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ABSTRACT: Cyclic voltammetry and ultraviolet—visible/infrared
(UV—vis/IR) spectroelectrochemistry were used to study the
cathodic electrochemical behavior of the osmium complexes mer-
[0s™(CO) (bpy)Cl;] (bpy = 2,2'-bipyridine) and trans(Cl)-
[0s"(CO) (PrCN)(bpy)Cl,] at variable temperature in different
solvents (tetrahydrofuran (THF), butyronitrile (PrCN), acetonitrile
(MeCN)) and electrolytes (Bu,NPF,, Bu,NCl). The precursors can
be reduced to mer-[Os"(CO) (bpy* )Cl,]*~ and trans(Cl)-
[0s"(CO)(PrCN) (bpy*~)Cl,]", respectively, which react rapidly at
room temperature, losing the chloride ligands and forming Os(0)
species. mer-[Os™(CO) (bpy)Cly] is reduced in THF to give | ’
ultimately an Os—Os-bonded polymer, probably [Os’(CO) (THF)- -
(bpy)],, whereas in PrCN the well-soluble, probably mononuclear
[0s°(CO) (PrCN)(bpy)], species is formed. The same products were

observed for the 2 electron reduction of trans(Cl)-[Os"(CO)(PrCN) (bpy)Cl] in both solvents. In MeCN, similar to THF, the
[0s°(CO) (MeCN)(bpy)], polymer is produced. It is noteworthy that the bpy ligand in mononuclear [0s’(CO) (PrCN)(bpy)]
is reduced to the corresponding radical anion at a significantly less negative potential than it is in polymeric [Os’(CO)
(THF)(bpy)],: AE,,, = 0.67 V. Major differences also exist in the IR spectra of the Os(0) species: the polymer shows a broad
v(CO) band at much smaller wavenumbers compared to the soluble Os(0) monomer that exhibits a characteristic #(Pr-CN)
band below 2200 cm™ in addition to the intense and narrow v(CO) absorption band. For the first time, in this work the M°-bpy
(M = Ru, Os) mono- and dicarbonyl species soluble in PrCN have been formulated as a mononuclear complex. Density
functional theory (DFT) and time-dependent-DFT calculations confirm the Os(0) oxidation state and suggest that [Os’(CO)
(PrCN)(bpy)] is a square planar moiety. The reversible bpy-based reduction of [Os’(CO) (PrCN)(bpy)] triggers catalytic
reduction of CO, to CO and HCOO™.

Absorbance

B INTRODUCTION been proposed that reduction of mer-[Ru(CO) (bpy)Cl;] in

Complexes of the type [M(CO) (bpy)(L)Cl,] (M = Ru, Os; bpy tetrahydrofuran (Tg—IF) produces [{Ru’(CO) (be)Cl}_]n .(e.qs
=2,2"-bipyridine; L = CO, RCN, Cl) are of longstanding interest 1-4), whereas [Ru’(CO) (PrCN) (bpy) ],” fo'rms in butyronitrile
as precursors of electro- and photocatalysts for the reduction of (PrCN, C;H,CN) as the stronger coordinating solvent.
CO,." For example, electropolymerization of mer-[Ru’(CO) 1 _
(bpy)CL;]~ in MeCN containing 5% water produced a Ru(0) mer-[Ru™(CO) (bpy)Cl] +
species that was originally assigned as [{Ru’(CO) (bpy)Cl}~],. o mer-[RuH(CO)(bpy) CL] (1)
Exhaustive electrolysis with CO, in solution led to quantitative
production of CO, and when the catalyst was prepared as a thin - _ B
film on a carbon-felt working electrode, CO was produced with a mer-[Ru"(CO)(bpy)CL]™ + e

112
60% faradaic yield. ~ [Ra"(CO)(bpy*") cL™ @)

Electrochemical reduction of two monocarbonyl ruthenium
complexes, mer-[Ru™(CO) (bpy)Cl;] and cis(Cl)-[Ru"(CO)-
(MeCN) (bpy)Cl,], was recently monitored with infrared (IR) Received: August 27, 2013
and ultraviolet—visible (UV—vis) spectroelectrochemistry. It has Published: January 13, 2014
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n[Ru"(CO)(bpy*)CLI*™ + 2ne”

— [{Ru’(CO)(bpy*")CI¥~], + 2nCI™ (3)
[{Ru’(CO)(bpy"")CIF*7],
< [{Ru’(CO)(bpy)CIY ], + ne” )

The presence of a chloride ligand in a reduced Ru(0)
monocarbonyl complex is, however, highly unusual. The Ru—Cl
bond is likely to dissociate at the electron-rich Ru(0) center,
especially if the complex bears an overall negative charge. For
both mer-[Ru™(CO)(bpy)Cl;] and cis(Cl)-[Ru'(CO)
(MeCN)(bpy) Cl,], the expected “polymer” [Ru’(CO)(PrCN)-
(bpy)], formed in PrCN was found to be significantly more
soluble than that in THF, even in the bpy-reduced anionic form.>

A similar difference in solubility was observed for the Os(0)
polymer product generated by electrochemical reduction of
trans(C1)-[Os"(CO),(bpy)CL,], which is soluble in PrCN but
not in THF or acetonitrile (MeCN) where it deposits on the
cathode as a dark insoluble film.* IR spectroelectrochemistry has
provided some insight into this difference. In THF, the strong
v(CO) bands of the parent complex at 2032 and 1962 cm™ are
replaced upon the reduction by broad, weak bands at 1958, 1901,
and 1870 cm ™" attributed to the insoluble polymer [Os’(CO),
(bpy)}],. The latter chain is ultimately reduced to [{Os°(CO),
(bpy*~)}~],, absorbing at 1930 and 1859 cm™'. Reduction in
PrCN at 248 K proceeds via the reactive anion
[0s"(CO),(bpy*")CL]~ (v(CO) at 2004 and 1928 cm™)
converting to a soluble species with two fairly narrow and intense
v(CO) bands at 1940 cm™ and 1855 cm™,* and a previously
unreported band at 2176 cm™, typical for a (CN) stretch of
PrCN coordinated to a low-valent metal center.” The 3 electron
(e7)-reduced species has previously been attributed* to
[{0s°(CO), (bpy*™)} "], in both solvents. However, the
presence of the (CN) stretch at 2176 cm™ and the absence
of coordination sites available to bind the PrCN ligands in Os—
Os-bonded [{Os°(CO), (bpy)}], suggest that it is actually a
mononuclear species, stabilized by PrCN coordination.

The 2e™ electropolymerization of the analogous ruthenium
dicarbonyl complex trans(Cl)-[Ru'(CO), (bpy)Cl,] in weakly
coordinating solvents such as THF is well understood.
Intermediate dimeric, tetrameric, and oligomeric complexes are
formed at similar reduction potentials as the parent complex, and
films of the dark blue [Ru(CO), (bpy)], polymer ultimately
deposit on the conductive surface.® The structure of [Ru(CO),
(bpy)], has been the subject of X-ray powder diffraction,” solid-
state NMR,;® and DFT studies.’ It has been estimated that
[Ru(CO), (bpy)], has a chain length of 20 monomer units and
Ru—Ru bond distances of 2.95 A. The Ru—Ru bonds are slightly
longer than those found in the related linear polymer
[Ru(CO),],."

[Ru(CO), (bpy)], films are of interest as a result of their high,
electrochemically controlled conductivity'' and their activity as
catalysts for the reduction of CO,."”'> Related metal complexes
of the type [Ru(CO),(NN)CL] (NN a-diimine) have
recently been polymerized onto a range of semiconductors,
including indium phosphide, gallium phosphide, and
Cu,ZnSnS,, to produce hybrid photocatalysts capable of
reducing CO, to formate in an aqueous environment. In a
two-electrode system with a platinum-loaded anatase photo-
catalyst for water oxidation, CO, was photocatalytically reduced
to formate under light irradiation with no external electrical bias
and with a formate turn over number (TON) > 17 after 24 h."?
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The osmium dicarbonyl complex trans(Cl)-[Os"(CO), (bpy)-
Cl,] has also been shown to photocatalyze the reduction of CO,
to CO."

Recent experiments'* have shown that the reduction of
trans(Cl)-[Ru"(CO), (bpy)ClL] to [Ru(CO), (bpy)], in PrCN
also produces a soluble Ru(0) species with a (CN) band at 2184
cm™!, pointing to PrCN coordination at the Ru(0) center, similar
to the reduction path of trans(Cl)-[Os"(CO), (bpy)CL] in this
solvent. It is important to understand and control the solubility in
different solvents, as the preformed catalyst can be readily
transported and deposited deliberately elsewhere.

The purpose of this cyclic voltammetric and spectroelec-
trochemical study is to investigate the electrochemical reductions
of two osmium monocarbonyl complexes, trans(Cl)-[Os"(CO)
(PrCN) (bpy)Cl,] and the new mer-[Os™(CO) (bpy)Cl,]
complex (Chart 1), under different experimental conditions,

Chart 1. Structures of mer-[Os™(CO) (bpy)Cl;] and
trans(Cl)-[0s"(CO) (PrCN)(bpy)Cl,] (bpy =2,2'-
bipyridine, PrCN = C;H,CN)
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that is, varying the solvent, temperature, and supporting
electrolyte. Comparison of the cathodic behavior of these
complexes with that of the monocarbonyl ruthenium analogues
and the [M(CO), (bpy)CL,] complexes should give us greater
insight into the true nature of the potential catalyst species.

