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Group-6 Complexes as Electrocatalysts of CO, Reduction: Strong
Substituent Control of the Reduction Path of [Mo(n3-allyl)(CO),(x,x -
dimethyl-2,2'-bipyridine)(NCS)] (x = 4-6)

James O. Taylor,! Florentine L. P. Veenstra,'> Ann M. Chippindale,! Maria José Calhorda,® Frantisek
Hartl!*

"Department of Chemistry, University of Reading, Reading, RG6 6AD, United Kingdom.

2Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH Honggerberg,
Vladimir-Prelog-Weg 1, 8093 Zurich, Switzerland

3 Centro de Quimica e Bioquimica and BioISI - Biosystems & Integrative Sciences Institute, Departamento de Quimica e
Bioquimica, Faculdade de Ciéncias, Universidade de Lisboa, 1749-016 Lisboa, Portugal

ABSTRACT: A series of complexes [Mo(n?-allyl)(CO),)(x,x"-dmbipy)(NCS)] (dmbipy = dimethyl-2,2"-bipyridine; x = 4-6) have been
synthesized and their electrochemical reduction investigated using combined cyclic voltammetry (CV) and variable-temperature
spectroelectrochemistry (IR/UV-vis SEC) in tetrahydrofuran (THF) and butyronitrile (PrCN), at gold and platinum electrodes. The
experimental results, strongly supported by DFT calculations, indicate that the general cathodic path of these Group-6 organometallic
complexes is closely related to that of the intensively studied class of Mn tricarbonyl a-diimine complexes, themselves recently identified
as important smart materials for catalytic CO, reduction. The dimethyl substitution on the 2,2'-bipyridine ligand backbone has presented
new insights into this emerging class of catalysts. For the first time, the 2e-reduced 5-coordinate anions [Mo(n3-allyl)(CO),)(x,x"-dmbipy)]~
were directly observed with IR SEC. The role of steric and electronic effects in determining the reduction-induced reactivity was also
investigated. For the 6,6'-dmbipy, the primary le~ reduced radical anions exert unusual stability radically changing the follow up cathodic
path. The 5-coordinate anion [Mo(n3-allyl)(CO),)(6,6'-dmbipy)]- remains stable at low temperature in strongly coordinating butyronitrile
and does not undergo dimerization at elevated temperature, in sharp contrast to reactive [Mo(n?-allyl)(CO),)(4,4'-dmbipy)]- that tends to
dimerize in a reaction with the parent complex. The complex with the 5,5'-dmbipy ligand combines both types of reactivity. Under aprotic
conditions, the different properties of [Mo(n3-allyl)(CO),)(x,x-dmbipy)] are also reflected in their reactivity towards CO,. Preliminary CV
and IR SEC results reveal differences in the strength of CO, coordination at the free axial position. Catalytic waves attributed to the
generation of the 5-coordinate anions were observed by CV, but only a modest catalytic performance towards the production of formate was
demonstrated by IR SEC. For 6,6'-dmbipy, a stronger catalytic effect was observed for the Au cathode compared to Pt.

INTRODUCTION applications.>?* However, the direct electrochemical reduction to
CO;™ is hindered by large overpotentials and one must take
advantage of proton-coupled reduction pathways.>* An exception
is a dinuclear Cu(]) catalyst reported recently by Bowman and co-
workers, which reduces CO, from the air to oxalate isolated as a
lithium salt.’> In comparison, the proton-coupled paths have
significantly reduced energy barriers to catalysis but they must be
promoted by homogenous or heterogenous (Cu) transition-metal
catalysts. The effect of the catalyst is two-fold, enabling reduction
of CO, at much lower overpotentials whilst also allowing one to

Atmospheric levels of anthropogenic CO, have continued to
increase unabated for several years, driving a concurrent rise in
yearly average temperatures and extreme weather patterns.!
Although it has an obvious damaging impact on the environment,
CO, itself has potential to become a sustainable source of carbon-
based fuels and chemical feedstocks for Fischer-Tropsch
chemistry. To fulfill this potential, CO, must first be reduced
electro- or photochemically, converting it from a harmful by-
product of industry to compounds with the aforementioned
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handle a larger number of proton- and electron-transfer steps
facilitating the transformation to more complex and valuable
reduction products such as formaldehyde, methanol or methane ®
Of the many homogeneous transition-metal electrocatalysts of CO,
reduction known in the literature, the most widely studied have
been those based on the noble metals, Re7'2, Ru!%13-15, Rh!¢ and
Ir.'7-18 Although first reported almost 40 years ago, they are still
offering up both interesting redox properties and synthetic
challenges. The high costs of these metals, as well as a strong
competition for the limited supply from the electronics industry,
largely preclude the possibility of any industrial-scale system.
Thus, efforts now focus on the more abundant metals, Mn, Fe,
Co!, and Ni?%2l, Highly promising are the systems of
[Mn(CO);)(a-diimine)X] (X = (pseudo)halide), only recently
found to be catalytically active at potentials similar to the
analogous complexes of rhenium, in the presence of Brgnsted or
Lewis acids.?>?® The Fe-porphyrin systems are also highly
efficient catalysts of CO, reduction, but synthetically challenging
to prepare.?*-3!

Surprisingly, and despite the analogues found in Nature, the
Group-6 metal triad (Cr, Mo, W) has largely been ignored by the
wider community. This has been highlighted in several recent
comprehensive reviews of the field.’>3* Preliminary studies of
Group-6 complexes show a potential to catalytically reduce CO,
with a comparable activity and efficiency to that of the widely
studied Group-7 systems. Recently, it was reported that Group-6
hexacarbonyl complexes can behave catalytically toward CO,.%
This is highly unusual, as most catalysts reported to date bear a
redox-active ligand acting as both an electron reservoir and a
parking place for the protons required for catalysis. The
hexacarbonyl is reduced by 2e~ to form [M(CO)s]?> that can bind
CO, and transform to [M(CO)s(CO,)]*; under anhydrous
conditions, the major product of the reduction is CO. Interestingly,
addition of water or another proton source inhibits the activity of
the catalyst, most likely due to competing formation of H, from
[M(CO)sH]". A comparison with [M(CO)s]- (M = Re or Mn),
formed by the reduction of the corresponding decacarbonyl dimers,
shows that the Group-7 metals are not active toward CO, in this
manner. Instead, they simply bind CO, and require a non-innocent
ligand to trigger the reduction. The difference in their reactivity
may simply be explained by the fact that the Group-6 [M(CO)s]*
species are better reducing agents, due to the negative charge
experiencing less nuclear charge than the comparable Group-7
species. Apart from this, the limited literature regarding Group-6
catalysts has mostly focused on the family of [M(CO),(a-diimine)]
catalysts.?640 The first of these studied as a catalyst of CO,
reduction was [Mo(CO)4(bipy)] (bipy = 2,2'-bipyridine).?637 The
parent complex is reduced in two consecutive le~ steps to form first
the corresponding radical anion and then the catalytically active 5-
coordinate species, [Mo(COs(bipy)]?>~. The latter is isoelectronic
with the Group-7 catalysts, [M(CO);)(bipy)]- (M = Re, Mn),
formed by 2e~ (ECE) reduction of [M(CO)s(bipy)X] (X =
(pseudo)halide).

Unlike their Group-7 cousins, [Mo(CO)(a-diimine)] (o-
diimine = 2,2"-bipyridine (bipy) and xx'-dimethyl-bipyridine
(dmbipy, x = 4-6) show higher sensitivity to the cathodic
material.’” This can be exploited in the form of a low-energy
pathway only accessible with the use of a gold cathode that
facilitates CO dissociation from the usually stable radical anion,
[Mo(CO)4(bipy)]—, converting it to [Mo(CO);(bipy)]~. The latter
S-coordinate complex is reducible to the dianionic catalyst at a
cathodic potential only slightly more negative than the initial
reduction of the neutral tetracarbonyl parent, thereby bypassing the
energetically demanding formation of the unstable dianion,
[Mo(CO)4(bipy)]>. This CO dissociation-first pathway is similar
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to the low-energy protonation-first pathway reported for
[Mn(CO)3(bipy)Br].#! These observations have been confirmed by
Cowan and co-workers using sum frequency generation (SFG)
spectroscopy.*> One can also alter the pathway these Group-6
tetracarbonyl catalysts follow, by substitution on the 2,2'-
bipyridine rings.?® Advantageous positioning of steric bulk at the
6,6'-position can enhance the CO dissociation from the primary
radical anion, improving the catalytic activity, while substitution at
the 4,4'-position suppresses the CO dissociation, forcing the
catalyst to follow the higher-energy reduction-first pathway. Smart
choice of the solvent and electrolyte, especially turning to N-
methyl-pyrrolidone (NMP), can improve the catalytic efficiency
remarkably. Nervi and co-workers?® have described a comparable
catalytic action for [M(CO)4(a-diimine)] (M = Mo, W; a-diimine
=4,6-diphenyl-bipy, 4-dimethoxyphenyl-6-phenyl-bipy). A higher
catalytic activity towards conversion of CO, to CO and a unique
activation pathway have also been reported for the complexes
[M(CO)4(2,2'-dipyridylamine)] (M = Mo and W), in which the
catalytic center resides at the bidentate ligand rather than at the
metal.® The unusual cathodic behaviour of [W(CO)4(dpa)] has
been rationalized with the help of quantum mechanical
calculations. The le™ reduction of the parent complex induces a
rearrangement of the dpa ligand with one of the pyridine rings
rotating away from the metal centre, which facilitates the reduction
of COzA3

Inspired by the promising performance of the Group-6
tetracarbonyl  catalysts, the related complex [Mo(n?-
allyl)(CO),(bipy)X] (X = (pseudo)halide) was identified as a
precursor to the catalytically-active 5-coordinate anion, [Mo(n?3-
allyl)(CO),(bipy)]~.***’ In an analogous fashion to the well-studied
catalyst precursor [Mn(CO);3(bipy)Br], the radical anion [Mo(n?-
allyl)(CO),(bipy)(NCS)]*~, formed by the initial one-electron
reduction (E,. = -1.99 V vs Fc/Fc") is very unstable at room
temperature. The concomitant dissociation of the NCS- ligand
yields the 5-coordinate radical [Mo(n?-allyl)(CO),((bipy)] that can
be reduced at the applied electrode potential of the parent complex
to [Mo(n?-allyl)(CO),(bipy)]~. This anion reacts with as yet non-
reduced parent, forming the dimer [Mo(13-allyl)(CO),(bipy)]., the
final step of the ECEC pathway. Here the similarity with the Mn-
catalysts appears to end. In the original paper® it was claimed that
the S-coordinate anion had been detected by IR
spectroelectrochemistry; however, this assignment was only
tentative. The main issue to be clarified in this work is under
exactly what conditions an IR-detectable quantity of the 5-
coordinate anionic catalyst can be formed. Indeed, the dimer-like
species produced in this instance appear to be more reactive than
the related hexacarbonyl Mn — Mn bound dimers and can only be
detected on the relatively short time scale of cyclic voltammetry,
The subsequent reduction of the Mo—Mo dimer in the presence of
CO, is then associated with catalytic current, and infrared
monitoring at the catalytic wave reveals the formation of CO and
free formate.

