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ABSTRACT: Coordination of the tridentate ligand bis(2-diphenylphosphinoethyl)- . OC

phenylphosphine (P;) to cobalt forms [(CH;CN),Co"P;](BF,), (Co"P;). In the
presence of the Bronsted base Pr,EtN, Co"P; electrocatalytically oxidizes benzyl
alcohol (BnOH) to benzaldehyde at an applied potential of —630 mV vs Fc*/® with a
TON of 19.9. In a noncatalytic reaction with excess BnOH and 'Pr,EtN, Co"P; is
reduced by one electron to [(CH,CN),Co'P;]BF, (Co'P;) with concomitant formation
of half an equivalent of benzaldehyde. This stoichiometric oxidation of BnOH suggests
electron transfer occurs between intermediate cobalt species and starting Co"'P;.
Kinetics and computational studies support an unfavorable alcohol binding
preequilibrium step followed by favorable deprotonation of the bound alcohol.
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major challenge for global energy markets is the efficient

storage and use of energy from intermittent renewable
sources. To address the needed scale, energy can be stored in
the form of chemical bonds, such as those in alcohols. These
fuels are attractive for energy storage because they are liquids
and thereby offer high energy densities and safety advantages
over gaseous fuels.' Efficient extraction of this energy
necessitates development of electrocatalysts for oxidation of

alcohols (eq 1).

HO_ H 0
N o——= M +2H+2¢ (1)
RV R R R

Despite a long history of molecular catalysts for alcohol
oxidation,”™” the development of electrocatalysts for this
transformation has been limited. Catalysts based on precious
metals, including Ru,® "2 Ir,"® and Pd,'* have been extensively
studied. Only three catalysts derived from earth-abundant first-
row transition metals (Fe,"* Ni,'® Cu'”) have been reported.
We seek to broaden the range of catalysts based on
nonprecious metals by developing a novel electrocatalyst for
the oxidation of alcohol as a critical step toward the utilization
of renewable liquid fuels. In this pursuit, we have emphasized
the synthetic tunability and the generation of acidic metal
hydrides that can be deprotonated by alkyl amines.

Cobalt complexes have been used for alkylation reactions
involving alcohol dehydrogenation'®™>" and the hydrogenation
of aldehydes and ketones.”””>* More importantly, Co—H
complexes supported by phosphine donors are oxidized at mild
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potentials to generate acidic protons,” making them
candidates for electrocatalysis. We therefore targeted a cobalt
complex of linear triphos, P; (P; = bis(2-
diphenylphosphinoethyl)phenylphosphine) for electrocatalytic
oxidation of alcohols, focusing in this work on benzyl alcohol
as an initial target.

The complexes [(CH;CN),Co"P,](BE,), (Co"P;) and
[(CH4;CN),Co'P;]BE, (Co'P;) were synthesized according
to Scheme 1. Both complexes were characterized by NMR
spectroscopy, cyclic voltammetry (CV), X-ray diffraction, UV—
vis spectroscopy, and elemental analysis. The crystal structures
of Co"P; and Co'P; (Figure 1) reflect square-pyramidal (z5 =

Scheme 1. Synthesis of Triphos Cobalt Complexes
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Figure 1. Crystal structures of Co"P; (left) and Co'P; (right).
Hydrogen atoms and BF, counterions are omitted for clarity.

0.03) and distorted trigonal-bipyramidal (7 0.9)%7
coordination environments, respectively. Metric parameters
affiliated with both structures are normal compared with
related Co complexes,”***" and detailed structural parame-
ters are listed in the Supporting Information.

CVs of Co"P; feature three redox couples (Figure S1). The
cathodic reversible wave (E;;, = —0.78 V vs Ec*/°, AE, = 64
mV) is assigned to the Co™" couple and is the feature expected
to be relevant to electrocatalytic oxidation of alcohols. A
second cathodic wave (EP/2 = —1.74 V vs Ec/", AE, = 210
mV) is assigned to the Co”° couple, and an anodic wave (E;
+0.11 V vs Fc*’?) is assigned to the Co™™ couple. The
second cathodic wave is irreversible, and the anodic wave has a
large peak to peak separation of 308 mV, consistent with
quasireversibility that likely results from solvent coordination
that is coupled to electron transfer.”” Additionally, the
electrochemical behavior of Co'P; is consistent with that of
the Co"P; complex (Figure S4).

