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ABSTRACT: Most electrochemical reduction reactions require
protons; however, direct reduction of protons to hydrogen is a
common competitive side reaction that lowers the overall yield
(Faradaic efficiency) for the desired product. Inhibition of the
hydrogen evolution reaction (HER) by fixed, proximal mono- or
dication is reported. An SNS tridentate ligand with a pendant aza-
crown functionality and the corresponding Pd(II) and Rh(I)
complexes were synthesized. For the Pd complexes, the presence of a Na+ or Ba2+ ion in the aza-crown increases the overpotential
for hydrogen evolution by up to 260 mV compared to a congener that lacks an aza-crown. The increase in the overpotential for HER
was observed with cationic and neutral acids in both acetonitrile and dimethylformamide. Additionally, for the Pd complexes, the
inclusion of a Ba2+ ion into the aza-crown modestly improved the selectivity for electrocatalytic CO2 reduction to CO, whereas H2
was the only product for the congener lacking the aza-crown. The Ba2+-containing complex also had improved catalytic stability,
although all complexes were ultimately unstable under prolonged electrolytic conditions. The increase in the overpotential for HER
through the installation of a local charge exemplifies an effective catalyst design strategy for inhibiting the hydrogen evolution
reaction.
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There is increasing enthusiasm for the use of electro-
chemical methods in synthesis and catalysis, with

applications ranging from organic transformations1−8 to the
generation of fuels from feedstocks.10−14 Electrosynthesis and
electrocatalysis provide a nonthermal reaction driving force
and reduce the need for hazardous stoichiometric redox
reagents and their resultant waste products. A key parameter in
electrochemical processes is Faradaic yield, defined as the
percentage of electrons used in the desired product.
Electrochemical reduction reactions often require proton

equivalents; however, direct reduction of protons to hydrogen
lowers the Faradaic yield for the targeted product. The
hydrogen evolution reaction (HER) is often thermodynami-
cally favorable (occurs at a lower potential) over many desired
reactions. Even in cases where the standard potential for the
targeted reaction is positive of the standard hydrogen potential,
applied overpotentials often result in exergonic H2 evolution.
The challenge of parasitic H2 evolution in electrochemical
reductions is reflected in the literature; it is cited as the biggest
obstacle in electrocatalytic N2 reduction.15−19 Additionally,
most organic electrosyntheses reported thus far are for
oxidation, not reduction, reactions.1−8

To achieve greater product selectivity, hydrogen evolution
must be suppressed. Electrochemists have long known how to
kinetically inhibit H2 evolution at electrodes using materials
with high overpotentials for HER, such as Hg or glassy

carbon.20,21 However, H2 evolution is kinetically facile with
most transition-metal complexes that are used to mediate
redox reactivity.
The concomitant evolution of H2 is particularly acute in

CO2 reduction.
22−26 Direct electrochemical reduction of CO2

into energy-dense fuels using renewable energy is a convenient
method for achieving high-density energy storage. However,
the standard potentials for most C-based products are within a
few hundred millivolts of the standard hydrogen potential.27 A
few studies on CO2 reduction have reported inhibition of HER
in the presence of local cationic charges. Cationic surfactants
and additives are known to suppress HER with heterogeneous
catalysts.28−31 DeLuca et al. also reported improved Faradaic
efficiency (FE) for CO2 reduction to CO when cationic
functionalities were appended to a Pd complex, although the
isolated impact of the local charge on H+ reduction was not
specifically assessed.32
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The use of secondary sphere interactions has been explored
in homogeneous electrocatalysts for CO2 reduction, including
a secondary metal,33 hydrogen-bonding interactions,34−38 and
cationic interactions through ammonium and imidazolium
functionalities.39,40 In these cases, an unmodified catalyst was
already selective for CO2 reduction, and the cooperative
interaction accelerated the proposed rate-limiting CO2 binding
and activation steps.
To systematically study the effect of charges on electro-

catalytic HER, we synthesized a tridentate ligand with an
appended aza-crown cavity (SNScrown[NaCl], Chart 1), which

can contain either a Na+ or Ba2+ cation. A ligand without an
appended aza-crown cavity was synthesized for comparison
(SNSEt, Chart 1). We investigated the corresponding Pd
complexes for the electrocatalytic HER activity and found
increases in overpotential (up to 260 mV) with increasing
cationic charge. The increase in overpotential was relatively
consistent across multiple acids that span 10 pKa units and two
different solvents (CH3CN and dimethylformamide, DMF).
Because the presence of a cation suppresses H2 evolution,