Hereinafter, the study of the original (allyl)Mo—bipy complex
is extended to the series of three x,x-dmbipy derivatives (Chart 1),
with the following goals: (i) to identify (by IR
spectroelectrochemistry) the 5-coordinate anions [Mo(n?-
allyl)(CO),(x,x'-dmbipy)]-, the proposed active catalysts in these
systems, which were misassigned for the reference bipy complex;
(ii) to assess the catalytic performance of the 5-coordinate anions
via CV and IR SEC; (iii) to investigate the steric and electronic
consequences of the dimethyl substitution at the x=x"=4, 5 and 6
positions of the 2,2'-bipyridine ligand on the cathodic paths; (iv) to
probe the variation of the cathodic material, Pt and Au, and its
impact on the reduction potentials, cathodic pathways and catalytic
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performance, in analogy with [Mo(CO),_,(x,x"-dmbipy)]~ (n =0,
1; x = 4-6).

Chart 1. General molecular structure of the studied
complexes [Mo(n3-allyl)(CO),(x,x'-dmbipy)(NCS)] 1 (x = 4),
2(x=5)and 3 (x=06).

(1) R23=H, Ry =CHgs
(2) Ry3=H,Ry=CH3
(3) R12=H, R3=CH3

EXPERIMENTAL SECTION

Materials and Methods. All syntheses and electrochemical
measurements were conducted under a strictly inert atmosphere of dry
argon, using standard Schlenk techniques. Solvents were freshly
distilled under N, from a mixture of Na/benzophenone
(tetrahydrofuran, THF), P,Os (acetonitrile, MeCN) or CaH,
(butyronitrile, PrCN, and dichloromethane, DCM). The electrolyte,
tetrabutylammonium hexafluorophosphate (TBAH, Agro-Organics),
was recrystallized twice from hot ethanol and dried under vacuum at
80 °C. All other reagents were purchased from Sigma-Aldrich and used
as received. The precursor [Mo(n3-allyl)(CO),(MeCN),(NCS)] was
prepared according to the literature procedure.*® All the [Mo(n?-
allyl)(CO),(x,x"-dmbipy)(NCS)] complexes were prepared by facile
thermal substitution of the labile acetonitrile ligands in [Mo(n3-
allyl)CO),(MeCN)(NCS)]. For the electrocatalytic studies, solvents
were saturated with CO, (BOC, < 99.99%) at an atmospheric pressure
by short bubbling on a frit.

General Synthesis of [Mo(n3-allyl)(CO),(x,x"-dmbipy)(NCS)].
Under argon, a three-necked round-bottom flask was charged with
[Mo(n3-allyl)CO),(MeCN),(NCS)] (230 mg, 0.69 mmol) and the
appropriate x,x'-dimethyl-2,2'-bipyridine ligand (x = 4-6) in a small
excess (typically 0.78 mmol). After the addition of dry deaerated DCM
(10 mL), the mixture was refluxed at 50 °C for 2 h. The solution was
then allowed to cool to ambient temperature and its volume was
reduced by half. The remaining solution was transferred to a Schlenk
vessel, followed by addition of hexane (5 x 10 mL) to precipitate the
crude product that was further purified by extraction with hexane and
column chromatography on silica, using dichloromethane:hexane 10:1
(v/v) as eluent. The yields of a red microcrystalline powder varied
between 35-55%. X-ray quality crystals were grown by vapour
diffusion in hexane/DCM.

[Mo(*-allyl)(CO) »(4,4'-dmbipy)(NCS)] (1). The precursor complex
[Mo(n3-allyl)(CO),(MeCN),(NCS)] (230 mg, 0.69 mmol) and 4,4'-
dmbipy (151 mg, 0.82 mmol) reacted to afford 1 (168 mg, 55 %). 'H
NMR (400 MHz, CD,Cl,): 8 8.55 (2H, d, J = 6 Hz), 7.85 (2H, s), 7.27
(2H, d, J= 5.6 Hz), 3.08 (2H, d, J = 6.4 Hz), 2.93 (1H, m), 2.54 (6H,
s), 1.34 (2H, d, J = 6 Hz); (400 MHz, (CD5),SO) 8.67 (2H, d, J=5.2
Hz), 8.48 (2H, s), 7.53 (2H, d, J =5.6 Hz), 3.26 (2H, d, /= 6.8 Hz ),
3.19 (1H, m), 2.52 (6H, s), 1.42 (2H, d, J = 9.2 Hz). IR (THF): v(CO)
1949, 1869 cm’!, v(CN) of NCS~ 2076 cm.

[Mo(*-allyl)(CO) »(5,5'-dmbipy)(NCS)] (2). The precursor complex
[Mo(n3-allyl)(CO),(MeCN),(NCS)] (220 mg, 0.66 mmol) and 5,5'-
dmbipy (150 mg, 0.82 mmol) reacted to afford 2 (132 mg, 43 %). 'H
NMR (400 MHz, CD,Cl,): 6 8.52 (2H, s), 7.87 (2H, d, J = 8 Hz), 7.75
(2H, d, J = 8 Hz), 3.12 (2H, d, J = 8 Hz), 2.96 (1H, m), 2.40 (6H, s),
1.36 (2H, d, J = 8 Hz); (400 MHz, (CDs),SO) & 8.64 (2H, s), 8.42 (2H,
d, /=10 Hz), 8.05 (2H, d, /=10 Hz), 3.40 (2H, d, /=8 Hz), 3.19 (1H,

m), 2.48 (6H, s), 1.40 (2H, d, J = 8 Hz). IR (THF): v(CO) 1951, 1871
cm!, v(CN) of NCS~ 2076 cm.

[Mo(ip?-allyl)(CO),(6,6"-dmbipy)(NCS)] (3). The precursor [Mo(n?’-
allyl)(CO)(MeCN),(NCS)] (230 mg, 0.69 mmol) and 6,6'-dmbipy
(143 mg, 0.78 mmol) reacted to afford 3 (109 mg, 36 %). 'H NMR (400
MHz, CD,Cl,): § 7.82 (3H, m), 7.38 (2H, d, J = 8.4 Hz), 7.24 (1H, s),
2.94 (6H, s), 2.62 3H, m), 1.19 (2H, d, J = 8 Hz); (400 MHz,
(CD1),S0): 5 8.45 (2H, d, J= 8 Hz), 8.18 (2H, t, J = 24 Hz), 7.72 (2H,
d, J = 8 Hz), 2.99 (6H, s), 2.90 (1H, m), 2.80 (2H, d, /= 8 Hz), 1.30
(2H, d, J = 8 Hz). IR (THF): v(CO) 1948, 1866 cm!; v(CN) of NCS-
2074 cm’'.

X-ray Structure Determination. A crystal of [Mo(n?-allyl)(CO),(x,x -
dmbipy)(NCS)] was quickly mounted under Paratone-N oil and flash-
cooled to 150 K in a stream of nitrogen in an Oxford Cryostream cooler.
Single-crystal X-ray intensity data were collected using an Agilent
Gemini S Ultra diffractometer (Mo Ka radiation (1 = 0.71073 A)). The
data were reduced within the CrysAlisPro software.*’ The structure was
solved using the program Superflip*®, and all non-hydrogen atoms were
located. Least-squares refinements were carried out using the
CRYSTALS suite of programs.** The non-hydrogen atoms were
refined anisotropically. Each hydrogen atom of the ligands was placed
geometrically with a C—H distance 0of 0.95 A and a U, of 1.2-1.5 times
the value of Uj, of the parent C atom. The positions of the hydrogen
atoms were then refined with riding constraints. In the case of [Mo(n?-
allyl)(CO),(6,6"-dmbipy)(NCS)], several disordered solvent molecules
(DCM), which could not be modelled satisfactorily, were also present
within the structure. The PLATON SQUEEZE software enabled the
contribution to diffraction of the four disordered solvent molecules to
be calculated, and thus it was possible to produce solvent-free
diffraction intensities.’® CCDC codes: 1 — 1862262; 2 — 1862263; 3 —
1862264.

Cyclic Voltammetry. Cyclic voltammograms were recorded on a
PGSTAT 302N potentiostat (Metrohm Autolab) under an atmosphere
of argon or carbon dioxide, using an air-tight three-electrode single-
compartment cell. A Pt (128 um) or Au (130 um) disc microelectrode
polished by a 0.25-um diamond paste (Sommer) served as the working
electrode; the counter and pseudo-reference electrodes were made of
coiled Pt and Ag wires, respectively, protected by a glass mantle.
Ferrocene (Fc) served as the internal reference, added just before the
final potential scan. Occasionally, decamethylferrocene (Fc*) served
for this purpose to avoid an overlap of the standard system with the
nearby Mo(I)-NCS oxidation; E,,= 0.48 V vs Fc/Fc* (in THF). The
CV samples contained | mM analyte and 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH) as the supporting electrolyte.

IR and UV-vis Spectroelectrochemistry. Infrared
spectroelectrochemical experiments were performed on a Bruker 70v
FT-IR spectrometer, equipped with either a DTLaGS detector
(measurements at 298 K) or linked to an external Bio-rad FTS 60 MCT
detector (measurements at 223 K). UV-Vis spectroelectrochemical
experiments were conducted on a Scinco S-3100 diode array
spectrophotometer. The electrochemical response in the form of a thin-
layer cyclic voltammogram (TL-CV) at v = 2 mV s was recorded
during both IR and UV-vis monitoring of the controlled-potential
electrolysis with an EmStat3 potentiostat (PalmSens). The
spectroelectrochemical measurements were conducted with an
optically transparent thin-layer electrochemical (OTTLE) cell
(Spectroelectrochemistry Reading) in the room-temperature’! and the
cryostated low-temperature’? versions. Both OTTLE cells were
equipped with a Pt minigrid working electrode, a Pt minigrid counter
electrode, an Ag wire pseudo-reference electrode and CaF, windows.
The room-T OTTLE cell was also used with an Au minigrid working
electrode. The SEC samples contained 3 mM analyte and 0.3 M TBAH.

