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ABSTRACT: Alkyne semi-hydrogenation is a broadly important transformation in chemical synthesis. Here, we introduce an electrochemical
method for the selective semi-hydrogenation of terminal alkynes using a dihydrazonopyrrole Ni complex capable of storing an H equivalent
(2H" + 2¢7) on the ligand backbone. This method is chemoselective for the semi-hydrogenation of terminal alkynes over internal alkynes or
alkenes. Mechanistic studies reveal that the transformation is concerted and Z-selective. Calculations support a ligand-based hydrogen-atom
transfer pathway instead of a hydride mechanism which is commonly invoked for transition metal hydrogenation catalysts. The synthesis of
proposed intermediates demonstrates that the catalytic mechanism proceeds through a reduced formally Ni(I) species. The high yields for
terminal alkene products without overreduction or oligomerization are among the best reported for any homogeneous catalyst. Furthermore,
the metal-ligand cooperative hydrogen transfer enabled with this system directs the efficient flow of H-atom equivalents toward alkyne reduc-
tion rather than hydrogen evolution, providing a blueprint for applying similar strategies towards a wide range of electroreductive transfor-

mations.
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rect synthetic use of electricity can also provide a sustainable meth-
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odology when electricity is sourced renewably. These factors, cou-

pled with the decreasing cost of renewable electricity, motivates in- Figure 1. Overview of hydrogenation strategies including heterogene-
vestigations into converting classic thermal industrial and fine ous, homogeneous, and electrochemical systems.

https://doi.org/10.26434/chemrxiv-2023-pv443 ORCID: https://orcid.org/0000-0002-0730-3018 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-pv443
https://orcid.org/0000-0002-0730-3018
https://creativecommons.org/licenses/by-nc-nd/4.0/

chemical transformations into electrocatalytic processes. ' These at-
tractive features have made electrocatalytic reductive transfor-
mations a burgeoning area, but homogeneous electrocatalysts are
comparatively under-explored for these useful reactions."’

For alkyne semi-hydrogenation in particular, two electrocatalytic
Ni and Co bipyridine complexes have shown good efficiency with
internal alkynes with good to excellent Z selectivity.'*'” However,
both of these systems suffer from poor tolerance of terminal alkyne
substrates attributed to the propensity for dimerization and overre-
duction. Recent mechanistic investigations of the Nibipyridine elec-
trocatalytic system suggest a hydride-free mechanism for this trans-
formation, which is in contrast to the prevailing mechanism for most
homogeneous semi-hydrogenation catalysts involving the formation
of a metal hydride which engages in alkyne reduction.'®'*'**" In ei-
ther mechanistic scenario, the controlled flow of H-atom equivalents
is critical to turnover and selectivity.

We have been interested in utilizing ligand-based storage of H,, or
equivalently H"and e~ equivalents, to mediate both reductive and ox-
idative transformations. This approach relies on storage and transfer
of H-atom equivalents from the secondary coordination sphere, akin
to enzymatic systems, thus enabling new strategies for achieving
challenging and novel transformations.””” * While several systems
have demonstrated H-atom storage, examples of the ligand-based
storage of a full equivalent of H are more uncommon.®”  *We have
specifically been investigating a dihydrazonopyrrole (DHP) ligand
scaffold that can store a full equivalent of H. which enables catalytic
thermal hydrogenations of alkenes and quinones.*"*” Given this re-
activity, we questioned whether H, could be replaced by acid and an
electrode and also whether the metal-ligand cooperative hydrogena-
tion reactivity and selectivity of this system would be altered under
this electrochemical regime.

Indeed, we have found that DHP Ni complexes are excellent elec-
trocatalysts for the selective semi-hydrogenation of alkynes (Figure
1). Specifically, we see good selectivity and conversion with a broad
scope of alkynes, particularly terminal alkynes, without evidence for
overreduction or oligomerization. Mechanistic investigations un-
derscore the importance of DHP ligand stored reducing equivalents,
in parallel to recent observations of hydride free mechanisms.* Fi-
nally, this system displays good efficacy and scope for a variety of
substrates including drug molecules and diynes. These results add to
the growing body of literature demonstrating the utility of reductive
electrocatalysis in providing alternative strategies to classic transfor-
mations and also demonstrate how metal-ligand cooperative strate-
gies for Hz or H-atom storage can enable new catalysis.

