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ABSTRACT: Molecular cobalt-dmg (dmg = dimethylglyox-
ime) complexes are an important class of electrocatalysts used
heavily in mechanistic model studies of the hydrogen evolution
reaction (HER). Schrauzer’s early isolation of a phosphine-
stabilized “[H-Co™(dmgH),P(nBu);]” complex has long
provided circumstantial support for the plausible intermediacy
of Co(III)-H species in HER by cobaloximes in solution. Our
investigation of this complex has led to a reassignment of its
structure as [Co'(dmgH),P(nBu);], a complex that contains
no hydride ligand and dimerizes to form an unsupported Co—
Co bond in the solid state. A paramagnetic S = 3/2 impurity
that forms during the synthesis of [Co"(dmgH),P(nBu)]
when exposed to adventitious oxygen has also been

characterized. This impurity features a '"H NMR resonance at —
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5.06 ppm that was recently but erroneously attributed to the

hydride resonance of “[H-Co"(dmgH),P(nBu);]”. We draw attention to this reassignment because of its relevance to
cobaloxime hydrides and HER catalysis and because Schrauzer’s “hydridocobaloxime” is often cited as the primary example of a
bona fide hydride that can be isolated and characterized on this widely studied HER platform.

B INTRODUCTION

Molecular cobalt complexes supported by nitrogen donor
ligands have been widely studied as mechanistic model systems
for hydrogen evolution catalysis in organic and aqueous
solvents." Regardless of the intimate pathway(s) by which
H—H bond formation can occur in these various Co systems, a
Co(III)-H species is often invoked as a central intermediate in
mechanistic studies."> Cobalt(III) hydrides of these types are
especially hard to directly characterize for highly active
hydrogen evolution reaction (HER) systems. Comparatively
inactive Co(III)-H complexes, for example when stabilized by
phosphine ligands, have been reported in several instances,’
and efforts to study their chemical properties have been the
focus of several research endeavors.* A particularly significant
Co(II)-H species is the putative “[P-Co™H]” compound, [H-
Co"'(dmgH),P(nBu);] (dmg®>~ = dimethylglyoxime), originally
reported in 1971 by Schrauzer and Holland.®> Cobaloxime
complexes are the most mechanistically well-studied Co HER
catalysts, and Schrauzer’s hydridocobaloxime, “[P-Co™H]”, has
long provided circumstantial synthetic support for the plausible
intermediacy of a Co(IlI)-H in HER mediated by cobalox-
imes. Ddek2ed3bAcs 115 0ever  Schrauzer’s original character-
ization data for “[P-Co™H]” were unusual in that the 'H NMR
resonance of the Co(Ill)-H in n-hexane was reported at +6
ppm (vs TMS).® This downfield chemical shift is atypical of d°
transition-metal hydrides,7 and in this context Artero,
Fontecave, and co-workers published a DFT study of the
proposed “[P-Co™H]” hydride complex that predicted a 'H
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NMR Co(III)-H resonance in the more typical upfield region
near —5 ppm.® This study also described '"H NMR data in ds-
MeCN showing a resonance at —5.06 ppm for a sample of “[P-
Co™H]” prepared by the method of Schrauzer. Based on these
findings, Artero, Fontecave, and co-workers concluded that the
complex “[P-Co™H]” was correctly formulated as a Co(III)-H
species, as assigned by Schrauzer, but nonetheless warranted
reassignment of its "H NMR spectrum.

As part of our ongoing interest in mechanistic aspects of Co-
glyoxime HER reactivity, we sought to investigate “[P-Co™H]”
by electrochemical means. Upon investigating this material,
several inconsistencies with the isolated compound and its
assignment as a Co(III)-H were revealed that led us to question
the assignment of “[P-Co™H]” as a hydride species. Herein, we
provide data that unequivocally show that this putative “[P-
Co™H]” species does not contain a hydride ligand, but instead
exists as a monomer/dimer equilibrium in solution between the
Co(II) monomer [P-Co"] and the dimer [P-Co"],. The 'H
NMR resonance at —5.06 ppm attributed to the Co(IIl)-H
resonance of “[P-Co™H]” instead arises from a paramagnetic
impurity that we have now isolated and characterized. This
result, along with recent work from the Norton laboratory (vide
infra), removes much of the most compelling experimental
evidence for the direct observation of hydridocobaloxime.
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B RESULTS AND DISCUSSION

Synthesis of the Putative Hydridocobaloxime. Our
investigation began with the attempted synthesis of the putative
“[P-Co™H]” complex by following the procedures outlined in
the literature.>® The synthesis involves reduction of the [Cl—
Co"(dmgH),P(nBu),] precursor ([P-Co™Cl]) suspended in a
1:1 MeOH:H,0 (pH 7 phosphate buffer) solution with slow
addition of solubilized NaBH, in water under an inert
atmosphere. The reaction with NaBH, is immediate and
forms an inky dark-purple solid. As will be described below, the
purple product is the neutral Co(II) dimer complex
[Co"(dmgH),P(nBu),], ([P-Co"],) rather than the previously
assigned Co(III)-H.

