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ABSTRACT: A tripodal ligand based on 2-hydroxypyr-
idine is presented. Cu—Cl adducts of Hsthpa with Cu' and
Cu" provide complexes featuring highly directed, intra-
molecular hydrogen-bonding interactions. An upper limit
for the hydrogen-bonding free energy to Cu'—Cl was
estimated at ~18 kcal/mol.

N systems and are used to augment reactivity in many
metalloenzymes through a combination of hydrogen-bonding
(H-bonding), steric, and electrostatic interactions. As a means to
mimic these key aspects of metallobiochemistry, a burgeoning
number of synthetic metal complexes have been designed to
include directed noncovalent interactions in order to investigate
how perturbations to a metal’s secondary coordination sphere
can influence the reactivity at the metal’s primary coordination
sphere.! Furthermore, directed secondary coordination sphere
interactions in synthetic systems have proven to be effective for
the stabilization and characterization of otherwise unstable or
reactive intermediates.” In addition to promoting noncovalent
interactions, proton-transfer reactivity can also be directed by
positioned acidic/basic groups.® Such proton-responsive ligands
are attractive features of bioinspired complexes* and catalysts.”

The recent structural elucidation of the active site of the iron-
only hydrogenase enzyme revealed a derivative of 2-hydroxypyr-
idine (2-hp) coordinated to iron.® This motif might reveal the
blueprint of an evolutionarily designed cooperative M—L proton-
responsive fragment. In addition to biological relevance,
complexes containing 2-hp units feature ligand fields that may
be modulated as a function of the protonation state.” We recently
reported the coordination chemistry and catalytic reactions of
complexes containing 6,6’-dihydroxyterpyridine, a rigid, proton-
responsive pincer ligand incorporating the 2-hp motif, which
promotes H-bonding interactions with metal-bound substrates.”
To further extend the coordination chemistry of 2-hp-derived
ligands, we targeted a framework that incorporates the 2-hp motif
within an ostensibly 3-fold-symmetric ligand environment. By
the incorporation of three 2-hp units into a tripodal ligand,
multiple metal oxidation states and/or electronic environments
should be accessible by exploiting tautomerization of the 2-hp
units. Additionally, the ability to adapt to either H-bonding
acceptors or donors depending on the protonation state of the
ligand might be exploited to stabilize highly reactive units via
noncovalent interactions. In this Communication, we present a
tripodal ligand featuring 2-hp units, its subsequent coordination

oncovalent interactions are ubiquitous in biological
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chemistry with Cu' and Cu" and illustrate its ability to engage in
H-bonding interactions with a metal-bound ligand.”

The ligand tris(6-hydroxypyrid-2-ylmethyl)amine (Hjthpa)
can be synthesized in three steps starting from commercially
available 2-methoxy-6-methylpyridine (Scheme S1 in the
Supporting Information, SI). Bromination of the pyridine methyl
group'® and subsequent condensation with ammonium
carbonate afforded tris(6-methoxypyrid-2-ylmethyl)amine
(tpa®™*) in 45% isolated yield over two steps. Deprotection of
the OCH; groups could not be achieved using traditional
methods (acid hydrolysis, BBry, Me,Sil, etc.). However, the
desired hydroxyl variant can be accessed in 46% isolated yield by
deprotection using 2-(diethylamino)ethanethiol hydrochloride
and sodium tert-butoxide in refluxing dimethylformamide.

The 2-pyridone form of Hjthpa is favored in both the solution
and solid state (Figure 1), as evidenced from the lack of OH
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Figure 1. Tautomerization equilibrium for Hsthpa and the solid-state
structure of the Hythpa dimer (50% ellipsoids; H atoms not involved in
H-bonding are omitted for clarity).

bands and an intense amide C=O band in the solid state (1659
ecm™) and solution (1669 cm™) IR spectra. Density functional
theory (DFT) calculations'" support this tautomeric form and
reveal that the pyridone form is favored by 18.4 kcal/mol (Figure
1). The solid-state structure of Hjthpa is presented in Figure 1
and is best described as a dimer formed via intermolecular H-
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bonding interactions. The carbonyl group of one Hjthpa
molecule resides within the binding pocket of its symmetry-
generated duplicate and forms three H-bonds with pseudo-3-fold
symmetry around O1’. The C—O distances in the solid-state
structure of Hythpa [1.235(2), 1.236(2), and 1.264(2) A] are
consistent with amide-type C=O double bonds. Additionally,
one arm of Hjthpa exhibits a slightly elongated C—O distance
[C6—01: 1.264(2) A] due to a “base-pair-like” H-bonding
interaction between O1 and N2'—H2'. In contrast to the
chemically dissimilar amide environments noted above, the 'H
NMR spectrum of Hjthpa reveals 3-fold symmetry, which
suggests distinct solution and solid-state stuctures.