RESULTS AND DISCUSSION
Electrochemical characterization

We initially targeted the previously reported complex (**"DHP
)Ni(II) (1) as a pre-catalyst.*® The cyclic voltammogram (CV) of 1
in acetonitrile shows two reversible redox events at peak potentials
(Ei12) of 0.1 and 1.1 V vs Fc”*. We assign these features to a lig-
and-based oxidation and reduction of the starting complex to form
1*and 1-, respectively (Figure 2A). Additionally, the CV of 1 in THF

possesses a quasi-reversible reduction at —2.6 V vs F¢”* which we as-

sign to a putative Ni(1I)/(I) couple (Figure S11). To test the possi-
bility of electrochemical hydrogenation with 1, we initially investi-
gated how these CV features were affected by added acid. These ex-
periments are particularly important as parasitic H. evolution is
likely to be competitive with any desired hydrogenation reactivity.

The first reduction feature of 1 shifts 300 mV anodically and be-
comes irreversible upon the addition of 10 equivalents of benzoic
acid, likely due to protonation of the ligand altering the reversibility
of this reduction (Figure 2B). Complex 1 also displays an electrocat-
alytic onset at —1.5 V vs Fc” in the presence of benzoic acid. This
onsetis S00 mV less negative than the onset potential of benzoic acid
on the carbon electrode surface alone. This catalytic response is due
to Ha evolution and we note that many Ni catalysts are known to be

active electrocatalysts for this reaction (Figure $57).% ©

Despite the potential for H, evolution side reactivity, we still
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Figure 2. (A) CV of 1 (1 mM) in MeCN. 0.1 M TBAPFs, 100 mV s,
scanning reductively. (B) CV of 1 alone, with 10 eq benzoic acid, and
with 10 eq benzoic acid and 10 eq 1-octyne. 1 mM 1, 0.1 M TBAPFs in
MeCN, 100 mV s}, scanning reductively.
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wanted to test whether the net H" and e equivalents delivered elec-
trochemically could be harnessed for hydrogenation reactivity. In-
deed, upon addition of 1-octyne, the catalytic feature at -1.5 V vs
Fc"”* is suppressed and adopts a new waveform consistent with a
change in reactivity in the presence of an alkyne substrate (Figure
2B). This suggests that the catalytically active form of 1 may selec-
tively react with an alkyne substrate despite competing hydrogen
evolution reactivity (HER). These promising initial results from CV
prompted us to perform bulk electrolyses to determine the major
product of alkyne reactivity and whether this catalytic system diverts
H-atom equivalents from HER efficiently.

Semi-Hydrogenation Reactivity and Scope

Bulk electrolysis was carried out under constant current in a di-
vided cell. Under standard conditions ([Ni] = 1 mM; [alkyne] = 10
mM; [BA] = 100 mM; i = 4 mA, t = 55 min) terminal alkyne sub-
strates were successfully semi-hydrogenated and overreduced or ol-
igomerized byproducts were not detected by GC/MS analysis. The
semi-hydrogenated product of 1-octyne is produced in 71% chemi-
cal yield and 33% Faradaic efficiency (FE). The conversion of phe-
nylacetylene to styrene proceeds in 96% chemical yield with a 45%
FE. While the yield and FE for aliphatic terminal alkynes are some-
what lower than for phenylacetylenes, the observed conversion and
yields here are among the best reported across both aryl and alkyl
terminal alkynes in any homogeneous catalytic system. Control elec-
trolyses excluding 1 or benzoic acid showed no conversion of the 1-
octyne starting material. Substituting 1 with a generic Ni salt,

2

Ni(MeCN);OTHf, resulted in a mixture of 1-octene and oligomeric
products in 11% and 14% yield, respectively (Figure S58). This loss
of selectivity and conversion for semi-hydrogenation with a generic
Ni salt is reminiscent of the lower yields and conversion for many
other catalysts for the reduction of terminal alkyne substrates, indi-
cating an essential role for the dihydrazonopyrrole ligand in the high
selectivity we observe. As a final control, post-electrolysis electrodes
are inactive in fresh electrolyte without 1. Together, these tests
strongly support that the active catalyst species involves a well-de-
fined molecular (**"'DHP)Ni complex.

Various parameters were tuned to optimize the conditions for
bulk electrolysis and maximize the yield of semi-hydrogenated prod-
ucts. Modifying the current showed that 4 mA produced an optimal
yield with again a surprisingly good FE of 40-50% for most substrates
(Table S1). Using hexafluoroisopropanol as a proton source re-
sulted in poor yields, as did switching to THF solvent. Maximum
yield and FE were achieved at 55 minutes of constant current with
plateauing yields with further time (Figure S16). An RVC electrode
was selected to disfavor HER, and yields improved by 10-20% com-
pared to a graphite rod electrode. Optimized electrolyses were per-
formed in a divided cell. While conversion also proceeds in good
yield with an undivided cell, Zn® plating from the sacrificial Zn anode
onto the RVC cathode was avoided in a divided cell.