we also examined the electrocatalytic activity of the complexes
toward CO2 reduction. Similar Pd complexes with tridentate
ligands are known to have electrocatalytic activity toward CO2

reduction to CO, including the aforementioned study by
DeLuca et al.32,41−48 CO is a valuable target for CO2 reduction
because it can be combined with H2 to make synthesis gas,
which can then be upgraded to liquid fuels. However, the
standard potential for direct proton reduction to hydrogen is
68 mV positive (favorable) compared to CO2 reduction to CO
in dimethylformamide (E° = −0.662 and −0.73 V vs
Fe(C5H5)2

+/0, respectively).26 We found that the presence of
Ba2+ results in a modest increase in selectivity for CO as a
product. Our results were complicated by the decomposition
of the Pd complexes under electrolytic conditions. We note
that the presence of Ba2+ improves stability under reductive
conditions. Although our Pd complexes are ultimately unstable
under electrolytic CO2 reduction conditions, our systematic
studies on the HER activity with varying cationic charges,
acids, and solvents point to a synthetic design strategy to
improve product selectivity in reductive catalysis.

■ RESULTS AND DISCUSSION

Synthesis. The ligand at the focus of our investigation,
SNScrown[NaCl], was synthesized in three steps from the
previously reported tert-butyloxycarbonyl (Boc) protected
N,N′-bis(2-chloroethyl) amine49 (A). Substitution of 3-
mercaptopropionic acid with A forms the corresponding
diacid, B. The aza-crown ether chain was then appended to
the ligand via amide linkages upon reaction of diaza-18-crown-
6 with acid chloride functionalized B formed in situ to produce
the diamide macrocycle, C. Finally, removal of the Boc group
and reduction of each amide to their corresponding amine
were accomplished in one step by a reaction with borane·
tetrahydrofuran followed by acidic workup to form the
completed SNScrown[NaCl]. The corresponding Pd complex
1[NaBPh4] was formed by a reaction with PdCl2 followed by
salt metathesis with NaBPh4. The Na

+ ions were derived from
the workup of the reaction where acidic and basic washes
(NaHSO4 and NaOH were used, respectively) of the organic
layer were performed during solvent extraction to remove
residual starting materials from the crude mixture. The identity
and purity of 1[NaBPh4] were confirmed by 1H and 13C{1H}
NMR spectroscopy (Figures S7 and S8), mass spectrometry,
and elemental analysis (see Supporting Information, SI). The
same procedure was attempted using the corresponding

Chart 1

Scheme 1
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tetrabutylammonium salts in an attempt to isolate an
unmetallated crown ligand; however, the compound could
not be cleanly isolated.
The Ba2+ derivative (“1[Ba2+]”) was also prepared because

it readily displaces Na+ in the aza-crown. 1, 10-Diaza-18-
crown-6, which is very similar to the aza-crown in SNScrown,
has been shown to have a significant preference for Ba2+ over
Na+ ions in DMF50−56 (log(K) = 2.2 vs 5.55 for Na+ and Ba2+

ions, respectively).57 The 1H NMR spectra of 1[NaBPh4]
features significant shifts in the crown ether resonances upon
the addition of 1.1 equiv Ba(OTf)2 (Figure S20). The
displacement of Na+ by Ba2+ in the aza-crown of 1[NaBPh4]
is further confirmed by mass spectrometry (Figures S21−S23).
Postsynthetic removal of a barium cation from the crown of
1[Ba2+] was also attempted using guanidine sulfate; however,
it was unsuccessful.
To assess the effects of the proximal alkali or alkaline earth

metal cations on the reactivity of bound substrates, an
analogue without the aza-crown ether functionality was
synthesized for comparison. N,N′-Bis(2-(ethylthio)ethyl)-
amine (SNSEt)58 and 259 (Chart 1) were prepared. Our
revised preparation of 2 (see SI) resulted in a greater yield and
a shorter reaction time. The electrochemical properties and
small molecule reactivity of 2 had not previously been
reported.
Structural Characterization. We were unable to grow

crystals of 1[NaBPh4] of sufficient quality for structural
characterization by X-ray diffraction. Instead, we obtained
solid-state structures for the corresponding isoelectronic Rh(I)
carbonyl complexes of 1[NaBPh4] and 2 to serve as structural
models for their Pd(II) counterparts (Scheme 1 and Figure 1).
The Rh(I) complexes were synthesized by the addition of a
ligand (SNScrown[NaCl] or SNSEt) to [Rh(COD)2][BF4] in
dichloromethane and then sparging the solution with CO gas.

