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A series of three calixpyrrole ligands (1a-c) with pendant nitrogen-based hydrogen bond donors, R, were syn-
thesized and coordinated to palladium to produce metal complexes (2a-c), where R = NH, (a); NHC(O)CHjs (b);
or NHC(O)OC(CH3)3 (c). The calixpyrrole compounds were generated using a Schiff-base reaction starting with
5,5'-diformyl-2,2'-diphenyldipyrromethane and an aniline precursor. The deprotonated calixpyrrole species were
subsequently bound to palladium to generate distorted square planar complexes. The pendant groups were not
coordinated to the metal with Pd-N distances of 3.36 to 4.79 A. The electrochemical properties of the palladium
complexes were also explored, and 2a-c displayed two irreversible oxidations above 0.0 V vs ferrocene/ferro-
cenium (Fc/Fc™), as well as two irreversible reductions below —0.70 V vs Fc/Fc'. Interestingly, the free ligands
showed similar electrochemical features, suggesting redox non-innocence. Preliminary reactivity studies indi-
cated the palladium complexes did not activate small molecules, but they did catalyze Hy evolution in the
presence of acid. The onset of catalysis for 2a-c was approximately 0.4-0.5 V more positive than a glassy carbon
electrode, and the active species could undergo 500 scans without significant changes in activity. The catalysts

were found to be heterogeneous in nature and adsorbed onto the working electrode.

1. Introduction

Despite efforts to curb global reliance on fossil fuels, the use of such
non-renewable energy sources has been steadily growing. Through a 20
year span from 1998 to 2018, worldwide fossil fuel consumption has
increased >50 %, and future projections predict that these values will
continue to rise [1]. In order to avoid the consequences of increased
global temperatures [2,3], a substantial shift towards renewable energy
sources is needed. To this end, there has been a surge in interest toward
the activation of small molecules (such as Np, CO,, CH30H, Hj, etc.),
which will be an integral part of creating a sustainable energy economy
[4-8]. One of the current barriers to implementing these technologies,
however, is the transfer of multiple electrons and protons that is
required for the activation of these types of molecules. While enzymes,
such as hydrogenase or nitrogenase enzymes, can efficiently affect these
transformations, synthetic catalysts, which often lack the complexity of
enzymes, are commonly much less effective than their biological
counterparts [9-13].

One approach for facilitating small molecule activation is the
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placement of a proton shuttle (an acidic or basic moiety) near the cat-
alytic centre to enable the simultaneous transfer of a proton and elec-
tron, or proton-coupled electron transfer (PCET) [14-16]. This is
commonly seen in protein active sites where the secondary coordination
sphere is used to enable catalysis. A well-studied example that illustrates
the importance of PCET is the [Fe-Fe]-hydrogenase, which can generate
Hj very efficiently with turnover frequencies > 10,000 s! [17-19]. The
active site of this enzyme has a cofactor with a crucial bridging azadi-
thiolate ligand that acts as a proton shuttle [5,11,17].

In order to mimic enzyme active sites, a large amount of research on
synthetic catalysts has focused on designing ligands that can place
proton shuttles near the metal centre [20,21]. Rauchfuss et al., [22] have
created diiron complexes bearing a pendant amine (via a bridging aza-
dithiolate ligand) meant to mimic the active sites of [Fe-Fe]-
hydrogenases (shown in Fig. 1). These complexes were able to partici-
pate in Hy evolution, while operating at overpotentials > 700 mV [22].
Similarly, Bullock et al. have developed a series of monometallic nickel
diphosphacycloheptane complexes with pendant amines in an effort to
mimic the proton shuttling capabilities of natural hydrogenases (shown
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in Fig. 1) [5,23-25]. These species are extremely active catalysts and
were found to participate in both Hy evolution and oxidation [5,23-25].
While the turnover frequencies of some of these complexes have eclipsed
100,000 s~ 1, the impressive catalytic rate is hindered by overpotentials
of 625 mV (in comparison to some hydrogenases, which are thought to
have overpotentials < 100 mV) [23]. Lastly, Nocera et al. have also
demonstrated the utility of proton shuttles in electrocatalysis through
the development of “hangman” porphyrins (shown in Fig. 1), chlorins,
and corroles, which bear a carboxylic acid moiety overhanging the
catalytic centre [26-37]. These species were found to be active for Oy
reduction, CO5 reduction, and Hy production. Unlike the previously
mentioned catalysts, however, the hangman porphyrins could only
facilitate the donation of a proton due to the less amphoteric nature of
the carboxylic acid functionality. In addition, another drawback of the
Nocera “hangman” systems is the difficult ligand synthesis, which hin-
ders systematic modifications to the ligand architecture.