A variety of substrates were then tested with these optimized con-
ditions to determine the reaction scope. A broad set of functional
groups were tolerated including pyridines, thiophenes, aryl chlo-
rides, cyclopropyl, and hydroxyl groups (Figure 3). Good yields of
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Figure 3. Substrate scope for alkyne semi-hydrogenation using 1 mM 1, 10 mM substrate, and 100 mM benzoic acid in MeCN. 0.1 M TBAPFs, constant
current electrolysis, t = S5 min. Chemical yields given as a percentage with standard deviation in parentheses. F mol ! calculated based on alkene under
galvanostatic conditions at 4 mA.
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the corresponding terminal alkene were also observed for the com-
mon drug compound levonorgestrel, which possesses a tertiary alco-
hol group as well as an a,B-unsaturated carbonyl. This result sup-
ports the ability of 1 to perform late-stage semi-hydrogenations of
terminal alkynes in complicated molecules. Furthermore, 3.4 F mol
'is passed in all cases, consistent with near-50% FE for semi-hydro-
genation over hydrogen evolution for most substrates. The func-
tional group tolerance of 1 is improved in comparison to recent Ni
electrocatalysts' and is similar to recent Co systems,'® with the no-
table exception of ester groups which are not well-tolerated in our
case. We note that the activity of 1 for unprotected terminal alkynes
is unusual for homogeneous electrocatalytic systems, with only lim-
ited activity or selectivity in previous reports.

We can also compare the activity of 1 to the limited examples of
terminal alkyne thermal semi-hydrogenations using Ho. Complex 1
has an improved scope and yield over a previously reported Mn
bis(di-iso-propylphosphino)ethane catalyst,® and comparable toler-
ance of chlorides, thiophenes, and methyl-substituted phenylacety-
lenes to an Fe N-methyl PNP pincer catalyst.” We note the observa-
tion that improving the bulkiness of the PNP pincer ligand for the
aforementioned Fe catalyst improved selectivity for the semi-hydro-
genated terminal alkene product rather than dimerized or overre-
duced byproducts.” Likewise, in our system we hypothesize that the
bulkiness of the tBu groups around the Ni center introduce steric
hindrance that selects for terminal alkyne substrates over alkenes or
bulkier internal alkynes. This is exemplified by the 11% yield of stil-
bene obtained from diphenylacetylene with 1 under the standard
electrolysis conditions with the remainder of the carbon balance cor-
responding to unreacted starting material.

Catalytic Mechanism

The high activity and selectivity of 1 motivated us to investigate
its mechanism. An important mechanistic question is whether 1 di-
rectly reduces alkynes, or whether in-situ generated H enables ther-
mal hydrogenation catalysis. However, electrolysis of 1 and 1-octyne
with an atmosphere of Ha results in <5% yield of 1-octene (Table
S1). This demonstrates that any Ha generated during electrocataly-
sis contributes only minimally to product formation. This finding is
consistent with previous studies which showed this system is capable
of activating Ha for quinone hydrogenation, but not for alkenes.”’

The order in benzoic acid for semi-hydrogenation cannot be con-
cretely determined by analyzing the CV due to overlapping HER
(Figure 2). However, we note that the initial feature of the catalytic
wave only appears when substrate is present along with acid, and that
increasing benzoic acid concentration does not increase the current
of this feature (Figure S15). These observations suggest that cata-
lytic turnover is zero order in acid, which is supported by the DFT
calculated rate-determining step of intramolecular HAT (vide infra).
The addition of 1-octyne suppresses the HER wave of 1 but increas-
ing the 1-octyne concentration beyond an equimolar amount with
benzoic acid does not provide any further change in the catalytic
wave (Figure S13).

We then analyzed the speciation of 1 with added acid or substrate
by CV. The addition of 1-octyne to 1 without any added acid shows

no change in the reversible redox features, suggesting that 1 does not
bind 1-octyne in its neutral or 1~ reduced oxidation state (Figure
$12). The addition of sub-stoichiometric benzoic acid to 1 without
added 1-octyne induces a color change from deep purple to maroon
and improved solubility in MeCN compared to the starting complex.
The CV of this mixture shows a gradual diminishment of the reversi-
ble redox feature at —1.1 V vs Fc”* as two new irreversible features
arise at —0.6 and —0.9 V vs Fc”* (Figure S14). Eventually, the domi-

O+ after

nant feature is a broad irreversible reduction at -0.9 V vs Fc
>2 equivalents of benzoic acid have been added (Figure S15). We
postulate that the speciation at low concentrations of acid arises
from an equilibrium between mono- and di-protonated analogues of
1. The single irreversible feature with additional acid possibly corre-
sponds to the reduction of a di-protonated ligand-metal complex.
However, more detailed assignment of differentially protonated
congeners of 1 is challenging due to the paramagnetic nature of these
species.