Computational studies. Density Functional Theory calculations®
were performed, using the Amsterdam Density Functional program
(ADF).>43¢  Geometries were optimized with gradient correction,
without symmetry constraints, using the Local Density Approximation
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of the correlation energy (Vosko-Wilk-Nusair)®’ and the Generalized
Gradient Approximation (Becke’s®® exchange and Perdew’s>%%0
correlation functionals). Unrestricted calculations were carried out for
open-shell complexes. Solvent was considered in all geometry
optimizations and single-point calculations in accordance with the
COSMO approach were implemented in ADF. Tetrahydrofuran was
always chosen, except for the PrCN-coordinated reduced complexes
(Scheme 1) that were modelled with acetonitrile. Relativistic effects
were treated with the ZORA approximation.’! Triple-( Slater-type
orbitals (STO) were used to describe all the valence electrons of H, O,
C, N, S, and Mo. A set of two polarization functions was added to H
(single-g 2s, 2p), O, C, N, S (single-, 3d, 4f) and Mo (5d, 4f).
Frequency calculations were carried out to obtain the vibrational
spectra and to check that intermediates were minima in the potential
energy surface. Time-Dependent DFT calculations®?-%> with spin orbit
coupling (SOPERT) were performed to determine the excitation
energies.®® The energy decomposition analysis (EDA)® was
performed on single-point calculations in the gas phase over the
solvent-optimized geometries.

The X-ray structures described above were used for the calculations
on parent x,x-dmbipy complexes 1-3 and all the others were modelled
after them. The more important isomers of each species were
considered, as well as different spin states when relevant. To check the
effect of two possible isomers in solution, frequencies and absorption
spectra were calculated for both, and the differences were much smaller
than differences to other complexes of the same ligand. Three-
dimensional representations of the structures and molecular orbitals
were obtained with Chemcraft.®®

RESULTS AND DISCUSSION

Characterization and Crystal Structure Analysis. Infrared
spectra of dicarbonyl complexes 1-3 show the two v(CO)
absorption bands close to 1950 and 1870 cm™! (Table 2). Compared
with the v(CO) modes of the unsubstituted-bipy reference, [Mo(n?3-
allyl)(CO),(bipy)(NCS)], the wavenumbers of 1-3 do not deviate
significantly, reflecting the limited electronic effect of the methyl
substitution on the CO zn-back-donation. The two CO-stretching
wavenumbers are almost identical for 2 and only slightly smaller
for 1. The largest v(CO) drop in the series (up to 5 cm™') is caused
by the inductive effect of the donor methyl substituents at 6,6'-
dmbipy. The v(CN) mode of the axial thiocyanato ligand in 1 and
2 also remains positioned near 2080 cm™! (in PrCN) and 2075 cm
! (in THF) compared to the reference bipy complex. The CO n-
back-donation increases, and thiocyanate n-donation decreases at
lower temperatures, both in PrCN and THF.

The crystal structures of 1-3 (shown in Figure 1 for 1 and 3,
and Figure C-S1 (Supporting Information) for 2) reveal that these
complexes all adopt the type A pseudo-octahedral structure
encountered in most [M(n3-allyl)(CO),(LNL)X complexes] (LNL
= chelating bidentate ligand, X = monodentate anionic ligand),
including [Mo(n3-allyl)(CO),(bipy)(NCS)],”° also known as the
equatorial isomer. The type A structure is symmetric, characterized
by both LNL donor atoms appearing in the trans position to the
carbonyl ligands, defining the equatorial plane. The less symmetric
type B structure (axial isomer), where the n-allyl and one CO
ligand are trans to the LNL donor atoms, is only seen in rare
instances’!"7, but is particularly common for larger, more
sterically-hindered donor ligands or those with strong m-accepting
properties such as the 2,6-xylyl-BIAN (= bis(2,6-dimethylphenyl)-
acenaphthenequinonediimine) ligand.*>* As is found in
practically all the complexes in this family, the open face of the
allyl ligand in 1-3 lies over the equatorial CO ligands. While almost
linear in the reference bipy complex®, the structure of the NCS~
ligand is bent in the dmbipy complexes, toward the 4,4’-dmbipy
ligand in 1, while away from the 6,6’-dmbipy ligand in 3, forced
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by packing interactions (Figure 1). The bond angle between the
equatorial CO ligands is compressed in 3 (76°) relative to 1 (82°).
In the reference bipy complex, this angle is 78°, the mid-way point
between the two extremes.®® In addition to this, the two rings in
chelated 6,6'-dmbipy in 3 are not co-planar, but have a dihedral
angle around the NCCN moiety of -7.2°. In 1, the corresponding
angle is 0°. These observations indicate that the methyl groups in
the 6,6'-positions exert a stronger steric impact over the rest of the
complex. Corresponding crystallographic data for 1-3 are
presented in Tables C-S1 and C-S2 (Supporting Information).

Figure 1. An ORTEP view (50% thermal probability) of
molecular structures of [Mo(n3-allyl)(CO),)(4,4'-dmbipy)(NCS)]
(1, top) and [Mo(n3-allyl)(CO),)(6,6'-dmbipy)(NCS)] (3, bottom)
determined by single-crystal X-ray analysis. Hydrogen atoms have
been omitted for clarity.
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Table 1. Redox potentials (V vs Fe/Fc*) of complexes 1 and 3 and their reduction products (see Scheme 1) from cyclic
voltammetry at an Au microdisc electrode at 298 K. Table E-S1 (Supporting Information) presents the complete list, including

the data for complex 2.

Complex Solvent Mo(1I/11T) R1 R2 R2' o1’ R(D) (0]1)]
Evn Epe  Epe  Epe  Epa Epe Epa

[Mo(-allyl)(CO)a(bipy)(NCS)]¢ THF 0.20 199 - 282 174 252 ¢
PICN 0.22 195 259 277 <174 ¢ -0.80
PICNb 188 2580 S 158 e -0.63

[Mo(>-allyl)(CO)(4,4"-dmbipy)(NCS)]  THF 0.18 206 - 278 -182 246 -118

@ THF b 0.22 1.96¢ 253 2800 -1.68 ¢ 117
PrCN 0.22 199 - r 174 236«
PICN® 022 1960 255 f 154 e -1.16

[Mo(p-allyl)(CO)s(6,6'-dmbipy)(NCS)] ~ THF 0.26 2020 257 294 -184 - -

&) THF ® 0.28 198 260 2829  -1.66 - -
PICN 0.32 193¢ 245 S A7 - -
PICN® 0.8 1940 256 f 154 - -

4 E15 value (anodic counter wave observed).  Measured at 195 K. ¢ The reference complex, measured at a Pt electrode.** ¢ Not measured.

¢Not observable./Beyond the accessible cathodic potential window of PrCN/TBAH.
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Scheme 1 General cathodic pathways of complexes 1-3 (= X) based on the evidence from cyclic voltammetry (colored
molecular structures). The evidence for radical [X-PrCN] and anion [X-PrCN]- (X =1 and 2) comes solely from IR

spectroelectrochemistry.

Ry
= -e
. o1
[X]
X = Complex 1-3 = —
[X-R]
RT = Room temperature (298 K)
PrCN
LT = Low Temperature RT X=3
(CV, 195 K; IR-SEC, 223 K)
) _
OC,, ¥ N +e
Mo,
oc” |
PrCl
Ry

[X-PrCN]

B[RO I J X] NeCS™
/ Ry \T:‘ Ry
R

2-

RT,X=1,2
oc” YN

[X-A]

[X-D] (reactive)

Reduced at R(D). Oxidised at O(D).

PrcN PrCN

LT.Xx=1,2 | | RT.x=3

[X-PrCN]”

Color scheme: red - parent complex; pink— corresponding one-electron-reduced radical anion; blue — two-electron-reduced five-coordinate
anion; green — one-electron-reduced dimer (tentative structure); purple — three-electron-reduced five-coordinate dianion.

DFT calculations® using the ADF program>-3¢ were
performed on 1-3 in order to understand the role of the methyl
substituents and to calibrate the method to identify the species
detected in the spectro-electrochemical experiments. The
equatorial isomer is indeed always preferred, the energy difference
increasing as the methyl substituents approach the metal - 0.67,
0.86, and 5.45 kcal mol! for 1, 2, and 3, respectively (Tables DFT-
S1 and DFT-S2, Supporting Information). Substituents in adjacent
positions to the donor N-atoms give rise to a distortion of the
coordinated dmbipy ligand in the equatorial isomer (Figure 1) but
lead to severe repulsion with the allyl hydrogen atoms. This is
reflected in the binding energy of each dmbipy to the {Mo(n?’-
allyl)(CO),(NCS)} fragment, which is ~41 kcal mol! for 1 and 2,
but only 33 and 27 kcal mol™! for the equatorial and axial isomers
of 3. The structural parameters are well reproduced (Tables DFT-
S3 and C-S2, Supporting Information).

A fragment decomposition analysis helps to understand the
origin of the lower binding energy of the 6,6'-dmbipy ligand
compared to the 4,4’- and 5,5 -derivatives (Table DFT-S4,
Supporting Information). Indeed, the ca. 8 kcal mol™! difference
results from two sources. The first one is the extra energy needed

to distort the fragments from their optimized geometry to the
geometry they have in the complex. The Mo fragment requires ca.
0.5 kcal mol”!, and the dmbipy ligands ca. 2.5 kcal mol!). The
second contribution is the loss of covalent interaction between the
two fragments (ca. 5 kcal mol™!). These intrinsic differences will
play a role in the reactivity of the complexes.

Cyclic Voltammetry. Cyclic voltammetry of 1-3 was
conducted at room (298 K) and low (195 K) temperatures at an Au
microdisc electrode in argon-saturated THF/TBAH (Figures 2-4)
and PrCN/TBAH (Figures E-S1 — E-S3, Supporting Information).
Reference measurements at a Pt microdisc electrode are depicted
in Figures E-S4 - E-S6 (THF) and E-S7 — E-S9 (PrCN), Supporting
Information. The redox potentials obtained for 1 and 3 with the Au
microdisc are summarized in Table 1. For complex 2 these data are
available in complete Table E-S1 (Supporting Information). Redox
potentials measured in the series 1-3 on a Pt microdisc are
summarised in Table E-S2 (Supporting Information).