The room-temperature '"H NMR spectrum of the purple
product in dg-toluene (or dg-benzene) contains three broad
resonances near 1 ppm (the exact position depends on
concentration and temperature). In dg-toluene, these three
resonances sharpen upon cooling to —91 °C (27H, P-
(CH,CH,CH,CHj,),) along with the appearance of two new
resonances at 18.23 ppm (2H, NOH) and at 2.59 ppm (12H,
CMe). As seen in Figure 1, the 'H NMR spectrum of the
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Figure 1. '"H NMR spectrum of 3 mM [P-Co"], (i, the isolated
purple compound from NaBH, reduction, previously assigned as “[P-
Co™H]”) collected at =91 °C (top) and 25 °C (bottom) in dg-
toluene (*). All nonsolvent resonances in the spectrum between 45 to
—45 ppm are displayed. See Figure S1 for full variable-temperature
data and 3'P NMR at —91 °C.

isolated compound does not contain a resonance upfield of 0
ppm that might be attributed to a hydride resonance. The *'P
NMR spectrum contains no signal at room temperature,
suggesting that the product is paramagnetic. However, upon
cooling to —91 °C, a weak resonance at —2.4 ppm in the >'P
NMR spectrum begins to appear (Figure S1).

Slow evaporation of a concentrated benzene solution of the
dark-purple material afforded nearly black needle crystals from
which the solid-state molecular structure was obtained via X-ray
diffraction (XRD). The structure contains two Co centers in
close proximity, each bound to two [dmgH]~ ligands and one
P(nBu); with an overall molecular formula corresponding to
[Co"(dmgH),P(nBu);], ([P-Co™],) (Figure 2). The structure
reveals a Co--Co separation of 3.116(2) A, which is somewhat
longer than typical unsupported M—M bonds. For example, the
diamagnetic (CO);Mn—Mn(CO);, (CN);Co—Co(CN);, and
[(CO)sCr—Cr(CO);]*~ complexes have metal—metal bond
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Figure 2. Thermal ellipsoid plot (50% probability) of the molecular
structure of [P-Co™], with carbon bound H atoms removed for clarity.
The butyl groups on the phosphine ligand are heavily disordered
across two positions, both of which were not refined anisotropically.
Color scheme: blue = nitrogen; red = oxygen; magenta = cobalt;
orange = phosphorus; white = carbon.

distances of 2.923, 2.794, and 2.97 A, respectively.” The closely
related [Rh"(dmgH),PPh,], complex has a Rh—Rh bond of
2.936 A.'° Interestingly, the rhodoxime dimer was synthesized
by reduction of the [Cl-Rh"™(dmgH),PPh,] precursor with
NaBH, in MeOH/water; these conditions are nearly identical
to those used to prepare [P-Co™],. A similar dimeric structure
to [P-Co™], was obtained for [Co"Salen], and contains a much
longer unsupported Co-+-Co separation of 3.45 A'" and exhibits
weak antiferromagnetic coupling as determined by temper-
ature-dependent magnetic susceptibility (J ~ =20 cm™')."> The
Co-++Co separation in [P-Co"], is in between these two cases
and may represent a weak bond. The temperature-dependent
magnetic susceptibility of solid [P-Co™"], does not exhibit
behavior indicative of magnetic coupling and rather appears to
reflect a diamagnet (SQUID Figure S2).

The solution-state speciation appears to be consistent with a
monomer—dimer equilibrium. For example, the 'H NMR
spectrum of [P-Co"], collected at —91 °C is substantially more
resolved than the room-temperature spectrum and integrates
appropriately to [P-Co"], (Figure 1). This is consistent with
the appearance of a *'P NMR resonance observed at low
temperature (—91 °C). Similarly, variable-temperature UV—vis
spectra display thermochromism with a strong 4., at 570 nm
(e ~ 25000 M~ cm™ at —90 °C, 0.10 mM in toluene)
(Figures 3 and S3); this band is presumed to arise from a weak
Co—Co ¢ to o* transition.'” The thermochromism of [P-
Co"], allows for the thermodynamics of the monomer—dimer
equilibrium to be studied."* A Van’t Hoff plot (=5 to 30 °C)
gives AH® = —5.4 + 0.2 kcal mol™" and AS° = —11.4 + 0.3 cal
mol™ K™ for the formation of a dimer as the product of two
monomeric [P-Co"] fragments (Figure S3). A room-temper-
ature EPR spectrum (Figure S4) of a 2 mM toluene solution
exhibits a doublet signal and provides additional evidence for
the presence of a low-spin [P-Co"] species in solution. This
signal disappears at 77 K (EPR silent) where the dimer
structure is favored. Collectively these data are consistent with a
monomer—dimer equilibrium process wherein the monomer is
a spin active doublet and the dimer is a diamagnet. While
preparing this manuscript we became aware of a PhD thesis
(1997) that contains variable-temperature UV—vis and NMR
experiments on samples of the purported “[P-Co™H]”."
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Figure 3. Variable-temperature UV—vis spectrum of 100 uM [P-Co"],
in toluene (1 cm cell).