While the product(s) of 1 and benzoic acid are paramagnetic and
difficult to characterize, initial reduction of 1 with 1 eq of CoCp-*
provides [(**"DHP)Ni] [CoCp.*]* (2) which is diamagnetic.
This enables protonation studies with NMR spectroscopy, and the
addition of 2 equivalents of benzoic acid to 2 results in a color change
from indigo to light yellow. We tentatively assign this new product
as [(**T'DHPH,)Ni]*[BzO]" (3) where the B-Ns of both hydra-
zone arms have been protonated. Evidence of these protonated lig-
and arms is provided by '"H NMR and IR spectroscopies which show
diagnostic resonances and stretches, respectively (Figures S3 and
S$21). Furthermore, the 'H NMR of 3 is in agreement with the previ-
ously reported and characterized complex (**"'DHPH,)NiOT£.*

Interestingly, no hydrogenated products are observed when 3 is
stirred with excess 1-octyne (Figure S4). This indicates that 3 is not
the active hydrogenating intermediate. The catalytic CVs for 1 sup-
port this hypothesis. The onset potential for catalysis begins nearly
0.7 V negative of the first irreversible reduction of the Ni complex in
the presence of benzoic acid. We hypothesized that an additional re-
duction event corresponding to a formal Ni(II)/Ni(I) couple might
be necessary for catalysis. Indeed, isolated (**"™'DHPH,)NiOTf has

an irreversible reduction feature at 1.6 V vs Fc%*

, which is nearly
superimposable with the catalytic onset of 1 in the presence of ben-
zoic acid (Figure S18). As this complex has a reduced DHP ligand,
this feature is most reasonably assigned as a Ni(II)/Ni(I) couple.
The irreversibility of this feature is likely induced by a chemical
change such as proton loss upon reduction. While 3 is not reactive
with 1-octyne, the addition of Na/Hg amalgam as a reductant with
3 leads to the production of 1-octene in 32% yield (Figure SS). We
attribute this comparatively low yield to some decomposition of
complex 3 owing to the strongly reducing conditions. Stirring 1-oc-
tyne and benzoic acid with Na/Hg in the absence of 3 recovers only
1-octyne starting material. To further corroborate the presence of a
Ni(I) species, compound 3 was stirred with Na/Hg amalgam fol-
lowed by rapid freezing at =78 °C. The X-band EPR spectrum is
consistent with a Ni(I) species, with a broad rhombic signal and fea-
tures at g =2.073,2.123, and 2.270 (Figure S19). The EPR spectrum
is distinct from that of complex 1 which is formally Ni(II) with a

4
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ligand radical.**

These combined data, and particularly the need to
add an additional reductant to 3 to react with alkynes, supports that
areduction to a Ni(I) species (4) is critical to initiating catalysis.

With evidence supporting the necessity of the two-electron reduc-
tion of 1 in the presence of acid before the system is catalytically ac-
tive, we then investigated the chronoamperometry of bulk electro-
lyses to gain additional mechanistic insights. Specifically, we had
noted a distinctive initiation period which we thought might corre-
spond to an initial reduction of the Ni species in solution (Figure
§16). Calculating the moles of electrons passed during this period
corresponds with a two-electron reduction of the added catalyst (see
SI). Use of (**™'DHPH,)NiOTf instead of 1 should in principle re-
duce this induction period as the catalyst is already reduced. Satisfy-
ingly, this substitution indeed shortens the initiation period and
reaches a similar potential and overall yield as the standard condi-
tions which supports the hypothesis that a Ni(I) species needs to be
generated (Figure S17).

We also wanted to obtain more insight on the net H-atom transfer
steps of catalysis and so we analyzed the products of the low-yielding
internal alkyne substrates diphenylacetylene and 1-phenyl-1-

propyne. We found that both of these substrates gave the Z-isomer
of the stilbene and B-methyl-styrene products, respectively (Figures
S46 and S47). While no E products were detected for these internal
alkyne substrates, deuterium labelling studies with di-benzoic acid
and phenylacetylene revealed a 1:0.6 Z:E ratio for terminal alkyne
semi-hydrogenation (Figure 4C). These observations suggest that
the semi-hydrogenation proceeds in a cis-selective manner with
some possible competition or isomerization for terminal alkyne sub-
strates. It is possible that the smaller steric profile of terminal alkene
products might favor coordination to Ni and subsequent isomeriza-
tion.