A class of compounds related to porphyrins are macrocyclic Schiff-
base calixpyrroles, which were researched independently by the Love
group [38-46], as well as Sessler and co-workers [47,48]. Shown in
Fig. 2, the co-facial complexes are analogous to the bimetallic “pacman”
porphyrins developed by Collman, and many others [49-63]. In contrast
to porphyrins, calixpyrrole ligands are prepared in significantly higher
yields utilizing a much more facile synthetic route (a Schiff-base reac-
tion) [42]. Moreover, Love and co-workers have studied the use of cobalt
“pacman” calixpyrrole complexes for the four-electron reduction of O,
[40-42]. While they found that these systems do catalytically reduce
oxygen, the active species (a bridged superoxo intermediate) is only
generated in small amounts, leading to slow turnover [42]. As noted by
Love et al., this issue was likely driven by ineffective protonation of the
superoxo intermediate, generating a peroxo species which favoured the
two-electron reduction of O to Hy02 [42]. As such, incorporating pro-
ton shuttles into the secondary coordination sphere of the calixpyrrole
ligand framework (in order to facilitate PCET) could help generate more
effective catalysts for the activation of small molecules.

In this paper, we present the syntheses of Schiff-base calixpyrrole
ligands with pendant functional groups, as well as their characteriza-
tion. These species are similar to the “hangman” porphyrins developed
by Nocera et al. [26-37] in that the pendant functional groups provide
an avenue for controlling the secondary coordination sphere, while also
combining the ease of synthesis seen for the “pacman” calixpyrrole
compounds [38-46]. In addition, the first metal complexes bearing these
ligands, palladium species, are discussed and the coordination geometry
of the ligands is investigated. Lastly, the electrochemical properties of
the calixpyrrole systems are explored. With respect to nomenclature,
throughout this paper the calixpyrrole ligands (1) will be named ac-
cording to their pendant groups (a for amino; b for acyl; ¢ for tert-
butoxycarbonyl or Boc), while the palladium complexes will be named
according to the bound calixpyrrole ligand (2a-c for 1a-c, respectively).
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Fig. 2. Example of a binuclear macrocyclic Schiff-base calixpyrrole complex.
2. Results and discussion
2.1. Synthesis and characterization of compounds 1a-c

Compounds la-c were synthesized using an acid catalyzed Schiff-
base reaction (Scheme 1). One equivalent of 5,5'-diformyl-2,2'-diphe-
nyldipyrromethane was combined with an appropriate aniline precursor
(ortho-phenylenediamine for 1a, N-(2-aminophenyl)acetamide for 1b,
or tert-butyl (2-aminophenyl)carbamate for 1¢) in the presence of either
trifluoroacetic acid (1a) or para-toluenesulfonic acid monohydrate
(pTSA, 1b-c). The synthesis of the dialdehyde precursor was previously
reported by Love et al., [64] using diphenyldipyrromethane as a starting
material (the synthesis of which was described by Freckmann et al.)
[65]. In addition, the syntheses of N-(2-aminophenyl)acetamide [66]
and tert-butyl (2-aminophenyl)carbamate [67] are known in the litera-
ture. The calixpyrrole ligands 1a and b were obtained as orange or
yellow solids, respectively, in moderate yields (60-62 %), whereas 1c
gave much poorer yields overall (26 %). We attributed this lower yield to
the Boc protecting groups, which enhanced the solubility of the cal-
ixpyrrole ligand in organic solvents.

As mentioned above, 1b and 1c were prepared using pTSA, following
a procedure very similar to the one used by Love and co-workers to
generate calixpyrrole “pacman” ligands [38]. This synthetic route was
extremely straightforward as the ligands precipitated cleanly from the
methanol solvent. For 1a, on the other hand, this approach also gener-
ated the desired product, but the ligand remained soluble in methanol
and could not be separated from unwanted side-products (purification
via silica gel chromatography was unsuccessful as the calixpyrrole
ligand was sensitive to the acidic silica). Following a procedure similar
to the one used by Trofimov et al. [68], however, 1a could be synthe-
sized and cleanly isolated. This route utilized trifluoroacetic acid as the
catalyst, as well as a concentrated dimethyl sulfoxide reaction mixture.
By carefully limiting reaction times, the generation of unwanted side
products could be avoided.

The 'H NMR spectra of 1a-c displayed several characteristic peaks
that confirmed the proposed calixpyrrole species had been generated.

tBu
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Fig. 1. General structure of diiron azadithiolate-bridged complexes (left), nickel diphosphacycloheptane complexes (middle), and “hangman” porphyrin com-

plexes (right).
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Scheme 1. General Synthetic Procedure for Calixpyrrole Ligands 1a-c.