The greater strength of the Os—Cl bond in comparison to the
Ru—Cl bond leads to an increase in the stability of the
intermediate species, making the osmium complexes useful for
mechanistic studies," particularly with regard to probing the
existence of [{Os’(CO) (bpy*~)CI}*"],, the osmium analogue
of a ruthenium polymer proposed for the reduction path of mer-
[Ru™(CO) (bpy)Cl,] in THE.?

DEFT calculations were carried out to support the experimental
data and reveal the nature of the Os(0) reduction products.
Finally, the ability of these complexes to act as catalysts for the
electrochemical reduction of CO, was also investigated with
thin-layer IR spectroelectrochemistry.

B EXPERIMENTAL SECTION

Materials and Preparations. All solvents were freshly distilled
under a dry nitrogen atmosphere prior to use. THF was refluxed with Na
wire and benzophenone; acetonitrile was refluxed with P,Og;
butyronitrile was refluxed with CaH,. The supporting electrolyte
Bu,NPF; (TBAPF,, Aldrich) was recrystallized twice from absolute
ethanol and dried in vacuum prior to use. All electrochemical and
spectroelectrochemical measurements were carried out under an inert
atmosphere of dry N, or Ar, using Schlenk techniques. Elemental
analysis of mer-[Os (bpy)Cly (CH;OH)] was conducted with a Vario
MICRO V1.7.0 CHNS Mode analyzer (Joensuu, Finland). Elemental
analysis of mer-[Os(CO) (bpy)Cl;] was carried out by MEDAC Ltd.
(UK).

mer-[Os(bpy)Cl3(CH;OH)]. The precursor of the monocarbonyl
complex was synthesized by the same method as the corresponding
ruthenium complex mer-[Ru(bpy)Cl,(CH,0H)]."¢ OsCl,-nH,0 (500
mg, ca. 1.43 mmol) was dissolved in methanol (S0 mL). The solution
was heated under reflux in a H, flow for 6 h until the black solution
turned brownish green. 2,2'-Bipyridine (150 mg, 0.96 mmol) was added
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to the solution and the mixture was refluxed under air for 18 h. The dark
brown precipitate of mer-[Os(bpy)Cl;(CH;0H)] was filtered, dried
under vacuum, and recrystallized from CH;OH. The yield was 220 mg
(0.57 mmol, ca. 40%). Single crystals of mer-[Os(bpy)Cl;(CH;OH)]
suited for X-ray analysis (Figure S1, Supporting Information) were
grown from CH;0H. C,,H;(Cl;N,0,0s (516.82): Anal. Caled C,
27.89; H, 3.12; N, 5.42; found C, 27.73; H, 3.04; N, 5.23%.

mer-[Os(CO)(bpy)Cls]. mer-[Os (bpy)Cl; (CH;OH)]-CH;OH (200
mg, 0.39 mmol) was dissolved in CH,Cl, and introduced into a Berghof
autoclave (100 mL) equipped with a Teflon liner. The autoclave was
pressurized to S0 bar of CO and heated for 18 h at 60 °C. The carbonyl
product was filtered and dried under vacuum. The yield of mer-[Os
(CO)(bpy) Cl;] was 130 mg (0.27 mmol, ca. 69%). Single crystals of the
product were obtained from CH,Cl,. IR 2(CO) in KBr: 1992 cm™,
v(CO) in CH,Cly: 2017 cm™, (CO) in PrCN: 2010 cm™!. UV—vis
(Amax in PrCN): 300, 390, and 440(sh) nm. C,;HgCL;N,00s (480.74):
Anal. Caled C, 27.48; H, 1.68; N, 5.83; found C, 27.59; H, 1.74; N,
5.69%.

trans(Cl)-[Os(CO)(bpy)(PrCN)Cl,]. This complex was prepared in situ
in the pure form by the photochemical method described in the
literature for trans(Cl)-[Os (CO)(bpy) (MeCN)CL]."” IR ©(CO) in
PrCN: 1932 cm™ !, UV—vis (4, in PrCN): 298, 395, and 550 nm.

X-ray Structure Determination. The crystals of mer-[Os (bpy)-
Cl; (CH;0H)]-CH;OH and mer-[Os (CO)(bpy) Cl;] were immersed
in cryo-oil, mounted in a Nylon loop, and measured at T'= 100 K. The X-
ray diffraction data were collected on a Nonius KappaCCD
diffractometer using Mo Ka radiation (4 = 0.710 73 A). The EvalCCD'®
program package was used for cell refinements and data reductions. The
structure was solved by direct methods using the SHELXS-97"
program. A semiempirical absorption correction based on equivalent
reflections (SADABS)?° was applied to the data. Structural refinements
were carried out using SHELXL-97." In [Os(CO) (bpy)Cly] the
carbonyl ligand and the equatorial chloride (Cl1) were disordered over
alternative sites with an occupancy ratio of 0.70/0.30. Because of the
disorder, C and O atoms in the CO group were restrained to have similar
U; components. In mer-[Os (bpy)Cl; (CH;OH)]-CH;OH the OH
hydrogen atom was located from the difference Fourier map but
constrained to ride on their parent atom, with U, = 1.5 X Ueq(parent
atom). Other hydrogen atoms were positioned geometrically and
constrained to ride on their parent atoms, with C—H = 0.95—0.98 A and
U,, = 1.2—1.5 X U,, (parent atom). The crystallographic details for mer-
[0s(CO) (bpy)Clj are summarized in Table 1 and Figure 1, and those
for mer-[Os (bpy)Cl; (CH;OH)]-CH;OH can be found in Tables S1
and S2 (Supporting Information).

Cyclic Voltammetry. Cyclic voltammograms were recorded with an
EG&G PAR Model 283 potentiostat operated with an M770 v.4.23
software. Airtight single-compartment three-electrode cells were used
with a 0.422 mm? platinum microdisc working electrode polished with
0.25 pum diamond paste, a platinum wire auxiliary electrode, and a Ag
wire pseudoreference electrode. The ferrocene/ferrocenium (Fc/Fc*)
redox couple served as an internal reference for the determination of
electrode potentials and comparison of AE, values (indicating a slow
electron transfer). Samples contained 107> M Os complex and 10~ M
supporting electrolyte.

Spectroelectrochemistry. IR spectroelectrochemical experiments
were performed at room temperature (RT, 293 K) and low temperature
(LT, 193 K), using a Bruker Vertex 70v FT-IR spectrometer equipped
with a deuterated triglycine sulfate detector (RT) or connected to a Bio-
Rad FTS 60 MCT detector (LT). UV—vis spectroelectrochemistry was
performed using a Scinco S-3100 diode-array spectrophotometer.

Thin-layer UV—vis and IR spectroelectrochemistry were carried out
with OTTLE cells*! equipped with Pt minigrid working and auxiliary
electrodes, a Ag microwire pseudoreference electrode and CaF,
windows. The course of spectroelectrochemical experiments was
monitored by thin-layer cyclic voltammetry conducted with a PA4
(Laboratory Devices, Polna, Czech Republic) potentiostat. Samples
contained 107> M (UV—vis) and 3 X 10~ M (IR) Os complex and 3 X
10~ M supporting electrolyte (Bu,NPF4 or Bu,NCl).

Computational Details. DFT calculations®* were performed usin§
the Amsterdam Density Functional (ADF) program package.”
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Table 1. Crystal Data for mer-[Os(CO)(bpy)Cl,]

empirical formula C,;H¢CL,N,00s
molecular weight 480.74

T (K) 100(2)

A (A) 0.71073
crystal system monoclinic
space group Pn

a(A) 8.1215(5)
b (A) 6.7002(3)
c(A) 12.3686(4)
B (deg) 104.791(3)
V(A% 650.74(5)
z 2

Peac (mg/m*) 2453
#(Mo Ka) (mm™") 10.400
number of reflns. 12 864
unique reflns. 3691

GOF (F?) 0.801

Ry 0.0215

R1 (I>20)" 0.0127
wR2 (I > 20)® 0.0267

“Rl1 = YIIF| — IFJ/YIF,). "wR2

{Zlw(E> — F2)*)/
YIw(FE) T}

Figure 1. Crystal structure of mer-[Os(CO) (bpy)Cl;] with thermal
ellipsoids drawn at the 50% probability level and the atomic numbering
scheme. Selected bond lengths (A): Os(1)—N(1) 2.101(2); Os(1)—
N(2) 2.079(2); Os(1)—CI(1) 2.3300(15)(a), 2.322(4)(b); Os(1)—
CI(3) 2.322(4); Os(1)—Cl(4) 2.3345(6); Os(1)—C(1) 1.872(8)(a),
1.850(15)(b). Selected bond angles (deg): N(1)—Os(1)—N(2)
78.26(8); CI(3)—0s(1)—Cl(4) 174.59(2); Cl(1)—0s(1)-0(1)
91.9(4)(a), 89.8(5)(b), where (a) = the 1A component of the
disordered CO or CI™ ligands and (b) = the 1B component of the
disordered CO or CI™ ligands.

