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Coordination compounds of cobalt have recently received
special attention in the context of hydrogen production
(“splitting water with cobalt”)!"! and conversion."™! Within
these studies the mechanistic sequence of electron and proton
or hydrogen transfer has frequently been discussed. Although
cobalt carbonyl hydrides, especially [Co(CO),H] have been
the subject of many studies since their development by Hieber
and co-workers in the 1930s!"" and since their use in hydro-
formylation processes, the hydrogen-producing reactions
were mainly reported with non-organometallic cobalt com-
plexes, involving ligands such as oligodentate imines, glyox-
imes, phosphanes, and macrocycles."™!

Herein we describe the synthesis and characterization of
the first dicarbonylhydridocobalt complex [Co(CO),-
(dippf)H] =[(1)H] with a 1,1’-diphosphinoferrocene ligand
(dippf = 1,1'-bis(diisopropylphosphino)ferrocene) and its
chemical and (spectro)electrochemical oxidation via [(1)H]*
to the structurally characterized product [Co(CO),(dippf)]" =
[(1)]*, which has formally lost a hydrogen atom and can be
reduced to a Co® species [(1)]
(Scheme 1). In contrast to the
above-mentioned complexes,!'*! PiPr2
in our series the presence of CO |
ligands makes it possible to
monitor several intermediates
by IR spectroelectrochemis-
try.t!

The family of 1,1’-bis(dior-
ganophosphino)ferrocene
ligands has been widely used in
catalysis and for functional
molecular materials;'? these
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ligands can also be considered as redox noninnocent!™! due
to the reversible oxidation of the ferrocene framework.!" For
instance, it was shown that the assignment of the oxidation
site in ambivalent [Fe"Ru"] heterobimetallic complexes
involving 1,1’-bis(diorganophosphino)ferrocene ligands is
not trivial."*"!

Reaction of [Co(CO),H] with dippf leads to compound
[(1H].'! In addition to the 'H and *'P NMR spectroscopy
the crystal structure analysis!"™ (Figure 1A, Table 1) con-
firms the configuration with one metal-hydride bond (at
a disordered position) pointing toward the inside—probably
a result of the steric crowding from the PiPr, groups at the
outside. Both hydride positions (at half occupancy) were thus
found crystallographically as capping the approximately
tetrahedral CuP,C, coordination core. DFT calculations
confirm the experimental structure as a stable arrangement
(Table 1, see also Figure S1 in the Supporting Information).

Cyclic voltammetry at ambient temperature (Figure 2 A)
and at —50°C in CH,ClI, (Figure S2) showed an oxidation of

0
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Scheme 1. Reaction mechanism derived in this study.

the 18 valence electron (VE) precursor [(1)H] to the 17VE
species [(1)H]*, leading to high-energy shifted vcq stretching
bands in OTTLE spectroelectrochemistry!® experiments (see
Figure 3 A). Unfortunately, the intense CO stretching bands
tend to obscure the weaker v,y absorptions at around
2000 cm ! which are calculated to shift only by a few wave-
numbers (see Tables2 and S3) in spite of the probably
decreased M—H bond strength.*!” DFT calculations of the
structure and of the CO and Co—H stretching frequencies of
[(1)H] and of [(1)H]" are summarized in Tables 1 and 2 and in
Figure S1; simulated IR spectra are shown in Figure S5 in the
Supporting Information.

The absorption maximum of [Co"-H]" lies at rather low
energy (875 nm, see Figure S10) and the corresponding
transition can be attributed to an MC/MLCT (metal cen-
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Figure 1. A) Molecular structure of [(1)H] in the crystal (disorder of one hydride at positions H1 and H1a,
both positions shown with half occupancy) and B) molecular structure of the cation in [(1)](PF¢)-1 THF.

Table 1: Comparison of selected experimental and DFT-calculated
structure parameters (distances in A, angles in °).

[(MH] [(MH]F mr
expt. calc.® calc.? expt. calc®
Bond
Co—C 1.736(2) 1.729 1.779 1.741(3) 1.726
Co—C 1.736(2) 1.730 1.804 1.774(3) 1.747
Co—P 2.1767(6) 2.169 2.257 2.1824(8) 2171
Co—P 2.1767(6) 2.177 2.262 2.1665(9) 2.170
Co---Fe 4.1377(5) 4117 3.837 3.2828(8) 3.357
Co—H [1.58(4)] 1478 1473 - -
Angle
P-Co-P 114.08(2) 1139  127.0 153.85(3)  150.2
C-Co-C 101.6(2) 97.6 96.5 127.3(1) 135.3
PCo-C  10532(7) 101.8  103.1 93.49(9)  94.0
102.8 104.0 97.22(9) 95.2
115.04(7) 1164 1104 95.81(9)  96.4
119.6 110.5 96.44(9) 96.8
Cp-Cpld 1.3 0.0 0.5 16.0 9.5

[a] Averaged values. [b] 'A state. [c] Dihedral angles.

tered/metal-to-ligand charge transfer) process according to
TD-DFT calculations. After the loss of hydrogen the absorp-
tion maximum shifts to higher energies at 480 nm (Table 2;
Figure S6 in the Supporting Information).

The oxidation of [(1)H] can occur either at the ferrocene
or at the dicarbonylhydridocobalt(I) center. Earlier studies of
ruthenium and osmium complexes of 1,1’-diphosphinoferro-
cene ligands have demonstrated a related ambivalence,
depending on the other ligands and substituents.'¥ The
experimental and computational results for [(1)H]" and for
the [(1)]*/[(1)] couple (cf. below) show that the potentially
redox-active ferrocene moiety is not directly involved in
electron transfer, that is, displaying “innocent” behavior;"!
all redox processes occur at the cobalt site, involving 17 VE
intermediates. Figure 2 A illustrates that a second (irreversi-
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ble) oxidation of [(1)H] follows
the first one at about 0.5 V more
positive potential, presumably
involving the ferrocene group
at a typical value of +0.1V
versus [FeCp,|*".