Stoichiometric reactivity studies were undertaken with
Co"P; to determine its efficacy as a catalyst for benzyl alcohol
(BnOH) oxidation. Treating Co"P; and BnOH in acetonitrile-
dy with 'Pr,EtN immediately caused a color change from green
to red (Scheme 2). '"H NMR spectroscopy confirmed nearly

Scheme 2. Stoichiometric Oxidation of BnOH
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quantitative formation of Co'P; and benzaldehyde in a 2:1
ratio. The reduction to Co' is not surprising as alcohols have
been used to reduce Rh** and Ir** complexes. Since oxidation
of BnOH requires the loss of two electrons, the 2:1 product
ratio suggests an electron transfer occurs from a second
equivalent of Co"P; in solution. Treating Co"P; with BnOLi
also produces Co'P; and benzaldehyde in a ~2:1 ratio
(Scheme S1).

We propose that BnOH oxidation proceeds through a
hydride complex [HCoP;(CH;CN),]* (HCo"P;, n = 0-2)
that is formed by f-hydride elimination from an alkoxide
ligand. This hydride complex is then susceptible to oxidation.
Monomeric Co" alkoxide complexes are known, but all lack j3-
hydrogens,” ™’ with only one exception.”” While we were
unable to isolate or directly observe HCo"P; because of rapid
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conversion to Co'P;, isolable Co" hydride complexes
supported by pincer ligands have been reported”' ~* and are
known to undergo one-electron reduction. B-Hydride elimi-
nation from Ir alkoxide complexes has been observed,”* and
supporting mechanistic studies on f-eliminations from Rh*’
and Ir*****” alkoxides are also known. Furthermore, isotopic
labeling experiments for Co-catalyzed acceptorless dehydro-
genations implicate hydride species formed through p-
elimination.”!

During the stoichiometric oxidation of BnOH, multiple
reaction pathways are possible after the f-hydride elimination.
First a net hydrogen atom transfer reaction between two
equivalents of HCo"P; is possible, analogous to the reactivity
of bis-diphosphine hydride complexes, [HM(dppe),]* (M =
Co,”® Rh, Ir*®). This pathway should form Co'P; and the
dihydride complex [(H),CoP;(CH,CN),]* ((H),Co™P;, n =
0—1), which is expected to be diamagnetic.26 However, no
hydridic resonances are observed in the "H NMR spectrum of
the reaction mixture. Alternatively, conversion of HCo"P; to
Co'P; and 1/2 H, is possible.”**” However, gas chromato-
graphic analysis of the reaction headspace revealed no
detectible H,. Most importantly, neither of these pathways
provides the necessary 2:1 product ratio.

Scheme 3 illustrates the proposed explanation for the
experimentally observed 2:1 ratio of Co'P; to aldehyde. In the

Scheme 3. Proposed Pathway for the Stoichiometric
Oxidation of BnOH
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first step (Scheme 3a), one equivalent of Co"Pj reacts with
BnOH and base, generating an alkoxide species BnOCo"'P;
which proceeds to release the product aldehyde and a putative
HCo"P; (Scheme 3b). Presumably, this process occurs
through f-hydride elimination (vide supra).

Oxidation of HCo"P; by the parent complex Co"P; should
be energetically favorable (Scheme 3c). Thermochemical data
from Ciancanelli and co-workers showed that the (III/II)
couple for the cationic complex [HCo(dppe),]* is 130 mV
negative of the (II/I) couple of the parent [Co(dppe),]*
complex.” Similar behavior is expected in the present system,
suggesting that the cationic HCo"P; can undergo electron
transfer with the parent Co'P;, generating Co'P; and
HCo"P; (Scheme 3c). The latter species should be
sufficiently acidic to be deprotonated by "Pr,EtN,***° forming
a second equivalent of Co'P; (Scheme 3d).