H6ab

Fig. 3. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering for: a) A single molecule of 1a, the solvent, most of the hydrogens, and
three other molecules of 1a have been omitted for clarity; b) A single molecule of 1c, the solvent, most of the hydrogens, and the other molecule of 1c have been
omitted for clarity.
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For all three ligands a single imine peak was present in the expected
region between 8 and 9 ppm. In addition, when utilizing DMSO-dg as the
NMR solvent, the NH groups of the pyrrole moieties were visible be-
tween 11.36 and 11.46 ppm, as were the pyrrole methine protons be-
tween 5.79 and 6.80 ppm. The most characteristic peaks, however, arose
from the hydrogens on the arene rings linking the pendant groups to the
calixpyrrole ligand framework (between 6.5 and 8.2 ppm). All four of
these protons had distinct chemical environments, unlike the symmetric
calixpyrrole ligands developed by Love [38] and Sessler [69]. It should
also be noted that compounds 1b and 1c displayed additional charac-
teristics with the Boc- and acyl-NH peaks visible at 8.22 and 9.26 ppm,
respectively, in conjunction with prominent singlets at 1.43 (methyl)
and 1.98 ppm (tert-butyl), respectively. In contrast, for 1a a broad
singlet indicative of the pendant NHy was apparent at 5.28 ppm.

In addition to NMR experiments, compounds 1la-c were character-
ized in the solid state utilizing single crystal X-ray diffraction. Crystals of
both 1a and 1e¢ (Fig. 3) were grown under similar conditions (cold
ether), and formed intertwined dimers in the solid state with intermo-
lecular hydrogen bonding between the pyrrole hydrogens, the imine
nitrogens, and the hydrogens from the pendant groups (NH; for 1a and
Boc-NH for 1c; for additional ORTEP3 representations of 1a and 1c see
Fig. A7 Appendix A. Supplementary Data). On average, the dimer of 1a
was more tightly bound together than the dimer of 1¢, most likely due to
the bulkier Boc groups in 1c. There also appeared to be some degree of
intermolecular n-n stacking between the arene backbone of one ligand
and the phenyl substituent of another (centroid distances between 3.94
and 4.47 A for 1a, as well as 3.75 and 3.96 A for 1¢), which could have
provided some driving force for dimer formation (although this could
also be due to crystal packing effects due to the relatively long centroid
distances). For the unprotected ligand, 1la, hydrogen bonding in-
teractions between adjacent dimers were also seen: 2.97 and 3.04 A for
H5d-N5a and H5a-N5d (3.39 A for N5a-N5d), respectivley (for addi-
tional hydrogen bond distances see Appendix A. Supplementary Data).

Crystals of 1b, on the other hand, were not forthcoming using the
same conditions as 1a and 1c. Instead, a different solvent system (THF
layered with pentane) was needed to grow single crystals. As such, 1b
did not form dimers in the solid state (Fig. 4); a single molecule of 1b
was present in the aymmetric unit, which displayed hydrogen bonding
to a THF solvent molecule: 2.15 and 2.59 A for H2—-O1s and H6-O1s
(3.02 and 3.33 A for N2—-O1s and N6-01s), respectivley. It is not
entirely clear at this time why a dimeric species of 1b did not form in the
solid state, but steric factors can likely be ruled out as an acyl protecting
group is less sterically demanding than a Boc protecting group. It is

Polyhedron 225 (2022) 116046

possible that hydrogen bonding to THF solvent molecules, which was
apparent in the crystal structure of 1b, disrupted dimer formation as the
crystals grew. When comparing 1b to 1a and 1c, many of the bond
lengths and angles were very similar, although the N(3)-C(6)-C(5) and N
(4)-C(11)-C(10) bond angles for 1b were slightly closer to the ideal bond
angle of 120° (for notable bond lengths and angles for 1a-c see Table 1).

The synthetic route used to generate the calixpyrrole species 1a-c is
particularly attractive due to its straightforward and modular nature
(Scheme 1). A range of aniline precursors were tolerated, including
ortho-phenylenediamine (with an electron donating NHy group) and N-
(2-aminophenyl)acetamide (with an electron withdrawing C(O)CHj
group). Surprisingly, based on the results seen for the Boc-protected
systems, the use of acid-sensitive functionalities was not precluded
despite the need for a strong acid to facilitate imine bond formation.
Additionally, fairly large functionalities could be incorporated ortho to
the imine bond (Boc-NH), suggesting that the Schiff-base reaction was
relatively insensitive to steric encumbrance in this position. As such, it is
hypothesized that starting materials with mono- and di-substituted
amines ortho to the aniline moiety can be utilized, as well as a range
of electron-donating substituents in the meta and para positions.
Electron-withdrawing groups will likely be tolerated as well, but systems
that are too electron-poor may cause imine bond-formation to become
sluggish. These types of modifications could be extremely useful in
future studies for tuning the pK, values of the pendant groups, as well as
the electron donating ability of the imine moieties.