The redox behavior of 1 closely resembles that reported® for
the reference complex [Mo(n?-allyl)(CO),(bipy)(NCS)]. In the
anodic region, 1 undergoes reversible, formally Mo-based le~
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oxidation producing the cationic  species  [Moll(n3-
allyl)(CO),(4,4'-dmbipy)(NCS)]*, even in strongly coordinating
PrCN. This result proves that the donor ability of the dmbipy ligand
is sufficient to stabilize the higher oxidation state. Despite this, the
influence of the methyl substituents on the actual anodic potential
is negligible. On the slow cathodic scan at v = 100 mV s’!, 1
undergoes irreversible dmbipy-based reduction to 1, in weakly
coordinating THF at E, .= -2.06 V (R1 in Figure 1). In PrCN, this
irreversible process occurs less negatively at E,. = -1.99 V.
Reversing the scan direction just behind the initial cathodic wave
in either solvent exposes a nearby irreversible anodic wave at £,
= -1.82 V (THF) or E,, = -1.92 V (PrCN); this process is
designated O1'. From a comparison with both the reference bipy
complex and the cathodic cyclic voltammogram of
[Mn(CO)3(bipy)Br]??, O1’ can be assigned to the oxidation of the
5-coordinate anion [Mo(n3-allyl)(CO),(4,4'-dmbipy)]~ ([1-A] in
Scheme 1), classifying the initial reduction at R1 as a formally 2e~
process. The initial 1e~ reduction of 1 forms unstable 1'- that
readily loses the axial monodentate ligand NCS- (see the
Spectroelectrochemical section for support) and converts to the
corresponding  5-coordinate radical, [Mo(n3-allyl)(CO),((4,4"-
dmbipy)] ([1-R)] readily reducible at R1' <R1 (ECE) to [1-A]~.
This 5-coordinate anion is detectable by its irreversible oxidation
at O1’ but also its le  reduction to [Mo(n?-allyl)(CO)y(4,4'-
dmbipy)]* ([1-A]*>) at R2’ (becoming reversible at 195 K, E;, = -
2.80 V (THF)), similar to the redox behavior of [Mn(CO);(bipy)]~
under argon.?> The wave R2' was poorly resolved in PrCN at the
edge of the accessible potential window.

The new cathodic wave R(D) in the room-temperature CV of
1, observed at E, . =-2.46 V (in THF) and -2.36 V (in PrCN), can
be attributed to the reduction of the Mo—Mo bonded dimer [Mo(n?-
allyl)(CO),(4,4'-dmbipy)], ([1-D] in Scheme 1) formed on the
selected time scale from the unreduced parent complex by its
electron-transfer reaction with [1-A]- electrogenerated at R1 by the
irreversible ECE process. The reduction of [1-D] appears
reversible on the CV time scale of seconds; although, ultimately it
should reproduce [1-A]". This route has been reported for reference
[Mn(CO)3(bipy)]».22 However, [1-D] exhibits inherent secondary
reactivity, revealed by IR spectroelectrochemistry in the following
section, preventing us to obtain a clear spectroscopic evidence for
this process. The oxidation of [1-D] is visible on the reverse anodic
scan in THF as a weak anodic wave O(D) at £, ,=-1.17 V, beyond
the oxidation of [1-A]-at O1’ that triggers the ECEC dimerization
process similar to that at R1 via 5-coordinate radical [1-R] (Scheme
1). The latter species probably binds back the liberated NCS-
ligand; the concomitant oxidation (O1’ < O1) reproduces parent 1
that reacts with yet non-oxidized [1-A]" to form dimer [1-D]
detected more positively by its oxidation at O(D). Differently from
the cathodic dimerization route, the donor solvent (especially
PrCN) may play a role in the intimate mechanism of the anodic
dimerization.
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Figure 2. Cyclic voltammetry of [Mo(n3-allyl)(CO),)(4.4"-
dmbipy)(NCS)] (1), in THF/TBAH (a) at room temperature and (b)
195 K. Scan Rate: 100 mV s!. Au microdisc electrode. The arrow
indicates the initial scan direction.

At sufficiently low temperatures, parent radical anion [1]~
formed at R1 becomes stable, resulting in a reversible R1/01
couple, E1,=1.93 V (THF, Figure 1) or -1.96 (PrCN, Figures E-
S1 and E-S7, Supporting Information). [1-A]- is then formed only
at the newly observed irreversible cathodic wave R2, E, = -2.53
V (THF) or -2.55 (PrCN), upon rapid dissociation of NCS~ from 6-
coordinate [1]%>". The quasi-reversible reduction of [1-A]~ to 5-
coordinate dianion occurs again at R2', E,. = -2.85 V (THF).
Compared to room-temperature CV, the reverse oxidation of
[Mo(n3-allyl)(CO),(4,4'-dmbipy)]- is shifted upon cooling more
positively (>100 mV) from the parent reduction at R1. The anodic
ECEC dimerization process is observable at low temperatures only
in THF (a minor O(D) wave at -1.17 V).
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Figure 3. Cyclic voltammetry of [Mo(n3-allyl)(CO),)(5,5"-
dmbipy)(NCS)] (2) in THF/TBAH at (a) room temperature and (b)
195 K. Scan rate: 100 mV s! Au microdisc electrode.

The analysis of the redox behavior of 2 under ambient
conditions (Figure 3 (THF) and Figures E-S2 and E-S8, Supporting
Information (PrCN)) leads to a description that is largely
comparable to that of 1 (Table 1, Tables ES-1 and E-S2
(Supporting Information), and Scheme 1), with only minor
differences in the electrode potential values of each redox process.
It is noteworthy that the reference complex [Mo(n?-
allyl)(CO),(bipy)(NCS)] with the less donating bipy ligand®
showed a partially reversible reduction to the corresponding radical
anion at R1 in PrCN at room temperature already at v= 100 mV s!
while the radical anions of 1 and 2 are more reactive and not
observable under the same experimental condition, as revealed by
the absent counter wave O1.

The redox behavior of 3 (Figure 4, and Figures ES-3 and E-S9,
Supporting Information) strongly differs from that of 1 and 2. The
formally metal-based oxidation becomes quasi-reversible and
markedly positively shifted to £, = 0.26 V (THF) or 0.32 V
(PrCN); the anodic potential in PrCN is more positive by 100 mV
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than that of the reference complex with the unsubstituted bipy
ligand, whereas complexes 1 and 2 oxidize at slightly less positive
potentials (Table 1, and Tables E-S1 and E-S2, Supporting
Information). In the cathodic range, the reduction of parent 3 at R1
to radical anion 3°~ at £, = -2.03 V (THF) or -1.93 V (PrCN) is
reversible at v = 100 mV s already at room temperature (Figure
4). This difference has several implications for following cathodic
path. Unlike 1 and 2, there is no evidence for the formation (absent
O1") of 5-coordinate anion [3-A]~ until the irreversible wave R2 at
E,.=-2.57 V (THF) or -2.45 (PrCN) is passed, where the latter is
directly produced by NCS- dissociation from the transient six-
coordinate dianion. On the reverse anodic scan initiated beyond
R2, the anodic wave Ol is clearly seen at E,,= -1.84 V (THF) or
-1.73 V (PrCN). The absence of [3-A]~ at R1 prevents also the
formation of dimer [3-D], which is reflected in the absence of its
R(D) and O(D) signatures. The absent anodic wave O(D) indicates
that the dimerization reaction between [3-A]- and parent 3
(reformed at O(D)) is inhibited. The 5-coordinate anion is further
reduced to [3-A]* at R2', E,. = -2.94 V (THF). At low
temperatures, R2’ takes on the reversible character and slightly
shifts to £y, =-2.82 V (Figure 4(b)).
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Figure 4. Cyclic voltammetry of [Mo(n?-allyl)(CO),)(6,6-
dmbipy)(NCS)] (3), in THF/TBAH (a) at room temperature and (b)
195 K. Scan Rate: 100 mV s’!. Au microdisc electrode.
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On electronic grounds, the addition of methyl groups to bipy
in the 4,4'-positions (1) and 5,5'-positions (2) increases electron
donation toward the MoNbipy metallacycle and the axial Mo—NCS
bond, as evidenced by the more negative reduction potentials,
destabilizing the corresponding radical anions compared to the
reference complex with 2,2'-bipyridine. The magnitude of the R1
potential shift is comparable to that reported for [Mo(CO)4(x,x"-
dmbipy)] (x =4-6) and [Re(CO);(x,x"-dmbipy)Cl] (x = 3-5) vs their
respective bipy counterparts.3®”> The redox behavior following the
donor substitution in the 6,6-position (3) is extremely unusual,
resulting in the apparently stable radical anion formed upon le~
reduction. In addition, it also stabilizes [3-A]~ and hinders the
follow-up dimerization involving this 2e~ reduced species and
parent 3. A similar inhibiting effect on the dimerization was
reported by Kubiak and co-workers for [Mn(CO);(6,6"-dimesityl-
bipy)] stabilized by the large substituents in the vicinity of the
MnNbipy metallacycle.?

1= [Mo(n3-allyl){CO),(4,4-dmbipy){NCS)]

Figure 5. DFT-optimized structures of the parent complex [Mo(n?3-
allyl)(CO),(4,4'-dmbipy)(NCS)], 1 (the equatorial isomer (top left)
and the axial isomer (top right)), le~ reduced radical anion [1]*~
(bottom left), 5-coordinate radical [1-R] (the SP isomer (left) and
the TBP isomer (right)), and 2e~ reduced 5-coordinate anion [1-A]"
(bottom right), with the relevant bond lengths (A).

Computational Studies. The behavior of 1-3 upon
electrochemical reduction, and the nature of the reduction products
formed, as revealed by the preceding CV studies, were investigated
in detail with quantum chemical calculations (Amsterdam Density
Functional).>*>¢ Their initial le~ reduction of 1-3 leads to the
formation of corresponding radical anions; only 3*~ has been found
sufficiently stable at ambient conditions (Figure 4). The geometry
optimization (Table DFT-S2, Supporting Information) reveals that
the axial isomer is preferred for [1]°~ and [2]™ by less than 1 kcal

mol !, while the less strained equatorial form remains significantly
favored by [3]" (ca. 6 kcal mol!). The binding energy of the NCS~
ligand in each anion is 7.8 ([1]™), 6.8 ([2]), and 10.74 ([3]") kcal
mol’!, suggesting that thiocyanate will be less easily released by
[3], in line with the CV observations. The effect of the reduction
on the structure is observed in the shortening of the central C1-C1’
bond of the bidentate ligand (from 1.476 to 1.428 A in 1), reflecting
the dominant localization of the complex LUMO on x,x"-dmbipy,
and in the lengthening of the carbonyl C-O distances (Figure 5, and
Figures DFT-S1 and DFT-S2, Supporting Information).

The HOMO of 1 (Figure 6) is bonding between the metal and
the m-acceptor carbonyls and allyl, but m-antibonding between Mo
and the axial m-donor thiocyanate, being mainly a Mo orbital.
Hence, the 1e~ oxidation of 1-3 can formally be Mol — Mol + e~
Strong o-donation from x,x"-dmbipy (x = 4-6) is therefore needed
to stabilize [1]*-[3]", as observed (see the following SEC section).
The LUMO and LUMO+1 of 1 are largely localized on 4,4'-
dmbipy, both being bonding between C1 and C1'. Shortening of
this distance is therefore expected upon the reduction.

Figure 6. DFT-calculated frontier orbitals in the parent complex
[Mo(n3-allyl)(CO),(4,4'-dmbipy)(NCS)], 1. The HOMO-LUMO
(H-L) gap is 1.574 eV.