As a last mechanistic test, we also investigated the possible in-
volvement of radical intermediates such as free alkenyl radicals. We
note that previous thermal hydrogenations with DHP complexes of
Co do show evidence for radical intermediates.”" To test this possi-
bility we employed a radical cyclization probe, allyl-2-ethynylben-
zene, which might be expected to undergo a cyclization to a five-
membered ring from a putative radical intermediate (Figure 4B).
While this compound is unstable and undergoes some degree of
polymerization in MeCN, we detected no cyclized products and

1e”
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Figure 4. Mechanistic studies. (A) Proposed catalytic cycle with neutral and anionic pathways shown. DFT computed energies (kcal/mol)
were carried out with the MO6L functional, def2-TZVPP basis set for Ni, and def2-TZVP for all other atoms. Asterisks indicate experimentally
characterized intermediates. (B) Radical probe experiment using allyl-2-ethynylbenzene and (C) deuterium incorporation experiment using
di-benzoic acid with phenylacetylene, and semi-hydrogenation of diphenylacetylene to give 11% chemical yield of cis-stilbene with no trans

product detected. Standard electrolysis conditions: [Ni] = 1 mM; [alkyne] = 10 mM; [BA] = 100 mM; [TBAPFs] =

min, MeCN, RVC/Zn.
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solely the expected 1,2-divinylbenzene product which should arise
from hydrogenation (Figure S8). The rate constant for cyclization
for similar vinyl radical species is on the order of 10° s, indicating
that semi hydrogenation proceeds through a concerted mechanism
without long-lived radical intermediates.®!

We then employed density functional theory (DFT) computa-
tions to gain additional mechanistic insight and to fill in a complete
mechanistic cycle (Figure 4A). Beginning from the fully reduced
Ni(I) complex 4, coordination to 1-butyne gives calculated bond
distances of 1.969 and 2.008 A, showing a nearly symmetrically
bound alkyne. The first net H-atom transfer (HAT) has a transition
state barrier of 5.8 kcal/mol and is overall exergonic by 11.7
kcal/mol. After this initial low-barrier step to form I2, we envisioned
two plausible pathways by which the cycle could proceed. A second
HAT could release the alkene product and give 1. This path pro-
ceeds via a ~23 kcal/mol transition state barrier for an overall 19
kcal/mol downbhill process. If instead the alkenyl adduct is first re-
duced by one electron to generate I3, the subsequent transition state
barrier for HAT is 12.2 kcal/mol for an overall 23.2 exergonic pro-
cess. Both pathways regenerate the starting species 4 by subsequent
reduction and protonation. The lower transition state barrier for the
second HAT step, along with the accessible calculated reduction po-
tential of —1.74 V vs Fc¢”* in MeCN, supports initial reduction to an
anionic alkenyl intermediate as the most plausible of the two calcu-
lated cycles.

One interesting feature of this proposed cycle is the lack of any
metal-hydride intermediates. To further test this observation, we
computationally explored the feasibility of a Ni hydride species via
reduction and migration of one proton from the ligand. The for-
mation of a (DHP)Ni-H species is calculated to be slightly ender-
gonic, and the resultant coordinatively saturated hydride species is
not computed to have favorable alkyne binding (Table S14). We
also note that we have seen no evidence by either 'H NMR or IR
spectroscopy that would indicate the presence of a hydride species,
but we do observe ligand-based proton storage for 3 which is the pre-
cursor to the proposed catalytically active complex 4 (Figures S3 and
S21). These data suggest that ligand-based secondary coordination
sphere reactivity is the most viable pathway. This hydride-free path-
way echoes recent mechanistic proposals from Leitner and co-work-
ers where an ECEC semi-hydrogenation pathway with a nickelacy-
clopropene adduct resting state was invoked.? This system uses a bi-
pyridine ligand and relied on direct outer sphere protonation to a re-
duced metallacyclopropene intermediate followed by rapid electron
transfer. In contrast, both experimental and computational evidence
supports a more concerted H-atom transfer in the present system.
The DFT-calculated BDE for the DHP N-H bond of 56 kcal/mol is
comparatively small and thus energetically accessible for an HAT
pathway (Table S12). Inspection of the Mulliken charges along the
reaction coordinate also suggests that each transition state is best de-
scribed as an H-atom (H* + ) transfer rather than a heterolytic pro-
ton and hydride transfer (Table S13). Thus, while both of these Ni
based electrocatalysts rely on hydride free mechanisms, the present
DHP system leverages secondary-coordination sphere interactions
to specifically shuttle H-atom equivalents to the bound alkyne

substrate as opposed to more purely outer-sphere steps in the bipyr-
idine system.