With respect to the 5,5'-diformyldipyrromethane starting material, it
is likely that the general synthetic procedure outlined in Scheme 1 will
tolerate a range of dialdehyde precursors. Several analogues of these
species are known in the literature with alkyl and aryl substituents be-
tween the pyrrole donors [38-48]. Substitutions in these positions
would offer a useful site to adjust the steric encumbrance of the targeted
systems.

Table 1
Selected Bond Lengths (;\) and Angles (deg) for la-c.

la 1b 1c

Bond Lengths A)

N(3)/(3A)-C(6)/(6A) 1.275(6) 1.278(6) 1.285(9)
N(4)/(4A)-C(11)/(11A) 1.287(4) 1.278(5) 1.282 (9)
Bond Angles (deg)
N(3)/(3A)-C(6)/(6A)-C(5)/(5A) 122.0(3) 121.6(4) 126.2(6)
N(4)/(4A)-C(11)/(11A)-C(10)/(10A) 124.5(3) 121.8(4) 127.1(6)
02

e

Fig. 4. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering for 1b where most of the hydrogen have been omitted for clarity.
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2.2. Synthesis and characterization of compounds 2a-c

In order to probe the binding modes of 1a-c the calixpyrrole ligands
were coordinated to palladium(I) and the resulting complexes were
characterized. Palladium(II) was chosen in order to generate diamag-
netic species, which would aid with spectroscopic characterization, and
because palladium complexes with pendant nitrogen-based groups have
been shown to electrocatalytically reduced oxygen [20]. The pyrrole
species were first deprotonated with two equivalents of KH, followed by
a salt metathesis reaction with one equivalent of Pd(OAc), to give four
coordinate square planar complexes, 2a-c (Scheme 2). These com-
pounds could be isolated as red (2a) or orange (2b-c) solids in moderate
to good yields (35-57 %).

The 'H NMR spectra of compounds 2a-c all showed characteristic
peaks that were shifted from the free ligand forms. In particular, a sig-
nificant upfield shift of the imine C—H signals was seen, with peaks at
7.75, 7.55, and 7.60 ppm for 2a, 2b, and 2c¢, respectively. Moreover, the
absence of the pyrrole NH signals between 11 and 12 ppm indicated that
the calixpyrrole ligands had been successfully deprotonated in the
desired positions. This was in contrast to the pendant groups, which still
displayed NH peaks at 4.45, 7.65, and 8.33 pm for 2a, 2b, and 2c,
respectively. In addition to NMR spectroscopy complexes 2a-c were all
characterized in the solid state utilizing single crystal X-ray diffraction
(Fig. 5). In all three structures the palladium centres adopted distorted
square planar coordination geometries with the metal bound slightly out
of the plane of the four nitrogen donors (0.08, 0.06, and 0.02 A for 2a,
2b, and 2c¢, respectively). In addition, the metal centre was found to sit
closer to the pyrrolide nitrogens, consistent with the results reported by
Love et al. [38] for bimetallic palladium “pacman” complexes. This
distortion was reflected in the shorter Pd(1)-N(1) and Pd(1)-N(2) bond
lengths (1.947(9) and 1.951(9) A for 2a, 1.945(4) and 1.938(4) A for 2b;
1.941(6) and 1.940(6) A for 2c¢) in comparison to longer Pd(1)-N(3) and
Pd(1)-N(4) bond lengths (2.086(9) and 2.080(9) A for 2a; 2.080(4) and
2.0999(4) A for 2b; 2.075(6) and 2.065(6) A for 2¢). The bond angles for
the palladium species were also consistent with previous findings for
palladium-based “pacman” complexes [38]. The N(1)-Pd(1)-N(2) bond
angle between the pyrrolide donors was only slightly compressed below
90°, while the N(1)-Pd(1)-N(3) and N(2)-Pd(1)-N(4) bond angles were
significantly smaller. This can be attributed to the five membered rings
that formed between the imine, pyrrolide, and palladium centre upon
coordination (the N(3)-C(6)-C(5) and N(4)-C(11)-C(10) imine bond
angles were also compressed in comparison to the free ligands). In order
to compensate for all of the other metal-ligand bond angles, the N(3)-Pd
(1)-N(4) bond angle was expanded above 90° (110.6(4), 112.2(2), and
110.6(2)° for 2a, 2b, and 2c, respectively). Interestingly, the imine bond
lengths (C(6)-N(3) and C(11)-N(4)) increased by 0.029 A on average

1) KH
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upon coordinating a metal centre suggesting that some degree of back-
bonding was occurring from the palladium. This hypothesis was sup-
ported by density functional theory (DFT) calculations, which showed a
molecular orbital (HOMO-10) with significant d-orbital character on the
metal centre and antibonding character on the imine donors (see Fig. A8
in Appendix A. Supplementary Data for a visualization of this orbital).
For other notable bond lengths and angles see Table 2.