To test for electrocatalytic activity, two types of experiments
were performed. First, CV studies were performed in the
presence of alcohol and base. A cathodically scanned CV of
Co"P; in the presence of BnOH displayed the reversible Co™!
couple (Figure S31). Co'P; was then generated in situ by
addition of 'Pr,EtN. Reduction to Co'P; was confirmed by an
anodic scan across the Co'! couple. However, no current
enhancement was observed under these conditions, suggesting
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that the electrocatalysis is slower than the voltametric time
scale, even at low scan rates (Figures S36—S37). Second,
controlled-potential electrolysis was performed (Scheme 4).

Scheme 4. Electrocatalytic Oxidation of BnOH"

OH _0
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0.1 mol % Co''P
CH3CN, PrEtN
TON =19.9

97% Faradaic efficiency

“[BnOH], = 536 mM, ['Pr,EtN], = 619 mM, [Co"P;] = 0.51 mM,
225h, T =25 °C.

The applied potential (E,,,) for the electrolysis experiment was
set to 150 mV positive of the observed Co™" couple (Eyp =
—630 mV vs Fc*/?). After 2.25 h, the current plateaued and a
total charge of 105.1 C was passed yielding a turnover number
(TON) of 19.9 (Figure S32). Quantitative 'H NMR
spectroscopy confirmed the production of benzaldehyde
(TON = 19.3; 97% Faradaic efficiency) but did not show
any resonances corresponding to CoIP3, suggesting catalyst
decomposition during electrolysis. Correspondingly, CVs taken
following the electrolysis revealed over a 90% loss in current of
the Co'™" couple (Figure S33).

Kinetics studies using the chemical oxidant FeCp*,BF,”
were then undertaken to determine the factors influencing the
rates of alcohol oxidation by Co"P;. NMR-scale experiments
showed that Co"P; catalytically converts benzyl alcohol to
benzaldehyde (TON = 8.8, See Supporting Information).
Because of overlapping product and ligand 'H resonances, 4-
fluorobenzyl alcohol was chosen as a model substrate, and the
rates of alcohol oxidation were determined using 'F NMR
spectroscopy.

Catalytic reactions were performed at 25 °C in CD;CN in
the presence of varying amounts of alcohol, ‘Pr,EtN, Co"P;,
and FeCp*," (Table S2) under pseudo-first order conditions
with FeCp*," as the limiting reagent (TON,,,, = 5—10). A 3-
fold increase in [FeCp*,*], (38—114 mM) led to a minor (1.3
fold) change in % conversion (58—75%, Figure $20),
suggesting a zero-order dependence on [FeCp*,*],. Because
the kinetic traces exhibit significant deviation from linearity
(Figures S21—S23), the data could not be fit to obtain kg,
values. Instead, percent conversion to 4-fluorobenzaldehyde at
500 s was examined as a proxy for rate. Increasing ['Pr,EtN],
and [Co"P;], resulted in a linear increase in conversion to
product after 500 s, indicating first-order dependencies on base
and catalyst (Figures 2 and S20). Saturation behavior was
observed for alcohol across the range of [Alcohol], = 140—
1140 mM (Figure 2), consistent with pre-equilibrium alcohol
binding.

Several factors can potentially explain the nonideal behavior
observed in the full kinetic traces and the nonzero intercepts in
plots of percent conversion vs [Pr,EtN], and [Co"P;],
(Figures 2 and S20). First, based on the stoichiometric
reactivity studies described above, Co"P; can act as both a
catalyst and an oxidant. In addition, alcohol coordination to
Co, presumably accompanied by solvent dissociation, is
necessary for 'Pr,EtN to deprotonate benzyl alcohol (O—H
pK,(CH;CN) ~ 28).°" In acetonitrile, the rate laws for both
associative and dissociative ligand substitution most likely
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Figure 2. Percent conversion of 4-fluorobenzyl alcohol to 4-
fluorobenzaldehyde in the presence of Co"P; and FeCp*," at 500 s
as a function of base (a) and alcohol (b) concentration. Percent
conversion is calculated as [Aldehyde]so, ,/[Aldehyde],.,, where
[Aldehyde],.. = 1/2 [FeCp*,"], + [Co"P;],. Further details are
provided in the Supporting Information.