The identification of the diverse carbonyl complexes formed
along the cathodic pathways can be most effective by analysis of
the vibrational stretching modes of the CO ligands (Table DFT-SS,
Supporting Information). The calculated wavenumbers are
practically independent of the methyl substitution pattern. The
absorption maxima of the symmetric and antisymmetric modes for
1,2 and 3 lie at 1882, 1883, 1881 cm™! and at 1800, 1801, 1800 cm"
I, respectively. Frequency calculations need a scaling factor to
reproduce experimental values. These calculated values are ca. 0.97
of the experimental ones, in a very good agreement. Interestingly,
the trend in the neutral and singly reduced species is the same (the
largest wavenumbers found for 2). In THF, the experimental
wavenumbers for 1 and [1]*~ are 1949, 1869 cm™! and 1926, 1815
cm!, respectively (Table 2, in the following section). Application
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of the 0.97 factor converts them to 1891, 1813 cm™! and 1868, 1760
cmr'l, respectively; these values are very close to those calculated
in Table DFT-S5 (Supporting Information).

Electronic absorption of 1-3 in the visible spectral region,
having a charge-transfer character, was investigated with TDDFT
calculations and the results are presented in Supporting Information
(see Table DFT-S6 and the accompanying text). The calculated
frontier molecular orbitals of 1-3 are shown in Figure 6, and Figures
DFT-S3 and DFT-S4 (Supporting Information), respectively.

The concomitant loss of the thiocyanate anion from the initial
radical anion will afford the transient 5-coordinate radicals [Mo(1*-
allyl)(CO),(x,x"-dmbipy)] (x = 4-6; [X-R] in Scheme 1). Their
structure has been derived from both parent equatorial and axial
isomers; this approach yielded geometries close to a square plane
(SP) or a trigonal bipyramid (TBP), respectively. The latter was the
most stable one by a negligible 0.4 kcal mol™! for [1-R] and [2-R],
whilst the square-planar geometry was more strongly preferred for
[3-R] (ca. 5 kcal mol!). Radical [3-R] was less stable than [1-R]
and [2-R] by ca. 10 kcal mol-!. The structure of [1-R] exhibits, for
the two geometries calculated, larger carbonyl C—O and 4,4'-
dmbipy inter-ring C—C bond lengths than calculated for [1], and
smaller Mo—C(allyl) bond lengths (these are merely trends, the
absolute differences are small, see Figure 5). These changes
indicate that the loss of the NCS- anion leads to stronger
delocalization of the additional electron from the dominantly 4,4'-
dmbipy radical anion in [1]~ over the Mo-bis(carbonyl) unit in [1-
R] (Figure 7).

Owing to their role in the reactivity characterizing the cathodic
path, the frontier orbitals of [1-R], as well as the spin density
distribution in the 5-coordinate radical, are important. The orbitals
of [1-R] are depicted in Figure DFT-S5 (Supporting Information).
The spin density in the radicals is delocalized over the metal and
the 4,4'-dmbipy ligand, with practically no contributions from the
allyl and the carbonyls, as shown for [1-R] in Figure 7 (left), and
for [2-R] and [3-R] in Figures DFT-S6 and DFT-S7 (Supporting
Information), respectively.

Figure 7. DFT-calculated spin density in the 5-coordinate radical
[Mo(n3-allyl)(CO),(4,4"-dmbipy)], [1-R] (left), and precursor 6-
coordinate radical anion [1]* (right).

The direct 1e~ reduction of 5-coordinate radicals [X-R] (X =1,
2, 3), formed at the irreversible cathodic wave R1 (Figure 1(a)),
produces 5-coordinate anions [X-A]~ that may in principle exist in
closed-shell singlet or open-shell triplet states. As expected, the
former alternative is more stable in all the three cases, by 16.9 and
19.2 kcal mol™! for [1-A]- and [2-A]", but by only 11.8 kcal mol!
for [3-A]~, emphasizing again the differences exhibited by the 6,6’-
dmbipy derivatives. The addition of the second electron leads to
longer Mo—C(allyl) bonds compared not only to precursors [X-R]
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but also to neutral parent compounds X, suggesting a possible allyl
loss opening a decomposition pathway. The C—O bonds lengthen,
while the C—C inter-ring bond in reduced x,x"-dmbipy shortens
slightly. The structure of [1-A]~is shown in Figure 5; the others for
X = 2 and 3 can be found in Figures DFT-S1 and DFT-S2
(Supporting Information), respectively.

L+2

L+1

[ 5
&

Figure 8. DFT-calculated frontier orbitals of the five-
coordinate anion [Mo(n3-allyl)(CO),(6,6'-dmbipy)]-, [3-A]".

The calculated frequencies of parent X shift by 26-30 cm™! for
v(CO)s and 37-40 cm! for v(CO), when reduction occurs and
radical anions [X]~ are formed (Table DFT-S5, Supporting
Information). Interestingly, the loss of the thiocyanate ligand has
practically no effect on the stretching frequencies when going from
[3]" to [3-R] (less than 5 cm™! for both modes). This effect on the
n-back-donation to the carbonyl ligand is understandable, as the
dissociation of the m-donor thiocyanate is compensated by the
increased m-delocalization of the added electron from 4,4'-dmbipy
to the (CO),Mo-dmbipy metallacycle. For the 4,4-dmbipy and 5,5°-
dmbipy ligands, the consequence of the thiocyanate dissociation is
not so small, since the v(CO); mode shifts by 7 and 5 cm’!,
respectively (for the axial geometry). As can be seen in Table DFT-
S5 (Supporting Information), the reduction from the 5-coordinate
radicals to the corresponding anions has more dramatic effects, the
shifts reaching ~90 cm! for the derivatives of 1 and 2, and ~50 for
cm! those of 3. This difference testifies that the added second
electron largely resides on the Mo dicarbonyl unit due to the
extensive n-delocalisation of the frontier orbitals in [X-A]~. This
characteristic bonding property is clearly evidenced by the nature
of the calculated frontier orbitals depicted in Figure 8 for [3-A],
and Figures DFT-S8 and DFT-S9 (Supporting Information) for [1-
A] and [2-A], respectively. The strongly n-delocalized situation
applies in all three cases for the HOMO and LUMO. The LUMO+1
and LUMO+2 are dominantly x,x-dmbipy-localized while the
HOMO-1 and HOMO-2 reside on the Mo—dicarbonyl unit. The
molecular orbitals of the five-coordinate anions are indeed very
similar in nature to those of the radical precursors (a orbitals), as
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can be seen for [1-R] and [1-A]" in Figures DFT-S5 and DFT-S8
(Supporting Information), respectively.

[1-D]

Figure 9. DFT-optimized structures of the 6-coordinate anion
[Mo(n3-allyl)(CO)y(4,4'-dmbipy)(PrCN)]-, [1-PrCN]- (the stable
equatorial isomer (right)), and the staggered Mo—Mo dimer, [1-D]
(left), with relevant bond lengths (A)

Two other reduced species are also formed, depending on the
x,x'-dmbipy ligand. First, the existence of the 6-coordinate anion
[Mo(n3-allyl)(CO),(4,4"-dmbipy)(PrCN)]-, [1-PrCN]-, is not
obvious from the preceding CV studies but a strong evidence for
its participation comes from IR spectroelectrochemistry described
in the following section. This low-temperature complex of PrCN
and 2e” reduced [X-A] in the equatorial conformation was only
observed for [1-PrCN]- (Figure 9) and [2-PrCN]- (Figure DFT-
S10, Supporting Information); the absence of [3-PrCN]- (Figure
DFT-S10, Supporting Information) may be explained by stronger
stabilizing m-delocalization in the closer-to-square pyramidal
structure of [3-A]~ as well as by the steric hindrance by the adjacent
methyl substituents. For [1-PrCN]-, the axial and equatorial
isomers, both as diamagnetic or paramagnetic species, were
explored. but only the diamagnetic equatorial isomers could be
calculated with PrCN coordinated in the original position of the
thiocyanate ligand in parent 1 (Figure 9). The 4,4'-dmbipy inter-
ring C—C distance of 1.399 A is significantly shorter compared to
the values calculated for both diamagnetic [1-A]~ (1.432 A) and
paramagnetic [1]~ (1.426 A) where 4,4'-dmbipy is considered to be
formally le~ reduced. This may lead to the conclusion that both
added electrons in [1-PrCN]reside largely in the lowest
m*(dmbipy) orbital. On the other hand, the calculated wavenumbers
of the v(CO) and PrCN v(CN) modes in [X-PrCN]- are still too low
and too high, respectively, compared to the experimental values for
stable 6-coordinate [1-PrCN]~ (Table 2), which indicates only
rather weak interactions of [X-A]~ with PrCN, reflected also in
positive binding energies with regard to the isolated components.

Five-coordinate radical and anionic species, [X-R] and [X-A],
in the TBP geometry do not have obvious occupied frontier orbitals
to form a Mo—Mo bond, but the SP conformers feature the SOMO
and HOMO, respectively, with a strong contribution of 4d,,, as
reflected in the orbital contour plots (Figure DFT-S11, Supporting
Information, for X = 1). Therefore, it is easy to imagine two radicals
forming a Mo—Mo bond, in [1-D], by sharing electrons. This is
equivalent to the formation of the dimer by the reaction between
the 2e~reduced anion and the neutral parent complex after the loss
of the thiocyanate (via donation of 2e~ from [1-A]" to the empty
orbital of 1). Dimer [1-D] obtained (Figure 9), displays a very long
Mo—Mo bond but is a true intermediate (see the v(CO)
wavenumbers in Table DFT-SS, Supporting Information). Other
bond lengths are within normal values. A similar dimer could be
obtained for 2 (Figure DFT-S10, Supporting Information). A
definitive answer to the true nature of the dimer would require a

more extensive analysis of possible alternatives and more
experimental information.

The 2e~ reduction of 1 and 3 to corresponding 5-coordinate
anions [X-A]~ (Scheme 1) was also carried out under a CO,
atmosphere, and there was an evidence of a different reactivity (see
the following SEC section). Therefore, we used DFT calculations
to look for derivatives of the 5-coordinated anion with CO,, both
as equatorial and axial isomers of the adduct [1-CO,]~. The
equatorial isomer (Figure 10) was more stable by 7.2 kcal mol!
than the axial one (Table DFT-S1, Supporting Information).

Figure 10. DFT-optimized structure of [Mo(n?-
allyl)(CO),(4,4'-dmbipy)(CO,)], [1-CO,]".

The narrow O—C-O angle in [1-CO,]~ of ca. 125° is consistent
with a strong electronic reduction accompanying the coordination
of CO, caused by the electron transfer from formally dianionic
4,4'-dmbipy seen, for example in [1-PrCN]~. This is evidenced by
a strong elongation of the C1-C1’ inter-ring distance from 1.399 A
in the latter anion to 1.466 A in [1-CO,]~. The latter value is very
close to 1.476 A for neutral 4,4'-dmbipy in 1. The C=0 bonds in
the reduced CO, ligand are elongated to 1.273/1.275 A, which
reflects their weakening. There is still significant electron density
on the two carbonyl ligands, as revealed by the calculated CO-
stretching wavenumbers of 1831 and 1714 cm™! for the symmetric
and asymmetric mode, respectively.