With respect to the pendant groups, no interaction with the metal
centre was apparent in the solid state, as indicated by the Pd(1)-N(5) and
Pd(1)-N(6) distances of 3.49 and 3.52 A for 2a, 3.36 and 4.79 A for 2b,
as well as 3.61 and 3.47 A for 2¢. These moieties are likely close enough,
however, to interact with a ligand bound in an axial coordination site.
The large asymmetry in values seen for the acyl-protected species was
caused by hydrogen bonding (2.18 A for H(5)-0(2) and 2.97 A for N(5)-
0(2)) between the adjacent amide moieties, which oriented N(6) further
away from the metal centre. Additionally, the intramolecular interaction
caused both pendant groups to align on the same side of the palladium
complex. In 2a and 2c, on the other hand, no hydrogen bonding was
seen and the pendant groups were located on opposite sides of the cal-
ixpyrrole ligand. In solution, however, the pendant groups can freely
rotate as determined by NMR spectroscopy.

2.3. Electrochemical properties of 1-2

The electrochemical properties of compounds la-c and 2a-c in
acetonitrile were evaluated using cyclic voltammetry (CV) with tetra-
butylammonium hexafluorophosphate (TBAP) as the supporting elec-
trolyte (Fig. 6). The acyl- and Boc-protected ligands showed similar
features: an irreversible oxidation at higher potentials (around 1.22 and
1.27 V vs ferrocene/ferrocenium, Fc/Fc', for 1b and 1e, respectively)
and two irreversible reductions at lower potentials (-1.04 and —1.61 V
for 1b, as well as —1.04 and —1.71 V for 1c). The Boc-protected system,
however, exhibited an additional oxidation and reduction at 0.07 and
—0.01 V, respectively. The unprotected ligand, 1a, on the other hand,
had two irreversible oxidations at 0.07 and 0.74 V vs Fc/Fc ™, as well as
two irreversible reductions at —1.09 and —1.74 V. With respect to the
palladium complexes, they all produced analogous features to one
another: two irreversible oxidations seen at higher potentials and two
irreversible reductions seen at lower potentials. For 2b and 2c¢ the
irreversible reductions and oxidations occurred at very similar poten-
tials (-1.42, —0.8, 0.45, and 0.84 V for 2b; —1.34, —0.99, 0.47, and 0.82
V for 2¢), but for 2a they occurred at lower potentials (0.08 and 0.58 V
for the oxidations and —1.10 and —1.64 V for the reductions). When
comparing the CVs of 1a-c and 2a-c it is clear that the ligands are redox
non-innocent, and that the locations of the irreversible oxidations and
reductions were only shifted somewhat upon metal coordination.

>

\ %
RHN N N NHR
: 1 :

R = H (a), C(O)Me (b), C(0)OtBu (c)

2) Pd(OAc), -

RHN

Scheme 2. General Synthetic Procedure for Palladium Complexes 2a-c.
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Fig. 5. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering for: a) 2a, most of the hydrogens have been omitted for clarity; b) 2b,
the solvent and most of the hydrogens have been omitted for clarity; c) 2¢, the solvent and most of the hydrogens have been omitted for clarity.

Table 2
Selected Bond Lengths (A) and Bond Angles (deg) for 2a-c.
2a 2b 2¢
Bond Lengths (10\)
Pd(1)-N(1) 1.947(9) 1.945(4) 1.941(6)
Pd(1)-N(2) 1.951(9) 1.938(4) 1.940(6)
Pd(1)-N(3) 2.086(9) 2.080(4) 2.075(6)
Pd(1)-N(4) 2.080(9) 2.099(4) 2.065(6)
N(3)-C(6) 1.31(2) 1.308(6) 1.313(9)
N(4)-C(11) 1.30(2) 1.314(6) 1.317(9)
Bond Angles (deg)
N(1)-Pd(1)-N(2) 87.9(4) 88.0(2) 88.2(2)
N(1)-Pd(1)-N(3) 80.7(4) 79.8(2) 80.6(2)
N(2)-Pd(1)-N(4) 80.4(4) 79.8(2) 80.7(2)
N(3)-Pd(1)-N(4) 110.6(4) 112.2(2) 110.6(2)
N(3)-C(6)-C(5) 119(1) 117.5(4) 118.4(6)
N(4)-C(11)-C(10) 119(1) 118.3(4) 118.3(6)

From the CV experiments it is also apparent that the unprotected
compounds 1a and 2a behaved somewhat differently than their corre-
sponding Boc- and acyl-protected analogues. In particular their irre-
versible reduction and oxidations occurred at lower potentials in
comparison to 1b, 1¢, 2b, and 2c¢. Deprotonation of the pendant NH,
groups upon oxidation can be ruled out, however, as the addition of
triethylamine or pyridine did not shift these irreversible oxidations to
more reducing potentials, and did not induce an increase in peak cur-
rent. Instead, the more electron-rich nature of 1a and 2a can be ratio-
nalized by the increased electron-donating ability of the aniline moieties
in comparison to acetamide and carbamate functionalities.