contain solvent-dependent terms, possibly leading to nonzero
intercepts in percent conversion versus [substrate], plots.sz_54
Furthermore, 'H NMR spectroscopic analyses of the reaction
mixture indicate catalyst decomposition over time, and UV—
vis experiments show that Co"P; slowly decomposes in the
presence of 'Pr,EtN (Figures S17—S18). Despite these
complications, the kinetics studies are consistent with pre-
equilibrium binding of alcohol and deprotonation occuring in
the rate-limiting transition state or in a pre-equilibrium
process.

DFT calculations were performed to gain insight into the
thermodynamic landscape of the reaction. Note that barriers
were not calculated, and therefore the calculations do not
identify kinetically favored reaction pathways but rather
provide information about the structures and relative free
energies of potential intermediates. Figure 3 illustrates the
calculated free-energy profile for the oxidation of BnOH to
benzaldehyde. Ligand substitution by BnOH is thermodynami-
cally unfavorable by +9.4 and +13.5 kcal/mol for axial (1’-
HOBn,,) and equatorial (1'-HOBn,,) isomers, respectively,
which is consistent with the lack of observed alcohol adducts
and the saturation behavior. Calculations suggest that
deprotonation of bound BnOH by 'Pr,EtN is favorable,
leading to the alkoxides 2'-OBn,, and 2'-OBn,, via reactions
that are exergonic by —1.0 and —9.7 kcal/mol, respectively.

Calculations suggest CH;CN loss forming 3'-OBn,, prior to
4'-H,,. Generation of an intermediate 16¢~ complex (3'-
OBneq) is expected for a ff-elimination process, but a concerted
process cannot be ruled out. The optimized geometry of the
lowest free energy hydride species 4'-H,, reveals a bent P,
ligand (£P1—Co—P3 = 157°), relieving the steric interaction
of the apical 7'-aldehyde and lowering the energy of the dey
o* orbital that accepts the hydride ligand.

From 4'-H,,, exchange of PACHO for CH;CN is favorable
by more than 10 kcal/mol, leading to Co" hydride, 5'-H. The

https://doi.org/10.1021/acscatal.1c00781
ACS Catal. 2021, 11, 6384—6389


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00781/suppl_file/cs1c00781_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00781?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00781?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

0
(kcal/mol)

P
(" Ncor
Z[P’?Q
L L
+BnOH +L
+ 2 'PryEtN +1Pr,EtN
+ [PrEtNH]*

P PR |
(PP - P7 PPh,
P p |
I Ph, 1
. I

2 [Co'"P3]?* + PhCH,0H + 2 ProEtN CH—300N> 2 [Co'P;]* + PhCHO+ 2 [IPrEtNH]*
+Co'lP;
+L +Co'P,
+ 2 'PryEtN +L +Co''lP,
P K,=11.9 + PryEtN +2L
( >cor P RS + [ProEtNH]* +Co''lPy +PryEtN
Py “om +2L + [PryEtNH]*
L L (P +IPrEtN +0
Ph ~Co! + [PrEtNH]* (P\Co"‘ “pn
; L -
[1-HOBngg QR o +ColPy
; Ph H +'PrEtN
, 4106 + [PrEtNH]*
---------- 4-H,,]"

N - ..
P~ —
|~ PP
- H L 2 ( ,\ Co'
Eqo(/11) = -1.00 V . 2 PG
+Co'lPy Lt
+IPr,EN :
+ [PryEtNH]*
[e]
+u
L Ph

Figure 3. Computed free energies (in kcal/mol) for BnOH oxidation. Primes indicate calculated states; L = CH;CN; pK, values are given as
absolute values assuming that the pK, value for the ['Pr,EtNH]" is equal to that of [Et;NH]"; E, /, values are reported versus Fc/° (E, ;,=0V) by
assigning the experimental potential for the Co'! couple (—0.781 V versus Fc*/°). The DFT calculations were computed at the BP86/6-31G**
level with the LANL2DZ pseudopotential for cobalt and the SMD solvation model.>"** See the Supporting Information for details.