Gradient-corrected geometry optimizations™* (gas-phase and solvent)
were performed without symmetry constraints, using the local density
approximation of the correlation energy (Vosko-Wilk-Nusair)*
augmented by the exchange-correlation functional of Becke and Perdew
(BP86).2° Triple-{ Slater-type orbitals (STO) were used to describe the
valence shells of N, C, O, H, and Os, with a set of two polarization
functions (p,f for Os; d,f for Cl, N, C, O; and p,d for H). The core
orbitals were frozen for Os ([1—4]s, [2—4]p, [3—4]d), Cl ([1-2]s, 2p),
N, C, and O (Is). Unrestricted calculations were performed for
paramagnetic species. The relativistic effects were treated with the
ZORA approximation.”” TD-DFT calculations were performed to
determine electronic transitions (lowest 40—50).%® Frequency calcu-
lations were performed for selected complexes and showed that all the
species were minima in the potential energy surface. The solvent effects
were included in all the calculations involving mer-[ Os"Cl; (CO)bpy] ™~
and its reduced and oxidized derivatives, using the Conductor-like
Screening Model (COSMO)?*® implemented in ADF. The rigid sphere
radius of the NCMe solvent molecules was taken to be 2.76 A,*® and the
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Figure 2. (a) Cyclic voltammogram of [Os™(CO) (bpy)Cl;] in PrCN at T = 293 K. Scan rate = 100 mV s™*. Because of the close position of the
reversible Fc/Fc* and Os(III)/Os(II) redox couples, the scan started after potential equilibration with Os(II) at the working electrode surface. (b)
Cathodic scan cycling of reduced [Os"(CO) (bpy)Cly]™ in PrCN. The less negative redox couple belongs to [0s’(CO) (PrCN)(bpy)] and its bpy-
reduced form.

Table 2. Electrochemical Potentials (vs Fc/Fc*) and Reduction Products of [M(CO)(bpy) (L)CL] (M = Ru?, Os; L = CI-, PrCN)

E,;, (Os"/0s™) /v Eyj» (bpy/bpy™)/V
complex solvent 293 K 213 K 293 K 213 K
[0s(CO)(bpy)Cl,] PrCN —0.32 —-0.24 —-2.13 -2.13

THF —0.46 —0.44 —2.22 —2.24
trans(Cl)-[Os(CO)(PrCN)(bpy)Cl,] PrCN +0.32 +0.42 -1.87 —1.87
[0s(CO)(PrCN)(bpy)] PrCN —1.88
[0s(CO)(THE)(bpy)], THE -2.55
mer-[Ru(CO)(bpy)Cl,] PrCN +0.07 —2.08"

THF —0.10 —2.20%
cis(Cl)-[Ru(CO)(PrCN) (bpy)Cl,] PrCN +0.67 -1.87° —1.93°
[Ru(CO)(PrCN)(bpy)],* PrCN -1.93
[{Ru(CO)(bpy)CL},¢ THE —251

“Reference 3; potentials converted using the Fc/Fc* reference. bEP’c values. “An excess of CI™ (3 X 107! M Bu,NCI). “In fact, mononuclear
[Ru’(CO)(PrCN)(bpy)]. “In fact, most likely [Ru’(CO)(THF)(bpy)],.

dielectric constant was 37.5. The van der Waals radii of the atoms were The cyclic voltammogram of [0s™(CO) (bpy)Cly] in PrCN
used for the atomic radius of the solute (or the atomic radius in the case at RT (Figure 2) shows a fully reversible redox couple at E, ,, =
of 0351) Os 134 pm, C1 175 pm, N 155 pm, C 170 pm, O 152 pm, H 120 —0.32V (all potentials are recorded vs Fc/Fc") corresponding to

pm. the reduction of [Os™(CO) (bpy)Cl;] to [0s"(CO) (bpy)Cl;]~

Three-dimensional representations of the orbitals were obtained with hi . . han it is for th
Molekel,* and structures, vibrational, and electronic spectra were (eq 5). This step is 0.39 V more negative than it is for the

obtained with Chemcraft.** The plots of the electron density difference equivalent Ru(1I)/Ru(I1T) couple (Table 2). This behavior is

maps obtained from TD-DFT calculations were based on the GausSum typical for Ru/Os-based oxidations, as can also be seen for

package,** modified to read the output of ADF. example for trans(Cl)-[M(CO), (bpy)CL,] (M = Ru, Os), where
AE,;, =022V’

B RESULTS AND DISCUSSION At ambient temperature (around 293 K), [0s"(CO) (bpy)-

Characterization. The crystal structure for the orange solid (:.13],_ undergoes partially chemicﬂly reversible le™ reduction
mer—[OsHI(CO) (bpy)Cl3] in Figure 1 shows that, like mer- (i,/i. = 0.78, scan rate = 100 @V s7) ‘at E,,=-213V.For Fhe
[Ru"(CO) (bpy)Cly], the complex has a slightly distorted reverse scan a second anodic peak is observefi. Scan cxcllng
octahedral structure with a meridional arrangement.*® The shows' the presence of a corresponding cathodic peak (Figure
crystal data is very similar to those obtained for both the 2b), giving a new reversible redox couple at E; ), = —1.88 V. The
analogous ruthenium complex36 [Ru™(CO) (bpy)Cl,] and the peak current intensity of this redox couple slightly increased
closely related dicarbonyl complex®” trans(Cl)-[Os"(CO), when the potential was held bey(?nd the peak. at El{z =-213V
(bpy)CL]. The Os—N and Os—Cl bonds are slightly shorter for several seconds (see Supporting Information, Figure S2).

for [Os"(CO) (bpy)CL,]*°) than for trans(Cl)-[Os"(CO),- Literature results’ suggest that the ruthenium complex
(bpy)CL,], reflecting the higher oxidation state of the osmium [Ru''(CO) (bpy)Cl;]” is reduced irreversibly in PrCN at E, =
center; whereas, there is a very small difference in the bond —2.08 V to give [{Ru’(CO) (PrCN)(bpy®™)}~], that can be
lengths between the Ru'™ and Os™' complexes. reversibly oxidized to [Ru’(CO) (PrCN)(bpy)], at E;, = —1.93

Cyclic Voltammetry of [OS"'(CO)(bpy)C|3] in PrCN. V. The electrochemical and spectroelectrochemical results
Cyclic voltammetry was carried out to describe the electro- (shown below) indicate that [Os"(CO) (bpy)Cl;]~ and
chemical behavior of [Os™(CO) (bpy)Cl;] and to determine [Ru''(CO) (bpy)Cl,]~ exhibit very similar behavior upon
similarities to the reduction path of mer-[Ru"(CO) (bpy)Cl,].> electrochemical reduction, although the bpy-based redox couples
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at M(0) and M(II) are more separated; that is, AE = 0.25 and
0.15 V for M = Os and Ru, respectively.

The partially reversible cathodic wave at E,, = —2.13 V has
been assigned to bpy-based reduction of [Os"(CO) (bpy)Cl;]~
that ultimately produces a negatively charged species, formulated
on the basis of UV—vis/IR spectral data and DFT calculations
(see below) as mononuclear [Os’(CO) (PrCN)(bpy*~)]™ (eqs
6 and 7). The latter compound oxidizes at E;;, = —1.88 V to
[0%(CO) (PrCN)(bpy)] (eq 8).

[0s™(CO) (bpy)CL] + e~ < [0s"(CO)(bpy)CL]™  (5)
[0s"(CO)(bpy)CL]™ + e~ — [0s"(CO)(bpy*7)CLI~
(6)
[0s"(CO)(bpy*")CL*™ + 2¢~ + PrCN
— [0s°(CO)(PrCN)(bpy* )]~ + 3CI° (7)
[0s°(CO)(PrCN) (bpy* )]
< [0s°(CO)(PrCN)(bpy)] + e~ (8)

The greater chemical reversibility of the reduction of
[M"(CO) (bpy)CL]~ to [M"(CO) (bpy*”)CL]*" (M = Ru,
Os) for the osmium center reflects the stronger Os—Cl bond
compared to the Ru—Cl bond and, therefore, reflects the
increased stability of [Os"(CO) (bpy®~)Cl;]*". The value AE, =
0.12 'V for the Os’bpy/Os’bpy*~ couple is larger than AE,=0.08
V for the Os(II)/Os(IlI) redox couple (and the internal
ferrocene/ferrocenium standard), revealing that the electron
transfer is slower for the bpy-based reduction (an electrochemi-
cally quasireversible process), most likely due to concomitant
structural changes in [Os"(CO) (bpy*)CLy]*” preceding the
dissociation of the chloride ligands.

The shift in the electrode potential of the bpy/bpy*~ couple
for the M(II) complexes (M = Ru, Os) (AE, = 0.14 V) is
significantly smaller compared to the M(II)/M(III) couple, and
the difference for the M(0) species [M°(CO) (PrCN) (bpy)]/
[M°(CO)(PrCN)(bpy*~)]™ is not significant. This behavior
reflects the smaller involvement of the metal in the redox process,
so that the potential is less affected by changing the metal center.

In the cyclic voltammogram of [Os(CO) (bpy)Cl;] recorded
at 213 K (Figure 3), the Os(II)/Os(III) and bpy/bpy*~ redox

03
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Figure 3. Cyclic voltammetry of [Os™(CO)(bpy)CLy] in PrCN at T =
213 K. Scan rate = 100 mV s™". Because of the close position of the
reversible Fc/Fc" and Os(III)/Os(II) redox couples, the scan started
after potential equilibration with Os(II) at the working electrode
surface.
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couples at E;, = —0.24 V and E, , = —2.13 V, respectively, are
both chemically reversible as a result of the inherent stability of
the primary 2e”-reduced product [Os"(CO) (bpy"™)Cl,]*" at
sufficiently low temperature. The electrochemically quasirever-
sible nature of the latter process becomes more pronounced
compared to the bpy reduction at 293 K (Figure 2).