2.4. Theoretical calculations

In order to assign the CVs of 2a-c, DFT calculations utilizing the
B3LYP functional and 6-311++G** (H, C, N) + Def2-TZVP + ECP (Pd)
basis sets were performed. A model system with pendant NH; groups on
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Fig. 6. Cyclic voltammograms in acetonitrile (0.25 mM ligand or complex, 0.1 M TBAP, glassy carbon working electrode, platinum wire counter electrode, 0.01 M

Ag/AgNOs reference electrode, scan rate = 800 mV/s) of: a) 1a-c; b) 2a-c.

the aryl backbone and hydrogen atoms in place of the phenyl groups
between the pyrrole moieties (to reduce computational cost) was used.
Ground state optimizations and frequency calculations were carried out
for neutral (2ag) and cationic (2ajf and 2aﬁ+) species. For 2a12{"r both
open- (S = 1) and closed-shell (S = 0) states were calculated, with the S
= 1 state being lower in energy by 7.3 kcal/mol (further discussions
below for Zaﬁ+ will refer to the S = 1 state).

When examining the HOMO, HOMO-1, and HOMO-2 orbitals of 2ay
they were mainly ligand-based with very little metal d-character
(Fig. 7). For the charged species shown in Fig. 7: in 2aj} the SOMO had
significant ligand character (similar in character to the HOMO-1 in 2ag)
and in 2af" the both SOMOs were mostly ligand-based (similar in
character to the HOMO and HOMO-1 in 2ay, respectively). These results
suggested that in all of the complexes examined, the Pd centre stayed in
the + 2 oxidation state, and that electrons were removed from mainly
ligand-based orbitals upon oxidation. This was also reflected in the
Mulliken charge on the metal in 2ay, 2aj, and 2a%™: 1.71, 1.54, and
1.46, respectively.

Therefore, the DFT calculations indicated that all of the oxidations
seen in the CVs of 2a-c were mainly ligand-based. This matched well
with the experimental data, as the CVs of 1a-c and their corresponding
metal complexes were very similar. Additionally, pyrrole groups are
known to be prone to oxidation, which would explain the redox non-
innocence seen for the calixpyrrole ligands [70]. What is particularly
striking about these results, however, is that they suggest a total of two
electrons could be removed from the calixpyrrole ligand without greatly
affecting the oxidation state of the metal centre. Looking at the orbitals
shown in Fig. 7, this is likely facilitated by the extensive conjugation
across the whole ligand, which would prevent the build-up of localized
charge. As such, the calixpyrrole ligands la-c displayed redox non-
innocence somewhat similar to porphyrin ligands, except that the
oxidized forms of 1la-c were much less stable (leading to the mainly
irreversible electrochemistry observed). This is encouraging when
considering the calixpyrrole species for small molecule activation
studies as the ligands themselves can act as an electron reservoir and
delocalize charge across the whole molecule. Lastly, with respect to the
two irreversible reductions seen in the CVs of 2a-c, it is believed that
these were mainly metal-based reductions. This hypothesis was also
supported by the theoretical calculations that were performed, in that
the LUMO of 2ay displayed significant metal d-orbital character (see
Fig. A8 in Appendix A. Supplementary Data for a visualization of this
orbital).

2.5. Preliminary small molecule reactivity studies

Preliminary binding studies utilizing 2a-c and O, Hy0, N5, NH3, Ho,
CO,, and MeOH indicated that there was little to no interaction with the
neutral palladium complexes at room temperature. This was perhaps to
be expected given the square planar binding mode of palladium and the
Jahn-Teller distortions that would disfavour ligand binding in the axial
positions. The CVs of 2a-c in the presence of various substrates were also
carried out to examine the potential reactivity of the calixpyrrole com-
plexes. No catalytic currents were observed under an Ny, Oy, or CO2
atmosphere in the presence of various acids (lutidinium tetra-
fluoroborate or trifluoroacetic acid), nor were they observed under an
Hs or NH3 atmosphere or with MeOH and/or H,O in the presence of
various bases (triethylamine, lutidine, or pyridine).