Although the amide tautomer was isolated, we hypothesized
that metalation would induce tautomerization to the 2-hp form.
In a trigonal-bipyramidal (TBP) coordination environment, the
hydroxyl groups of Hsthpa are ideally suited to interact with a
metal-bound substrate. Given the rich coordination chemistry of
copper with polyamine ligands,'> we targeted a copper(I) halide
complex supported by the Hjthpa ligand to examine the
influence of H-bonding interactions on the metal primary
coordination sphere. The reaction of CuCl and Hjthpa in
benzene at 70 °C affords a yellow slurry, which after filtration and
concentration provides CuCl(Hsthpa) (1). The solid-state IR
spectrum of 1 confirms tautomerization of the ligand upon
metalation: a new OH band is present at 3139 cm™, and the
amide C=0O band is absent. Yellow crystals of 1 were subjected
to an X-ray diffraction (XRD) experiment. The solid-state
structure of 1 is depicted in Figure 2 and reveals a TBP
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Figure 2. Synthesis and solid-state structures of 1 (50% ellipsoids; H
atoms not involved in H-bonding are omitted) and 2 (30% ellipsoids; H
atoms not involved in H-bonding and the anion are omitted). Selected
bond distances for 1 (A): Cul—Cl1 2.5661(6), Cul—N1 2.283(2), and
2 (A): Cul—Cl1 2.263(2), Cul—N1 1.990(3).

coordination geometry about Cu (7 = 0.95)."*> A comparison of
the Cu—Cl bond distance with the parent CuCl(tpa) [2.3976(5)
A]" reveals an elongated Cu—Cl bond distance of 2.5661(6) A
in 1. The lengthened Cu—Cl bond is consistent with H-bonding
interactions between the three hydroxyl groups of Hsthpa and
the Cl ligand [O---Cl separations: 3.045(2), 3.057(2), and
3.042(2) A].*"® As a result of these H-bonding interactions, the
Cul—N1 distance in 1 is also shortened relative to that of
CuCl(tpa) [2.283(2) vs 2.437(1) A, respectively]."* The C—O
bond distances [1.335(3), 1.334(3), and 1.344(3) A] are also
consistent with single C—O bonds, further confirming the
tautomeric form.
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The solution structure (CD,Cl,) confirms the retention of C,
symmetry of 1, by the chemical equivalence of the three pyridine
arms, as monitored by '"H NMR spectroscopy. In contrast to
reports of the dynamic solution behavior of Cu(tpa)X (X = CI~
or Br7) at room temperature,lé the solution structure of 1
remains static, as evidenced by the narrow peak widths of the
methylene resonances at room temperature (v, n = 3.3 Hz
Figure S3 in the SI) and invariance when measured from +40 to
—50 °C."” The OH resonances of 1 also appear as a single, sharp
resonance at 10.57 ppm (vy,, = 6.8 Hz). The static solution
behavior is consistent with persistent H-bonding interactions,
which engage the axial CI ligand and prevent dissociation.

On the basis of the highly directed interactions observed for 1,
we sought to investigate how the H-bonding manifold would be
modified upon electronic perturbation. The cyclic voltammo-
gram of 1 displayed a reversible Cu”" redox wave centered at 95
mV vs SCE (Figure S4 in the SI). Accordingly, oxidation of 1 was
effected with 1 equiv of ferrocenium hexafluorophosphate to
afford the copper(Il) complex 2 (Figure 2). The X-band EPR
spectrum of 2 (Figure S7 in the SI) features an “inverse-axial”
spectrum (g = 2.010, A = 81 G, g, = 2.165, and A| = 64 G)
consistent with a Cu" ion in a TBP coordination environment.'®
As further confirmation of the solution-state structure, the
electronic absorption spectrum of 2 (Figure S8 in the SI) exhibits
d—d bands consistent with TBP geometry in solution [4,,,, =913
nm (300 mol™' cm™), 740 nm (90 mol ™" cm™)]."®

Green crystals of 2 were subjected to an XRD experiment.""
The solid-state structure of 2 is depicted in Figure 2 and reveals a
TBP geometry (7 = 0.93) similar to that of 1, with key differences.
The Cu—Clbond in 2 [2.263(2) A] is, as expected, much shorter
than that in 1. The O---Cl separations [2.876(6), 2.912(S), and
2.997(5) A] are also consistent with intramolecular H-bonding
interactions as in 1. A comparison with the corresponding
CuCl(tpa)* complex reveals a marginal elongation of the Cu—Cl
distance in 2 [2.263(2) vs 2.233(2) A, respectively].'**° These
results indicate that H-bonding between the OH groups and the
Clligand may be weaker in 2 compared to 1 because of decreased
electron density at the Cl ligand adjacent to a more electro-
positive Cu" ion. The Cul—NI1 distance in 2 is also drastically
shortened [1.990(3) A] in relation to 1, consistent with the
increased electrophilicity at Cu.