The crude products were then extracted with toluene and
recrystallized with diethyl ether to obtain the purified products
(3[NaCl] and 4). The outer-sphere anions of the aza-crown
containing the complex (3[NaCl]) were replaced with
tetraphenylborate by salt metathesis of 3[NaCl] with
NaBPh4 in DCM to form 3[NaBPh4]. The identities of
3[NaBPh4] and 4 were confirmed by IR spectroscopy (Figures
S13, S16, and S19), 1H and 13C{1H} NMR spectroscopy
(Figures S11, S12, S14, S15, S17, and S18), mass spectrometry,
and elemental analysis.
The solid-state structures of 3[NaBPh4] and 4 are shown in

Figure 1. Both 3[NaBPh4] and 4 feature a square planar Rh
metal ion coordinated to an SNS tridentate ligand in a
tridentate manner with a CO ligand coordinated trans to the
amine nitrogen. 3[NaBPh4] features sodium bound to the
pendant aza-crown ether moiety with a Rh-Na distance of 5.07
Å. The CO ligand in 3[NaBPh4] is disordered over two
positions, preventing accurate measurement of the carbon and
oxygen distances from the sodium ion. We expect the Rh(I)
and Pd(II) centers in the aza-crown complexes 3[NaBPh4]
and 1[NaBPh4] to have similar structures since both are
second-row metals with d8 electron configurations and favor a
square planar coordination geometry.

Electronic Absorption and Electrochemical Proper-
ties. Electronic absorption data for each Pd complex are listed
in Table 1. Both 1 and 2 feature a ligand-to-metal charge-

transfer (LMCT) band at 367 nm and lack observable d−d
transitions in dimethylformamide (DMF) (identical bands are
observed in methanol). In the aza-crown ether-containing
complexes, switching from chloride to tetraphenylborate
counteranions (1[NaCl] vs 1[NaBPh4]) resulted in the
growth of a shoulder at 316 nm, while the absorption at 367
nm was unaffected. The absorbance spectra of 1[NaBPh4]
does not change significantly upon the addition of 1.1 equiv of
Ba(OTf)2 (Figures S24−S26).
Cyclic voltammograms (CV) of 2 and 1[NaBPh4] in

dimethylformamide feature two irreversible reductions be-
tween scan rates of 0.05 and 5 V/s under a N2 atmosphere that
we assign as the reduction from Pd(II) to Pd(I) and then to
Pd(0). (Figures 2, S27, and S29). The first reductions (EPC1)
of 2 and 1[NaBPh4] are within 10 mV, while the second
reduction (EPC2) for 1[NaBPh4] occurs at ∼40 mV negative of
2. Cyclic voltammograms of 1[NaBPh4] with 1.1 equiv of
barium triflate (Ba(OTf)2) did not show significant changes to
either reduction event (Figure 2). These values are also
tabulated in Table 2. The oxidation event at −0.4 V for 2 is
attributed to a Pd dimer that forms upon reduction (see
Dimerization upon Reduction section). Although all of the Pd
complexes dimerize upon reduction, the reaction is fastest for 2
and is thus the only one observed in Figure 2.

Figure 1. Crystal structures of 4 (top) and 3[NaBPh4] (bottom).
Hydrogens, counteranions, and solvent molecules are omitted for
clarity. Ellipsoids are shown at 50% probability.