When examining the CV data and the electronic structure of 2ay, the
reasons for the lack of reactivity displayed by 2a-c under the reaction
conditions that were explored become apparent. Based on the reduction
potentials of the palladium species, they are more likely to engage in
reduction reactions than oxidation reactions. The DFT calculations,
however, showed that the HOMO to HOMO-3 orbitals were all mainly
ligand-based, with the HOMO-4, HOMO-5, HOMO-6, HOMO-8, HOMO-
9, HOMO-10, and HOMO-11 orbitals displaying more significant metal
character (see Fig. A8 in Appendix A. Supplementary Data for visuali-
zations of these orbitals). It is likely that the metal-based orbitals are too
low in energy to facilitate electron transfer from Pd(II) to a substrate of
interest. This hypothesis was supported by the results reported herein,
where upon oxidation (as discussed above), the frontier orbitals
remained mainly ligand-based and the electrochemistry of 2a-c was
mostly irreversible.

Although the palladium complexes were not able to activate the
small molecules that were investigated, we still view the calixpyrrole
species 1a-c as promising ligand frameworks. The amount of control
over the secondary coordination sphere enabled by these calixpyrrole
architectures should provide an avenue for facilitating PCET, and the
high degree conjugation across the ligand structure is anticipated
facilitate electron transfer reactions. It is clear, however, that increased
metal d-orbital character in the HOMO to HOMO-3 orbitals will be
crucial in order to get the metal centre involved in redox processes and
lead to more desirable electrochemical properties (reversible redox
couples). More studies are needed to explore alternative metals and
different coordination geometries using ligands 1a-c.
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Fig. 7. Visual representations and energies of the a) ligand-based HOMO, HOMO-1, HOMO-2 orbitals (labelled L;, Ly, and Ls, respectively) of 2ay; b) ligand-based
HOMO, HOMO-1, and HOMO-2 (SOMO) orbitals of 2ai ™ (o and p manifolds, labelled L, Ls, and Ly, respectively, in reference to the orbitals with similar character in
2ag); ¢) HOMO (SOMO), HOMO-1 (SOMO), and HOMO-2 orbitals of 2a%" with S = 1 (« and # manifolds, labelled L,, Ly, and Lg, respectively, in reference to the

orbitals with similar character in 2ay).

2.6. Electrocatalytic Hy evolution

While the palladium complexes 2a-c did not engage in small mole-
cule activation under the conditions outlined above, they did exhibit
electrocatalytic Hy production in the presence of a strong acid: pTSA
(Fig. 8). The onset of catalysis for 2a-c was approximately 0.4-0.5 V
more positive than the glassy carbon electrode itself (between — 0.65 V
to 0.71 V for 2a-c, and — 1.08 V for the glassy carbon electrode) and the
peak current varied linearly with the square root of the scan rate (see
Figs. A9-A11 in Appendix A. Supplementary Data). The catalytic peak
did shift to more negative potentials at higher scan rates, however, and
the nature of the ligand (a-c) did not seem to have a significant impact
on catalysis under the conditions that were examined (using 600

equivalents of a strong acid pTSA). These results suggested that
hydrogen evolution was limited by diffusion of protons to the electrode
surface and that the active catalytic species was heterogeneous in na-
ture. This was confirmed upon performing a “rinse” test: [71] after
carrying out electrocatalysis in a 0.25 mM solution of 2a-c in acetonitrile
(0.1 M TBAP and 0.15 M pTSA), the working electrode was gently rinsed
in a 0.1 M TBAP solution in acetonitrile, and then submerged in a fresh
acetonitrile solution without any palladium complex (0.1 M TBAP and
0.15 M pTSA). It was found that Hy production still proceeded in the
absence of palladium complex in the bulk solution (up to 100 cycles
without significant changes in activity), indicating that the active
catalyst was supported on the working electrode surface (see
Figs. A12-A14 in Appendix A. Supplementary Data). Moreover, after
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Fig. 8. Cyclic voltammograms in acetonitrile (0.25 mM complex, 0.1 M TBAP,
glassy carbon working electrode, platinum wire counter electrode, 0.01 M Ag/
AgNOj; reference electrode, scan rate = 100 mV/s) of 2a-c in the presence of
600 equivalents of pTSA (0.15 M).

electrocatalysis the working electrode was visually no longer “glassy”
(suggesting the formation of a heterogeneous species).