Infra-red and UV-vis absorption spectroelectrochemistry
at low temperature. Molecular spectroelectrochemistry is
commonly used in combination with conventional cyclic
voltammetry (CV) to assign major redox products. In this work IR
and UV-vis spectroscopy, in combination with thin-layer cyclic
voltammetry (TL-CV), is very convenient to unravel the reduction
paths of complexes 1-3 in association with the insight from the
conventional cyclic voltammetry and the predictive power of the
relevant DFT data in the preceding sections. The focus is placed on
analysis of the IR stretching pattern and wavenumbers of the
carbonyl ligands, the CN-stretching modes of the NCS~ and PrCN
ligands, and the electronic absorption of the reduced x,x'-dmbipy
ligands.

All three parent complexes are smoothly oxidized at 293 K to
the corresponding stable (radical) cations. The corresponding CO-
and CN-stretching wavenumbers and visible electronic absorption
are summarized in Table E-S3 (Supporting Information). The IR
spectral changes are supportive of the depopulation of the
1*(Mo-NCS) HOMO of the parent complexes, with a strong
impact on the Mo-to-CO m-back-donation, strongly reduced in the
formally Mo(III) products. It is important to note that the thermal
stability of [X]* is significantly higher compared to the cationic
complex with the unsubstituted bipy ligand®, proving the stronger
donor ability of all three dimethylated x,x"-dmbipy ligand isomers.
This result indicates that any major differences in the cathodic
behavior of 1-3 should have their origin in the steric properties of
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the metallacycle imposed by the methyl substituents at x,x'-dmbipy
(x =4-6).

It is prudent to start the description of the cathodic behavior in
the studied series of complexes with the low-temperature
spectroelectrochemistry of 3 that displays arguably the most
straightforward redox behavior, as revealed by cyclic voltammetry
(Figure 4). This is because [Mo(n3-allyl)(CO),(6,6'-
dmbipy)(NCS)]~ (3™) is perfectly stable in PrCN at low
temperature; then, passing the reversible reduction step R1 at 223
K, only the radical anion is detected. The sole product is easily
assignable from the distinctive high-energy shift of the v(CN) band
of NCS- from 2069 to 2089 cm! and the accompanying the low-
energy shift of the two v(CO) bands from 1943 and 1859 cm! to
1919 and 1829 cm!, respectively (Figure 11(a)). These values
show reasonable agreement with those procured from the DFT
calculations (Table DFT-S5 (Supporting Information) and Table 2,
scaling factor 0.97). The corresponding UV-vis-NIR spectral
changes recorded during the initial reduction (Figure E-S10,
Supporting Information) confirm the presence of the 6,6’-dmbipy
radical anion in 3" by its characteristic intra-ligand nn* absorption
at 396 nm, bifurcated n*n* at 489 and 518 nm, and low-lying n*n*
>600 nm3776, in line with the bipy-based LUMO of parent 3
(Figure DFT-S4, Supporting Information).

Radical anion 3~ was smoothly reduced in the following,
irreversible le~ cathodic step at R2 generating the 5-coordinate
anion [Mo(n3-allyl)(CO),(6,6"-dmbipy)]-, [3-A] (Scheme 1). This
process is recognized by the appearance of free NCS- absorbing at
2050 cm’!, and two low-lying broad v(CO) bands at 1797 and 1700
cm!, which are characteristic of a negatively charged dicarbonyl
5-coordinate species. The experimental wavenumbers are in a very
good agreement with the DFT values calculated for the equatorial
square-pyramidal structure (Table 2) stabilized by strongly
delocalized n-bonding in the metallacycle. It is the first time that
reliable IR v(CO) values are reported for 2e~ reduced [Mo(n?’-
allyl)(CO),(a-diimine)]~. In the published*® pioneering work, the
IR absorption of the more reactive anion [Mo(n?-
allyl)(CO),(bipy)]~ (detected by conventional cyclic voltammetry)
was confused with products of thermal dimerization reactions
(Scheme 1, and spectroelectrochemistry below). In the visible
spectral region, [3-A]- exhibits the characteristic absorption
between 450-600 nm (Figure E-S11, Supporting Information)
belonging to nn* electronic excitation”” between the delocalized
frontier orbitals of the Mo—dmbipy metallacycle (Figure 8).

In the preceding CV section, radical anions 1~ and 2*~ were
found to convert at ambient conditions within seconds to the
corresponding five-coordinate anions already at the initial cathodic
wave R1 (Figures 2(a) and 3(a), respectively). For 3*-, however,
this ECE process is too slow to be detected on the CV time scale
(Figure 4(a)). Therefore, the reduction of 3 at R1 and subsequent
reactivity of its radical anion were studied by IR SEC at variable
temperatures. At 223 K, 3 remained stable. However, gradual
temperature elevation to 273 K at the constantly applied cathodic
potential R1 resulted in its complete conversion to 2e™ reduced [3-
A]" (Figure 12). This is the high-T ECE equivalent of the low-T
EEC path at the cathodic potential R2 (Figure 11(b)). Reasons for
the unusually high stability of 3*~ are briefly discussed in the
preceding DFT section.
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Figure 11. IR SEC monitoring of (a) the initial 1e~ reduction
of [Mo(n?-allyl)(CO),(6,6'-dmbipy)(NCS)], 3 (|) at R1 to stable
3~ (1), and (b) the following reduction at R2 showing the
conversion of 3"~ to [3-A]" (1) and free NCS-. Conditions: a
cryostated OTTLE cell, PrCN/TBAH, 223 K.

Compared to 3, the cathodic behavior of 1 under the same SEC
conditions is affected by both the higher thermal reactivity of 1*-
and the different steric properties of the 4,4'-dmbipy ligand.
Despite appearing stable on the CV timescale (Figure 2(b)), the
low temperature of 223 K set in the OTTLE cell was insufficient
to completely stabilize the radical anion. IR monitoring of the
electrolysis at R1 revealed simultaneous appearance of 1°~ as the
primary reduction product, and another dicarbonyl complex
assigned as the PrCN-substituted 6-coordinate anion, [1-PrCN]-
(Figure 13, Scheme 1) that replaces in the cooled strongly
coordinating solvent the 2e"reduced 5-coordinate anion, [1-A], in
contrast to 3 and [3-A]~. Radical anion 1°~ is once again identified
by the ca. 5 cm’! high-energy shift of the v(CN) mode of
coordinated NCS~ and the low-energy shift of the two v(CO)
modes by some 20-30 cm’!, in this case from 1946 and 1862 cm’!
to 1922 and 1832 cml. The presence of the singly reduced 4,4'-
dmbipy ligand in 1"~ has been confirmed by the parallel UV-vis
monitoring of the reduction course (Figure E-S12, Supporting
Information).
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Table 2. IR and UV-vis absorption data for the complexes [Mo(n3-allyl)(CO),(x,x'-dmbipy)(NCS)], 1 (x = 4), and 3 (x = 6),
and their reduction products (Scheme 1). See complete Table E-S4 (Supporting Information) including complex 2 (x =5) and

reference [Mo(n3-allyl)(CO),(bipy)(NCS)].

Complex v(CO)/ cm™! Calculated” V(CN)/ cm™!  Calculated”  Ap,/ nm
v(CO)/ ecm™! v(CN)/ ecm™!
[Mo(1-allyl)(CO)s(4,4'-dmbipy)(NCS)] @ 1949, 1866 - 2080 - 470
[Mo(n3-allyl)(CO)(4,4-dmbipy)(NCS)] ¢ 1946, 1863 - 2084 - -
[Mo(>-allyl)(CO)x(4,4'-dmbipy)(NCS)] » 1949, 1869 1882, 1800 2076 2056 ;
[Mo(1-allyl)(CO)»(4,4'-dmbipy)(NCS)] ¢ 1948, 1868 - 2078 ; ;
[Mo(n3-allyl)(CO)4(6,6'-dmbipy)(NCS)] @ 1946, 1862 - 2078 - 470
[Mo(n3-allyl)(CO),(6,6'-dmbipy)(NCS)] *¢ 1944, 1860 - 2082 - -
[Mo(n3-allyl)(CO)4(6,6'-dmbipy)(NCS)] 1948, 1866 1881, 1800 2074 2054 -
[Mo(n3-allyl)(CO),(4,4'-dmbipy)(NCS)]-< 1922, 1832 1855, 1763 2089 2070 386865194, 538,
>
[Mo(1-allyl)(CO)s(4.4"-dmbipy)(NCS)] >4 1926, 1831 2084
[Mo(1-allyl)(CO)x(6,6'-dmbipy)(NCS)] @ 1920, 1829 1855, 1764 2089 2069 3966(3 0489, 518,
>
[Mo(n3-allyl)(CO)(6,6'-dmbipy)(NCS)]> 1925, 1834 ; 2089 - -
[Mo(n3-allyl)(CO)»(6,6'-dmbipy)(NCS)] @ 1923, 1833 _ ) ]
[Mo(1-allyl)(CO)(4,4"-dmbipy)(PrCN)] ¢ 1896, 1797 1797, 1705 2148 2229 350
[Mo(r-allyl)(CO)(6,6'-dmbipy)(PrCN)|-« 1904, 1789 1816, 1715 2148 2047 -
[Mo(n3-allyl)(CO)(4,4'-dmbipy)], 1891,1776, 1775,1787, ; ; ;
1759 1844,1858
[Mo(n3-allyl)(CO),(4,4'-dmbipy)]~ >4 1815, 1722 1741, 1656¢ -
[Mo(n?-allyl)(CO)y(6,6'-dmbipy)]-+< 1797, 1700¢ 1803, 1702 - - 420, 550
[Mo(n-allyl)(CO),(6,6'-dmbipy)] 1807, 1700 ] ; ) ]
[Mo(>-allyl)(CO)(6,6'-dmbipy)]-* 1792, 1680/ - - ) )

@ Measured in PrCN, ® Measured in THF. ¢ Measured at 223 K. ¢ Measured at 268 K. ¢ Calculated axial isomer. / Calculated equatorial
isomer. € Broad absorption bands. # Some DFT data from Table DFT-S5 (Supporting Information) are reproduced here for clarity. * CN
stretching mode of the PrCN ligand. / Values measured with an Au minigrid working electrode; the v(CO) values for a Pt minigrid are 1801

and 1717 cm’L.
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Figure 12. Controlled-potential IR SEC monitoring of the thermal
conversion of [Mo(n3-allyl)(CO),(6,6'-dmbipy)(NCS)]", 3 () to
[3-A]" (1) and free NCS- between 223-293 K. Conditions:
PrCN/TBAH, a cryostated OTTLE cell.