These data led that author to similarly conclude a monomer—
dimer equilibrium and an incorrectly assigned “[P-Co™H]”.

To further substantiate the conclusion that this dark-purple
compound is indeed [P-Co"],, we pursued alternative synthetic
routes to the same species. [P-Co"], is the major product when
synthesized by treatment of [Co"(dmgH),(H,0),] with 1
equiv of P(nBu); in DCM or n-pentane (Figure 85).1°
Additionally, treatment of [P-Co™CI] with Cp,Co affords
dark-purple solutions with 'H NMR and UV—vis spectra
indicative of the [P-Co"], complex (Figure S6).'° These
alternative synthetic routes thus afford the same dark-purple
product and further substantiate that [P-Co™], is the correct
assignment for the spectroscopically observed major product of
the NaBH, reductions of [P-Co™'Cl]. It is worth noting that in
our hands the powder ATR-IR spectrum of [P-Co"], prepared
by Schrauzer’s method consistently shows a peak at 2360 cm™
that arises from (nBu);P-BH;; Schrauzer had reported an
isotopically sensitive peak at 2240 cm™,” attributed to a Co—H
mode, that may instead have resulted from a borane impurity.
More importantly, no peaks in this general region are present in
the [P-Co"], product obtained by either reduction of [P-
Co''Cl] with Cp,Co or addition of P(nBu); to
[Co"(dmgH),(H,0),] (Figure S11)."”

We note in brief that the addition of H, to a pure sample of
[P-Co"], in toluene leads to decay of the starting material to a
mixture of products over a period of about 24 h but that the 'H
NMR and IR spectra do not indicate the presence of
product(s) containing a terminal hydride ligand (Figure
$12).''>'® Whether a tautomeric form (Scheme 1)% of the
hydride is produced as one of the products remains unclear.

Scheme 1. Proposed Isomerization of Co(IIT)-H That Could
Form upon Addition of H, to [Co"]
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Identification of the Paramagnetic Impurity. Inde-
pendently prepared batches of [P-Co™], material in our hands
sometimes contained a singlet '"H NMR resonance at —5.06
ppm in d;-MeCN in varying intensities (—6.11 ppm in C¢Dj
and dgtoluene). This resonance seemed to appear when
exclusion of air was not rigorously pursued and is a resonance
consistent with that reported by Artero and Fontecave to arise
from the putative hydride “[P-Co™H]” (Figure $7).° The
resonance at —5.06 ppm is a singlet, whereas a doublet is
anticipated due to *Jpy coupling from the trans-phosphine for a
R;P-Co(III)-H structure. Other examples of Co—H complexes
with phosphine ligands contain 'H resonances with the
expected splitting for coordinated phosphines.>* We also
noted that the appearance of this downfield —5.06 ppm
resonance is always accompanied by other, paramagnetically
shifted resonances at —22.04, 0.40, 16.23, 25.73, 33.11, and
40.39 ppm (Figure 4). The implication is clear; the —5.06 ppm
resonance is one of many belonging to a paramagnetic impurity
likely generated by adventitious air during the synthesis of [P-
Co",.

5 0
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Figure 4. "H NMR spectrum (45 to —4S ppm) of isolated [P,Co;] in
d;-MeCN (*) at room temperature.