Table 1. Electronic Absorption Data of Pd Complexes

compound λmax (ε)
a

1[NaBPh4] 316 (sh); 367 (1900)b

1[NaCl] ∼315 (sh); 367 (2340)c

1[NaBPh4] + Ba(OTf)2 316 (sh); 367 (1900)b

2 367 (1980)b

2 + Ba(OTf)2 367 (2100)b

aExtinction coefficient recorded in M−1 cm−1 and wavelength in
nanometers (sh = shoulder). bDimethylformamide used as a solvent.
cDichloromethane used as a solvent.
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The similarity of the LMCT band energies and molar
absorptivities for 2 and 1[NaBPh4], along with their nearly
identical Pd(II/I) reduction potentials (EPC1), suggests that
the electronic structure of the Pd is not significantly perturbed
by the presence of a proximal mono- or dication.
These findings contrast with our investigations with related

complexes featuring a crown ether-appended salen ligand.60−63

In the salen complexes, the presence and charge of the cations
significantly modify the redox potential. For those complexes,
the metals are within 4.0 Å of each other and share two μ-oxo
ligands. For the ligand system described in this work, the
metals are likely too far apart (>5.0 Å) to significantly modify
the properties of the Pd center. Miller64 and Gilbertson65 have
reported heterobimetallic metal complexes with flexible
appended crowns similar to the compounds discussed herein.
They also noted that occupation of the aza-crown with alkali or
alkaline earth metals did not significantly affect the
spectroscopic or electrochemical properties of the redox-active
metal.
Reactivity with H+. To investigate the impact of the

proximal cations on proton reduction, solutions of 1[NaBPh4]
and 2 were titrated with the following Brønsted acids in
d ime thy l f o rmamide and CH3CN:[E t 3NH][BF4 ]
(pKa(CH3CN) = 18.8), protonated 1,8-diazabicyloundec-7-
ene, [HDBU][BF4] (pKa(CH3CN) = 24.3), protonated 1,5,7-
trazabicyclodec-5-ene, [HTBD][BF4] (pKa(CH3CN) = 26.0),
and phenol (pKa(CH3CN) = 29.1).9,66 The acids were selected
because they span 10 pKa units and include both cationic and
neutral acids. To ensure that the complexes are stable in the
presence of acid, UV−vis titrations of 2 with the strongest acid
[HNEt3][BF4] in DMF was performed. No changes were
observed after up to 20 equiv of acid were added (both with
and without added Ba(OTf)2, Figure S39) and, indicating no
protonation occurs in the Pd(II) complexes prior to reduction.

For all of these acids, a new reductive peak appears negative

of the first reduction (EPC1). This new event (EPC
H+

) is
attributed to proton reduction by the Pd complex, as it is not
present in the absence of an acid, nor in the absence of

1[NaBPh4] or 2. Additionally, the current of EPC
H+

increases
with increasing concentration of acid, consistent with electro-
catalysis (Figure S31).

The onset potential for H+ reduction (EPC
H+

) in DMF with
each acid for 1[NaBPh4] is shifted negative (up to 170 mV)
compared to 2 (Table 3, Figures 3 and S33−S37). This anodic
shift corresponds to a higher catalytic overpotential. Addition
of 1.1 equiv of Ba(OTf)2 to 1[NaBPh4] results in an even

larger shift (up to 260 mV) in EPC
H+

. This trend is consistent
across a range of acid concentrations with each of the acids
examined except [HDBU][BF4] in CH3CN (Table 3 and
Figures S33−S37). The magnitude of the cathodic shift
correlates with the charge of the bound cation, as larger shifts

in EPC
H+

were generally observed switching from monovalent
to divalent cations. In DMF, the addition of neutral phenol
maintained the cathodic shift in onset potential. There are
some changes in the cyclic voltammograms between solvents.
These changes may be due to the large difference in standard
potential for hydrogen evolution between the two solvents
(−0.028 vs −0.662 V vs Fc for MeCN and DMF,
respectively)26 or their different solvent donor numbers.67

No shift in EPC
H+

occurs upon addition of 2.2 equiv of
Ba(OTf)2 to a solution of 2 (solid black vs dotted green trace,
Figure 3). This result the cathodic shifts with SNScrown

complexes are not a result of free alkali or alkaline earth
metal cations in solution, but rather bound cations in the aza-
crown cavity. Proton reduction to produce H2 was confirmed
using controlled potential electrolysis. A 1 mM solution of 2 in
DMF containing 10 mM triethylammonium tetrafluoroborate
([HNEt3][BF4]) was held at −1.40 V vs Fe(C5H5)2