The new axial PrCN ligand in the second observed reduction
product, [1-PrCN], is typically recognized in the IR spectrum by
its low-intensity v(CN) absorption at 2147 cm™! (Figure 13). The
liberated NCS- ligand absorbs again at 2050 cm’l. The
accompanying v(CO) bands at 1898 and 1797 cm™! of [1-PrCN]- are
much narrower compared to those of 5-coordinate [3-A]" (Figure
11(b)) and [1-A] formed in THF at 268 K (see below, Figure 14).
A significant difference in v(CO) wavenumbers and band width was
also encountered for related 2e~ reduced anions [Re(CO);(bipy)]~
and [Re(CO);(bipy)(PrCN)]~.7® The v(CO) wavenumbers do not
correspond with any le™ reduced radical species, being much
smaller than those of 1'~(Table 2). On the other hand, they are much
larger compared to [1-A]~ (Table 2) because the second added
electron in the latter m-delocalized anion largely resides on the
Mo(CO), moiety while in 6-coordinate [1-PrCN]- on the (formally
dianionic) bipy ligand (see the preceding DFT section). The UV-vis
spectra corresponding to the IR SEC situation in Figure 13 also
indicate the presence of two reduced species, one of which must be
1"~ absorbing at 388, 494, 538 and >650 nm. The electronic
absorption arising around 350 nm is then assigned to [1-PrCN];
importantly, the characteristic metallacycle nn* absorption of [X-
A] at 500-600 nm (Table 2) is absent in this case (Figure E-S12,
Supporting Information), in line with the IR SEC results. The
comparison of the reduction paths of complexes 1 and 3 clearly
reveals that the 6,6'-dmbipy ligands hinders coordination of PrCN
to the Mo center of [X-A]~, probably not only for steric but also
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electronic reasons. Data in Table DFT-S5 (Supporting Information)
testify that [1-A]~ prefers a different structure than [3-A]-, with an
impact on the m-delocalization in the Mo—dmbipy metallacycle
stabilizing the 5-coordinate geometry of the 2e~ reduced species.”

Conducting the reduction of 1 in weakly coordinating THF at
268 K induces a very similar behavior as described above for 3 in
the chilled PrCN electrolyte. In addition to intermediate 1*, the
main product formed at the cathodic wave R1 is now the 5-
coordinate anion [1-A]~absorbing in the v(CO) region at 1815 and
1722 cm’'. The wavenumbers are much smaller compared to 6-
coordinate [1-PrCN]- (see above). On the other hand, both values
are slightly larger than those determined for 5-coordinate [1-A]~in
chilled PrCN and in THF at ambient temperature (Table 2), while
they should be smaller according the DFT calculations. This
difference can be explained by the formation of a weak adduct of
[1-A]-with THF, causing slightly decreased electron density on the
carbonyl ligands. Much larger v(CO) wavenumbers can be
anticipated in this regard for ordinary 6-coordinate anion with
coordinated THF, [1-THF]- 3¢
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Figure 13. IR SEC monitoring of the electrochemical reduction of
[Mo(n3-allyl)(CO),(4,4'-dmbipy)(NCS)], 1 (|) at the cathodic wave
R1, forming 1~ (1) and 6-coordinate [1-PrCN]~ (*). Conditions:
PrCN/TBAH, 223 K, cryostated OTTLE cell.

The course of the reduction of 2 at R1 in PrCN at 223 K (Figure
E-S13, Supporting Information) greatly combines features
observed for 1 and 3, with the parallel production of radical anion
2 (v(CO) at 1921, 1831 ¢cm™"), and 6-coordinate anion [2-PrCN]
(v(CO) at 1897, 1789 cm) in a thermal equilibrium with five-
coordinate anion [2-A]- (v(CO) 1789, 1692 cm'). This product
representation was confirmed by the parallel UV-vis monitoring
(Figure E-S14, Supporting Information). The visible region is
dominated by the characteristically broad absorption of the 5-
coordinate anion at around 600 nm. This experiment presents the
most convincing evidence for the transition position of the 5,5'-
dimethyl substitution at the redox active bipy ligands in the studied
series.
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Figure 14. IR SEC monitoring of the reduction of [Mo(n3-
allyl)(CO),(4,4’-dmbipy)(NCS)], 1 (]) at the cathodic wave R1,
generating 1' (1) and five-coordinate [1-A] (*) as a weak adduct
with THF. Conditions: THF/TBAH, 268 K, cryostated OTTLE cell.

Infra-red spectroelectrochemistry at ambient temperature.
The discussion of the generally more complicated cathodic paths
and reactivity induced by the added electrons at room-temperature
will be based on IR spectroelectrochemical results obtained in
weakly coordinating THF and strongly coordinating PrCN. It
focuses on participation of peculiar dimerization reactions of 1 and
2, which are inhibited by cooling the electrolyte solution (see the
preceding part).

It is convenient to start the description and discussion of the
cathodic behavior at 293 K again with 3 bearing the sterically
demanding 6,6'-dmbipy ligand. Notably, the reduction path in THF
mirrors the temperature-controlled conversion of 1e~ reduced 3~ in
PrCN at R1 to 2e reduced 5-coordinate [3-A] via [3-R] (Figure
12). Thus, during the reduction of 3 at R1, only a small amount of
3 (v(CN): 2087 cm!, and v(CO): 1924, 1835 c¢cm™) is initially
detected (Figure 15), the transient species being readily converted
to stable 2e reduced [3-A] (v(CO): 1792, 1680 cm™). This process
may involve an intermediate (a contact species) absorbing at 1900
cm’!, differently from the instant low-temperature ECE path. It is
worth mentioning that the wavenumbers of [3-A]" in this
experiment are somewhat smaller than those measured in PrCN at
223 K (Table 2). This observation indicates a weak interaction
between [3-A]" and PrCN at the low temperature. The spectral
variability in the v(CO) region is thus a common feature in the
whole series of [X-A]~.

ACS Paragon Plus Environment



oNOYTULT D WN =

Submitted to Organometallics

0.12 - T
T
3
c 008+ ¥
©
2
5 i
2
< I
0.04 -
NCS
| 4 "
.I* \
000 et MmN
T T T T T
2100 2000 1900 1800 1700

Wavenumber/ cm’

Figure 15. IR SEC monitoring of the initial reduction of [Mo(n?3-
allyl)(CO),(6,6"-dmbipy)(NCS)], 3 (]) at R1 to S-coordinate [3-
A] (1) via intermediate 3"~ (1]). Conditions: THF/TBAH, 293 K,
OTTLE cell.

The cathodic path of 3 leading to [3-A]~ in PrCN at 293 K
(Figure E-S15, Supporting Information) is less straightforward than
in THF. The initially detectable reduced species shows two v(CO)
bands at 1923 and 1797 cm’!, being accompanied by free
thiocyanate absorbing at 1950 cm™!. The absence of the v(CN)
absorption of the coordinated thiocyanate (typically above the
parent absorption at 2074 cm!) excludes the formation of 3*~. The
higher stability of the reduced dicarbonyl complex formed,
compared to 3 in THF (Figure 15), supports its tentative
assignment as the solvento radical [Mo(n?-allyl)(CO)y(6,6"-
dmbipy)(PrCN)], [3-PrCN]. As anticipated, the concomitant
reduction of this complex produces [3-PrCN]~ (v(CO) at 1904 and
1789 cm!) that was not detected along the straightforward ECE
route at 223 K (Figure 12). It is therefore not surprizing that the 2e-
reduced 6-coordinate anion is unstable also at 293 K and converts
gradually to 5-coordinate [3-A]~ (v(CO) at 1807 and 1700 cm).
The described peculiar cathodic path also includes a contact species
(v(CO) absorption at 1832 and 1733 cm!), arising from the co-
existence of [3-PrCN] and [3-A]~. This absorbance disappears
during the follow-up reduction of [3-PrCN] to [3-PrCN], the latter
converting ultimately to genuine [3-A]~. The main factor
responsible for the different reduction paths of 3 in PrCN at 223 and
293K, and in THF at 293 K, is the (in)stability of 3*~ as the primary
le~ reduction product. It is also noteworthy that the v(CO)
wavenumbers of [3-PrCN] (1923, 1797 cm!) are very similar to
those calculated (using the scaling factor of 0.97) for the equatorial
isomer of 5-coordinate radical [3-R] (Table DFT-SS5, Supporting
Information). This means that differently from THF, where [3-R] is
directly reducible to [3-A], the 5-coordinate radical becomes
stabilized by a weak bonding interaction with PrCN. There is no
evidence for its secondary dimerization (Scheme 1), pointing to the
protective role of the 6,6’-dmbipy ligand.
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Figure 16. IR SEC monitoring of the le~ reduction of [Mo(n?-
allyl)(CO),(4,4'-dmbipy)(NCS)], 1 (}) at R1 to intermediate 1°°(| 1)
concomitantly converting to [Mo(n3-allyl)(CO),(4,4'-dmbipy)],-
related dimer [1-D’] (7). Conditions: THF/TBAH, 293 K, OTTLE
cell.

Reducing 1 in THF at 293 K, already the first cathodic step at
the electrode potential of R1 shows a striking difference from the
reduction of 3 that converts under the same conditions of thin-layer
electrolysis exclusively to 5-coordinate anion [3-A]~ (typically
broad v(CO) bands at 1792, 1680 cm™). For 1, the corresponding
anionic species, [1-A]-, was only detected at 268 K as a weak
adduct with THF (Table 2). At room temperature, instead, no [1-
A] was formed at R1 and the dominant product (apart from minor
1+ still detectable in the thin-solution layer of the OTTLE cell)
showed an unprecedented IR spectral pattern of three narrow v(CO)
bands at 1891, 1778 and 1759 cm! (Figure 16). These values of
absorption maxima reasonably agree with the v(CO) wavenumbers
obtained with DFT for the staggered structure of the Mo—Mo bound
dimer [Mo(n?-allyl)(CO)y(4,4’-dmbipy)],, [1-D] (Figure 9, and
Tables DFT-S5 and E-S4, Supporting Information). The calculated
intensity pattern of the four v(CO) modes for [1-D], 1858 (medium),
1844 (strong), 1787 (strong), and 1775 (weak), has been
encountered®! for the tetracarbonyl dimer [Ru(CO),(iPr-
DAB)(Me)], (iPr-DAB = 1,4-diisopropyl-1,4-diaza-buta-1,3-
diene)]. For 1, the exact molecular structure of the dimeric end-
product showing the different v(CO) intensity pattern (1-D'), is
unknown at present. However, it is assumed to be closely related to
the metal-metal bound dimers represented by [Ru(CO),(iPr-
DAB)(Me)], and [Mn(CO);(bipy)],, resulting from the general
ECEC cathodic route shown also in Scheme 1, which has been
based on the evidence gained from faster cyclic voltammetry. A
strong argument for a different, reinforced structure of [1-D'] is its
subsequent reduction that does not convert it to 5-coordinate anion,
[1-A]-, which is a typical ECE step for both Ru—Ru and Mn—Mn
dimers, but most likely to singly reduced [1-D’]. For [Mo(r?-
allyl)(CO),(bipy)(NCS)], with a cathodic behavior closest to that of
1, the equivalent of [1-D’] absorbs in the IR CO-stretching region
at 1891, 1778 and 1757 cm™.*’ The subsequent reduction shifts this
assembly down to 1844, 1723 and 1700(sh) cm'. The latter
wavenumbers  were  assigned incorrectly to  [Mo(n?-
allyl)(CO),(bipy)]~, which is actually hardly seen in THF at 293 K,
similar to [1-A]". It remains a challenge to prepare, isolate and
characterize [1-D'] in a follow-up study.