Cyclic Voltammetry of [0s"(CO)(bpy)Cl;] in THF. The
complex [Os™(CO)(bpy)Cl,] is reduced to stable [Os"(CO)
(bpy)CL;]™ at E,, = —0.43 V in THF at RT (eq S). Subsequent
partially chemically reversible reduction of [Os"(CO) (bpy)-
CL]™ (i/ic = 0.69 at v = 100 mV s~ ') occurs at E;, = —2.22V
(eqs 6 and 9, assignment discussed below). The new chemically
reversible redox process at E, , = —2.55 V (Figure 4) belongs to a

18

13

0.8

1/ pA

| 1 ! 1
T T T T

-0.5 -1.0 -1.5 -2.0

E/V vs FofFct

=25

Figure 4. Cyclic voltammetry of [Os™(CO) (bpy)Cl;] in THF. Scan
rate =100 mV s™', T = 293 K. The scan started after potential
equilibration with stable [Os"(CO) (bpy)Cl;]™ at the working
electrode surface.

secondary product, most likely an Os(0) polymer chain (eq 10),
as concluded from spectroelectrochemical data below. This wave
was not observed in the cyclic voltammograms recorded at
temperatures below 253 K, where [Os"(CO) (bpy)Cl;]™
becomes stable.

Comparison of the reduction of [Os™(CO) (bpy)Cl;] in
PrCN and THEF reveals a significant difference of 0.67 V in the
cathodic potentials of the secondary Os(0) species: in L = PrCN
the [0s°(CO) (L)(bpy)]/[0s°(CO) (L)(bpy*")]~ couple lies
at a less negative potential than that of [Os"(CO) (bpy)Cl;]~/
[0s"(CO) (bpy*~)Cl;]*"; whereas, in THF the reduction of bpy
ligand in the polymer is shifted to a more negative potential. It is
very unlikely that chloride ligands remain bound to a highly
reduced Os’(bpy*~) species and, therefore, THF ligands have
been proposed to complete the coordination sphere. The large
negative shift in the reduction potential of the Os’(bpy) moiety
cannot be explained by the simple substitution of PrCN for THF,
supporting therefore the theory that the Os(0) product must
have a different structure, namely, polymeric in THF and
mononuclear in PrCN.

n[0s"(CO)(bpy* )CL*~ + nTHF + ne”

— [0s°(CO)(THEF)(bpy)], + 3nCl” ()
[0s°(CO)(THF)(bpy)], + ne”
— [{0s°(CO)(THEF)(bpy* )], (10)

[0s"(CO) (bpy*~)Cl;]*™ can be reduced irreversibly at E,.=
—2.83 V (eq 11), resulting in enhanced formation of [Os(CO)
(THF)(bpy*~)], (see Supporting Information, Figure S3) out of
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very unstable [Os"(CO) (bpy*")CL]*” losing rapidly the
chloride ligands. The reduction of related [Ru"(CO) (bpy*~)-
CL;]>~ was observed by cyclic voltammetry only at very low
temperatures,” reflecting the weakness of the Ru—Cl bonds.

[0s"(CO) (bpy" )CL™ + e~

— [0s"(CO)(bpy*")CL]~ (11)

In summary, cyclic voltammetry shows that the electrolyte
solution has a significant effect on the electrochemical behavior
of [0s™(CO) (bpy)Cl,]. Spectroelectrochemistry was carried
out in order to give greater insight into the different reduction
products formed in THF and PrCN.

Spectroelectrochemistry of [0s"(CO)(bpy)Cl;] in PrCN
at 293 K. IR and UV—vis spectroelectrochemistry was employed
to monitor the reduction of [Os™(CO)(bpy)Cl;] in PrCN
within an OTTLE cell at RT. The initial reduction [Os™(CO)
(bpy)Cl] at —0.32 V shifted the #(CO) band at 2010 cm™ to
1899 cm™" (Figure 5). This large shift agrees with the reversible
Os—Cl-based reduction of [Os™(CO) (bpy)Cl;] to [Os"(CO)
(bpy)Cly]™ (eq S) and largely increased Os-to-CO z-back-

donation.
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Figure 5. IR spectroelectrochemistry of [Os™(CO) (bpy)Cl;] (O) in
PrCN at 293 K within an OTTLE cell, showing its stepwise reduction to
[057(CO) (bpy)CL,]~ (O) and [0(CO) (PrCN) (bpy™)]- (®).
Subsequent oxidation of the latter species leads to [Os’(CO)
(PrCN)(bpy)] (A) and a partial recovery of [Os"(CO) (bpy)Cl;]™.

Passing the second cathodic wave at —2.13 V (Figure 2)
resulted in the shift of the carbonyl band to 1895 cm™. This
change of merely 4 cm™ from the v(CO) wavenumber of
[0s"(CO) (bpy)Cl,]™ indicates that the product cannot be
[0s"(CO) (bpy*~)Cl;]*7, which is expected to absorb at a much
smaller #(CO) wavenumber (viz. 1858 cm™, see below). This
band is absent at low temperature where [Os"(CO) (bpy*~)-
ClL,]*~ becomes stable and in THF for the same irreversible
process. The simultaneous appearance of a band at 2183 cm™
was also observed, which is assigned to the C=N stretch of
butyronitrile (¢(Pr-CN)) coordinated at an Os(0) center. Its
presence has been taken as evidence for the formation of the bpy-
reduced mononuclear species [0s’(CO) (PrCN)(bpy*~)]™ (eqs
6and 7).

The UV—vis absorption bands of [Os™(CO) (bpy)Cl,] at
300, 390, and 440(sh) nm were replaced upon the reduction of
[0s™(CO) (bpy)Cl,] to [Os"(CO) (bpy)Cl;]™ by absorption
bands at 299, 420, 465(sh), and 658 nm (Figure 6). Further
reduction (Figure 7) produced a species with a UV—vis
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Figure 6. UV—vis spectroelectrochemistry showing the reduction of
[0s™(CO) (bpy)Cl;] to [0s"(CO) (bpy)Cl;]™ in PrCN at 293 K
within an OTTLE cell.
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Figure 7. UV—vis spectroelectrochemistry showing the reduction of

[Os"(CO) (bpy)Cl;]™ to [0s°(CO) (PrCN)(bpy*~)]™ in PrCN at 293
K within an OTTLE cell.

absorption spectrum showing typical®® intraligand absorptions
of [bpy®~], namely, a bifurcated 7*7* band at 490 and 523 nm
and weak 7*7* absorption in the NIR region below 800 nm. In
addition, new bands arose also at 352 and 386 nm.

The singly reduced bpy ligand may correspond with the
formation of either the dianion [Os"(CO) (bpy*~)Cl;]*~ or the
0s(0) species [0s’(CO) (PrCN)(bpy*~)]~. The presence of
the v(CN) stretch and the small change in the v(CO)
wavenumber compared to [Os"(CO) (bpy)Cl;]™ in the
concomitantly recorded IR spectrum suggest that the product
is [0s°(CO) (PrCN)(bpy* )]

Reverse oxidation of [Os’(CO) (PrCN)(bpy*~)]™ resulted in
the partial recovery of [Os"(CO) (bpy)Cl;]™ and the formation
of a new species with (CO) and v(CN) bands shifted to 1927
cm™" and 2194 cm ™!, respectively. Given the reversible nature of
the corresponding anodic process at —1.88 V (Figure 2), the new
species (identified by the (CN) stretch) has been assigned to
neutral [Os°(CO) (PrCN)(bpy)] (eq 8). The UV—vis absorp-
tion spectrum (Figure 8) showed absorption bands rising at 300,
420, and 650 nm. These spectral data support the partial recovery
of [0s"(CO) (bpy)Cl;]~ (Figure S). The underlying electronic
absorption of [0s’(CO) (PrCN)(bpy)] in the visible region
(absorption maxima at 412 and $90 nm, vide infra) is poorly
resolved.
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Figure 8. UV—vis spectroelectrochemistry showing the reoxidation of

[0s°(CO) (PrCN)(bpy*~)]™ to [0s°(CO) (PrCN)(bpy)] in PrCN at
293 K within an OTTLE cell. [Os"(CO) (bpy)Cl,]™ is partly recovered.

Spectroelectrochemistry of [0s"(CO) (bpy)Cl;]in PrCN
at 213 K. Cyclic voltammetric scans suggest that the dianion
[0s"(CO) (bpy*")CL]* is stable at low temperatures (Figure
3). IR spectroelectrochemistry of [Os™(CO) (bpy)Cl;] at 213 K
was carried out within a low-temperature OTTLE cell to confirm
this behavior.