CONCLUSION

We describe a homogeneous electrocatalytic system for the semi-
hydrogenation of terminal alkynes and corresponding mechanistic
investigations which support a ligand-assisted mechanism and Z-se-
lective hydrogenation. The (®**™'DHP)Ni complex catalyzes selec-
tive semi-hydrogenation of a variety of alkyne substrates including
those with alcohol, thiophene, pyridine, cyclopropyl, and chloride
functional groups. The selective semi-hydrogenation of terminal al-
kynes without significant oligomerization or overreduction is unu-
sual generally, and particularly so for an electrochemical system.

Mechanistic investigations support the importance of HAT from
ligand-stored H-atom equivalents to Ni coordinated alkyne sub-
strates. In our proposed catalytic pathway, the ligand and metal cen-
ter work in tandem to selectively shuttle protons and electrons in a
coordinated manner. While most examples of hydrogenation cata-
lysts employ a metal hydride mechanism, this DHP system is unique
in its involvement of the secondary coordination sphere, drawing in-
spiration from enzymatic processes. This catalytic design strategy,
particularly as employed in reductive electrocatalysis here, opens
new possibilities for selective and efficient transformations. Specifi-
cally, the use of electrochemical hydrogenation schemes enables fine
tuning of parameters including reduction potential and acid pK, po-
tentially offering more delicate control compared to chemical redox
conditions. The utility of the DHP scaffold in avoiding competitive
HER offers promise for general application in various reductive pro-
cesses that more typically rely upon Ha.

EXPERIMENTAL SECTION

General Considerations. All reagents were purchased from com-
mercial suppliers and used without further purification unless other-
wise specified. Complex 1 was synthesized following a previously re-
ported procedure.** All manipulations were carried out under an at-
mosphere of N» using standard Schlenk and glovebox techniques.
Glassware was dried at 180 °C for a minimum of 2 h and cooled un-
der vacuum prior to use. Solvents were dried on a solvent purifica-
tion system from Pure Process Technology, passed over a column of
activated alumina, and stored over 4 A molecular sieves under N..
Tetrahydrofuran was stirred over NaK alloy and run through an ad-
ditional activated alumina column prior to use to ensure dryness.
CsDs and CD;CN were stored over 4 A molecular sieves under N.
Solvents were tested for H,O and O: using a standard solution of so-
dium-benzophenone ketyl radical anion. Tetrabutylammonium
hexafluorophosphate and benzoic acid were dried under vacuum at
100 °C over 8 hours.

'H and “C NMR spectra were recorded on a Bruker DRX 400
MHz spectrometer. Chemical shifts are reported in ppm units refer-
enced to residual solvent resonances for 'H spectra. Infrared spectra
were recorded using a Bruker Tensor II spectrometer with OPUS
software suite. IR samples were prepared using a solution cell with
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KBr windows. EPR spectra were recorded on an Elexsys ES00 spec-
trometer with an Oxford ESR 900 X-band cryostat and a Bruker
Cold-Edge Stinger and were simulated using the Easyspin suite in
Matlab software.®> GC/MS data was collected on an Agilent SQ
GCMS with 5977A single quad MS and 7890B GC. Elemental anal-
ysis was performed by Midwest Microlabs. Electrochemical meas-
urements were performed using a BAS Epsilon potentiostat and an-
alyzed using BAS Epsilon software version 1.40.67NT.

Electrochemical experiments. Experiments were performed inside
the glovebox with a MeCN/0.1 M nBusNPFs electrolyte solution at
room temperature. Cyclic voltammetry measurements were made
with a [Ni] = 1 mM using a glassy carbon working electrode, plati-
num wire counter electrode, and silver wire pseudoreference elec-
trode and were referenced to internal Fc/Fc* by adding ferrocene at
the end of measurements. A one-compartment glass cell was filled
with 4 mL of electrolyte solution. The working electrode was pol-
ished over a microcloth pad (Buehler) using alumina slurry
(0.05mm EMS), followed by rinsing with deionized water and iso-
propyl alcohol. Reference and counter electrodes were rinsed with
acetone. CVs were recorded at a scan rate of 100 mV/s scanning re-
ductively.