+/0 for
about 15 min. A total of −1.69 C of charge was passed,
corresponding to 2.9 turnovers (Figure S32). Gas chromatog-
raphy (GC) confirmed the production of H2 in the headspace
with 77 ± 4% Faradaic efficiency (FE) with no other
identifiable products. The balance of charge not contributing
to H+ reduction likely accounts for catalyst decomposition.
During the course of the electrolysis, there was a drop in
catalytic current that coincided with a color change of the
solution and formation of black precipitate.
Most molecular electrocatalysts generate hydrogen through

formation of a hydride intermediate which is then proto-
nated.68 We hypothesize that proton reduction is inhibited due
to electrostatic repulsion between the acid and the positively
charged aza-crown ether portion of the complex. The
electrostatic repulsion may disfavor formation of a metal

Figure 2. Cyclic voltammograms of 1 mM solutions of 2 (−),
1[NaBPh4] (blue line), and 1[NaBPh4] with 1.1 equiv added
Ba(OTf)2 (green line) under a N2 atmosphere in DMF. The inset
features a zoomed-in region of the broad oxidation centered at
approximately −0.4 V. The reversible couple centered at 0.0 V
corresponds to Fe(C5H5)2

+/0 internal standard. Scans were recorded
at 100 mV/s.

Table 2. Electrochemical Data of Pd Complexes

compound aEPCl
N2 (EPCl

CO2) aEPC2
N2 (EPC2

CO2) aEPC3
N2 (EPC3

CO2)

1[NaBPh4] −1.27 (−1.27) −1.74 (−1.74) ≈−2.50b (−1.89)
1[NaCl] −1.27 −1.73
1[NaBPh4] + Ba(OTf)2 −1.27 (−1.27) −1.74 (−1.80) −2.58b

2 −1.28 (−1.28) −1.70 (−1.63) −2.30b (−1.92)
2 + Ba(OTf)2 −1.28 (−1.28) −1.64 (−1.58) −1.75

aPotential measured as V vs Fe(C5H5)2
+/0 in dimethylformamide using 0.200 M TBAPF6 as a supporting electrolyte. The scan rate was 100 mV/s

for each measurement using a glassy carbon working electrode. bRecorded at a 25 mV/s scan rate.
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hydride intermediate and/or protonation of the hydride to
form an H−H bond. As a result, more reducing species must
be accessed for proton reduction to occur, which changes the
mechanisms for catalysis, effectively increasing the over-
potential.
Reactivity with CO2. Because the presence of an alkali or

alkaline earth metal in the aza-crown cavity increases the
overpotential for H+ reduction, we next investigated whether
we could capitalize on this effect to improve the selectivity
(Faradaic efficiency) for CO2 reduction reactions. When
solutions of 1[NaBPh4] and 2 are reduced under 1 atm of
CO2 in DMF, they display a new irreversible reduction
(EPC3

CO2 = −1.89 and −1.92 V vs (C5H5)2Fe
+/0, respectively,

Figure 4, values tabulated in Table 2). The first two reduction
events remain diffusion limited and are irreversible up to scan
rates of 1000 mV/s (Figures S40−S43). Additionally, each
complex displays enhanced current at the second reduction,
which suggests CO2 binding occurs upon reduction. The
oxidation event (EPA) under N2 for each complex disappears
under a CO2 atmosphere, although 2 displays a new oxidation
event at 0.28 V vs Fe(C5H5)2

+/0 under CO2. The differences in
the cyclic voltammograms suggest CO2 binding upon
reduction to Pd(0) (and consequent rereduction), or an
EECE process, with 1[NaBPh4] and 2. This conclusion is
further supported by variable scan rate studies. The peak
current of the third reduction for 1[NaBPh4] and 2 under
CO2, normalized by dividing by the square root of the scan
rate ([iPC3]/[ν

1/2]), decreases with the increasing scan rate
(Figure S44), indicating EECE-type behavior.69 The reaction
with CO2 appears slower with 1[NaBPh4] than with 2, as the
third reduction event (EPC3