Reduction of [0s™(CO) (bpy)Cl,] to [Os"(CO) (bpy)Cl;]~
in PrCN at 213 K results in the shift of the (CO) stretch from
2008 cm™ to 1895 cm™. Further reduction at —2.17 V lowers
the £(CO) stretch to 1858 cm™" and, unlike the reduction at 293
K, no v(CN) band is observed (Figure 9). This important
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Figure 9. IR spectroelectrochemistry showing the reduction of
[0s"(CO) (bpy)CL]™ (O) to [Os"(CO) (bpy*~)CL]*~ (A) and its
subsequent conversion to [Os’(CO) (PrCN)(bpy*~)]™ (®) in PrCN/
TBAPF; at 213 K within an OTTLE cell.

difference reveals that the species formed is the primary radical
complex [Os"(CO) (bpy*~)CL]*~ (eq 6). This product is still
not completely stable at 213 K in PrCN/Bu,NPF, converting
slowly to the bpy-reduced mononuclear Os(0) species
[0s°(CO) (PrCN)(bpy*~)]™. This reaction was evidenced by
the growth of a #(CO) band at 1892 cm™" accompanied by the
v(CN) stretch at 2181 cm ™" corresponding to the PrCN ligand
coordinated at the Os(0) center (Figure 9).

Reduction of [0s™(CO) (bpy)Cl;] at 213 K in PrCN/3 X
10~" M Bu,NClI containing a high excess of Cl~ shows a complete
and reversible conversion of [Os"(CO) (bpy)Cl;]™ to
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[0s"(CO) (bpy*")CL]*" (Figure 10). Slowly increasing the
temperature of the solution results in a gradual transformation of
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Figure 10. IR spectroelectrochemistry showing the complete cathodic
conversion of [Os™(CO) (bpy)Cl;]™ (O) to [0s™(CO) (bpy*~)Cly]*~
(A) in PrCN containing a high excess of CI~ (3 X 10~ M Bu,NCl) at
213 K within an OTTLE cell.

[0s"(CO)(bpy*~)CL;]*" to [0s°(CO) (PrCN)(bpy*~)]~ (not
shown). UV—vis monitoring of the reversible reduction of
[0s"(CO) (bpy)ClL,]™ to [0s"(CO) (bpy*~)Cl;]*~ shows the
appearance of an intense band at 368 nm and a characteristic
bifurcated 7*z* (bpy*~) band at 502 and 533 nm, confirming the
presence of the reduced bpy ligand (Figure 11). Note that the
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Figure 11. UV—vis spectroelectrochemistry showing the almost

complete reduction of [Os™(CO) (bpy)Cl,]™ to [Os"(CO) (bpy*")-
CL]*" in PrCN/3 X 10~ M Bu,NCl at 213 K within an OTTLE cell.

visible 7*7*(bpy®~) absorption of related [Os"(CO)(PrCN)

(bpy*")CL]~ lies at a slightly lower energy and that of
[0s(CO) (PrCN)(bpy*~)]™ lies at at a slightly higher energy
(Table 3).

For comparison, the reduction of related [Ru"(CO) (bpy)-
Cl,]™ at 198 K in PrCN/3 X 10~' M Bu,NCI gave a transient
species in low concentration, which rapidly converted to stable
[Ru’(CO) (PrCN)(bpy*~)]™. The same experiment but without
CI” in the electrolyte gave the transient species in a much lower
concentration, and [Ru’(CO) (PrCN)(bpy*~)]~ dominated
from the very beginning. The short-lived product was originally
assigned3 as the polymer [{Ru’(CO) (bpy)Cl}~],, absorbing at
the same IR v/(CO) wavenumber as the polymer obtained from
the reduction of mer-[Ru™(CO) (bpy)Cl;] in THF (assigned in
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Table 3. IR and UV-Vis Experimental and DFT-Calculated Data for [Os(CO) (bpy)(L)CL,] (L = Cl, PrCN) and Their Reduction

Products
complex solvent v(CO)/em™! v(CN)/cm™! Amax/NM
[0s™(CO)(bpy)Cls] PrCN 2010 300, 390, 440(sh)
PrCN 2008“
THF 2007 283, 388, 448(sh)
[0s"(CO)(bpy)Cly]™ PrCN 1899 299, 420, 465(sh), 658
PrCN 1895¢
THF 1903 296, 425, 473(sh), 685
265(sh), 294, 441, 554, 710°
[0s"(CO)(bpy*")CL 1>~ PrCN 18587 368, 394(sh), 502, 533
[0s"(CO)(PrCN)(bpy)Cl,] PrCN 1932 298, 395, 550
PrCN 1931°
THF 1934
[0s"(CO)(MeCN) (bpy)CL,]° 1932 298, 362, 535
[0s"(CO)(MeCN)(bpy)Cl,] 19507 2258 283, 549, 846"
[0s"(CO)(PrCN) (bpy*~)CL]~ PrCN 1895° 360, 505, 540
[0s°(CO)(PrCN)(bpy)] PrCN 1927 2194 289, 412, 590
[0s°(CO)(PrCN) (bpy*~)]" PrCN 1895 2183 352, 386, 490, 523, >700
PrCN 18927 2181¢
[OSO(CO)(THF)(bpy)]n THF 1860(br) 280, 370, 515
[0s™/(CO)(MeCN)(bpy)]~ 1827” 1938°
[0s°(CO)(MeCN) (bpy)] 1884" 2182° 256, 315, 462, 670°
[0s'(CO)(MeCN)(bpy)]* 1967° 2238°
At 213 K. ®Theoretical values calculated with DFT. “Reference 17.
this work as [Ru’(CO) (THF)(bpy)],). The longer lifetime of (e}
the polymer product in PrCN was ascribed to the higher stability ‘L \
of the Ru—Cl bond in the presence of excess Cl”. However, a |
comparison with the spectroelectrochemical data obtained for ’ .l
the reduction path of [Os"™(CO) (bpy)Cl;] reveals that the . l ‘
reduced ruthenium transient species observed” in the cryostatted ¢ [ |
OTTLE cell was actually the primary reduction product 8 '.“ OT
[Ru"(CO) (bpy*")CL]*"~. 8 [ \ N\
Spectroelectrochemistry of [0s"(CO) (bpy)Cl;] in THF { uf" \
at 293 K. Reduction of [Os™(CO) (bpy)Cly] in THF was il \.\
carried out to observe the differences between the mononuclear ._‘_,_.,___,ﬁ_w,s-/\i\’;)_ AN\
Os(0) species proposed to form in PrCN and the polymer Jae VWV
produced in THF. For the corresponding ruthenium species S P SR SO S P —.
[Ru"'(CO)(bpy)Cl,] it was proposed that the different polymer - - -
Wavenumber [ cm*

species [Ru’(CO) (PrCN)(bpy)], and [{Ru’(CO)(bpy)CI}~],
were formed in PrCN and THE, respectively.3 Cyclic
voltammetry of [Os™(CO)(bpy)Cl,] in THF (see above)
suggests that the reduction of [Os"(CO) (bpy)Cl,]™ at E, ), =
—2.22 V results in the formation of a polymer with neutral bpy
ligands that can be reduced further at E;,, = —=2.55 V.

IR monitoring of the reduction of [Os™(CO) (bpy)Cl;] in
THE at 293 K shows a shift of the 2(CO) stretch at 2007 cm™
first to 1903 cm™ as [Os™(CO) (bpy)Cly] is reduced to
[0s"(CO) (bpy)Cl,]~. Subsequent reduction of [Os"(CO)
(bpy)Cl;]~ (Figure 12) led to the appearance of a broad low
intensity v(CO) band at 1860 cm™'. Parallel UV-vis
spectroelectrochemistry shows new poorly resolved absorption
bands at 280, 370, and 515 nm forming upon the reduction of
[0s"(CO) (bpy)Cly]~ (Figure 13). This UV—vis absorption
spectrum is significantly different from that observed for
[0s°(CO) (PrCN)(bpy*~)]™ in PrCN (Figure 7), showing, as
expected, no indication of the bpy®™ ligand (i.e., the absence of
the characteristic 7*7* (bpy®~) absorption in the visible—near-IR
region).

The broad and fairly weak #(CO) band at 1860 cm ™" observed
for the reduction of [0s"(CO) (bpy)Cl;]™ in THF at 293 K
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Figure 12. IR spectroelectrochemistry showing the reduction of
[0s(CO) (bpy)Cly]™ (O) to [0s°(CO) (THF)(bpy)], (<) in THF
at 293 K within an OTTLE cell.

(Figure 12) points to the formation of a polymeric species. The
low intensity indicates its limited solubility compared to the well-
soluble Os(0) species formed in PrCN; whereas, the width is
likely to reflect a variable chain length in the polymer and
different local conformations and environments existing along
the polymer chain, as revealed by the X-ray structure in the case
of the well-known related polymer [Ru(CO), (bpy)],.”

The instability of the Os—CI bond at RT for the bpy-reduced
osmium(II) complexes suggests that an Os(0) polymer species
with a bound chloride ligand is highly unlikely. Instead, a THF
solvent molecule is likely to bind at the Os(0) center, producing
[0s°(CO) (THF)(bpy)], (eqs 6 and 9). Further reduction of
[0s°(CO) (THF)(bpy)], at —2.55 V led to decomposition
indicated by appearance of CO gas at the working electrode in
the OTTLE cell and a Pt—CO stretch at 2103 cm™" in the IR
spectra. It is noteworthy that related [Ru’(CO) (THF)(bpy)],
(¥(CO) at 1873 cm™") could be reduced reversibly to [Ru’(CO)

dx.doi.org/10.1021/ic402146t | Inorg. Chem. 2014, 53, 1382—1396



Inorganic Chemistry

Absorbarce

400

500 600

Wavelength / nm
Figure 13. UV—vis spectroelectrochemistry showing the reduction of

[0s"(CO) (bpy)Cl;]™ to [Os’(CO) (THF)(bpy)], in THF at 293 K
within an OTTLE cell.