Electrolyses were performed in a H-type glass cell with anode and
cathode chambers separated by a glass frit. An RVC (reticulated vit-
reous carbon, ERG Duocel, 2 cm x 0.5 cm x 0.5 cm) electrode, Zn
rod (National Bureau of Standards, 3 cm x 0.5 cm x 0.5 cm), and a
AgBF4/Ag electrode (BASi, 0.05 mm, 10 mM AgBF; solution in
MeCN 0.1 M nBusNPF) were used as working, counter, and refer-
ence electrodes, respectively. To each chamber of the H-cell was
added 4 mL of electrolyte solution and stir bars. Typically, 2 mg of
(DHP)Ni (final concentration 1 mM), 100 mL of a mesitylene (in-
ternal standard) solution in MeCN (final concentration of 10 mM),
100 mL of a substrate solution in MeCN (final concentration of 10
mM), and benzoic acid (final concentration 1 M) were added to the
cathodic chamber. Electrolyses were performed under galvanostatic
conditions and aliquots were taken and diluted in MeCN before
analysis by gas chromatography (GC). For determining final yield,
the electrolyte solution was passed through an alumina pad and 200
mL of CD3;CN was added to 200 mL of electrolyte solution and an-
alyzed by 'H NMR using a mesitylene internal standard (10 mM, &
6.77 ppm, 3H) and a solvent suppression pulse sequence. All elec-
trolyses were performed in triplicate. For substrates with < 95% yield
of the semi-hydrogenated product, GC-MS chromatograms and
mass spectra are provided to check for the presence of alkene or di-
merized products (See SI). Cyclopropylacetylene and methyl propi-
olate were too low-boiling to detect over trace solvents by GC-MS
on our instrument. Potentials reported for chronopotentiometry
electrolysis experiments are referenced to Fc/Fc* by external meas-
urement in an independent cell versus the AgBF4/Ag electrode of
Ei2(Fc/Fc*) =0.48 Vvs AgBF./Ag. For electrolysis under an H at-
mosphere, the cathodic chamber was prepared in an N glovebox,
removed from the glovebox, and sparged with Ha for 10 min before

starting electrolysis, and then constantly during electrolysis.

X-ray structure determination. The diffraction data for 2 were
measured at 100 K on a Bruker D8 fixed-chi with PILATUSIM
(CdTe) pixel array detector (synchrotron radiation, A = 0.41328 A
(30 keV)) at the Chem-MatCARS 15-ID-B beamline at the Ad-
vanced Photon Source (Argonne National Laboratory). Data reduc-
tion and integration were performed with the Bruker APEX3 soft-
ware package (Bruker AXS, version 2017.3-0, 2018). Data were
scaled and corrected for absorption effects using the multiscan pro-
cedure as implemented in SADABS (Bruker AXS, version
2014/5).% The structures were solved by SHELXT (Version
2014/5)% and refined by a full-matrix least-squares procedure using
OLEX2 (XL refinement program version 2018/1).% Structure so-
lutions were performed with the use of standard restraints and con-
straints as implemented in ShelXL. We note the structure of 2 has A
level CheckCIF alerts arising from the fact that this data set was col-
lected on a synchrotron, resulting in somewhat limited data com-
pleteness. Additional crystallographic and refinement data can be
found in the SI.

Synthesis of ("*T'DHP)Ni[CoCp:] (2). A solution of decame-
thyl-cobaltocene (CoCp.’, 20 mg, 0.06 mmol) in THF (1 mL) was
added all at once to a stirring solution of 1 (30 mg, 0.06 mmol) in
THF (2 mL). After stirring at room temperature for 2 hours, the
color of the reaction mixture changed from deep violet to deep in-
digo. The solution was filtered, and the solvent was removed under
vacuum resulting in a deep indigo solid. The product was purified by
recrystallization (concentrated THF, —-35°C). Yield: 44 mg, 0.053
mmol, 88%. "H NMR (400 MHz, CsDs): 8 = 7.5 (d, 4H, ] = 7.4 Hz),
7.08 (d, 4H, J = 7.0 Hz), 5.86 (s, 2H), 2.33 (s, 6H), 1.25 (s, 18H),
1.7 (s, 30H). “C{'H} NMR (125 MHz, CcDs): 8 141.7, 142.3,
138.1, 136.0, 129.3, 128.4, 111.5, 94.9, 52.7, 29.3, 20.9, 7.5. IR
(ATR,cm™): 2954 (m), 2911 (m), 1511 (m, C=N), 1371 (m), 1341
(s), 1197 (m), 1103 (m), 1013 (s), 882 (w), 823 (s, C=C of CoCp>)
,681 (m), 589 (m), 442 (m). Anal. Calc.: C,69.57; H, 7.78; N, 8.45;
Found: C, 69.13; H, 7.57; N, 825. HRA-MS (m/z) [M]*
C4sHesNsCoNi: 827.385 Found: 827.383.