At room temperature the
cyclic voltammetric and IR-
spectroelectrochemical ~ moni-
toring of the oxidation shows
the appearance of a follow-up
product of the electron transfer
[(DHH]—[(1)H]* in the form of
the hydride-free [(1)]" (Figures

\{ : 2 A and 3B). This ion could also
s 5 - be obtained synthetically!™ as

g . the sensitive material [(1)]-
s (PF,)-1THF by reacting [(1)H]
with ferrocenium hexafluoro-
phosphate accompanied by the
evolution of GC-detected H,
gas (see the Supporting Infor-
mation). The '"H NMR data and the crystal structure ana-
lysis™*"! confirm the absence of a hydride ligand and indicate
a highly stretched chelate configuration (Figure 1B, Table 1).
The remarkable structure of the 16 VE cobalt(I) compound
[(1)]* with its obtuse angles of 153.85(3)° (P-Co-P) and
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Figure 2. Cyclic voltammograms of [(1)H] (A) and of [(1)](PF¢) (B) at
a scan rate of 100 mVs™' in CH,Cl,/0.1 M Bu,NPF.
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Figure 3. IR spectroelectrochemistry of the transitions [(1)H]/[(1)H]" at 213 K (A) and of the conversions [(1)H]/[(1)H]" (green)/[(1)]* (red) at
293 K (B) and of the transition [(1)]"/[(1)] at 293 K (C), all in CH,Cl,/0.1 M Bu,NPF,.

Table 2: Electrochemical and spectroscopic data of complexes.?!

states in the present case result

[(MH] [(MHI (M1

[y from the presence of CO and phos-

E[V]®! Eyjp(ox1): —0.43
EV]™ E,.(0x2): +0.06
Vo [em ™ 1892 (1897) 2024 (2038)
Veo [em™]¢ 1960 (1959) 2051 (2057)

Ve [cm ™9 2000 br¥ (2006) 1980 br¥ (1993)

D [N 420 sh 875, 450 sh 480

Eyjp(red1): —0.99
E,c(red2): —1.79

1940 (1938)
2003 (2002)

phines as acceptor ligands.
Summarizing, the complex
[(1)H] is oxidized at the cobalt site
to yield a spectroelectrochemically
detected cationic intermediate
[(M)H]" which converts homolyti-
cally to a hydride-free product

1860 (1875)
1928 (1935)

380 sh

[a] (1) =[Co(dippf) (CO),]. [b] Potentials in V versus ferrocene/ferrocenium from cyclic voltammetry at
a scan rate of 100 mVs™' in CH,Cl,/0.1 m Bu,NPF;. [c] Experimental values from spectroelectrochem-
istry (OTTLE cell) in CH,Cl,/0.1 m Bu,NPF,, DFT calculated values in parentheses (scaling factor 0.946).
[d] Obscured by CO stretching band. [e] Absorption maxima from spectroelectrochemistry (OTTLE cell)

in CH,Cl,/0.1 M Bu,NPF,.

127.3(1)° (C-Co-C) could be reproduced by DFT calculations,
illustrating the approach to a square-planar configuration. In
spite of the significant shortening of the Fe-Co distance by
0.9 A there is no metal-metal bonding™® according to the
DFT calculations.

Cyclic voltammetry, EPR, and IR spectroelectrochemis-
try show that the 16 VE species [(1)]" is reversibly reduced to
a 17 VE cobalt(0) compound [(1)] (Figures 2B, 3C, and S7, as
well as Table2). The paramagnetic intermediate forms
containing [Co™H]" ([(1)H]") and Co° ([(1)]) exhibit broad,
complex EPR spectra in frozen solution (Figure S8) which are
compatible with cobalt-centered spin as confirmed by DFT
spin density calculations (Figure S9).

The carbonyl stretching frequencies of the four hetero-
bimetallic compounds isolated or generated reflect the
configuration at cobalt: Oxidation of the Co'-H species
[(1)H] produces a large high-energy shift of v, in the [Co™-
H]" intermediate (Figure 3 A) which is somewhat attenuated
on loss of hydrogen to give the isolated [Co']" form [(1)]"
(Figure 3B). Reduction of the latter to the neutral Co” species
[(1)] results in a sizeable low-energy shift (Figure3C,
Table 2).

The oxidation state changes [Co'-H] (18 VE)—[Co"-H]"
(17 VE)—[Co']" (16 VE)—[C0°] (17 VE) evidenced here for
a dicarbonyldiphosphine ligated series [(1)H]=[(1)H]'—
[(D]™=[(1)] correspond to the mechanistic model [Co™-
H]—[Co"]—[Co']" proposed for the monometal variant of
cobalt-catalyzed H, generation.*'” The lower oxidation
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[(D)]*, isolated and structurally
characterized as the hexafluoro-
phosphate. In contrast to [(1)H]
(P-Co-P 114.08(2)°, dgeco
4.1377(5) A)), the cation [(1)]*
exhibits an obtuse P-Co-P bite
angle of 153.85(3)° and a relatively
short Fe—Co distance of 3.2828(8) A, reflecting considerable
structural flexibility of the potentially noninnocent dippf
ligand. According to spectroelectrochemistry the reversible
reduction of [(1)]" to the Co’ species [(1)] takes place at the
cobalt center. The sequence [(1)H]—[(1)H]"—[(1)]* repre-
sents a unique spectroscopically proven example of the
homolytic splitting of a Co—H bond at room temperature.
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