(THE)(bpy*™)~], (v(CO) at 1845 cm™') showing the
bifurcated 7*z*(bpy*”) absorption at 522 and 552 nm. For
comparison, IR monitoring of the reduction of [Os"(CO)
(bpy)Cly]~ was carried out also in DMF and MeCN. The
formation of a low-intensity broad (CO) band at 1856 cm™ in
MeCN and at 1853 cm™ in dimethylformamide (DMF)
(Supporting Information, Figures S4 and SS, respectively)
suggests, similar to the case with THF, that in both solvents a
linear Os(0) polymer chain is formed. Again, these experiments
have revealed the unique position of the PrCN solvent already
recognized in the cathodic behavior of related [Os"(CO),
(bpy)ClL,] (see above).

Cyclic Voltammetry of trans(Cl)-[0s"(CO) (PrCN) (bpy)-
Cl,] in PrCN. From the spectroelectrochemical studies of mer-
[Os™(CO) (bpy)Cl3]3’5 it has been concluded that the solvent
has a significant effect on the product formed on the reduction of
[0s"(CO) (bpy)Cl,]™ at RT. In THF, the [0s’(CO) (THF)-
(bpy)], polymer is observed; whereas, in PrCN the reduced
species is probably [Os’(CO) (PrCN)(bpy)]. The comparison
of the spectroelectrochemistry of trans(Cl)-[Os"(CO)(PrCN)
(bpy)Cl,] and mer-[Os™(CO) (bpy)Cl,]*®) is of interest as the
former Os(II) complex has the butyronitrile ligand already
precoordinated.

The cyclic voltammogram of [Os"(CO) (PrCN) (bpy)CL ] in
PrCN at RT (Supporting Information, Figure S6) shows a
reversible anodic wave at E;;, = +0.32 V corresponding to the
0s"/0s™ redox couple (eq 12).

[0s"(CO)(PrCN) (bpy)Cl,]

 [0s™(CO)(PrCN)(bpy)CL 1" + e~ (12)

In the cathodic region, a reversible couple is observed at E, /, =
—1.87 V and is attributed to the bpy-based le™ reduction of
[0s"(CO)(PrCN) (bpy)Cl,] (eq 13). It lies at a very similar
anodic potential to that of the [Os’(CO)(bpy) (PrCN)]/
[0s°(CO)(bpy*”) (PrCN)]~ redox couple observed in the
cyclic voltammogram of [Os™(CO)(bpy)Cl;] in PrCN (Table
2). Therefore, it is expected that [Os’(CO) (bpy)(PrCN)], once
formed (eq 14), becomes rapidly reduced to [Os’(CO)(bpy*~)
(PrCN)]™ (eq 8).

[0s"(CO)(PrCN)(bpy)Cl,] + e~

< [0s"(CO)(PrCN)(bpy*)CL,]” (13)
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[0s"(CO)(PrCN)(bpy*")CL,]™ + e~
— [0s°(CO)(PrCN)(bpy)] + 2CI” (14)

Although the secondary reduction of [Os’(CO) (PrCN)-
(bpy)] to [0s°(CO) (bpy*)(PrCN)]~ cannot be indentified
easily in the cyclic voltammogram of [Os(CO) (PrCN)(bpy)-
CL], IR spectroelectrochemistry at variable temperature is a
suitable tool to determine whether the Os(0) species do form.

Spectroelectrochemistry of [0s"(CO) (PrCN)(bpy)Cl,]in
PrCN at 293 K. The IR spectrum of [Os(CO) (PrCN)(bpy)-
Cl,] (Figure 14) shows a v(CO) stretch at 1932 cm™". Upon the
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Figure 14. IR spectroelectrochemistry of [Os"(CO) (PrCN)(bpy)Cl,]
(W) showing the reduction to [0s°(CO) (PrCN)(bpy*~)]~ (@) and
subsequent reoxidation to [Os’(CO) (PrCN)(bpy)] (A) in PrCN at
293 K within an OTTLE cell.

reduction, this absorption band is shifted to 1895 cm™}, and a

v(CN) stretch appears instantly at 2183 cm™!, corresponding to
the formation of [Os(CO) (PrCN)(bpy*~)]~ (egs 13, 14).
Parallel UV—vis monitoring of the cathodic path revealed
replacement of the absorption bands of [Os(CO)(PrCN)(bpy)-
CL,] at 298, 395, and 550 nm (see Supporting Information,
Figure S7) by a new set with absorption maxima at 352, 386, and
490/523 nm belonging to [0s’(CO) (PrCN)(bpy*~)]™ (see
Figure 7). Reverse oxidation of this species resulted in the IR
v(CO) and v(CN) absorptions shifting to 1927 cm™" and 2194
cm™, respectively, as [0s°(CO) (PrCN)(bpy)] was produced.
The corresponding UV—vis absorption spectrum exhibits bands
at 289,412, and 590 nm (Supporting Information, Figure S$8).In
theory it should be possible to reduce [Os"(CO) (PrCN)(bpy)-
Cl,] first to [Os’(CO) (PrCN)(bpy)] and concomitantly to
[0s°(CO) (PrCN)(bpy*~)]~; however, the corresponding
cathodic waves are strongly overlapping (AE,,, = 0.01 V,
Table 2), which prevents the resolution of the individual steps.

Spectroelectrochemistry of [0s"(CO) (PrCN)(bpy)Cl,] in
PrCN at 213 K. The le™ reduction of [Os"(CO) (PrCN)-
(bpy)CL,] in PrCN at 213 K results in the shift of the diagnostic
IR v(CO) band from 1931 cm™" to 1895 cm™" (Figure 15). The
latter wavenumber is attributed to the primary reduction
product, [0s"(CO) (PrCN)(bpy*~)ClL,]~ (eq 13). This species
remained stable up to 253 K. In the visible spectral region the
characteristic bifurcated 7*7*(bpy®~) absorption band of the
latter radical complex was observed at 505/540 nm (see
Supporting Information, Figure S9), that is, at a slightly lower
energy than recorded for [Os’(CO) (PrCN)(bpy*~)]™ (Table
3) formed at ambient temperature (ca. 293 K). The IR spectrum
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Figure 15. IR spectroelectrochemistry of [Os"(CO) (PrCN)(bpy)Cl,]
(M) showing the reduction to [Os"(CO) (PrCN)(bpy*~)CL]™ (®) in
PrCN at 213 K within an OTTLE cell.

of the Os(0) reduction product shows the £(CO) band at 1895
cm™" and the #(CN) band at 2183 cm ™" (Figure S). Importantly,
the (CN) band below 2200 cm™" is absent in the IR spectrum
[0s"(CO) (PrCN) (bpy"~)CL,]~ (Figure 15), proving that the
reduction products formed at 293 and 213 K are different. The
identical #(CO) wavenumbers reveal the same degree of the Os-
to-CO m-back-donation from the z-delocalized Os"Cl, and
reduced Os(0) centers.

Spectroelectrochemistry of [0s"(CO) (PrCN)(bpy)Cl,] in
THF at 293 K. IR monitoring of the reduction path of
[0s"(CO) (PrCN)(bpy)Cl,] (¥(CO) at 1934 cm™) in THF at
293 K revealed an intermediate absorbing at 1896 cm™" (Figure
16). This monocarbonyl complex is assigned tentatively as
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Figure 16. IR spectroelectrochemistry of [Os™(CO) (PrCN)(bpy)Cl,]

(M) showing the reduction to [0s°(CO) (THF)(bpy)], () in THF at
293 K within an OTTLE cell.

[0s"(CO) (PrCN) (bpy*~)Cl,]™, slowly converting in THF to
an ultimate Os(0) product with a broad v(CO) band at 1860
cm™". No v/(CN) band is perceptible below 2200 cm ™, excluding
the PrCN coordination at the Os(0) center. The almost-identical
v(CO) wavenumbers and bandwidth seen for the 2e~ reduction
of [0s"(CO) (bpy)Cl;]~ (Figure 12) and [Os"(CO) (PrCN)-
(bpy)ClL] in THF indicate that in both cases the THF-
substituted polymer [Os’(CO) (THF)(bpy)], is formed. This
result differs from the reduction of [Ru(CO) (PrCN) (bpy)-
Cl,] in THF, where a v(CN) stretch appeared below 2200 cm™!
as [Ru’(CO) (PrCN)(bpy)] was first produced.3
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In summary, cyclic voltammetry and spectroelectrochemistry
have shown that the electrolyte solution has a significant effect on
the electrochemical behavior of the two osmium monocarbonyl
complexes [Os™(CO) (bpy)Cl;] and [Os"(CO)(PrCN) (bpy)-
CL]. In THF at ca. 293 K, the bpy-localized le™ reduction of
these complexes triggers the formation of the polymer species
[0s°(CO) (THF)(bpy)], characterized by a broad, low intensity
v(CO) band in the IR spectrum. In PrCN, the same reduction
results in the appearance of a sharper, more intense, (CO) band
at a much larger wavenumber, accompanied by a v(CN) stretch
below 2200 cm ™" resulting from PrCN coordination at the Os(0)
center in [0s’(CO) (PrCN)(bpy)] and its bpy-reduced form.
DFT calculations have been carried out to support this
assignment (see the next section). The reduction paths of the
two monocarbonyl complexes under study are presented in
Scheme 1.