potential required to oxidize 5'-H to 6'-H is —1.00 V vs Fc™/°
and includes solvent association to generate an acidic hydride
(pK,(calc) = 8.5). The pK, of 5’-H was calculated to be 18.8,
further supporting the mechanism of oxidation followed by
deprotonation. The computed oxidation potential and pK, of
5’-H are in excellent agreement with experimental studies by
Ciancanelli and are consistent with our reactivity studies
showing that an electron transfer occurs between an
intermediate hydride species and starting Co"P; (Scheme 3).
Deprotonation leading to 7' (Co'P;) provides the thermody-
namic impetus (AG®° = —17.5 kcal/mol for S’-H to 7’) that
drives BnOH oxidation. Overall, the calculations are consistent
with the experimental observations of unfavorable alcohol
binding, reactivity with alkyl amine base, and electron transfer
from intermediate(s) such as 5’-H.

Scheme § illustrates a proposed catalytic cycle for BnOH
oxidation based upon the kinetic and theoretical studies
presented herein. The first step involves coordination of BnOH
to Co"P;. The saturation kinetics, lack of an observable
alcohol adduct, and computational results all suggest alcohol
binding is unfavorable. Deprotonation of coordinated alcohol
generates an alkoxide complex. This reaction sequence is
supported by computations, the first-order dependence on
base, and the reactivity of Co"P; with BnOLi. Calculations
suggest the bound alkoxide can undergo f-hydride elimination,
producing aldehyde and HCo"P;.

HCo"P, represents the point of divergence for the
stoichiometric and catalytic pathways. Under catalytic
conditions HCo"P; is oxidized by [FeCp*,]" or the electrode;
under stoichiometric conditions electron transfer between an
equivalent of Co"P; and HCo"P; can occur. In both scenarios,
an acidic HCo™P; complex is produced that can be readily
deprotonated yielding Co'P;. Lastly, the cycle is closed by
oxidation of Co'P; to Co"Ps.

In summary, the Co"P; complex is capable of oxidizing
BnOH under chemical and electrochemical conditions.
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Scheme S. Proposed Catalytic Cycle for BnOH Oxidation
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Controlled potential electrolysis experiments demonstrate
that Co"P; electrocatalytically oxidizes benzyl alcohol with a
TON = 19.9 at an applied potential of —630 mV vs Fc*/°.
Stoichiometric reactivity studies indicate that electron transfer
between Co"P; and an intermediate cobalt species leads to a
2:1 ratio of Co'P; to aldehyde. Kinetics studies suggest the
reaction is first order in Pr,EtN and Co"P; and saturates in
alcohol, consistent with an unfavorable alcohol binding pre-
equilibrium.

To our knowledge, Co"P; is the first reported molecular
electrocatalyst based on cobalt for the oxidation of alcohols.
Although its TOF is lower than those of other first-row
transition metal complexes, the number of catalytic turnovers
observed under bulk electrolysis conditions is higher (20
turnovers compared with 2—3 for Fe(PNP)(CO)(H) and
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Ni(P,N,)(L,)**).">' Since the thermodynamic potentials for
oxidation of alcohols are not known in organic solvents, it is
difficult to rigorously evaluate overpotentials. However, the
overpotentials of Co"P; and Ni(P,N,)(L,)** should be
approximately equivalent based on their similar catalytic
potentials and the use of trialkylamine bases in both systems."®
In contrast, catalysis occurs ~400 mV more positive using
Cu(bpy)/TEMPO,"” and a much stronger base (phospha-
zene) is required for Fe(PNP)(CO)(H)," resulting in higher
driving forces and thereby overpotentials for both of these
systems. Our present studies demonstrate the feasibility of
developing new electrocatalysts for alcohol oxidation based on
first-row transition metals, with opportunities for improving
catalyst performance.
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