Extracting the purple dimer [P-Co"], with pentane from
such crude mixtures containing the aforementioned paramagnet
left behind a brown material which, following benzene
extraction, afforded the purified paramagnet (see SI). The 'H
NMR spectrum of this purified material in d;-MeCN exhibits
the same paramagnetically shifted 'H NMR spectrum as
observed in samples from crude [P-Co™], material exposed to
air, including the resonance at —5.06 ppm (Figure 4). Slow
diffusion of n-pentane into a dilute benzene solution of this
brown material provided crystals suitable for XRD (Figure S).
The molecular structure reveals the trimeric [(dmgH)Co™P-
(”Bu)3(dmg)]z(ﬂ'odmg)z(#'odmgH)z[Coudmg] ([P,Cos])
complex with one central Co atom bridging two “edge”
{Co(dmg)(dmgH)} units.'” The central Co atom is 6-
coordinate with four sites occupied by two oxime oxygen
atoms each from two adjacent {Co(dmg)(dmgH)} units. The
remaining two sites are occupied by the two nitrogen atoms
from a single [dmg]*~ ligand that span all three Co centers.
The edge Co atoms are also 6-coordinate with the axial
positions occupied by a phosphorus atom from P(nBu); and an
oxygen atom from the single bridging dmg®~ ligand. The 'H
NMR spectrum of these crystals matched the same para-
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Figure 5. Thermal ellipsoid plot (50% probability) of the molecular
structure of [P,Co;] with carbon bound H atoms removed for clarity.
Also not shown is an uncoordinated dmgH, molecule in close H-
bonding contact with an O atom of a coordinated [dmgH]™ moiety.
Color scheme: blue = nitrogen; red = oxygen; magenta = cobalt;
orange = phosphorus; white = carbon.

magnetic species obtained from the NaBH, reductions (Figure
S8). The trimeric structure appears to remain intact in solution
as evidenced from fast atom bombardment mass spectrometry
(M/Z(touna) = 1153.397; m/z(uea) = 1153.400) (Figure S10).
The X-band EPR spectrum at 10 K (EPR silent at 77 K)
exhibits an unusual signal for an S = 3/2 center (pegs = 3.9 fig,
room temperature in C¢Dg) with a diagnostic 8-line pattern
indicating that the unpaired electrons are interacting with a
single Co ion (Figure 6).>
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Figure 6. X-band EPR spectrum of the S = 3/2 trimer [P,Co;] in a
toluene glass collected at 10 K (see Figure S9 for SQUID data). EPR
simulation parameters: g,,, = 5.717, 2.764, 1.871; sg,,. = 0.0274,
0.0238, 0.0270 (sg = g strain); A, = 544.8 MHz (0.0181 cm™); D =
—11.0 em™; E/D = 0.1875; LWmn =14.43 G; Spin =1.5.>°

B CONCLUSION

Herein we have described the major products that are obtained
from reduction of [P-Co™Cl] with NaBH, (Figure 7).
Previously, the proposed product was thought to be a Co
hydride complex with a trans-phosphorus ligand. However, the
results presented here show that this species is instead the Co"
complex [Co"(dmgH),P(nBu);], [P-Co"], that crystallizes as a
dimer, [P-Co"],, and exhibits a monomer—dimer equilibrium
in organic solvent. The resonance at —5.06 ppm ascribed
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[P2Co;]

[P-Co'l,

Figure 7. Two major isolated products from the reduction of [P-
Co™Cl] with NaBH, in pH 7 water:MeOH (1:1) are [P,Cos] and [P-
Co"], rather than a Co-hydride.

previously to the Co(IIl)-H resonance is instead one of several
paramagnetically shifted resonances arising from a Co trimer
(denoted as [P,Co,]) with an S = 3/2 ground state. This trimer
can be generated from adventitious oxygen. Therefore,
Schrauzer’s hydridocobaloxime no longer provides a reliable
reference point for a bona fide Co(III)-H within the cobaloxime
system. We draw attention to this point because this
reassignment, along with recent findings from Norton and
co-workers that also challenge the reliability of Co(III)-H
assignments in cobaloximes,”" removes key pieces of evidence
that have been used to suggest the reactive H atom in HER by
these cobaloxime systems is bound to cobalt. While these
collective findings do not rule out Co(III)-H as intermediates
in HER catalysis, for example they are still plausible if formed
by tautomerization of a ligand protonated form (Scheme 1)%;
caution in invoking them must still be exercised in the absence
of compelling experimental evidence. Worth noting in this
context, in a recent report Norton and co-workers found that at
high pressures (70 atm) of H, a [Co"L(dmgBF,),] (L =
solvent) precursor is reduced to a species with a UV—vis
spectrum nearly identical to independently generated [Co'L-
(dmgBF,)]". Supported by the reversibility of the reaction and
additional NMR data, they postulated that the new compound
is a Co(III)-H hydride isomer, whereby the ligand (not cobalt)
instead bears the reactive H atom (ie, [Co'L(dmgHBF,)-
(dmgBF,)]).>! Mechanistic studies of cobaloxime mediated
HER catalysis will benefit from consideration of ligand-based
protonation schemes similar to other HER platforms such as
NiN,P, and Co-dithiolene HER catalysts.'8"**
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Experimental details, spectra, and X-ray crystallographic
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