Scheme 1. A Simplified Redox Path of the Title Complexes in
PrCN and THF?

[0s"(CO)(bpy)Cla]

e
[0s'(CO)(bpy)Cl3] [0s"(CO)(PrCN)(bpy)Cla]
e e

[0s"(CO)bpy ™ )ClaI* [0s"(CO)(PrCN)(bpy™™ )Cly] ™

| PN THF |
SN
[Os%(CO)PrCN)(bpy*~ )] [0s%(CO)(THF)(bpy)].

—e- ¢
[0s%CO)(PrCN)(bpy)] (+ some parent [0s'(CO)(bpy)Cls]™)

“The substitution of the chloride ligands in the Os"(bpy*~) complexes
by the coordinating solvent (an electrochemical—chemical—electro-
chemical route in PrCN) can be prevented at sufficiently low
temperatures.

Similar differences in the reduction paths were observed for
the related dicarbonyl complex [0s"(CO), (bpy)CL,] in PrCN
and in THF/MeCN. In the latter solvents, an insoluble
polymeric film, [{Os’(CO), (bpy)}],, is deposited on the
working electrode, characterized by broad and low-intensity
v(CO) bands at 1959, 1900, and 1868 cm™. In contrast, sharp
and intense 2(CO) bands at 1940 and1855 cm™ and a v(CN)
stretch at 2176 cm™ are seen in PrCN."* Comparison with the
bpy-based reductions of [Os"(CO) (bpy)Cl;]™ and [0s"(CO)-
(PrCN) (bpy)Cl,] implies the formation of a PrCN-stabilized
mononuclear species, {Os’(CO), (PrCN)(bpy)}, having possi-
bly a pyramidal structure. As a convincing example of a well-
characterized mononuclear complex showing a very similar shift
to a smaller v(CN) wavenumber may serve [Re(CO),
(PrCN)(bpy)]* and its 2e"-reduced form, [Re(CO); (PrCN)-
(bpy)]~ that dominates in the PrCN solution over five-
coordinate [Re(CO); (bpy)]~."**

DFT Calculations of mer-[0s"(CO) (bpy)Cl;] and mer-
[0s"(CO) (bpy)Cl5]~. DFT calculations were carried out on mer-
[0s™(CO) (bpy)Cl,], mer-[0Os"(CO) (bpy)CL,]~, and on the
hypothetical fac isomers of both complexes (Supporting
Information, Figure S10 and Table S3). The geometry
optimizations and the TD-DFT calculations were performed in
MeCN, to deal with the negatively charged species.
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The complex fac-[Os™(CO) (bpy)Cl;] was calculated to be
more stable than the mer isomer by only ~2 kcal mol™, while the
mer-[Os"(CO) (bpy)Cl;]~ complex was more stable by ~1 kcal
mol™" than the fac isomer. Only the mer isomer has been
experimentally observed for Os(III), and the electrochemically
reversible reduction to the Os(II) state (Figures 2—4) hardly
supports any isomerization triggered by electron transfer.

The « frontier orbitals of 5d°> mer-[Os™(CO) (bpy)Cl;] are
shown in Figure 17. The a-HOMO is a t,, orbital, with 61.8%

Figure 17. The @-HOMO and LUMO of mer-[Os™(CO) (bpy)Cl;].

localization on Os and 20.4% on Cl; whereas, the LUMO is
88.1% on the bpy ligand. The first reduction leads to the
occupation of the f LUMO, also concentrated on the metal as
the a-HOMO, while the second one results in occupying the a
LUMO (also the LUMO of mer-[Os"(CO) (bpy)Cly]™ as
expected).

The nature of the frontier orbitals is in agreement with the
large shift (Av(CO) = 111 cm™') determined from IR
spectroelectrochemistry, implying that reduction of mer-
[0s™(CO) (bpy)Cl,] takes place at the metal center, and the
reduction of the resulting anion mer-[Os"(CO) (bpy)ClL]",
associated with a much smaller shift (Av(CO) = 37 cm™),
occurs on the coordinated bpy (see above).

The TD-DFT calculated electronic absorption spectrum of
mer-[Os"(CO) (bpy)Cl;]~ displays bands at 710, 554, and 441
nm and an intense band at 294 nm with a shoulder at 265 nm, in
good agreement with the experimental UV—vis absorption
spectrum exhibiting a strong band at 299 nm and less intense

bands at 420 nm (with a shoulder at 465 nm) and 658 nm
(Figure 18). The calculated electronic transitions (Supporting
Information, Table S4 and Figure S11) allow these bands to be
assigned as MLCT from #*(Os—Cl) to #*(bpy), with an
interligand contribution from p,(Cl) to z*(bpy) in the highest
energy band shown, as can clearly be seen in the plots (Figure 18;
blue indicating a decrease in electron density and yellow an
increase).

DFT Calculations of [Os(CO)(MeCN)(bpy)Cl,]. DFT
calculations showed that the energy of trans(Cl)-[Os(CO)-
(MeCN) (bpy)Cl,] is the highest of the possible isomers of this
complex, but there was only a difference of ~1 kcal mol™
between the highest and lowest energy isomer (gas phase).
Geometries and relative energies of several isomers of [Os-
(CO)(MeCN) (bpy)ClL,] are available in the Supporting
Information (Figure S12, Table SS). The trans isomer is
experimentally observed, while for the analogous ruthenium
complex it is the cis isomer that is seen.>"”

The calculated frontier orbitals of trans-[Os(CO) (MeCN)
(bpy)ClL,] reveal that the participation of the chlorine atoms in
the t,, orbitals of Os(II) is much higher than it is in other similar
complexes. The HOMO and HOMO-1 spread over the osmium
metal center (43.5 and 33.2%) and the coordinated chloride
ligands (38.8 and 54.1%) so that these orbitals do not have a
predominant d character and should be considered z*(Os—Cl).
The LUMO is essentially based on the bpy ligand (85.6% bpy),
with only 7.0% Os d (Figure 19). This indicates that oxidation

Figure 19. The HOMO and LUMO of trans-[Os(CO)(MeCN)
(bpy)CL].
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Figure 18. TD-DFT calculated electronic absorption spectrum of mer-[Os"(CO) (bpy)Cl;]™ in MeCN. The vertical excitations correspond to data in
Supporting Information, Table S4. Inset: the corresponding experimental spectrum in PrCN at 293 K (Figure 6).
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Figure 20. TD-DFT calculated electronic absorption spectrum of trans-[Os"(CO) (MeCN) (bpy)Cl,]. The vertical excitations correspond to data in
Supporting Information, Table S6. Inset: the corresponding experimental spectrum in PrCN, 293 K (Supporting Information, Figure S7).
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Figure 21. TD-DFT calculated electronic absorption spectrum for [Os’(CO) (MeCN)(bpy)]. The vertical excitations correspond to data in
Supporting Information, Table S8. Inset: the corresponding experimental spectrum of [Os’(CO) (PrCN)(bpy)] in PrCN at 293 K (Supporting

Information, Figure S8).

leads to the strengthening of the Os—Cl bond, as 1e™ is removed
from the 7*(Os—Cl) orbital, while the reduction takes place on
the bpy ligand, as happened with [0s"(CO) (bpy)Cl;] ™.

The TD-DFT calculated electronic absorption spectrum of
trans-[Os"(CO) (MeCN) (bpy)Cl,] (Figure 20, Supporting
Information, Table S6 and Figure S13) displays absorptions at
549 and 846 nm and an intense absorption at 283 nm with a
shoulder at a slightly higher wavelength. Higher energy bands
were not calculated. These electronic transitions mainly start
from the HOMO, HOMO-1, and HOMO-2, all being 7*(Os—
Cl), and HOMO-5, which is 7{Os—Cl). The excitations end at
the LUMO, LUMO+2, and LUMO+4, all being #*(bpy)
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orbitals. The transitions can therefore be assigned as a
7/7*(0s—Cl)-to-7*(bpy) charge transfer, as can clearly be
seen in the plots where blue indicates a decrease in electron
density and yellow indicates an increase (Figure 20). The
calculated IR spectrum of trans-[Os"(CO) (MeCN) (bpy)Cl,]
was shown to have a (CO) stretch at 1950 cm™ and a (CN)
stretch at 2258 cm™". The v(CO) stretch is in a relatively good
agreement with that observed experimentally in PrCN at 1932
cm™, but the #(CN) stretch is obscured by the solvent band (see
above).

The relatively good agreement between the experimental and
calculated data described above indicates that this DFT
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methodology is suitable to investigate these osmium complexes.
Therefore, it has been applied to identify possible structures for
the mononuclear species formed from the reduction of mer-
[0s"(CO) (bpy)Cl,]™ and trans(Cl)-[0s"(CO) (PrCN)(bpy)-
CL,] in PrCN, which were detected by their spectroscopic data.
Experimental results showed that [Os’(CO) (PrCN)(bpy)]
could not be an oligomer, as no v(CN) peaks were observed
for the coordination of PrCN at the terminal Os(I) centers.

