense for [2]Cl2 and [3]Cl2 because of the contribution from
the capping aryl acetylides (Figure S11).

Molecular Structures. While X-ray quality single crystals
of [1]Cl2 could not be obtained, single crystals of [1](BPh4)2
were successfully grown. Suitable crystals for [2]2+ and [3]2+

could not be obtained despite many attempts with different
counterions and solvent combinations. The ORTEP plot for
[1](BPh4)2 is given in Figure 1, while additional experimental

and refinement details are given in Table S1. As with previous
CoIII(MPC) compounds, [1]2+ maintains the trans-III
conformation of the macrocyclic ring with equatorial methyl
and phenyl substituents. The Co centers exhibit pseudo-
octahedral geometries with the four nitrogen members of the
macrocyclic ring forming the equatorial plane and alkynyl/
chloro ligands in the axial sites.
It was postulated in previous work that the long Co−N

bonds and shorter Co axial bonds were the result of replacing
cyclam with the MPC ligand.53 As shown in Table 1, this
structural feature remains true for [1]2+, with the elongation of

Chart 1. Structures of Complexes [1]Cl2−[3]Cl2

Scheme 1. Synthetic Route to Prepare [1]Cl2, [2]Cl2, and [3]Cl2
a

aAr = C6H5 or 3,5-Cl−C6H3.

Figure 1. Molecular structure of [1]2+ at 30% probability level.
Hydrogen atoms and tetraphenylborate anions have been removed for
clarity.
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Co−N bonds and shortening of Co axial bonds relative to
those of [{Co(cyclam)Cl}2(μ-C4)]

2+. Consequently, the
alkynyl CC bonds are lengthened, and the C−C single
bond is shortened, indicating a small but discernible
contribution of the cumulenic resonance structure.
Voltammetric Studies. The CoIII/II couple of previously

studied [Co(MPC)(C2Ph)2]
+ is quasi-reversible53 whereas

that of [Co(cyclam)(C2Ph)2]
+ is irreversible.36 The concurrent

weakening of MPC coordination and strengthening of axial
bonds have a clear impact on the electronics of the dicobalt
species, as shown by the cyclic voltammograms (CV) and
differential pulse voltammograms (DPV) of complexes [1]2+−
[3]2+ in Figure 2. In CoIII(cyclam)-based complexes, the

chloro ligand tends to dissociate upon reduction, resulting in
irreversibility of the CoIII/II redox couple.52 The CV of [1]2+

shares this feature with two irreversible reductions at −1.39 V
(CoIII/II) and −1.76 V (CoII/I) and an irreversible oxidation at
0.52 V (CoIV/III) (Table 2). The CV and DPV of [2]2+ are
substantially different from those of [{Co(cyclam)(C2Ph)}2(μ-
C4)]

2+.51 The CoIII/II couples are the only observable reduction
events within the cathodic end of the solvent window, and are

both quasi-reversible and clearly two separated one electron
processes. The second reduction has a lower peak current than
the first, indicating a partial chemical degradation after the first
reduction. The oxidation (CoIV/III) appears as a two-electron
process at 0.56 V.
Compound [3]Cl2 was prepared with the goal of increasing

the stability of the reduced state by combining the effects seen
from electron-withdrawing ligands with the effect of the MPC
ligand. In this regard, [3]2+ is more electrochemically stable
than [2]2+, with a larger return wave and absence of the
degradation peak around −0.55 V seen in the other two
compounds (Figure 2). The reduction peaks were found to be
separated by 0.09 V, located at −1.65 and −1.74 V, with the
second reduction being 90% the size of the first reduction
(Figure S4). The increased electron-withdrawing effect of the
3,5-dichloro substituents shifts the reduction of [3]2+ to a more
anodic value than that of [2]2+, indicating the increased
electron deficiency at the Co centers. While the enhanced
coordination of the 3,5-dichlorophenylacetylide ligand im-
proves stability of the reduced state, it also decreases the peak
separation of each reduction when compared to [2]2+ (0.10 V
for [2]2+, 0.09 V for [3]2+), as was hypothesized in previous
works.49

The use of anions with low affinities for ion pairing as the
electrolyte has been proven to improve separation of single-
electron reductions in mixed valence compounds by
thermodynamically stabilizing the singly reduced state.54,55 In
order to improve the separation of the stepwise reduction
processes in [2]2+ and [3]2+, NBu4BArF (NBu4BArF =
tetrabutylammonium tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate) was employed as the electrolyte in place of NBu4PF6,
using dichloromethane as a noncoordinating solvent. As shown
in Figure 3, the electrochemical stability of the singly reduced
states of both [2]2+ and [3]2+ in the cathodic window
improved significantly. For [2]2+, the first and second redox
waves are well-defined at −1.69 and −1.85 V, respectively, and
the stability is much improved, judging from the equal currents
of each reduction in the DPV. For [3]2+, the reduction couples
are more reversible than those of [2]2+ with the first and
second couples at −1.62 and −1.77 V, respectively. Finally, the
well-resolved DPV waves allow for an unambiguous determi-
nation of the separation between the two stepwise one-electron
reductions as 160 mV for [2]2+ and 150 mV [3]2+.