CO2) is no longer present at scan
rates above 1 V/s with 1[NaBPh4], whereas it is still
prominent at the same scan rate with solutions of 2. Similar

behavior occurs when 1.1 equiv of barium triflate is added to a
solution of 1[NaBPh4] to form the putative Ba2+ complex
under a CO2 atmosphere. (Figure 4).
The lower reactivity of 1[NaBPh4] toward CO2 compared

to 2 may be due, in part, to increased steric hindrance, which is
known to diminish the reactivity in other complexes with
tridentate complexes.70,71 The further decrease in the CO2
reactivity when Ba(OTf)2 is added to 1[NaBPh4] suggests that
steric hindrance may not be the only reason, as the steric bulk
of the barium and sodium bound species should be similar (the
ionic radii for Na+ and Ba2+ are 1.86 and 2.22 Å, respectively).
Although the SNScrown complexes do not show large shifts in

the onset potential for CO2 reduction compared to 2, the
cationic shift in the onset of H+ reduction afforded by the

Table 3. Cation Effects on Proton Reduction by 1 with Various Acids in Dimethylformamide and Acetonitrile

dimethylformamide (DMF) acetonitrile (CH3CN)

acid pKa
a cation [HA] (mM) shift from 2 (ΔEPCH

+

, mV) [HA] (mM) shift from 2 (ΔEPC
H+

, mV)

[HNEt3][BF4] 18.8 Na+ 2 170 10 150
Ba2+ 2 220 10 260

[HDBU][BF4] 24.3 Na+ 40 60 10 0
Ba2+ 40 140 10 190

[HTBD][BF4] 26.0 Na+ 20 60 20 170
Ba2+ 20 100 20 210

phenol 29.0 Na+ 40 160
Ba2+ 40 260

apKa values are reported in MeCN.9,25

Figure 3. Cyclic voltammograms of 1.00 mM solutions of 1[NaBPh4] and 2 with 2 equiv [HNEt3][BF4] in DMF (left), and 10 equiv
[HNEt3][BF4] in MeCN (right). 1[NaBPh4] solutions are shown without added alkali or alkaline earth metal (blue line) and with 1.1 equiv added
Ba(OTf)2 (green line). Solutions of 2 are shown with (green dotted line) and without (−) 2.2 equiv added Ba(OTf)2. Scans were recorded at 100
mV/s.

Figure 4. Cyclic voltammograms of 1.00 mM solutions of 2 (−), 2 +
1.1 equiv Ba(OTf)2 (red line), 1[NaBPh4] (blue line), and
1[NaBPh4] + 1.1 equiv Ba(OTf)2 (green line) in dimethylformamide
under a N2 (solid) or CO2 (dashed) atmosphere. Scans were recorded
at 100 mV/s. The reversible peak centered at 0.0 V corresponds to
Fe(C5H5)2

+/0 internal standard.
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SNScrown complexes could promote product selectivity vs 2
under proper conditions. To test this hypothesis, titrations
with various acid sources were performed under N2 and CO2
atmospheres in DMF. From these investigations, [HDBU]-
[BF4] was selected as the acid of choice because it showed the
largest increase in the reductive current under CO2 compared
to N2 (Figures S46−S49).
Controlled potential electrolysis of a 1 mM solution of 2

under a CO2 atmosphere containing 40 mM [HDBU][BF4] in
DMF at −1.75 V vs Fe(C5H5)2

+/0 produced H2 as the sole
product after 5.2 turnovers (−5.51 Coulombs passed, Figure
S50); the Faradaic efficiency for H2 was determined to be 43 ±
4%. No CO was detected in the headspace via GC, and 1H
NMR of the postelectrolysis solution confirmed that no
formate was produced. Similar to the H+ reduction studies
previously described, the low Faradaic efficiency for HER was a
result of catalyst decomposition, exhibited by a color change
and formation of a black precipitate over time. Decomposition
was confirmed by significant changes to cyclic voltammograms
and electronic absorption spectra of the pre- vs postelectrolysis
solutions (Figure S51).
Similar to electrolysis with 2, controlled potential electrolysis

of a 1 mM solution of 2 + 1.1 equiv Ba(OTf)2 containing 40
mM [HDBU][BF4] in DMF under a CO2 atmosphere at
−1.75 V vs Fe(C5H5)2