DFT Calculations of Os(0) Mono- and Dinuclear
Species. DFT calculations were carried out on the square-
planar complexes [Os(CO) (MeCN)(bpy)]” (n = +1, 0, —1)
with osmium in the —I, 0 and +I formal oxidation states
(Supporting Information, Table S7), to compare with the
experimental spectroscopic evidence that an Os(0) complex
resulted from the multielectron reduction of mer-[Os™(CO)
(bpy)Cl,] and trans(C1)-[Os"(CO) (PrCN) (bpy)Cl,] in PrCN.

Comparison with experimental values for the v(CO) and
V(CN) stretches of [0s°(CO) (PrCN)(bpy)] (1927 and 2194
cm™, respectively, Table 3) shows that the values calculated for
[0s°(CO) (MeCN)(bpy)], 1884 and 2182 cm™, support the
assignment of the mononuclear Os(0) species (Supporting
Information, Figure S14). Calculated frequencies for the Os(I)
complex are too high, while those obtained for Os(—I) are too
low. The electronic absorption spectrum calculated for
[0s°(CO) (MeCN)(bpy)] (Supporting Information, Table S8,
Figure 21), with maxima at 670, 460, 256 nm and shoulders at
531 and 315 nm, is also in a good agreement with the
experimental UV—vis absorption spectrum of [Os’(CO)
(PrCN)(bpy)]. The plots indicate that the two lowest-energy
transitions are 77/7*(Os—Cl)-to-7*(bpy) charge transfers (blue
indicates a decrease in electron density and yellow indicates an
increase), while the higher-energy ones have a considerable
intraligand (IL) (CO and bpy) character (see also Supporting
Information, Table S8 and Figure S15).

DEFT calculations were also carried out for two other possible
structures, square-pyramidal [Os(CO)(bpy) (MeCN),] and the
Os—Os bound dimer [Os(CO) (MeCN),(bpy)], (Supporting
Information, Figures S16 and S17). However, their IR spectra
showed poor agreement with the experimental data for
[Os(CO) (PrCN)(bpy)] (Supporting Information, Table S9).
The species observed on the reduction of mer-[Os™(CO)
(bpy)Cl,] and trans(Cl)-[Os"(CO)(PrCN) (bpy)Cl,] in PrCN
are therefore most likely to be [0s’(CO) (PrCN)(bpy)]. It is
possible, however, that the reduction of the dicarbonyl complex,
trans(Cl)-[0s"(CO), (bpy)Cl,],* leads to a square-pyramidal or
pseudo-octahedral Os(0) species with PrCN coordinated in the
axial position(s), similar to fac-[Re(CO); (PrCN)(bpy)]~.> X-
ray structural analyses of the Os(0) species remain a challenge.

Catalytic CO, Reduction with [0s"(CO) (bpy)Cl5] in
PrCN. It was shown that the reduction of [Os"(CO) (bpy)Cl,]~
and [0s"(CO)(PrCN) (bpy)CL,] in PrCN does not lead to
formation of poly(Os—Os) chains but to a solvent-stabilized
mononuclear complex, [Os’(CO) (PrCN)(bpy)]. Preliminary
experiments to investigate the catalytic behavior of the bpy-
reduced species [0s’(CO) (PrCN)(bpy*”)]~ toward CO,
reduction have been carried out.

IR spectroelectrochemistry of parent [Os™(CO) (bpy)Cl;] in
PrCN and in the presence of CO, showed the appearance of a
number of small #(CO) bands between 1900 and 2100 cm™
upon the reduction of [Os"(CO) (bpy)Cly]~ (Figure 22)
accompanied by ©(CO) and v(CN) bands at 1893 cm™ and
2183 cm™, respectively, corresponding to [Os(CO) (PrCN)-
(bpy*7)]™. The CO, satellite peak is seen to decrease as
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Figure 22. IR spectral changes accompanying the reduction of
[0s"(CO) (bpy)Cly]™ (O) in PrCN saturated with CO,. Formation
of HCO;™ (V) and HCOO™ (A) was observed.

catalysis occurs. Absorption peaks at 1685 and 1642 cm™

indicate the presence of HCO;™, and a feak at 1604 cm™'
corresponds to the production of formate.*® Formation of CO
gas was observed at the working electrode. This behavior is
consistent with the cyclic voltammogram of [Os"(CO)
(bpy)CL;] in PrCN saturated with CO, (Supporting Informa-
tion, Figure S18). The catalytic current starts to rise directly
beyond the cathodic wave of [Os"(CO) (bpy)Cl;]~ where the
catalyst [0s’(CO) (PrCN)(bpy®~)]™ is generated (eqs 6 and 7).

Catalytic CO, Reduction with [Os I(CO)(PrCN) (bpy)Cl,]
in PrCN. The catalytic reduction of CO, in PrCN differs when
the catalyst precursor is [Os"(CO)(PrCN) (bpy)ClL,] rather
than [0s™(CO) (bpy)CL,]. As [0s"(CO)(PrCN) (bpy)CL,] is
reduced, a range of unassigned v(CO) stretches appear between
1850 and 2050 cm™. [Os(CO) (PrCN)(bpy*~)]™ is also
observed by ©(CO) and v(CN) bands at 1894 cm™" and 2185
cm™’, respectively (Figure 23).

The dominant CO, reduction product observed with IR
spectroscopy was formate, absorbing at 1606 cm™". CO gas was
again developing at the working electrode. Smaller carbonyl
bands at 1688 and 1643 cm' indicate the presence of
bicarbonate.*’
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Figure 23. IR spectral changes accompanying the reduction of
[0s"(CO)(PrCN) (bpy)Cl,] (M) in PrCN saturated with CO,.
Formation of HCO;~ (V) and HCOO™ (V) was observed.

dx.doi.org/10.1021/ic402146t | Inorg. Chem. 2014, 53, 1382—1396



Inorganic Chemistry

Catalytic CO, Reduction with [0s"(CO) (bpy)Cl5] in
THF. IR spectroelectrochemistry was also carried out in THF
saturated with CO, to observe the catalytic behavior of the Os(0)
polymers. Reduction of [Os"(CO) (bpy)Cl;]™ led to the
appearance of a small band at 2067 cm™!, while the v(CO)
stretch of [Os’(CO) (THF)(bpy)], at 1860 cm™' was not
observed (Figure 24). The CO, satellite peak decreases as
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Figure 24. IR spectral changes accompanying the conversion of
remaining [Os™(CO) (bpy)Cl] (O) to [Os™(CO) (bpy)CL]™ (O),

and subsequent reduction of the latter anion in THF saturated with
CO,. Formation of HCO;~ (V) and HCOO™ (V) was observed.

reduction occurs. Rapid appearance of absorption bands at 1678,
1642, and 1605 cm™ reveals the formation of HCO,™ and
HCOO™.*° Bubbles were seen forming on the working electrode,
indicating that CO is produced. This suggests that CO,
coordination itself is capable of converting some of the
[0s°(CO) (THF)(bpy)], polymer into catalytically active
O0s’(bpy*”) fragments. Conventional cyclic voltammetry
(Supporting Information, Figure S19), however, documents
that the real onset of efficient catalytic reduction of CO, starts
more negatively (in contrast to the situation in PrCN,
Supporting Information, Figure S18), that is, in the potential
region where [Os’(CO) (THF)(bpy)], undergoes the bpy-
localized reduction (Figure 4).

The different electrocatalytic behavior of [Os(CO) (bpy)Cl;]
in PrCN and THF nicely reflects the different nature of the
catalytically active Os(0) species formed in these solvents. It
remains unanswered, however, whether the true catalyst in THF
has still the likely polymeric structure as formed in the absence of
CO,.

B CONCLUSIONS

Cyclic voltammetry and in situ IR and UV—vis spectroelec-
trochemical monitoring at variable temperature have shown that
the Os(0) products formed upon stepwise reduction of the
monocarbonyl complexes [Os™(CO) (bpy)Cl;] and
[0s"(CO)(PrCN) (bpy)Cl,] are strongly dependent on the
solvent used. While coordinating butyronitrile PrCN stabilizes
soluble mononuclear species, a polymer chain with different
redox and spectroscopic properties is formed in THF and also in
MeCN and DMF. DFT and TD-DFT calculations support the
existence of planar [0s’(CO) (PrCN)(bpy)] that is also stable in
the reduced state [Os°(CO) (PrCN)(bpy*~)]~ formed directly
from [Os"(CO) (bpy*~)CL]*~ or [0s"(CO) (PrCN) (bpy*~)-
CL]™ at RT (293 K). The latter electron-rich radicals are stable
only at low temperature (213 K) in the presence of a high excess
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of Cl” ions, unlike the analogous but much more reactive Ru(II)
species. The key signature of the soluble Os’(bpy) and
0s’(bpy*~) monocarbonyl products is the v(CN) stretch of the
PrCN ligand appearing below 2200 cm™', similar to the
electronically close complex [Re(CO); (PrCN)(bpy)]~. Impor-
tantly, the solvent control of solubility applies also to Os’(bpy)
and Os’(bpy*~) dicarbonyl complexes known to form insoluble
polymer chains in THF and MeCN but existing as soluble
compounds in PrCNj in this solvent they also feature the
characteristic (CN) stretch omitted in the previous reports.
Preliminary investigations indicate that [Os’(CO) (PrCN)-
(bpy*)]™ is capable of catalytically reducing CO, to CO,
where the parent complex is [Os™(CO) (bpy)Cl,], and to both
CO and formate for [Os"(CO)(PrCN) (bpy)CL,].
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