Synthesis of (**™DHPH.)Ni(CsHsCOO~) (3). To a stirring so-
lution of 2 (10 mg, 0.012 mmol) at room temperature in a glovebox
under N, atmosphere in CD;CN (300 mL) was added benzoic acid
(2.9 mg, 0.024 mmol) dissolved in CDsCN (300 mL). After stirring
for 1S minutes, the solution was transferred to an NMR tube. 'H
NMR (400 MHz, CsDs): 8 =7.34 (d, 4H, J = 7.3 Hz), 7.08 (d, 4H, ]
=7.1Hz),6.49 (s,2H), 6.20 (s, 2H), 2.26 (s, 6H), 1.16 (s, 18H). IR
(solution cell, THF, cm™): 3250 (b, N-H). This compound is not
sufficiently stable for further isolation.

Chemical reduction of 1-octyne with 3 and Na/Hg. To a stirring so-
lution of 3 (7.5 mg, 0.012 mmol) at room temperature in a glovebox
under N, atmosphere in CD;CN (600 mL) was added 1-octyne (17
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mL, 0.12 mmol) and Na/Hg amalgam (30% Na, 10 mg). After stir-
ring for 30 minutes, the solution was filtered to remove the amalgam
and transferred to an NMR tube to look for the presence of 1-octene
by '"H NMR. The control reaction was performed under the same
conditions except for the absence of 3 in solution. See Supporting
Information.

Synthesis of di-benzoic acid. Benzoic acid anhydride (Sigma Al-
drich, 1.0 g, 4.4 mmol) was stirred in DO (Cambridge Isotope,
99.9%, 10 mL) and refluxed under N for 48 hr. Upon cooling to
room temperature, the product began to crystallize and could be col-
lected by filtration as a white solid. The solid was further dried and
purified by sublimation at 100°C under reduced pressure before use.
The '"H NMR spectrum is consistent with benzoic acid with the ab-
sence of a broad OH peak usually found at 11.5 ppm. Comparison
with the "H NMR spectrum of benzoic acid anhydride shows that no
starting material remains. See Figure S6 for overlayed spectra.

Synthesis of 1-(prop-2-yn-1-yloxy)hept-3-yne. To a stirred solution
of 3-heptyn-1-0l (1.5 g, 13.4 mmol) in DMF (60 mL) K.CO; (7.40
g, 53.6 mmol) was added in one portion. The resulting mixture was
heated at 70 °C for 0.5 h, then 3-bromo-1-propyne (1.9 g, 16.1
mmol) dissolved in DMF (40 mL) was added slowly over S min. The
mixture was heated at 70 °C for another 48 h. Upon completion, 15
mL of water was added. The mixture was extracted with Et:O (3 x
100 mL). The combined organic layers were washed with water (4 x
100 mL) and brine (100 mL). After removal of the solvent under re-
duced pressure, the resulting yellow oil was purified by flash chroma-
tography on silica gel (Hexanes/AcOEt : 95/5). Yield 96 mg (0.64
mmol, 5%). '"H NMR (400 MHz, CDCL;, RT): § = 4.73 (d, 2H, ] =
2.4 Hz), 423 (t, 2H, ] = 7.1 Hz), 2.55 (tt, 2H, ] = 2.4 Hz), 2.52 (t,
1H, ] = 2.4 Hz), 2.11 (tt, 2H, ] = 2.4 Hz), 1.50 (m, 2H, ] = 7.2 Hz),
0.96 (t, 3H, ] = 7.4 Hz). *C {"H} NMR (125 MHz, CDCl;, RT): §
=154.4,82.4,75.7,74.8,66.7,55.3,22.2,20.7,19.3,13.4

Computational Methodology. Intermediates and transition states
for the reaction coordinate with 1-butyne were optimized in
ORCA% using the MO6L functional and def2-TZVPP basis set on
Ni, def2-TZVP basis set on all other atoms. Frequency calculations
were performed to confirm the structures are at local minima on the
potential energy surface. The calculated BDE for the ligand NH’s
was determined using free energies from frequency calculations with
the MO6L functional and def2-TZVPP basis set for Ni, def2-TZVP
for all other atoms. A simplified ligand with iPr groups in the place
of the p-tol substituents were utilized as well as a 1-butyne substrate
to reduce the number of atoms per calculation.
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