Due to the redox non-innocent nature of ligands 1a-c, control ex-
periments investigating the catalytic abilities of the free calixpyrrole
species were carried out (see Fig. A15 in Appendix A. Supplementary
Data for a representative example). The non-coordinated ligand species
did not catalyze Hp production, demonstrating that palladium was
crucial for this transformation. Moreover, CV experiments were carried
out in deuterated acetonitrile to verify that the effervescence seen at the
working electrode was due to Hy evolution. A characteristic Hy peak
around 4.56 ppm was observed (see Fig. A16 in Appendix A. Supple-
mentary Data) supporting that the catalytic currents displayed in the
CVs of 2a-c were due to Hy production. Interestingly, the active species
were fairly robust, undergoing over 500 scans without significant
changes in the CV features (see Fig. A17 in Appendix A. Supplementary
Data).

Based on all of the observations outlined above (both experimental
and theoretical), it is believed that reduction of palladium in 2a-c
(corresponding to the first irreversible reduction seen around —0.8 to
—1.10 V in Fig. 6) under acidic conditions forms the active catalytic
species, which is heterogeneous in nature. Once the active species
initially forms on the electrode surface, it does not appear that further
reactions with 2a-c in solution are necessary for catalytic activity (as
shown by the “rinse” test studies). Furthermore, the active catalyst does
not seem to react further with 2a-c in solution over the course of 500
scans under catalytic conditions (or if it does, this does not change the
activity and electrochemical properties of the catalytic site signifi-
cantly). It is hypothesized that the working electrode becomes inner-
vated with respect to reaction with palladium species in solution after
catalyst formation, potentially by a thin film (caused by electro-
polymerization of the porphyrin-like calixpyrrole ligand) [72] that
prevents further deposition of 2a-c. If clusters or nanoparticles are
formed, they are likely stabilized by the calixpyrrole ligand, or possibly-
one of its decomposition products. Additionally, if the catalyst is a
nanoparticle species, the active catalytic surface area does not change
appreciably over 500 cycles of use. These results are particularly
exciting because they suggest only a small amount of the palladium in
solution is needed to generate a robust catalytic system for Hy evolution.

Due to the heterogeneous nature of the active catalyst, however, very
different methods are needed to characterize this species in comparison
to those outlined for the homogeneous compounds 1a-c and 2a-c. As
such, further studies are needed to identify the exact nature of the het-
erogeneous catalyst (i.e. whether thin films, small clusters, or larger
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nanoparticles are formed), before a proper kinetic analysis of these
systems can be carried out (determining turnover frequencies, faradaic
efficiencies, etc.). These investigations will be the subject of a future
publication, and are currently underway.

3. Conclusion

In summary, a series of calixpyrrole ligands with pendant nitrogen-
based functionalities, 1a-c, were synthesized using a modular Schiff-
base reaction starting with either commercially available or easily
accessible starting materials. The hydrogen bond donors in the sec-
ondary coordination sphere could be readily varied, and a wide range of
aniline precursors could be utilized, including species with amino,
amide, and carbamate substituents. This was particularly attractive as
the pendant groups could be easily tuned, which could provide a high
degree of control over the secondary coordination sphere in future
studies. In order to investigate the binding modes of these tetradentate
ligands, they were coordinated to palladium generating square planar
complexes 2a-c. No interaction was observed between the metal centre
and the pendant groups in the solid state, but structures with both
hydrogen bond donors on the same side of the calixpyrrole ligand, as
well as on opposite sides of the calixpyrrole ligand, were seen. Inter-
estingly, the nitrogen-based substituents in the secondary coordination
sphere seemed well positioned to interact with ligands binding in the
axial coordination sites, indicating that they could potentially activate
substrates and facilitate PCET under the right conditions. In addition,
the electrochemical properties of 1-2 were explored. The calixpyrrole
ligands were found to be redox non-innocent, and theoretical studies
suggested that up to two electrons could be removed from the ligand
system without affecting the oxidation state of the palladium centre.
This was likely facilitated by extensive conjugation across the cal-
ixpyrrole species; a property which could potentially be leveraged for
multi-electron transfer processes. Lastly, although oxidations were seen
at potentials relevant for small molecule activation, 2a-c were found to
be unreactive towards a variety of small molecule substrates. Based on
preliminary binding studies, it is believed that Jahn-Teller distortions
disfavoured substrate binding to the square planar palladium com-
plexes. Moreover, theoretical calculations suggested that the metal-
based orbitals were too stabilized to properly engage in redox pro-
cesses. Despite the initial lack of reactivity seen with 2a-c, they were
found to generate systems that could catalyze H; evolution in the
presence of pTSA. The onset of electrocatalysis was around 0.4-0.5 V
more positive than the glassy carbon working electrode, and the cata-
lysts were stable for over 500 scans with no signs of deactivation. The
catalytically active species were found to be heterogeneous in nature,
and affected Hy production in the absence of palladium complex in the
bulk solution. Further studies exploring these exciting ligand frame-
works and heterogeneous Hj evolution electrocatalysts are currently
Underway.
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