+/0 produced H2 as the sole product after
6.1 turnovers (−8.66 Coulombs passed, Figure S52); the
Faradaic efficiency for H2 was determined to be 90 ± 10%. No
CO was detected in the headspace via GC, and 1H NMR of the
postelectrolysis solution confirmed that no formate was
produced. Although only minor precipitate formation was
observed, 2 was no longer observable in the postelectrolysis
solution via cyclic voltammetry or electronic absorption
spectroscopy, indicating catalyst decomposition (Figure S53).
Electrolysis of a 1 mM solution of 1[NaBPh4] + 1.1 equiv
Ba(OTf)2 under the same conditions resulted in the
production of both H2 and CO with Faradaic efficiencies of
88 ± 8 and 6 ± 1%, respectively, after 2.7 turnovers (−2.57
Coulombs passed); no production of formate was detected via
1H NMR (Figure S54). Although the current decreases over
the course of electrolysis, cyclic voltammograms and electronic
absorption spectra of the pre- and postelectrolysis solutions
indicate that significantly less decomposition occurred
compared to 2 under the same catalytic conditions (Figure
S55 vs S51, S53, and S56). The difference in CO production
with 1[NaBPh4] + 1 equiv Ba(OTf)2 compared to 2 supports
the hypothesis that a proximal cation acts to hinder proton
reduction in favor of CO2 reduction. Each electrolysis was
performed over a pool of mercury to preclude the formation of
Pd nanoparticles. However, partial catalyst decomposition

occurred in both experiments, preventing unequivocal assign-
ment of the catalytically active species.
An unexpected result of the electrolysis was the increased

stability of 1[NaBPh4] vs 2 during catalysis. Although less
current was passed in the electrolysis of the SNScrown complex
compared to 2, similar quantities of product were produced
while incurring far less decomposition in the process.

Dimerization upon Reduction. One likely decomposi-
tion pathway is dimer formation to produce insoluble or
catalytically inactive species. DuBois and co-workers previously
found that similar Pd complexes featuring PNP or triphosphine
ligands often dimerize upon reduction of the metal
center.33,42,70,72−75 Dimer formation significantly hindered
CO2 reduction with these complexes and served as the
primary decomposition pathway under catalytic conditions. At
slow scan rates, the complexes displayed a new reduction peak
at potentials negative of the PdI/0 reduction under a N2
atmosphere. These new features were attributed to the
reduction of PdI−PdI dimers formed in solution.
A similar reduction event (EPC3

N2, Table 2) is observed with
2 and the SNSCrown complexes under N2 when scanning
negative of the Pd(I/0) reduction event (EPC2) at slow scan
rates (ν ≤ 250 mV/s, Figure S57). The relative intensity of this
third reduction ([iPC3

N2]/[ν1/2]) decreases as the scan rate is
increased, indicating that it corresponds to the reduction of a
product formed in the solution as a result of a previous
reduction. The observation of a third reduction event featuring
this behavior is consistent with those reported by DuBois et al.
An oxidation event after reduction under N2 also provides

evidence for dimer formation. After the first or second
reduction events, a broad oxidation feature appears (EPA ≈
−0.4 V vs Fe(C5H5)2

+/0, Figures 2 and S58−S60). Variable
scan rate studies indicate that the peak current over the square
root of the scan rate ([iPA]/[ν

1/2]) steadily decreases as scan
rate is increased (Figure S61). The scan-rate-dependent data
for both new features (EPC3

N2 and EPA) indicate they are
associated with the product formed upon reduction (EC) and
are consistent with prior reports of dimerization.69,76

With 2, there is evidence of dimerization after both the first
and second reductions (Figure S59). In contrast, 1[NaBPh4]
with and without added Ba(OTf)2 does not feature this
oxidation after being singly reduced, even at scan rates as low
as 10 mV/s (Figure S60). Data suggest that the putative dimer
does not form quickly upon reduction to Pd(I). When
scanning past the second reduction (EPC2), the oxidation event
assigned to the dimer increases in intensity in the order: 2 >
1[NaBPh4] > 1[NaBPh4] + Ba(OTf)2. Dimer formation of
Pd(I) species upon reduction of the parent Pd(II) complexes
was initially investigated using spectroelectrochemical UV−vis
spectroscopy (SEC UV−vis). Reduction of 1[NaBPh4] and

Figure 5. Electronic absorption spectra for dimerization reactions of 2 (left), 1[NaBPh4] (middle), and 1[NaBPh4] + Ba(OTf)2 (right) over time
to form the corresponding dimeric PdI species (where black trace is t = 0 and endpoints are −, blue line, and green line respectively).
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1[NaBPh4] + Ba(OTf)2 resulted in the formation of species
featuring strong absorbance bands at 345 and 420 nm when a
−1.27 V (vs Fe(C5H5)2