Reducing 1 at room temperature in PrCN (Figure E-S16,
Supporting Information), dimer [1-D’] is again the dominant
product, suggesting that under ambient conditions there is a strong
driving force to form this species. The intimate mechanism is
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slightly different from that in THF, with [1-PrCN], and [1-A]"in a
weak contact with PrCN, being involved as intermediate species.

Much like at low temperature in PrCN (see above), reduction of
2 in THF at 293 K (Figure E-S17) represents an intermediate case
between the routes of 1 and 3, producing ultimately a mixture of
both the 5-coordinate anion and a dimer. The [Mo(n?’-
allyl)(CO),(5,5'-dmbipy)],-related dimer, [2-D’], is revealed by the
three v(CO) bands at 1892 (sharp), 1780 and 1761 cm™'; the v(CO)
wavenumbers of [Mo(n3-allyl)(CO),(5,5'-dmbipy)]~ (1820, 1730
cm'!) point to its weak interaction with THF. A very similar
cathodic path is followed by 2 in PrCN (Figure E-S18).

Cyclic Voltammetry and IR Spectroelectrochemistry under
a CO, atmosphere. The CV study of 1 and 3 was repeated in CO,-
saturated weakly coordinating THF at both Pt and Au cathodes, to
probe the catalytic activity of the complexes towards CO, reduction
and identify the catalyst. For both complexes the initial cathodic
wave R1 (Table 1 and Tables E-S1 and E-S2, Supporting
Information) remains unchanged, excluding any thermal reaction or
adsorption effects. Inspecting the CV of 1 at an Au cathode in CO,-
saturated THF (Figure 17), the reduction at R1 does not produce
any detectable 5-coordinate anions [1-A]~that would be reoxidized
(under Ar) at the anodic wave O1’ (Figure 2). The adduct of the
anion with CO,, [1-CO,]-, has been calculated (Figure 10) and
analyzed with DFT. Some catalytic current enhancement is not seen
already at R1 but at a more negative potential close to the reduction
of dimer [1-D] at R(D). This observation indicates that either
further reduction of [1-CO,]- or its transformation product at a
potential close to R(D) is needed to trigger the catalytic process, or
that the dimerization seen for [1-CO,]- in THF under argon cannot
be inhibited under CO, and the concomitant dimer reduction is
needed to regenerate catalyst [1-CO,|~. The first route resembles
tricarbonyl Mn-iPr-DAB (iPr-DAB = 1,4-diisopropyl-1,4-diaza-
buta-1,3-diene) complexes forming 2e~ reduced 5-coordinate
anions via an ECE mechanism, which react with CO, to form a
Mn-bicarbonate intermediate reducible some 600 mV more
negatively than the parent complex, to restore the catalytic
activity.®? IR monitoring of the electrolysis at R1 was needed to
collect a supporting evidence for either pathway, see below.
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Figure 17. Cyclic voltammetry of [Mo(n3-allyl)(CO),(4,4'-
dmbipy)(NCS)] (1) in CO,-saturated (red) or Ar-saturated (black)
THF/TBAH at an Au microdisc electrode. Scan rate: 100 mV s,
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Figure 18. Cyclic voltammetry of [Mo(n3-allyl)(CO),(6,6'-
dmbipy)(NCS)] (3) in CO,-saturated (red) and Ar-saturated (black)
THF/TBAH at Au microdisc (a) and Pt microdisc (b) electrodes.
Scan rate: 100 mV s!.

The cathodic behavior of 3 in THF in the presence of excess
CO, on the short time scale of cyclic voltammetry is
straightforward, given the relative stability of singly reduced radical
anions [3]~ formed at R1 and further reducible to [3-A] at R2
(Figure 18). Similar to [1-A]", also [3-A] reacts with CO, to form
initially [3-CO,], triggering the catalytic CO, reduction at R2. The
higher catalytic current on Au (Figure 18a) compared to Pt (Figure
18b) indicates an involvement of the cathodic surface in the
catalytic process. The increased catalytic efficiency may result from
a strong stabilizing interaction between the gold surface and [3-A]~
which has recently been proven for the [Mo(CO)4(bipy)] family of
catalysts.*> Compared to [Mo(n 3-allyl)(CO),(bipy)(NCS)],** the
anionic catalyst derived from 3 operates with higher efficiency —
with a higher catalytic current flowing at a lower overpotential. This
difference can be ascribed to a higher stability of [3-A], as [Mo(n
3-allyl)(CO)y(bipy)]- was hardly detectable by in situ IR
spectroscopy. In this case, IR spectroelectrochemistry of 3 on the
time scale of minutes was expected to provide an evidence for the
catalytic activity of [3-A]" towards CO, already at the cathodic
wave R1 (in line with Figure 15).

The reduction of 1 at R1 in CO,-saturated THF monitored by
infrared spectroscopy led to a mixture of detectable products. The
v(CO) absorption at 1893 and 1760 cm™! almost certainly belongs to
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dimer [1-D’] (Figure 16), which supports the dimerization process
seen with cyclic voltammetry (Figure 17). As expected, there is no
S-coordinate [1-A]~ observed in the IR spectra at room temperature
(Figure 14). However, compared to Figure 16, representing the
cathodic route of 1 in THF under argon, the v(CO) absorptions at
1910 and 1802 cm', seen in Figure E-S19 (Supporting
Information), are not much different from the wavenumbers
predicted for the 6-coordinate anion [1-CO,]~ (1905, 1780 cm™),
using the difference between the v(CO) values measured and
calculated for [1-A]~ (Table 2, 90 and 58 cm), and the v(CO)
values calculated for [1-CO,]~. Another reasoning, based on
comparison of v(CO) measured and calculated for [1]*~ (Table 2)
and measured for Some bonding interaction between [1-A]~ and
measured for [1-CO,]~(see above) predicts the values calculated for
[1-CO,] to be 1839 and 1735 cm’!, which are reasonably close to
the values of 1831 and 1714 cm™! calculated for the DFT-optimized
structure of [1-CO,]depicted in Figure 10. The interaction between
[1-A]- and CO; has also been revealed by conventional cyclic
voltammetry (Figure 17). In Figure ES-19 (Supporting
Information), there is a concurrent appearance of small bands at
1674 and 1641 cm! indicating the formation of free bicarbonate
anion (and, indirectly, CO). At the same time, a small amount of
free formate (1600 cm™') starts to appear from the very beginning
of the thin-layer electrolysis of 1 at R1. The limited reductive
conversion of dissolved CO,, testified by only a small decrease in
the intensity of the satellite 3CO, peak, is in agreement with the
relative stability of [1-CO,]~ under the aprotic conditions. The
formation of [1-D'] can also be considered as an inhibiting factor.

In argon-saturated THF at 293 K, 3 forms at R1 2¢~ reduced [3-
A with the smallest IR v(CO) wavenumbers of 1792 and 1680 cm~
! indicating the absence of any interaction with the weak donor
solvent (Figure 15). The presence of CO,in the THF electrolyte has
some impact on the on the v(CO) wavenumbers of the five-
coordinate anion, which slightly increase to 1801/1792 and
1697/1673 ¢cm™! (Figure E-S20(a), Supporting Information). The
behavior does not correspond with the formation of [3-CO,]~ seen
above for 1 with a less hindered Mo—dmbipy metallacycle. Rather,
[3-CO,] interacts only weakly with CO,, similar to PrCN at
variable temperature (Figures 11 and 12). Moving the cathodic
potential from R1 more negatively, towards R2 (in the ordinary CV
of 3), results in IR spectral changes (Figure E-S20(b), Supporting
Information) revealing some catalytic conversion of CO, to free
formate and CO (flanked by the characteristic absorption of the
bicarbonate anion). The v(CO) absorption of [3-CO,]- becomes
diminished while there is a continuous growth of v(CO) absorption
labelled by asterisk in Figure E-S20(b) (Supporting Information),
which most likely corresponds to the inactive dimer, [3-D'], seen
also for 1, representing a deactivation route.

CONCLUSIONS

The position of the methyl substituents in the studied series of
x,x'-dmbipy (x = 4-6) complexes plays a key role in determining the
cathodic paths at variable temperature. There is a direct linear
relationship between the position of the methyl group and the
stability of both the le reduced primary radical anion and 2e-
reduced 5-coordinate anionic complex increasing in the direction of
x =4 <5 <6. This trend reflects an interplay of both steric (dmbipy
planarity, Mo-NCS packing) and electronic (Mo-NCS bond
strength, delocalized n-bonding) factors. At the cathodic wave R1,
the reduction of 1 produces the unstable radical anions and the five-
coordinate anions. The latter product converts to an unreactive
dimer that may also exist in its reduced form; the molecular
structure of the end-product, seen in both THF and PrCN, remains
to be elucidated. This behavior excludes an unsupported Mo—Mo

bond between 5-coordinate radical units. Radical anions derived
from 3 are most stable, surprisingly more than the congeners with
unsubstituted bipy as a weaker donor ligand; at ambient
temperature they transform exclusively to the 5-coordinate anions
(in a CE step) that hardly bind donor solvents or dimerize. The key
differences in the cathodic paths of 1 and 3, in particular the
different coordinating ability of 2e reduced [X-A]", persist also in
the presence of CO, dissolved in the thin solution layer of the
electrolyte. Further differences and enhanced catalytic activity can
be expected upon the addition of Brensted or Lewis acids, to
complete the comparative study stimulated by the development in
the field of the electrocatalytic CO, reduction with [Mn(CO)3(R-
bipy)X]. Variation of the a-diimine nature and backbone
substitution, as well as probing substituents on the allyl ligand, are
a few possible routes that warrant attention to continue the
investigation of the peculiar redox behavior, reactivity and catalytic
activity of this challenging yet largely unexplored family of
organometallic compounds.
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