Density Functional Theory (DFT) Calculations. To gain
further insight into the electronic structures, DFT calculations/
analysis were performed for complexes [1]2+, [2]2+, and [3]2+.
In the absence of suitable crystal structures for [2]2+ and [3]2+,
all DFT calculations were based on the molecular structure of
[1]2+ with appropriate modifications whenever necessary. The
frontier orbitals and energy levels for [1]2+ and [2]2+ are

Table 1. Comparison of Bond Lengths and Angles for [1]2+

and [{Co(cyclam)Cl}2(μ-C4)]
2+ (cyclam)

[1]2+ cyclama

Co−Navg 1.996[1] 1.977[3]
Co−Clavg 2.2978[5] 2.3137[11]
Co1−C1 1.874(2) 1.878(4)
Co2−C4 1.875(2) 1.890(5)
C1−C2 1.211(2) 1.208(6)
C2−C3 1.376(2) 1.388(5)
C3−C4 1.209(2) 1.201(5)
Cl1−Co1−C1 178.92(5) 177.25(13)
Cl2−Co2−C4 177.57(6) 177.49(12)
Co1−C1−C2 177.48(2) 170.1(4)
Co2−C4−C3 174.27(2) 169.3(4)

aTaken from ref 49.

Figure 2. CVs (black, solid) and DPVs (blue, dashed) of 1.0 mM
[1]2+, [2]2+, and [3]2+ recorded in 0.1 M Bu4NPF6 MeCN solution at
a scan rate of 0.10 V/s.

Table 2. Reduction Potentials (V vs Fc+/0) for [1]2+, [2]2+,
and [3]2+

E [1]2+ [2]2+ [3]2+

Epa 4+/2+ 0.52 0.56 0.64
Epc 2+/1+ −1.39a −1.79b −1.65b

Epc 1+/0 −1.89b −1.74b

Epc 0/2− −1.76
E(2+/1+) (BArF24)

c −1.75 −1.66
E(1+/0) (BArF24)

c −1.91 −1.81
aPotential for a 2-electron 2+/0 process. bDetermined from
deconvoluted DPV. cDetermined using NBu4BArF electrolyte
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displayed in Figure 4. Those of [3]2+ are given in Figure S5,
and relevant bonds lengths are given in Table S2.
Complexes [1]2+, [2]2+, and [3]2+ share the same feature in

their LUMO−LUMO+3, with the LUMO and LUMO+1
consisting of the dx2−y2 orbitals and LUMO+2 and LUMO+3
consisting of the dz2 orbitals. This feature is consistent with the
eg set of orbitals for a low-spin, pseudo-octahedral, d6 CoIII

center. The stabilization of dx2−y2 orbitals over the dz2 orbitals is
clearly a manifestation of weaker ligand field in the xy plane
exerted by the MPC ligand. In contrast, the dz2 orbitals
dominate the LUMO and LUMO+1 of [{Co(cyclam)Cl}2(μ-
C4)]

2+, which are σ*(Co axial ligand) in nature.49 Hence, while
the reduction of [{Co(cyclam)Cl}2(μ-C4)]

2+ is followed by the
dissociation of one of the axial ligands (likely Cl−), the
reduction of [{Co(MPC)(C2Ar)}2(μ-C4)]

2+ populates the
dx2−y2 orbitals, which does not lead to the dissociation of
arylacetylide and thus enhances electrochemical reversibility.
However, the highest occupied orbitals in the MPC-based
complexes are similar to those of [{Co(cyclam)Cl}2(μ-
C4)]

2+.49 For [1]2+, the HOMO and HOMO−1 are the

mixtures of the dxz and dyz orbitals with the π(CC) orbitals
of the butadiyndiyl bridge. For [2]2+ and [3]2+, the mixtures of
the dxz and dyz orbitals with the π(CC) orbitals of capping
arylacetylide ligands dominate the HOMO and HOMO−1,
while the mixtures of the dxz and dyz orbitals with the π(bridge)
orbitals result in the orbitals HOMO−2 and HOMO−3.
Although LUMO/LUMO+1 in [2]2+ and [3]2+ are the
localized dx2−y2 orbitals with no obvious Co−Co interaction,
two CoIII centers can still engage in significant electronic
coupling manifested by the HOMO−2 and HOMO−3 via a
hole-transfer formalism outlined by Launay.7,8