+/0) potential was applied (Figures S62
and S63). A strong absorption band at around 400 nm is
characteristic of Pd dimers and has been attributed to arise
from the Pd−Pd bond.42,72,77,78 Both SEC UV−vis experi-
ments feature isosbestic points, indicating the dimer is
produced cleanly upon one electron reduction. However,
when SEC UV−vis of 2 was performed, the complex
decomposed before dimer formation, resulting in formation
of a black precipitate.
Dimer formation was also observed by UV−visible spec-

troscopy using stoichiometric reductants. Reduction of 2 with
1 equiv of Co(C5H5)2 in DMF (E1/2 = −1.33 V vs
Fe(C5H5)2

+/0 in DMF, Figure S64) at room temperature
resulted in the formation of a bright yellow solution. The new
species features charge-transfer bands at 350 and 420 nm with
molar absorptivities of 18 460 and 8760 M−1 cm−1, respectively
(Figure S65). The position and intensity of the absorptions are
consistent with dimer formation and closely match the SEC
UV−vis spectra obtained for 1[NaBPh4] and 1[NaBPh4] +
Ba(OTf)2.
The relative rates of dimerization for each complex were

determined via UV−visible spectroscopy using 1 equiv of
Co(C5H5)2 in DMF at −40 °C (Figure 5). The second-order
rate constants (kobs) were determined to be 139 ± 3, 61 ± 2,
and 44 ± 2 M−1 s−1 for 2, 1[NaBPh4], and 1[NaBPh4] +
Ba(OTf)2, respectively (Figures S67−S69). The measured rate
constants are consistent with the overall intensities of EPA for
each complex discussed previously (Figure 2, inset). Part of the
decrease in the rate between 2 and 1[NaBPh4] may be due to
the increased steric hindrance of 1[NaBPh4]. However, the
decrease in rate when a higher charge (Ba2+) cation is added to
1[NaBPh4] implies that sterics are not the only cause.
Electrostatic repulsion is also likely playing a role since the
steric bulk of 1[NaBPh4] should remain the same between the
two cation-bound species.
The formation of metal−metal dimers is a common

decomposition pathway for CO2 reduction catalysts.33,43,79,80

Incorporation of sterically bulky groups has been shown to
inhibit off-cycle dimerization.42,70,79,81−83 However, these
modifications can result in undesirable changes to the
electronic structure or activity of the catalyst.70,71 Our results
indicate that the addition of charge provides another strategy
to avoid dimerization reactions, which has previously been
shown to inhibit the rate of bimolecular manganese nitride
coupling reactions.60

■ CONCLUSIONS
A series of Pd and Rh SNS complexes with and without
pendant aza-crown ether moieties bound to S-block metal
cations were synthesized and characterized. The Rh(I) systems
were crystallographically characterized to gain structural insight
into their isoelectronic Pd(II) counterparts. For the Pd(II)
complexes with Na+ or Ba2+ in the aza-crown, there was a
cathodic shift in the potential for the electrocatalytic hydrogen
evolution reaction (HER), corresponding to an increase in
overpotential. The shift was larger for Ba2+ than Na+ and was
evident with a range of cationic and neutral acid sources that
span 10 pKa units in both CH3CN and dimethylformamide.
When Ba2+ was present in the aza-crown, the Pd complexes

exhibited greater activity toward the electrolytic reduction of
CO2 and improved product selectivity for CO (Faradaic yield).

Unfortunately, instability of the reduced forms of each complex
resulted in decomposition under prolonged electrolysis. We
found evidence that dimerization plays a predominant role in
decomposition, which has been reported in similar Pd
complexes. Although increasing the cationic charge slows this
deactivation pathway, it still occurs at a sufficient rate to
impede catalysis.
Although the Pd complexes described herein were unstable

to reduction, our results indicate a strategy to improve
selectivity for electrochemical reduction reactions by inhibiting
proton reduction. A key element of this strategy is the distance
at which a proximal S-block metal is incorporated into a ligand
framework. It is sufficiently far from the transition metal to
have negligible effects on the electronic structure of the Pd
center, while having profound impacts on its reactivity. We
postulate that the cationic charge inhibits HER through
electrostatic interactions with charged protons and thus should
not generally inhibit the approach of neutral substrates, such as
CO2.
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