In order to further quantify the effects of H-bonding
interactions of Hjthpa, 1, and 2 and the effects on substrate
binding, DFT calculations were employed. Optimization and
frequency calculations were performed on the hydroxy tautomer
of Hjthpa to determine the OH stretching frequency in the
absence of intermolecular H-bonds (3620 cm™). Similarly, the
asymmetric OH stretching frequencies for 1 and 2 were
calculated as 3228 and 3377 cm™, respectively. Although the
absolute frequency shift was overestimated*® compared to the
experimental values for 1 and 2 (3139 and 3273 cm™'; Table S2
in the SI), the difference in shifts upon oxidation of 1 to 2 is well
reproduced by the calculations (Av = 149 vs 134 cm™"). The
bathochromic shift of the OH bands relative to free Hjthpa is
consistent with H-bonding interactions: a shift arising from
electron donation from the Cl ligand into the OH ¢* orbitals,
thus weakening the bond. In 1, the OH stretch is even further
shifted than that in 2, consistent with stronger H-bonding
interactions in 1 due to the increased nucleophilic character on
the Cl atom.**! The shift of the OH bands, relative to free
H;thpa, can be used to approximate the strength of the H-
bonding interactions using a methodology described by Iogansen
et al,, yielding values of 6.1 kcal/mol for 1 and 4.8 kcal/mol for 2
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per H-bond.*"** As a structural manifestation of the H-bonding

effects, the Cu—Cl bond in 2 is significantly shorter, and likely
stronger, than the Cu—Cl bond in 1. The weakening of the Cu—
Cl bond in 1 enhances the ionic nature of the Cl ligand and
promotes stronger donation into the OH 6* orbital.

The structural data allude to an axial Cu—Cl bond whose
stability might be regulated by secondary interactions. To further
quantify this effect, we examined the thermodynamics of the H-
bonding interactions in 1 using CuCl(tpa) to benchmark our
studies. The ionization reaction shown in eq 1 was investigated

R =
N, N,

r e
B3LYP/TZVP

cu—N7 \\ ——— 7, cu—~N7
> N/ | ~_/ CH,Cl, dielectric N/ | -
N N
AG =+ 6.3 kcal/mol (R = H)

AG = + 24.3 kcal/mol (R = OH)

R
N Cl

()

for both complexes. For CuCl(tpa), dissociation of the Cl ligand
to afford the axially vacant [ Cu(tpa)]* was found to be an overall
uphill reaction by 6.3 kcal/mol. For 1, chloride dissociation to
afford [Cu(H,thpa)]* was endergonic by 24.3 kcal/mol. While
the Cu—Cl bond distance in 1 is significantly lengthened in
comparison to CuCl(tpa), vide supra, the results from our
calculations demonstrate that chloride dissociation from 1 is
energetically more costly than that in CuCl(tpa). This difference
(18 kcal/mol) is likely attributable to chloride stabilization
through noncovalent interactions and can be used to estimate an
upper limit of the strength of the H-bonding interactions in 1
(~6 kcal/mol per H-bond). Furthermore, the C; symmetry of 1
is maintained in solution. In contrast, dissociation of the pyridyl
arms has been reported for Cu(tpa)CL'® These data are
consistent with stabilization of the primary coordination
geometry of 1 via H-bonds to the Cl ligand, which are
responsible for maintaining the 3-fold-symmetric structure.

In conclusion, we have described Hsthpa, a tripodal ligand
that, when fully protonated, presents three H-bond donors to a
metal-bound substrate. Our results demonstrate that the H-
bonds enforce 3-fold symmetry for copper(1/1I) halide
complexes in the solution and solid state and significantly
stabilize the Cu—Cl bond. Additionally, our calculations along
with vibrational data show that the strength of the H-bonding
interactions between the Cu—Cl and OH groups of Hsthpa are
significantly influenced by the oxidation state of Cu and that ~18
kcal/mol is an upper estimate for the strength of these
noncovalent interactions in 1. Further experiments to utilize
H;thpa to facilitate the binding/activation of small molecules are
currently in progress.
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