■ CONCLUSION
A series of CoIII(MPC) alkynyl complexes have been prepared
in modest to high yields. The alkynyl-capped compounds [2]2+

and [3]2+ are the first examples of cyclam-based complexes
which display unambiguous intermetallic coupling across an
oligoyne bridge. Furthermore, [2]2+ is the first such cobalt
cyclam-derived complex to have a quasi-stable reduced state
without the use of electron-withdrawing axial ligands. These
properties are the result of weaker coordination of the MPC
ligand when compared to those of cyclam, which allows for
enhanced axial ligand binding. The combined effects of
electron-withdrawing arylacetylides and the weakened equato-
rial ligand field by the MPC ligand resulted in two reversible
one electron reductions in [3]2+, a rarity in CoIII redox
chemistry. Compounds bearing more electron-deficient macro-
cyclic ligands that retain the steric bulk of MPC are being
developed in our laboratory to fully elaborate the effect of
LUMO engineering through the tuning of equatorial ligand
field strength.

■ EXPERIMENTAL SECTION
Materials. The synthesis for [Co(MPC)Cl2]Cl was described

previously.53 3,5-Dichlorophenylacetylene was prepared according to
a literature procedure.56 Bis(trimethylsilyl)butadiyne was purchased
from GFS Chemicals. n-BuLi was purchased from Aldrich. Lithium
diisopropylamide was prepared in situ by addition of n-BuLi to

Figure 3. CVs (black, solid) and DPVs (blue, dashed) for 1 mM [2]2+

(top) or [3]2+(bottom) recorded in 0.1 M Bu4BArF CH2Cl2
solutions.

Figure 4. Molecular orbital diagrams for [1]2+ and [2]2+ from DFT calculations. The isovalue of the contour plots was set at 0.03.
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distilled diisopropylamine. All reagents were used as received.
Tetrahydrofuran was freshly distilled over sodium/benzophenone.
All lithiation reactions were carried out under N2 using standard
Schlenk techniques.
Physical Measurements. 1H NMR spectra were obtained with a

Varian Mercury300 NMR instrument, with chemical shifts (δ)
referenced to the residual solvent signal (CHCl3 at δ = 7.26 ppm).
UV/vis spectra were obtained with a JASCO V-670 spectropho-
tometer. FT-IR spectra were measured as neat samples using a
JASCO FT/IR-6300 spectrometer equipped with an ATR accessory.
Electrospray mass spectra were obtained as electrospray in positive-
ion mode with the aid of an Advion Expression Compact Mass
Spectrometer. Elemental analysis was carried out by Atlantic Micro
Laboratories in Norcross, GA. Electrochemical analysis was done on a
CHI620A voltammetric analyzer with a glassy carbon working
electrode (diameter = 2 mm), a Pt-wire auxiliary electrode, and a
Ag/AgCl reference electrode. The analyte concentration is 1.0 mM in
4 mL of dry acetonitrile with a 0.1 M Bu4NPF6 electrolyte
concentration, unless otherwise stated.
Synthesis of [{Co(MPC)Cl}2(μ-C4)]Cl2 ([1]Cl2). To a methanolic

solution of [Co(MPC)Cl2]Cl (1.00 g, 1.83 mmol) was added
triethylamine (5.0 mL, 36 mmol), followed by a THF solution of
bis(trimethylsilyl)butadiyne (0.188 g, 0.967 mmol). The solution was
allowed to reflux for 24 h as the color turned from green to orange to
red. The solvent was removed via rotary evaporation, and the residue
was purified on silica gel with a gradient of CH2Cl2-MeOH, gradually
proceeding from pure CH2Cl2 to a 9:1 ratio of CH2Cl2 to MeOH.
The collected red product was recrystallized from CH2Cl2-Et2O.
Yield: 0.435 g, (44% based on Co). ESI-MS (MeCN): 498
[{Co(MPC)Cl}2(μ-C4)]

2+. Elem. Anal. for C54H80N8O2Co2Cl8
([1]Cl2·2H2O·2CH2Cl2): calcd C 50.88, H 6.32, N 8.79. Found C
50.54, H 6.64, N 8.91. 1H NMR (CDCl3, δ): 8.29 (br, 2 H, NH),
7.60−7.10 (m, 20 H, ArH), 6.12 (br, 2 H, NH), 5.57 (br, 2 H, NH),
4.44 (m, 2 H, CH), 4.23 (m, 4 H, CH2), 3.74 (m, 2 H), 3.58 (br, 2 H,
NH), 3.37 (m, 2 H), 3.11 (m, 6 H), 2.79 (m, 4 H), 2.27 (m, 6 H),
1.99 (dd, 2 H), 1.83 (m, 4 H), 1.48 (d, 6 H, CH3), 1.35 (d, 6 H,
CH3) ppm. UV−vis spectra, λmax (nm, ε (M−1 cm−1)): 207 (66 000),
233 (74 000), 350 (3100), 520 (380).
Synthesis of [{Co(MPC)(C2Ph)}2(μ-C4)]Cl2 ([2]Cl2). A solution of

[1]Cl2 (83 mg, 0.078 mmol) in THF was combined with a solution of
Li-phenylacetylide (prepared from 0.36 mmol phenylacetylene and
0.50 mmol LDA) in THF at −78 °C. This was allowed to warm to
room temperature and stirred 12 h before quenching with air and
removal of solvent via rotary evaporation. The residue was purified on
silica gel with a 15:1 ratio of CH2Cl2:MeOH. The collected orange
fraction was recrystallized from CH2Cl2-Et2O, yielding 63 mg (68%
based on Co). ESI-MS (MeCN): 564 [{Co(MPC)(C2Ph}2(μ-C4)]

2+.
Elem. Anal. for C71.5H89N8Co2Cl9 ([2]Cl2·3.5CH2Cl2): calcd C 57.35,
H 5.99, N 7.48. Found C 57.17, H 5.99, N 7.48. 1H NMR (CDCl3,
δ): 8.29 (br, 2 H, NH), 7.65−7.05 (m, 30 H, ArH), 5.49 (br, 2 H,
NH), 4.91 (br, 2 H, NH), 4.22 (m, 4 H), 4.00 (t, 2 H), 3.62 (br, 2 H,
NH), 3.41 (m, 4 H), 3.02 (m, 6 H), 2.86 (m, 2 H), 2.65−2.05 (m, 8
H), 1.94 (dd, 2 H), 1.72 (m, 4 H), 1.42 (d, 6 H, CH3), 1.37 (d, 6 H,
CH3) ppm. UV−vis spectra, λmax (nm, ε (M−1 cm−1)): 224 (92 000),
260 (74 000), 349 (2,700), 484 (340).
Synthesis of [{Co(MPC)(3,5-ClC2Ph)}2(μ-C4)]Cl2 ([3]Cl2). A

solution of [1]Cl2 (86 mg, 0.080 mmol) in THF was combined
with a solution of Li-3,5-dichlorophenylacetylide (prepared from 0.36
mmol of 3,5-dichlorophenylacetylene and 0.50 mmol of LDA) in
THF at −78 °C. This was allowed to warm to room temperature and
stirred for 12 h before quenching with air and removal of solvent via
rotary evaporation. The residue was purified on silica gel with a 24:1
ratio of CH2Cl2−MeOH. The collected orange fraction was
recrystallized from CH2Cl2/Et2O, yielding 56 mg (52% based on
Co). ESI-MS (MeCN): 633 [{Co(MPC)(3,5-ClC2Ph)}2(μ-C4)]

2+.
Elem. Anal. for C69H82N8O1Co2Cl8 ([3]Cl2·H2O·CH2Cl2): calcd C
57.52, H 5.74, N 7.77. Found C 57.34, H 5.89, N 7.51. 1H NMR
(CDCl3, δ): 7.99 (br, 2 H, NH), 7.80−7.00 (m, 26 H, ArH), 5.57 (br,
2 H, NH), 4.84 (br, 2 H, NH), 4.22 (t, 2 H), 4.09 (m, 2 H), 3.85 (t, 2
H), 3.70−3.20 (m, 6 H), 3.15−2.85 (m, 6 H), 2.68−2.28 (m, 6 H),

2.17 (m, 4 H), 1.94 (dd, 2 H), 1.74 (m, 4 H), 1.40 (m, 12 H, CH3)
ppm. UV−vis spectra, λmax (nm, ε (M−1 cm−1)): 226 (100 000), 279
(62 000), 349 (2500), 479 (320).

Computational Details. The geometries of [1]2+, [2]2+, and
[3]2+ in the ground states were fully optimized based on the crystal
structure of [1](BPh4)2. Both [2]2+ and [3]2+ had the additional
ligands manually edited without changing the rest of the structure.
The density functional method B3LYP (Beck’s three-parameter
hybrid functional using the Lee−Yang−Parr correlation functional)57

was used for calculations with the def2-TZVP basis set used for
cobalt, and the def2-SVP basis set was used for all other atoms.58 The
calculation was accomplished by using the Gaussian16 program
package.59

X-ray Crystallographic Analysis. Single-crystal X-ray data was
collected on a Bruker AXS D8 Quest CMOS diffractometer using Mo
Kα (λ = 0.71073 Å) radiation with Apex3 software.60 Data was
reduced using SAINT60 and structures were solved with SHELXTL.61

Refinement was performed with SHELXL.62 ORTEP plots were
produced using SHELXTL.61
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